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Abstract

microRNAs are an evolutionarily conserved mechanism for controlling mRNA translation.
The genomes of living organisms contain hundreds of microRNA genes, each with the ability
to regulate specific pathways. The focus of my thesis was to study in detail one particular
microRNA: miR-128. When I started my PhD the only information on miR-128 was that
it is one of the most abundant microRNAs in the brain, that it is specifically expressed in
the neuronal lineage and that it is dramatically upregulated during embryonic and postnatal
brain development.

There are two genes for miR-128, each encoding distinct stem-loop precursors, pre-miR-
128-1 and pre-miR-128-2, that generate identical mature microRNAs after processing. Using
in situ hybridization and Northern blot analysis, we were able to confirm that the mature
form of the microRNA increases substantially during development. Unexpectedly, we found
that pre-miR-~128-1 cannot be detected by either method. In clear contrast to this result,
expression of the pre-miR-128-2 precursor remains constant and high from early embryonic
stages to adulthood. Moreover, the in situ hybridizations for miR-128 and pre-miR-128-2
show that there is a differential localization of the mature and the precursor forms. All cells
that express mature miR-128 also express pre-miR-128-2. However, there are structures in
the CNS, such as cortical layer V, or the progenitor zones of the embryonic cortex, the Rostral
Migratory Stream (RMS) and the adult subgranular zone of the dentate gyrus, that are pre-
miR-~128-2 positive and mature miR-128 negative. Together, these discrepancies are evidence
for post-transcriptional regulation of miR-128. Mechanisms of post-transcriptional regulation
of microRNA expression are still largely unexplored, and our data reveal a significant role for
such mechanisms in the regulation of miR-128.

Because miR-128 expression increases both during neuronal maturation in vitro and dur-
ing brain development in vivo, we asked which functions miR-128 performs in these processes
and in the mature brain. Using primary cell culture, we showed that premature miR-128 gain
of function in polarized neurons leads to growth of supernumerary axons. We tested several
pathways involved in neuronal polarization or in the maintenance of axon dominance that
might be altered under gain of function conditions. However, we were unable to suppress
the multiple axons phenotype by manipulating classical regulators of neurite outgrowth such
as Cdc42, Racl and RhoA, components of the polarity complex (Par6b), or the semaphorin
pathway (Nrp2). We therefore decided to complement the in vitro studies with functional
assessment of miR-128 functions in vivo. Guided by our expression analysis, we used in utero
electroporation to manipulate miR-128 expression in progenitors for upper layer neurons. We

assayed for effects on neuronal migration, dendritogenesis and spine morphology. We found



that neurons ectopically expressing pre-miR-128-2, but not pre-miR-128-1, do not migrate
to the correct position in the upper layers of the cortex. The affected neurons maintain
their identity as upper layer neurons even though they are scattered throughout the cortical
layers and the white matter. We were able to rescue this migration impairment by coex-
pressing pre-miR-128-2 and Phf6. We showed that miR-128 is an important regulator of
Phf6, a nuclear /nucleolar protein that is mutated in Borjeson-Forssman-Lehmann Syndrome,
a developmental disorder associated with mental retardation and epilepsy. Pre-miR-128-2
gain-of-function also affected dendritogenesis and spine morphology. Neurons expressing pre-
miR-~128-2 show a less complex dendritic arbor and fewer and bigger dendritic spines.

In summary, my results indicate that miR-128 is a pleiotropic microRNA that regulates
the expression of multiple genes, including the human disease gene Phf6, to influence axonal

outgrowth, neuronal migration and structural connectivity during mouse brain development.
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Zusammenfassung

MicroRNAs stellen einen evolutionér konservierten Mechanismus zur Kontrolle von mRNA
Translation dar. Die Genome lebender Organismen besitzen hunderte verschiedener microRNA-
Gene, die jeweils spezifische Signalwege regulieren konnen. Der Fokus dieser Arbeit lag auf
der Untersuchung einer spezifischen microRNA: miR-128. Zu Beginn der Arbeit war ledig-
lich bekannt, dass miR-128 eine der am h&ufigsten vertretenen miRNAs im Gehirn ist und
ausschlieflich in Neuronen exprimiert wird. Mit fortschreitender embryonaler und postnataler
Entwicklung des Gehirns steigt die Expression von miR-~128 deutlich an.

Es existieren zwei miR-128 Gene, die fiir jeweils zwei verschiedene miR-128 Vorlduferfor-
men, miR-128-1 und miR-128-2, codieren. Beide Haarnadel- férmigen Vorlaufer-microRNAs
erzeugen nach ihrer Prozessierung die identische reife microRNA. Mittels in situ Hybridisie-
rung sowie Northern Blot konnte der bereits beschriebene Anstieg an reifer miR-128 wéhrend
der Entwicklung bestitigt werden. Uberraschenderweise konnte jedoch mit beiden Methoden
keine pre-miR-128-1 Expression gezeigt werden. Im Gegenteil hierzu konnte eine konstante und
hohe Expression des miR-~128-2 Vorlaufers in frithen embryonalen Stadien bis hin zum adulten
Tier nachgewiesen werden. Zudem zeigten in situ Hybridisierungen fiir miR-128 und pre-miR-
128-2 eine unterschiedliche Lokalisierung von reifer und Vorldufer-Form. Alle Zellen, die die
reife miR-128 Form exprimieren sind ebenfalls positiv fiir die Vorlaufer-Form. In bestimmten
Bereichen des zentralen Nervensystems, wie der Lamina fiinf des Kortex, der Vorldufer-Zone
des embryonalen Kortex, dem rostralen Migrationsstrom und der Subgranulédrzone des Gy-
rus Dentatus, findet man jedoch Zellen, die positiv fiir die miR-128 Vorlaufer-Form, jedoch
negativ fiir die reife Form, sind. Diese Diskrepanz deutet auf eine post-transkriptionelle Regu-
lation der miR-~128 Expression hin. Mechanismen der post-trankriptionellen Regulation von
miRNA Expression sind grofstenteils unbekannt. Die hier vorgestellten Ergebnisse deuten auf
eine wichtige Rolle solcher Mechanismen in der Regulation von miR-128 hin.

Aufgrund des starken Anstiegs der miR-128 Expression bei der neuronalen Differenzie-
rung n vitro und wahrend der Entwicklung des Gehirns sollte die Frage beantwortet werden,
welche Rolle miR-128 in diesen Prozessen spielt. Mit Hilfe primérer Neuronenkulturen konnte
gezeigt werden, dass ektopische miR-128 {iberexpression in bereits polarisierten Neuronen zur
Ausbildung iiberzdhliger Axone fiihrt. Verschiedene Signalwege, wichtig fiir die neuronale Po-
larisierung sowie Erhaltung der Axon-Dominanz, wurden auf Verdnderungen unter miR-128
iiberexpression untersucht. Durch Manipulation klassischer Regulatoren fiir die Ausbildung
von Neuriten (Cdc42, Racl, RhoA), Komponenten des Polarisierungskomplexes (Par6b) oder
des Semaphorin Signalweges (Nrp2) konnte der ,multiple-Axon-Phénotyp“ jedoch nicht un-

terdriickt werden. Aufgrund dessen wurden die durchgefiihrten in wvitro Studien durch Expe-

il



rimente ergéanzt, die die Funktion von miR-128 in vivo aufkléren sollten.

Basierend auf der Expressionsanalyse wurde mit Hilfe von in utero Elektroporation die
miR-~128 Expression in Vorlauferzellen fiir Neurone der oberen Kortexschichten manipuliert.
Die entstandenen Neurone wurden auf Effekte bei der Migration, der Ausbildung der Dendri-
ten und auf ihre Spine Morphologie hin untersucht. Die Ergenbisse zeigten, dass Neurone die
ektopisch pre-miR-128-2 iiberexprimieren, nicht bis zu ihrer korrekten Position in den oberen
Schichten des Kortex wandern. Ektopische pre-miR-128-1 Expression zeigte hingegen keinen
Effekt. Trotz der Tatsache, dass die betroffenen Neuronen iiber alle Kortexschichten und die
weifse Substanz verteilt sind, behalten sie ihre Identitdt als Neurone der oberen Kortexschich-
ten. Dieses Migrationsdefizit konnte durch Ko-Expression von pre-miR-128-2 zusammen mit
Phf6 aufgehoben werden. Dies zeigt, dass miR-128 ein wichtiger Regulator von Phf6 ist. Phf6
ist ein nukledres und nukleoldres Protein, welches im Boérjeson-Forssman-Lehmann Syndrom,
einer mit mentaler Retardierung und Epilepsie assoziierter Entwicklungsstorung, mutiert ist.
miR-128 iiberexprimierende Neurone zeigten ebenfalls weniger komplexe Dendritenbdume so-
wie weniger und grofere dendritische Spines.

Zusammenfassend deuten meine Ergebnisse darauf hin, dass es sich bei miR-128 um eine
pleiotrope miRNA handelt, welche die Expression mehrerer Gene, eingeschlossen Phf6, steu-
ert um Axon-Ausbildung, neuronale Migration und strukturelle Konnektivitiat wahrend der

Entwicklung des Mausgehirns zu beeinflussen.
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Chapter 1

Introduction

1.1 microRNAs Biogenesis, Regulation and Function

microRNAs are small non coding RNAs, discovered in C. elegans at the beginning of the
1990’s (Lee et al., 1993). Only a decade later, in 2001, three back-to-back papers in Science
showed that microRNAs are an evolutionarily conserved and widespread class of small regu-
latory RNAs (Lagos-Quintana et al., 2001; Lau et al., 2001; Lee and Ambros, 2001). Some of
the microRNAs identified in these cloning papers were later shown to be present in the whole
animal kingdom (let-7), others in vertebrates (miR-128); and others in primates or humans
(miR-941) (Berezikov et al., 2006; Ibanez-Ventoso et al., 2008; Hu et al., 2012; Somel et al.,
2011). In the genome microRNAs can be located either in intronic or exonic regions of coding
or non-coding genes, or in intergenic regions lacking other known genes. They can be present
either singly, for example the intronic miR-128-1 and miR-~128-2, or they can be clustered,
for example the tandem pair of miR-212 and miR-132 or the miR-290 cluster containing 14
individual, but related microRNA genes (reviewed in Kim et al. 2009a). microRNAs are usu-
ally transcribed by RNA polymerase Polymerase II (Pol II) (Lee et al., 2004), but in rare
cases also by RNA Polymerase III (Pol III) (Borchert et al., 2006; Monteys et al., 2010).
The primary transcript (pri-microRNA) is then processed by the Microprocessor, which has
two main components: the RNAse type III Drosha and DGCRS8 (DiGeorge syndrome criti-
cal region 8). Drosha cleaves the pri-microRNA into the shorter (around 70 nucleotide -nt-)
microRNA precursor (pre-microRNA), that has a characteristic stem-loop secondary struc-
ture. Pre-microRNAs are then actively exported from the nucleus to the cytoplasm. In the
cytosol another RNAse type III protein, Dicer, in complex with auxiliary proteins (TRBP or
PACT), “dices” the pre-microRNA by cleaving circa 22 nt from the free ends generated by
Drosha. Initially doublestranded, one strand of the cleavage product is selected for loading
into the miRISC complex (microRNA mediated silencing complex), and the so-called star
form from the non-selected strand is generally degraded. The microRNA in the miRISC com-
plex is bound to one of the Argonaute proteins (AGO). In mammals there are four different
AGO proteins (1-4) that are thought to perform redundant functions in the microRNA path-
way. However, only AGO2 retains the endonucleolytic enzymatic activity characteristic of the
siRNA pathway, which allows the direct cleavage of the passenger strand(Hammond et al.,
2001; Liu et al., 2004). GW182 proteins (in mammals TNRC6a-c) are another important
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component of the miRISC (Figure 1.1). Comprehensive reviews on the processes of the mi-
croRNA biogenesis described above are: Kim et al. 2009a, Krol et al. 2010b, Siomi and Siomi
2010.

lTranscription
pre-microRNA
\ Drosha
R pri-microRNA Beiors Processing
~
~
~ Exportin 5
=~ = -
RNA
e o mm = pre micro Export
miRISC Strand selection Dicer
miRISC loading Processing
-« -« «—
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Inhibition of Translation

/\ Deadenylation
~ D
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Figure 1.1: microRNA Biogenesis Pathway.

microRNA biogenesis is tightly regulated at both the pri-microRNA and pre-microRNA
stages. Wulczyn et al. showed that in embryonic stem cells the primary transcript for the
let-7 microRNA, pri-let-7, was constitutively present, whereas the mature 22 nt form was
missing (Wulezyn et al., 2007). Several studies demonstrated that the key protein in the
regulation of let-7 maturation is Lin28, an RNA binding protein specifically expressed in
pluripotent stem cells. Lin28 can regulate processing of the let-7 pri-microRNA (Piskounova
et al., 2011) or the let-7 pre-microRNA, preferentially mediated by the related Lin28B or
Lin28A proteins, respectively. Lin28A can interfere directly with Dicer activity and/or can
induce polyuridylation at the 3’ end of pre-let-7, targeting it for degradation (Rybak et al.,
2008; Heo et al., 2008). let-7 is not the only microRNA undergoing regulated processing.
For example, pre-miR-138 is expressed in almost every cell type of a mouse embryo, but the
miR~138 mature form is restricted to neuronal cells (Obernosterer et al. 2006, reviewed in
Kim et al. 2009a, Siomi and Siomi 2010).
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In animals microRNAs repress mRNA translation and/or target the mRNA for deadeny-
lation and subsequent decay. It is still a matter of debate when and how microRNAs repress
protein synthesis. The majority of studies indicate that the miRISC complex binds the 3’
Untranslated Region (UTR) of an mRNA before translation initiation. In fact it seems likely
that GW182 binds to the PABP (polyadenylation bindig protein), in the same region where
PABP usually interacts with the one of the translation initiation factors. GW182 interaction
with PABP impedes the formation of the circular mRNA structure that facilitates ribosome
binding (Huntzinger et al., 2010). Other models support a direct role for Argonaute proteins
in inhibiting the translational initiation complex, or even other steps such as translational
elongation or peptide release. Models for microRNA mediated mRNA degradation have also
been proposed.When microRNAs target a mRNA for degradation, the process is thought to
take place in multiple stages. It is rare that AGO2 directly degrades mRNAs in animals., In
fact, AGO2 slicer activity requires full complementarity between the microRNA and the target
sequence, and such sites have apparently been subject to intense negative selection pressure
in evolution. Normally when the miRISC binds to the 3’'UTR of an mRNA this promotes
deadenylation of the 3’ end, followed by decapping of the 5’ end and then degradion via 5-3’
decay (Wu et al., 2006; Behm-Ansmant et al., 2006; Eulalio et al., 2007). It is likely that all
these processes take place in P-bodies. P-bodies are focal structures in the cytoplasm that are
enriched for proteins involved in mRNA catabolism, translational repression and microRNA
function. Interestingly, the formation of P-bodies is dependent on a functioning microRNA
pathway, but microRNA-mediated silencing can occur when P-bodies are disrupted exper-
imentally (Comprehensive reviews are: Huntzinger and Izaurralde 2011, Krol et al. 2010b,
Filipowicz et al. 2008).

microRNAs biogenesis and functional mechanisms are well studied, however microRNA
turnover is poorly understood. There are few studies dealing with this fundamental step.
microRNA turnover can be extremely slow in liver and heart cells, with measured half lives of
several days (van Rooij et al., 2007; Gatfield et al., 2009). At the other extreme are reports of
turnover rates in the brain. After neuronal stimulation the half live of some microRNAs (miR-~
124, miR-128, miR-~134, miR-138) is around one hour. Rapid microRNA metabolism might
be related to the control of translation by neuronal activity, for example activity dependent
degradation of a certain microRNA might induce translation of proteins necessary for memory
formation (Krol et al. 2010a and reviewed in Krol et al. 2010b).

1.2 From Neuronal Stem Cells to Neuronal Spines

The structural complexity of the vertebrate neocortex is achieved in a construction process
requiring several functionally distinct and temporally overlapping steps. After birth in the
process of neurogenesis, neurons pass through a migration phase before undergoing morpho-
logical maturation. The wiring of neurons into circuits and ultimately networks creates the
final architecture that allows us to interact with the outside world.

The cortex has two main intermingled neuronal types: principal cells and interneurons.
These derive from different regions of the forming brain, respectively the ventricular zone (VZ)

and the ganglionic eminences (GE). They migrate to their final position either radially from
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the VZ or tangentially from the GE. Tangential migration is not a topic of this introduction
but is reviewed in Marin et al. 2010.

The brain cortex comprises six layers, layer I or Marginal zone is the outermost and layer
VI is the innermost one. Each layer houses a subtype of principal neuron, which projects to
specific and distinct parts of the brain. For example, deep layer neurons (layer V and VI) have
corticofugal (subcortical), and upper layer neurons (IV, III and IT) have mainly corticocortical
projections. Bear in mind, however, that within each cortical layer the principal neurons vary.
How different neuronal types are generated is still a matter of debate, but it seems more and
more evident that it requires a fine balance of different elements including progenitor pool

diversification, cell autonomous processes and extrinsic signaling factors.

1.2.1 Embryonic Neurogenesis
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Figure 1.2: Scheme of Neurogenesis and Migration. Taken from Franco and Miiller 2013.

Recent and exhaustive reviews on neurogenesis are Gotz and Huttner 2005, Pinto and
Gotz 2007, Dehay and Kennedy 2007 and Franco and Miiller 2013, the following paragraphs
provide only a brief overview of the topic.

In the first stages of embryogenesis the neural tube has a single layer of neuroepithelial
cells, that then give rise to a population of Radial Glial Cells (RGC). The cell bodies of RGCs
are in the VZ and they extend processes to contact both the apical (ventricular zone) and
the basal surface of the brain. They divide either symmetrically, in so-called proliferative
divisions that generate two daughter cells equivalent to the mother; or asymmetrically, in
so-called differentiative divisions, that generate one daughter cell equivalent to the mother
and one more differentiated cell. One important factor for the asymmetric division of RGCs
is the Glycogen Synthase Kinase 3 5 (Gsk3/3). High Gsk3f activity in a daughter cell leads to
degradation of pro-proliferative proteins to generate either an Intermediate Progenitor Cells
(IPC) or a neuron. If, on the contrary, Gsk3( activity remains low, the daughter cell retains
the ability to proliferate (Kim et al., 2009b, 2011). RGCs parent only a minimal proportion of
neurons (between 10 and 20%), they contribute mainly to the generation of IPCs. IPCs differ
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from RGCs in their localization, they have their cell body in the SVZ; in their morphology,
they are multipolar and do not reach either the apical or the basal surface; and in their marker
expression, for example the IPC-specific transcription factor Thr2. IPCs can undergo several
symmetrical divisions to produce more [PCs and then undergo a final, symmetric neurogenic
division. In recent years it has been discovered that there are more than one type of IPC,
among others Basal progenitors and basal RGC (more abundant in primate brain).

Despite the increasing number of studies on cortical development and progenitor pools
there is still debate on how the different neuronal types arise. There are mainly two different
points of view: one in which an intrinsic genetic clock is the sole driving force behind the
different waves of neurons and another in which extrinsic cues restrain the genetic programs,
modulating and defining the fate of the nascent neurons.

The genetic clock model is the prevailing model in invertebrates. Doe and colleagues
in a series of publications show that all the lineages of neurons in Drosophila descend from
a single progenitor type in a perfectly timed, successive pattern (Pearson and Doe, 2003;
Grosskortenhaus et al., 2005). Also in vertebrates there is evidence for the fact that neurons
come from a single progenitor pool that differentiates in a time dependent manner. For
example, heterochronic transplant in ferret cortex demonstrated that progenitors for lower
layers neurons have the intrinsic potential to produce upper layer neurons, whereas upper layer
progenitors are no longer able to produce lower layers neurons (McConnell and Kaznowski,
1991; Frantz and McConnell, 1996; Desai and McConnell, 2000). Other studies in vitro showed
that cultured progenitors or murine and human pluripotent stem cells reproduce in vitro the
pattern of progenitor waves seen in vivo, maintaining even the same timing (Shen et al., 2006;
Gaspard et al., 2008; Espuny-Camacho et al., 2013).

Other studies challenge this view, postulating that there are several classes of predeter-
mined progenitors that remain quiescent and require activation by extrinsic factors. For
example, some of the genes characteristic for upper- or lower layer populationsare expressed
in subpopulations of RGCs, such as Sox2 (Bani-Yaghoub et al., 2006) or in subpopulations
of IPCs, such as Cux2, Satb2 or Svetl/Unc5D (Zimmer et al., 2004; Britanova et al., 2005;
Tarabykin et al., 2001). In the first case, the Sox2 RGCs divide asymmetrically and produce
deep layers neurons. The SVZ hosts IPCs and starts to expand only when upper layer neurons
are generated. The story, nevertheless, is more complicated because cell autonomous cues also
play a role in the final fate decision of a neuron. For example, the transcription factor Satb2
is necessary for the switch from subcallosally projecting neurons found in layer V to callosal
projecting neurons typical of layer II by repressing the transcription factor Ctip2 (Britanova
et al., 2008; Fishell and Hanashima, 2008).

The diversity of the neocortical progenitors, and their fundamental role in the generation
of neocortical cell identities, has only been discovered in the past decade. Of particular interest
is the relevance of these discoveries for brain evolution and the insight they have begun to
provide on how the primate brain has attained its unique complexity (reviewed in LaMonica
et al. 2012). Figure 1.2 show schematically the different progenitor types and the neuronal

migration steps.
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1.2.2 Adult Neurogenesis

Neurogenesis also occurs in the mammalian adult brain but only two established niches retain
this ability: the subventricular zone (SVZ) of the lateral ventricle and the subgranular zone
(SGZ) of the dentate gyrus in the hippocampus. The neuroblasts of the SVZ are the progenitor
pool for the olfactory bulb granule neurons. There are three types of precursors in the SVZ:
type B (GFAP positive progenitors), type C (transit amplifying cells) and type A (migrating
neuroblasts). Type C and type A cells both express Doublecortin (DCX). Note that GFAP,
usually considered to be an astrocyte marker is also expressed in adult progenitors. The
neuroblasts migrate tangentially from the SVZ to the olfactory bulb in a path known as the
Rostral Migratory Stream (RMS). There is evidence that the ependymal cells of the ventricular
wall secrete factors necessary for the maintenance of a functional progenitor pool (Sawamoto
et al., 2006; Ramirez-Castillejo et al., 2006; Zhao et al., 2008; Paez-Gonzalez et al., 2011). In
the dentate gyrus of the hippocampus there are two different types of progenitors: type 1 and
2. Type 1 is most likely a quiescent progenitor cell with a radial process that spans the entire
granular layer. Type 1 cells are distinguished by their expression of GFAP, Sox2 and Nestin.
Type 2 progenitors are derived from type 1, they have short processes and are Sox2 and
Nestin positive but GFAP negative. Type 2 progenitors generate DCX positive neuroblasts
that then mature into glutamatergic dentate gyrus neurons. Hippocampal astrocytes play a
similar role to ependymal cells by secreting factors required for maintenance of the stem cell
population (reviewed in Zhao et al. 2008; Yao et al. 2012).

1.2.3 Radial Migration in Corticogenesis

Principal neurons, generated either from RGCs or IPCs, migrate to reach their final posi-
tioning in an inside out manner. In the first stages of cortical development the earliest born
neurons form the preplate between the VZ and the Pia. The preplate, then splits into the
marginal zone (or layer I), that hosts Cajal-Retzius cells, the source of Reelin; and the sub-
plate, a structure present only during embryonic development that is important for the correct
wiring of the neurons and functional maturation of the neocortex (reviewed Kanold and Luh-
mann 2010). Waves of neurons form the cortical plate starting from layer VI and finishing
with layer II (for reviews Pinto and Gtz 2007; Franco and Miiller 2013). Correct execution of
cortical lamination, starting from the innermost layer (VI) and finishing with the outermost
one (II), is necessary for the functioning of the brain. Impaired lamination during corticoge-
nesis leads to severe phenotypes such as lissencephalies or heterotopias. Probably the most
famous example is the reeler mouse, discovered in 1951. Reeler mice lack Reelin, a protein
secreted from Cajal-Retzius cells in the marginal zone (D’Arcangelo et al., 1995). Reelin is
required for inside-out migration and in its absence lamination is reversed with the earliest
born neurons forming the outermost layer and the last neurons the innermost layer (reviewed
also in Tissir and Goffinet 2003). In reeler mice radial migration is affected due to the loss of
Reelin, one of the best characterized secreted molecules necessary for brain morphogenesis.
Other important mechanisms in which Reelin is involved will be further discussed below.
Radial migration can be divided into four stages: in the first phase neuroblasts move
radially from VZ to SVZ, in the second neuroblasts stall for up to 24 h in the SVZ/IZ and
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become multipolar. The third stage is optional, with some neuroblasts projecting toward the
VZ a process used to translocate their nuclei back to the VZ. In stage 4 the neuroblasts,
regardless of their initial localization, become bipolar and migrate radially into the cortical
plate (Noctor et al., 2004). Bipolar neurons have a trailing process with axonal identity, and
a leading process that remains in contact with the radial glia until the neuron reaches its final
position. It is still unclear which signals force the projection neurons to have a single leading
process, in contrast to the multipolar neurons migrating tangentially. It is likely that there
are feedback signals from the pial surface that block the formation of scouting branches. The
maintenance of a functional cytoskeleton seems the key to correct migration; the modification
of one of its constituents or of an upstream signaling molecule necessary to modulate it, results
in impaired migration either due to failure to enter the cortical plate or premature detachment
of the migrating neuroblast from the radial glia. If the microtubule-stabilizing protein DCX
is knocked down by RNAIi, during embryogenesis, the multipolar neurons in SVZ/IZ (stage
two) are no longer able to become bipolar and to reach the final position (Bai et al., 2003;
LoTurco and Bai, 2006).

Secreted proteins are important for guiding migrating neuroblasts. Reelin, for example,
in early stages of corticogenesis is necessary for RGC-guided locomotion by directing the
end feet of the leading process into the cortical plate and facilitating their attachment to
the pial surface (Jossin et al., 2004; Magdaleno et al., 2002; Zhou et al., 2008). Sema 3A,
another chemoattractant for migrating neurons (Polleux et al., 2000), is indispensable for
stabilizing the radial process. Downregulation of Sema 3A or one of its receptors impairs
neuronal migration, most likely by interfering with the cytoplasmic signals that coordinate
the motility of migrating neurons (Chen et al. 2008; reviewed in Zhou et al. 2008). To
reach the correct end position the migrating neurons must remain in contact with the radial
glia, this can also be mediated by gap junction adhesions. A disruption of the gap junction
causes the neuron to modify its cytoskeleton, leading to protruding filipodia and branches
and to premature termination of migration (Elias et al., 2007). Other cases of prematurely
branching neurons in corticogenesis involve p35 and srGAP2. Loss of p35, an activator of
CdKS5 involved in actin cytoskeleton modification, leads to inverted cortical layering (Gupta
et al., 2003). SrGAP2 (slit-robo GTPase activating protein) negatively regulates neuronal
migration by inducing filipodia and branches in the leading process. stGAP2 is a complex
protein in which the different domains serve distinct functions, nonetheless all converging on
filopodial sprouting. In fact, the F-BAR domain of srGAP2 directly sculpts and deforms the
plasma membrane. The GAP domain contributes by interacting with Racl, increasing Cdc42
activity, and therefore leading to filipodia formation (Guerrier et al., 2009).

Another key component of radial migration related to the cytoskeleton involves the ar-
rangement of microtubules. The centrosome, a microtubule organizing center, positions itself
in front of the neurite that will become the leading process at the same time that the trailing
process (destined to become the axon) sprouts from the rear of the cell. In multipolar mi-
grating neurons, on the contrary, the centrosome locates initially in front of the neurite that
will become the axon and then shifts position to the base of a new neurite that will become
the leading process (Sakakibara et al. 2013b; Sakakibara et al. 2013a review).
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When the neuron reaches its final destination the cytoskeleton stabilizes and the nucleus
ceases to move. Once again Reelin is an important player, acting at least in two different
and complementary ways. Interaction between Reelin and integrin-a133 is a signal for the
neuron to detach from the radial glia (Dulabon et al., 2000). By inducing phosphorylation
of n-Cofilin Reelin also stabilizes the actin cytoskeleton (Chai et al. 2009, reviewed in Zhao
and Frotscher 2010). Detailed reviews on this topic are Franco and Miiller 2013; Solecki 2012;
Cooper 2013; Heng et al. 2010.

1.2.4 Neuronal Polarization in vitro

The account of neuronal migration presented in the previous section has primarily come from
in vivo investigations. These have been supplemented by in vitro studies attempting to model
the composite steps of the process at the individual neuron level. In particular, researchers
focused their attention on an in vitro model to understand the intrinsic neuronal changes
during polarization. Primary cortical and hippocampal neuronal cultures are good models
that can be easily manipulated and that recapitulate the stages a neuron undergoes from
the multipolar stage in the SVZ/IZ to the polarization and finally to the complex structure
of a mature and wired neuron (Polleux and Snider, 2010). Primary neuronal cultures are
prepared from embryonic cortex or hippocampus. During the preparation they lose their
natural polarity and become spherical. Once the cells attach to the culturing surface, they
start to explore the environment by protruding and retracting lamellipodia and filipodia (stage
1). These protrusions develop into multiple, immature neurites that are initially equivalent
(stage 2, DIV 1-2), until at a certain point one of them breaks the symmetry and elongates to
form the axon (stage 3, DIV 2-4). The other neurites then begin to grow, adopting dendritic
identity (stage 4, DIV 4-15). Once the dendritic arbor is complete, synapses form. All the
stages described correspond approximately to specific events in vivo (Figure 1.3).

Many studies on neuronal polarization and maturation focused on the cytoskeletal dy-
namics. In vitro the centrosome takes up a position in front of the future axon and organizes
the microtubules. If a cell has multiple centrosomes, it will also have multiple axons (de Anda
et al., 2005; Sakakibara et al., 2013a). The centrosome position contributes to microtubule
rearrangement as the neuron breaks symmetry (stage 3). In the nascent axon the cytoskeletal
modification consists of the destabilization of actin components and the stabilization of mi-
crotubules. At the growing tip of the axon, the growth cone exerts a strong influence on the
elongation of the axon. All the neurites possess a growth cone, but the one of the growing
axon becomes dynamic, whereas the others remain quiescent. The growth cone is divided
into several functional domains, including the wrist that forms the connection to the neurite
shaft, the central domain (C-domain) that hosts the microtubules that enter the axon shaft
and the peripheral domain (P-domain) that is enriched in actin filaments. Protrusion of actin
filaments from the P-domain are an initial step in the creation of filipodia and lamellipodia
(reviewed in Stiess and Bradke 2011; Lowery and Van Vactor 2009; Bradke and Dotti 1999;
Hoogenraad and Bradke 2009).

There are several interlaced pathways that cooperate in axon formation, for example, the
polarity complex, Gsk33, Cdc42, DCX, Reelin, Smurfl and 2 and semaphorins that I will now
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Figure 1.3: Stages of Neuronal Polarization In Vitro compared to neuronal maturation in vivo. Taken from
Polleux and Snider 2010

discuss in turn. The receptor for the secreted protein Reelin is primarily located at the tip
of the active growth cone, where it is able to inactivate Gsk33 (Beffert et al., 2002). Reelin
signaling also activates the kinases Cdc42 and Racl, key players in growth cone motility and
the formation of filipodia and branches (Leemhuis et al., 2010; Leemhuis and Bock, 2011).
Cdc42 and Racl activate the polarity complex, an assembly of the proteins Par3, Par6 and
atypical protein kinase C (aPKC) that is restricted to the growing axon. Upon its activation
the polarity complex phosphorylates and inhibits Gsk33. Gsk3f inactivation is a key event
in the process of axon formation, because active Gsk38 negatively regulates microtubule
stability (Yoshimura et al. 2005, reviews Jiang et al. 2005; Schwamborn and Piischel 2004;
Hoogenraad and Bradke 2009). The polarity complex also interacts with the HECT E3 ligases
Smurfl and Smurf2, both fundamental in breaking neurite symmetry. Smurf2 is shuttled
to the growth cone by Par3, where it is required for the restriction of active Raplb (RAS
related protein 1b) to the nascent axon (Schwamborn et al., 2007a,b). The ubiquitination
targets of Smurfl change according to its phosphorylation state. In the future axon the
Brain-derived neurotrophic factor (BDNF) pathway leads to Smurfl phosphorylation and
consequent recognition and targeting of RhoA, a growth inhibitory small GTPase. In minor
neuritis, by contrast, the unphosphorylated form of Smurfl targets the polarity complex

protein Par6 (Cheng et al., 2011). BDNF receptors are generally located throughout the
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neuronal periphery, but they can be transported to and stabilized at the distal part of the
axon by Jip3, a protein required for the functional interaction of axonal cargos with Kinesin-1
(Huang et al., 2011). This allows differential activation of the BDNF pathway in the growing
axon, and as I discussed before this is required for the polarization process. Jip3 interacts
also with Gsk3/ and DCX (a microtubule stabilizing protein) to restrain axon branching and
to promote self avoidance (Bilimoria et al., 2010). Semaphorins and their receptors influence
polarization and axonal or dendritic specification by modulating the ratio between cAMP and
c¢cGMP. In the absence of Semaphorin signaling in the growing axon cAMP levels are high,
maintaining activity of the polarity complex and axon. In minor neurites, in contrast, Sema
3A and its receptors increase the level of cGMP, which activates a cascade of events that leads
to dendrite identity. Even after polarization, alterations in the balance between cAMP and
c¢GMP can modify the identity of the neurites (Shelly et al., 2007, 2010, 2011; Shelly and Poo,
2011; Nishiyama et al., 2011).

In summary, neurons are among the most polarized cells in the body. Polarity is the
outcome of complex interactions between multiple, interrelated pathways. A fine-tuning of
pathway components is necessary to have a single axon and multiple dendrites. If one of the
proteins described above is not functional the balance between the pathways is disrupted and
the result is a neuron that has either zero or multiple axons. Until now, however, zero or

multiple axons phenotypes have not been described in vivo.

1.2.5 Dendritic Arborization and Spines Formation

During corticogenesis, when polarized neurons reach their final position in the cortex, they
start to build their dendritic arbor. Dendrites and axons have different and complementary
functions: dendrites receive inputs from other neurons and integrate the signals; axons fires
the output of the received information. The cytoskeletal structure differs in the two compart-
ments: in the axon the microtubules are all oriented with the plus (or growing) end at the tip;
in the dendrites there is a mixture of orientations. Dendrites grow away from the soma, fol-
lowing external cues. They protrude filipodia, at the end of which there is a growth cone-like
structure. If the environment is permissive, the filipodia mature into actual branches. Den-
drites stop growing when they encounter repulsive signals, these limit dendritic growth and
establish a so-called territory of competence, or dendritic space, for each neuron. The territory
of competence is fundamental for the correct wiring of the neurons into their characteristic
circuits; only correctly wired neurons undergo full maturation. Dendrites, however, are not
static structures, they can remodel their cytoskeletal components by growing or retracting
filipodia and spines in response to the inputs received from the neighboring cells, including
synaptic activity (reviewed in Kulkarni and Firestein 2012; Puram and Bonni 2013).

The different steps of dendrite formation are synchronously regulated via intrinsic mecha-
nisms, such as transcription factors and extracellular cues, such as guidance molecules, growth
factors or neurotrophins. The principal neurons of each cortical layer differ from the principal
neurons in the other layers in a cell intrinsic manner, such as the expression of layer-specific
transcription factors. The differences might be established at the time of birth or be a con-

sequence of the progenitor pool from which they came (see Section 1.2.3). The transcription
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factors Cux 1 and Cux 2 are exclusively expressed in layer II/III, where they are necessary
for the regulation of dendritic branching (Cubelos et al., 2010). Some universal cytoskele-
tal components, present in all neurons, can be regulated in distinct ways in different layers.
NOMA-GAP, an inhibitor of Cdc42, is crucial for attaining a complex dendritic arbor in up-
per layers, but not in deep layers (Rosario et al., 2012; Sim6 and Cooper, 2012). Moreover,
external cues have opposite effects on particular neuronal types. BDNF stimulates layer IV,
inhibits layer VI and is neutral for layer V branching, whereas Neurotrophin 3 (NT-3) pro-
motes layer VI but inhibits layer IV branching (reviewed in Sim6 and Cooper 2012; Kulkarni
and Firestein 2012; Puram and Bonni 2013). The secreted factor Reelin promotes dendritic
branching in vitro, due to the activation of the Serine/Threonine protein kinase mTOR (Jossin
and Goffinet, 2007). mTOR forms two complexes termed mTORC1 and mTORC2 that are
both involved in the development of the dendritic arbor (Urbanska et al., 2012). mTORC2,
for example, enhances dendrite and spine formation by activating the Akt pathway and the
downstream effector protein CALEB/NGC (Brandt et al., 2007).

The complex and ramified structure typical of mature neurons is therefore the result
of both cell autonomous and extrinsic mechanisms. A well-built dendritic arbor is critical
for neuronal function, allowing extensive interactions with neighboring cells. The interaction
between two neurons occurs at the synapse, comprised of a presynaptic component that is part
of the axon, and a postsynaptic component, the spine, that is part of the dendrite. Spines are
structures protruding from the dendritic shaft. They begin as thin and headless filipodia that
are highly motile and able to sample the environment and find a presynaptic target. If they
find it, they mature into functional spines (reviewed in Hoogenraad and Akhmanova 2010;
Yoshihara et al. 2009; Tada and Sheng 2006). These have a complex internal structure in which
scaffolding proteins are bound to the actin cytoskeleton and anchor the receptors to the upper
part of the spine, called the post-synaptic density. Spines have a characteristic morphology
with a neck and a head, and their shape is modified according to their degree of maturation.
They are classified according to their degree of maturation either as immature, with a long
neck and small head, or mushroom shaped, or stubby with almost no neck and a large head.
The head width is directly correlated with AMPA and NMDA receptor pools (reviewed in
Hoogenraad and Akhmanova 2010; Yoshihara et al. 2009; Tada and Sheng 2006; Segal 2010;
Hayashi and Majewska 2005.) AMPA and NMDA receptors (AMPAR and NMDAR) are
glutamate receptors, responsible for the depolarization of the postsynaptic site. In particular,
there is evidence that the head size of a spine correlates positively with the number of AMPA
receptors. The higher the number of AMPA receptors the bigger the head. AMPAR are
tetramer assemblies of four highly homologous subunits (Grial-4). The assembled tetramer is
shuttled in and out from the membrane in synchrony with the strength of the inputs received
from the presynapse. In so-called silent synapses, for example, there are only NMDARs, which
alone are not able to depolarize the membrane. When silent synapses receive strong stimuli a
pool of AMPARsS, stored next to the spine, is inserted into the membrane of the synapse and
the spine becomes active (reviewed in Milstein and Nicoll 2008; Anggono and Huganir 2012;
Huganir and Nicoll 2013; Yokoi et al. 2012; Kerchner and Nicoll 2008). AMPARSs require

either TARPs or chornichons as auxiliary proteins. Stargazin, also called Cacng2, is one
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of the most studied auxiliary proteins for the AMPAR. Stargazin is able to bind both the
receptor and PSD95, one of the proteins of the post-synaptic density, stabilizing the receptor
tetramer in the plasma membrane (Chen et al., 2000). More detailed information on synaptic

receptors, their functions and interaction with the cytoskeleton are reviewed in Anggono and
Huganir 2012; Huganir and Nicoll 2013; Yokoi et al. 2012; Segal 2010.

1.2.6 Phf6

Phf6 (Plant Homeo Domain-like finger protein) is a protein encoded on the X chromosome, dis-
covered a decade ago as the cause of Borjesom-Forssman-Lehmann syndrome (BFLS, OMIM
#301900, Lower et al. 2002). Phf6 protein has 365 amino acids comprising two PHD zinc
finger-like domains and 4 nuclear localization sequences (Lower et al., 2002). Patients with
BFLS are obese, present with swelling of subcutaneous tissues, a narrow palpebral fissure
and big earlobes. Moreover, they have moderate to severe mental retardation and epilepsy
(Gécz et al., 2006). Phf6 somatic mutations are also linked to lymphoblastic leukaemia (T-
ALL, Van Vlierberghe et al. 2010; Chao et al. 2010) and to acute myeloid leukemia (AML,
Van Vlierberghe et al. 2011), therefore it is also considered to be a tumor suppressor gene.
Phf6 suppresses rRNA synthesis as a function of the cell cycle (Wang et al., 2013) and it is
able to target chromatin remodelers to posttranscriptionally modify histones. Phf6 interacts
with the NurD complex (nucleosome remodeling and deacetylation complex), that has both
histone deacetylase and ATP-dependent chromatin remodeling activity (Todd and Picketts,
2012). A comprehensive study on the Phf6 expression pattern in murine brain shows that the
protein is highly expressed in embryonic development with a slight reduction in adulthood
(Voss et al., 2007). Depletion of Phf6 by shRNA treatment in in utero electroporation leads
to a cell autonomous failure of migration, with the affected neurons unable to reach their
final position, and instead stopping randomly in the cortex and in the white matter. The
knockdown neurons also show hyperexcitability, similarly to the BFLS patients. Zhang et
all demonstrate that Pfh6 associates with the transcription elongation complex PAF1 and
regulates CALEB/NGC (Zhang et al., 2013). CALEB/NGC was already known for its positive
regulation of dendritic arborization and spine formation (Brandt et al., 2007). Unfortunately,

Zhang et al. did not comment on the dendritic arbor of Phf6 knockdown neurons.

1.3 microRNAs in the Brain: from Neuronal Stem Cells to

Synapses

The gene regulatory function of microRNAs is fundamental for embryonic development. As
such, targeted deletion of genes required for microRNA biogenesis, including DGCRS, Dicer
or Ago2, is incompatible with life (Stark et al., 2008; Wang et al., 2007; Bernstein et al., 2003;
Liu et al., 2004). There are also studies in which the proteins of the biogenesis machinery are
conditionally depleted in particular cell types. Dicer ablation in neuronal progenitors results
in a thinner cortex with disorganized layers and increased apoptosis, indicating that microR-
NAs are necessary for the expansion of neuronal progenitors and neuronal differentiation

(McLoughlin et al. 2012, reviewed in Sun et al. 2013). Dicer removal from specific postmi-
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totic neuronal subtypes results in increased apoptosis of the knockout neurons, underscoring
the vital role of microRNAs (reviewed in Sun et al. 2013). Moreover, conditional deletion of
DGCRS8 or Dicer in the same cell types produces a more severe phenotype in Dicer knock-
out neurons, indicating that non-canonically processed, DGCRS8 independent microRNAs are
important for cellular viability and functionality (Babiarz et al., 2011).

In the brain, some microRNAs display either region-specific or neuronal subtype-specific
expression patterns (Pichardo-Casas et al., 2012; He et al., 2012). For example, miR-128 ex-
pression is 4-fold higher in the cortex compared to the cerebellum but miR-195 and miR-197
are 10-fold higher in the cerebellum compared to the cortex (He et al., 2012). Similarly, some
microRNAs are specifically expressed in particular subregions such as miR-206 in the cerebel-
lum, miR-136 in the cortex, or miR-200 in the olfactory bulb (Pichardo-Casas et al., 2012).
Different classes of neurons can express differential sets of microRNAs: miR-128 is expressed
in CamKII but not in GAD2 neurons, and miR-187 is expressed with the opposite pattern
(He et al., 2012). Another interesting fact is that microRNAs can be preferentially localized
subcellularly within the neuron. Some microRNAs are enriched in dendrites, dendritic local-
ization of miR-~134 depends on a specific sequence in the loop that allows its shuttling to the
dendrites before being processed (Bicker et al., 2013). There are also microRNAs that are
enriched in synapses (miR-200 or miR-182) (Lugli et al., 2008), soma (miR-125a and let-7b)
(Lugli et al., 2008); or nucleus (miR-92a and miR-25) (Khudayberdiev et al., 2013).

Along with these general studies on microRNA localization in brain regions and in neurons
many studies have addressed specific microRNAs and their functions (Figure 1.4). Some
microRNAs are necessary for stem cell maintenance (miR-17-92 cluster, miR-184, miR-134,
miR-195), for stem cell differentiation and neuronal maturation (let-7a and b, miR-9, miR-26b,
miR-124, miR-125b,), for dendritic branching (miR-124, miR-132, miR-134), or for synapse
formation and functionality (miR-125, miR-134, miR-138, miR-188, miR-181a).

Several studies show that microRNAs are necessary to retain stemness features in em-
bryonic and adult neural stem cells (NSC). miR-134 and the miR-17-92 cluster are positive
regulators of embryonic stem cell survival. miR-134 regulates both the mRNA of Chordin-like
1 (Chrdll), a proapoptotic protein, and of DCX, a microtubule associated protein that coor-
dinates the radial migration of neurons. Therefore miR-134 expression in NSCs allows their
survival, by blocking translation of the proapoptotic protein Chrdll, and the maintenance of
their stemness, by blocking translation of DCX (Gaughwin et al., 2011). The miR-~17-92 clus-
ter controls the expansion of NSCs and RGCs as well as the transition to IPCs (Bian et al.,
2013). In particular, the cluster is responsible for the regulation of PTEN, which negatively
controls RGCs production, and Tbr2, which positively governs IPCs generation. Likewise,
there are microRNAs implicated in the maintenance of adult stem cells (aNSC). miR-184 and
miR-~195 are expressed in aNSCs and are important for the maintenance of aNCS stemness.
In this context miR-~184 regulates Numblike mRNA. Numblike is a protein involved in brain
development, most likely as a negative inhibitor of Notch signaling (Liu et al., 2010). miR-195
regulates MBD1 (methylated-CpG binding protein) mRNA. MBD1 is expressed in neurons
but not in NSCs and it is able to methylate DNA sequences to block DNA transcription. In

particular, Liu and colleagues showed that MBD1 is able to repress transcription of miR-184
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Figure 1.4: microRNAs regulate different steps of neuronal life from the maintenance of NSC to the formation
of spines. Modified from McNeill and Van Vactor 2012.

and miR-195 (Liu et al., 2010, 2013). miR-195 and MBD1 form, therefore, a negative feed-
back loop, with miR-195 blocking MBD1 mRNA translation and MBD1 protein repressing
miR-195 transcription.

On the other hand, there are microRNAs that positively regulate the transition from
NSCs to postmitotic neurons. In fact, miR-9 and miR-~124 are necessary and sufficient for
the reprogramming of human fibroblasts into neurons. They promote the expression of neu-
rogenic transcription factors such as NeuroD2, ASCL1, and MYTIL (Yoo et al., 2011; Xue
et al., 2013). miR-9 and miR-124 are also implicated in embryonic neuronal differentiation.
miR-9, for example, is able to regulate TLX, a factor important for transcriptional control in
undifferentiated neuroepithelial cells (Zhao et al., 2009). miR-9 regulates neurogenesis also in
the subpallium by inhibiting several transcription factors (Shibata et al., 2011). miR-~124 reg-
ulates diverse mRNAs coding for stem cell specific proteins. Polypyrimidine Tract-Binding
Protein 1 (PTBP1) is an RNA-binding protein able to repress nervous system specific al-
ternative splicing. In non-neuronal cells PTBP1 represses the correct splicing of PTBP2, a
closely related protein that is enriched in the nervous system. miR-124 is able to bind to the
PTBP1 3'UTR, blocking its translation. This leads in turn to the productive splicing and
consequently the expression of PTBP2 (Makeyev et al., 2007). Furthermore, miR-124 and
miR-26b are both able to regulate Ctdsp (C-terminal domain phosphatase), proteins involved
in global suppression of neuronal gene expression in non-neural cells. REST (REI silencing
transcription factor) is able to bind to the RE1 (Repression Element 1) sequence present in
the promoters of neuronal genes, blocking their transcription with different mechanisms. One

of these involves the formation of a complex with three phosphatases (Ctdspl, Ctdsp2, and
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Ctdspl) that are able to dephosphorylate the C-terminus of RNA pol II, thereby inhibiting
the expression of genes with the RE1 sequence. miR-124 binds to the 3’'UTR of Ctdspl and
miR-26b binds to the 3'UTR, of Ctdsp2, blocking their translation and therefore allowing the
transcription of neuronal genes. Ctdsp2 and miR-26b form a negative feedback loop, as miR-
26b is a target for transcriptional suppression by the REST/Ctdsp2 complex (Visvanathan
et al., 2007; Dill et al., 2012). In the adult SVZ miR~124 can be detected in transient amplify-
ing cells (type C) where it is able to repress Sox9 expression, leading to neuronal maturation
(Cheng et al., 2009; Akerblom et al., 2012). Members of the let-7 family also participate in
neuronal differentiation. let-7b represses Lin28, a stem cell RNA-binding protein, forming a
negative feedback loop (Rybak et al., 2008). And let-7a, a microRNA required for neuronal
differentiation, increases its activity due to TRIM32, a TRIM-NHL protein (Schwamborn
et al., 2009). The last example regards miR-125b, a microRNA that promotes neuronal mat-
uration by repressing Nestin mRNA translation. Nestin is an intermediate filament protein
abundant in neural stem/ progenitor cells (Cui et al., 2012).

Comparatively little is known about the regulatory role of microRNAs in neuronal migra-
tion. miR-9 and miR-132 control, in a positive way, neuronal migration. They downregulate
FoxP2, a transcription factor normally expressed in layer VI of the cortex. When FoxP2 is ec-
topically expressed neurons are unable to migrate radially and to grow a proper axon (Clovis
et al., 2012). Therefore, downregulation of FoxP2 mRNA in migrating neurons is necessary
for correct cortical lamination and axonal outgrowth.

More is known about the regulation of the dendritic arborization and branching by mi-
croRNAs. miR-124 and miR-132 have a positive effect on dendritic outgrowth and branching
(Yoo et al., 2009; Franke et al., 2012; Vo et al., 2005; Pathania et al., 2012; Marler et al.,
2014). miR-124 promotes neurite outgrowth (Yoo et al., 2009) and induces dendritic and
axonal complexity by regulating the 3’'UTR of RhoG. RhoG reduces dendritic ramification
via Cdc42 and axonal ramification via Racl/ELMO1DOCKI (Franke et al., 2012). miR-132
is part of the miR-212/132 cluster, whose transcription is induced by BDNF-mediated phos-
phorylation of CREB. miR-~132 modulates the expression of p250GAP, a GTPase activating
protein that reduces dendritic growth by suppressing Racl (Vo et al., 2005). miR-132 reg-
ulation of p250GAP is also necessary in axons of retinal ganglion cells, where it promotes
branching (Marler et al., 2014). Diametrically opposite roles have been assigned for miR-~134,
part of the miR-379-410 cluster, in two studies using different experimental paradigms. miR-
134 was shown to promote dendritic branching of cultured hippocampal neurons (Fiore et al.,
2009) but to inhibit dendritogenesis in layer V neurons in vivo (Christensen et al., 2010). The
miR-~134 precursor contains a sequence motif responsible for shuttling it into dendrites. The
motif is recognized by DHX36, a member of the large DEAH-Box family of RNA helicases,
for facilitated transport to the dendrite (Bicker et al., 2013). In the dendritic spine miR-134
is able to locally regulate the actin cytoskeleton in an activity dependent manner. In resting
conditions miR-~134 binds to the Limk1 3’'UTR, impeding spine growth. The interaction is dis-
rupted by BDNF stimulation. This enhances modification and growth of active spines, in line
with the maturation of dendritic spines seen upon BDNF stimulation (Schratt et al., 2006).
AMPAR and NMDAR expression can also be modulated by microRNAs: miR-181a regulates
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the AMPAR subunit Gria2 (Saba et al., 2012) and miR-125 regulates the NMDAR subunit
NR2A. Another microRNA, miR-188, is able to mediate an increase in the size of synapses.
miR-188 downregulates the semaphorin receptor Nrp2. Semaphorins inhibit spine develop-
ment and the formation of synaptic structure, therefore miR-188 may play a fundamental role
in memory formation (Lee et al., 2012).

Roles for microRNA in the presynaptic compartment have also been described in the
sensory neurons of the mollusc Aplysia. In this system miR-124 constrains serotonin-induced
facilitation by downregulating CREB1 (Rajasethupathy et al., 2009).

From these examples, it can be seen that microRNA are necessary to control all the steps
of brain development, from the maintenance of a functional NSC pool to the regulation of
memory formation. Several microRNAs, such as miR-134, miR-124 or miR-132, have im-
portant roles in the regulation of diverse processes throughout the life span. However, this
phenomenon is not surprising or unexpected, as microRNAs are predicted to modulate hun-
dreds of genes and their targets can change in parallel to changes in the cellular transcriptome.
One recurring feature of microRNA-mediated regulatory networks is the presence of negative
feedback loops. For example, the loop consisting of the let-7 microRNA and its inhibitor,
Lin28, is especially important for the fine-tuning of delicate mechanisms, such as neuronal
differentiation. The ever increasing number of publications about microRNAs in the brain is
only the tip of the iceberg. We still do not fully understand the general role of microRNAs

and other non-coding RNAs in the nervous system.

1.4 miR-128, known functions

The focus of my research was to characterize the functions of one particular microRNA,
miR-~128, in the brain. When I started my PhD little was known about miR-128 function
in neurons. In the last five years an increasing number of publications have shed light on
the importance of miR-128 as a tumor suppressor microRNA and as a strategic regulator of
memory extinction and neuronal homeostasis.

Most of the studies about miR-128 regard its association with cancers. miR-128 is down-
regulated in glioma, neuroblastoma, prostate cancer and in breast cancer (Ciafre et al., 2005;
Evangelisti et al., 2009; Papagiannakopoulos et al., 2012; Li et al., 2013). However miR-128
is upregulated in triple negative breast cancer, in acute lymphoblastic leukemia (ALL) and
in monocytes of patients with sporadic Alzheimer Disease (Liu et al., 2014b; Zhu et al., 2012;
Tiribuzi et al., 2014). Many studies have identified target genes for miR-128 in the context
of these cancers.

miR-128 is a brain-enriched, neuron specific microRNA (Smirnova et al., 2005). Its expres-
sion in the embryonic cortex increases more than 20-fold between E12 and E16 (unpublished
observation Wulczyn, Tarabykin, Chen), second only to miR-124 in the degree of upregula-
tion. In human brain miR-128 is the second most highly expressed microRNA after the let-7
family (Shao et al., 2010). But a comprehensive understanding of the many roles miR-128
may play in brain development and in adult brain functions remains to be achieved.

miR-128 has two isoforms: pre-miR-128-1 and pre-miR-~128-2. Their mature form is iden-

tical but they differ in the length of their precursor, 56 and 58 nucleotides, respectively, and
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Figure 1.5: pre-miR-128-1 and pre-miR-128-2 are shown in their secondary structure, miR-128 mature form
is in red. Sequences taken from miRBase.

in their secondary structure (Figure 1.5). pre-miR-128-1 and pre-miR-128-2 are conserved
among vertebrates and they are hosted in an intron of two highly homologous genes, R3hdm1
and R3hdm3 (better known as Arpp21), respectively.

Three recent publications show that miR-128 regulates non-sense mediated decay in the
brain (Bruno et al., 2011), helps to extinguish fearful memories (Lin et al., 2011) and controls
motor behavior and neuronal excitability (Tan et al., 2013). Non-sense mediated decay (NMD)
is a quality control for mRNA that leads to the degradation of transcribed genes containing
premature stop codons. Bruno et al. showed that miR-128 regulates the expression of Casc3
and Upfl, two important proteins for NMD. This study suggests that miR-128 might reinforce
neuron-specific patterns of mRNA utilization, similar to the role of miR-124 in the control
of neuron-specific alternative splicing (Makeyev et al., 2007). Lin et al. studied miR-128
functions in an experimental fear-extinction paradigm, demonstrating that miR-128 levels
increase after fear conditioning and, to an even greater extent, after fear extinction. This
is in line with a previous report showing increased miR-128 in the hippocampus after fear
conditioning (Kye et al., 2011). With the help of lentiviral constructs overexpressing or
blocking miR-128 functions in prefrontal cortex, Lin et al. could correlate miR-128 activity
with the ability of mice to erase fearful memories. The authors screened for potential miR-128
targets using a published predictive algorithm and confirmed as bona fide targets several genes
involved in neuronal plasticity (Crebl, Reelin, Arpp21). The upregulation of miR-128 during

the fear extinction protocol leads to the downregulation of proteins important in synaptic
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plasticity such as the miR-128 host gene Arpp21 (Lin et al., 2011). One of the Arpp2l
splicing variants is involved in calcium signaling pathways in neurons expressing dopamin 1
(D1) receptor (Rakhilin, 2004). The last piece of evidence for miR-128 functions in the brain
comes from the work of Tan et al.. They produced different conditional knockout mice lines
for miR-128. In particular, they showed that pre-miR-128-1 contributes less than 20% to
the total amount of the mature microRNA, whereas pre-miR-128-2 contributes the remaining
80%. Pre-miR-128-2 knockout animals suffer from severe epileptic seizures that cause the
death of all the animals by the 5 month of age. The authors tested the contribution of the
two major classes of CamKII dopaminergic neurons to the phenotype. Dopamine-receptor 1
expressing neurons (D1 neurons) are known to increase locomotion, whereas Dopamin-receptor
2 expressing neurons (D2 neurons) are known to decrease locomotion. Only the ablation of
miR-~128 from D1 neurons resulted in the drastic and lethal seizure phenotype. Moreover, loss
of miR-128 in D1 neurons increases calcium transients and therefore neuronal excitability.
The increase in calcium transients might be related to the higher number of spines in the
dendrites of D1 neurons of knockout mice. Overexpression of miR-128 in the same striatal
neurons attenuates neuronal responsiveness, represses motor activity and alleviates motor
abnormalities, a constellation similar to that observed in Parkinson’s patients (Tan et al.,
2013).

From these groundbreaking studies, miR-128 appears to be a microRNA with multiple
functions, from the direct control of mRNA regulatory proteins in development to the mod-

ulation of input sensitivity and memory.
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1.5 Goal of this Thesis

The major aims of my PhD thesis were to investigate the expression patterns and functions
of miR-128 and its precursors, pre-miR-128-1 and pre-miR-128-2.

We wanted to follow miR-128, pre-miR-128-2 and pre-miR-128-1 expression during em-
bryonic corticogenesis, with a particular interest in detecting differences between mature and
precursor forms. For this purpose, we took advantage of in situ hybridization using dou-
ble Digoxigenin labelled LNA probes, and Northern blots using radioactively labelled LNA
probes.

We also wanted to identify the pathways that miR-128 regulates in neurons. We therefore
used gain- and loss of function strategies in vitro and in vivo.

In vitro we worked with primary cortical and hippocampal neurons and we manipulated
miR-~128 concentration at two different stages. Knowing that miR-128 levels increase during
neuronal maturation, we wanted to check what happens if the gain/loss of function was
performed when the microRNA is expressed at low levels compared to later stages when the
microRNA is more highly expressed.

In vivo we took advantage of the in utero electroporation technique, which allows the
ectopic expression of a construct of interest in the proliferating progenitors of the ventricular
zone. These experiments primarily targeted the developmental window when upper layer
neurons are formed. Given that miR-128 expression increases during embryonic development
and remains at high levels throughout adulthood we analyzed the electroporated brains at
different stages. To check if miR-~128 has an effect on neuronal migration we looked at newborn
and at early postnatal animals. To check if miR-128 influences dendritic arborization and spine
morphology and number we examined juvenile animals.

To gain insight into molecular pathways regulated by miR-128 we tested and confirmed

several predicted mRNA targets for sensitivity to miR-128.
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Materials and Methods

2.1 Materials

Reagents

The special reagents used for experiments are listed in Table 2.1. Common chemicals are not
listed.

Name Cat. Number Company
Agarose gel-DNA electrophoresis
Agarose SeaKem® 50004 Lonza
100 bp-DNA-Ladder extended T&835.1 Roth
1 Kb DNA-Ladder Y014.1 Roth
Avertin sedative
2,2,2-tribromoethanol T48402 Sigma
tert-Amyl Alcohol AT730-1 Fisher
cDNA synthesis
Oligo(dT) primer SO132 Thermo Scientific
RiboLock RNAse inhibitor EO0381 Thermo Scientific
RevertAid' Reverse Transcriptase EP0733 Fermentas
dNTP Mix, 10 mM R0192 Thermo Scientific
Cell Culture
0.05% Trypsin-EDTA (1x) 25300-054 Gibco
2.5%Trypsin 15090-046 Gibco
2-Mercaptoethanol 50mM 31350-010 Gibco
GlutaMAX 100x 35050-038 Gibco
Penicillin-Streptomycin, Liquid 15140-122 Gibco
Foetal Bovine Serum GOLD A15-151 PAA
DMEM (1x) 21969-035 Gibco
Neurobasal® medium (1X) 21103-049 Gibco
Neurobasal-A® medium (1x) 10888-022 Gibco
HBSS + calcium + magnesium 24020-117 Gibco

20



CHAPTER 2. MATERIALS AND METHODS

HBSS - calcium - magnesium 14170-120 Gibco
B-27® (50x) 17504-044 Gibco
Poly-L-Lysine P1524 Sigma,
Poy-L-Ornithine P2533 Sigma
Laminin L2020 Sigma,
Lipofectamine® 2000 11668-019 Invitrogen
Opti-MEM® T 1x 31985-047 Gibco
Molecular Biology
Phusion'  Hot Start DNA Polymerase F-540L NEB
GoTaq® DNA Polymerase M3178 Promega
dATP 100 mM 272-050 Pharmacia Biotech
dCTP 100 mM 272-060 Pharmacia Biotech
dTTP 100 mM 272-080 Pharmacia Biotech
dGTP 100 mM 272-070 Pharmacia Biotech
NucleoBond Xtra Midi® 740410100 Macherey Nagel
QIAquick Gel Extraction Kit 28706 Qiagen
QIAquick Nucleotide Removal Kit 28306 Qiagen
QIAquick PCR Purification Kit 28106 Qiagen
RT? SYBR® Green qRT-PCR Mastermix 330529 Sabio sciences
Immunostaining and In Situ Hybridization
Goat serum G9023 Sigma
Albumine from bovine serum A9647 Sigma
Blocking reagent 10057177103 Roche
DRAQ5 (5mM) DR50200 Biostatus
OCT COMPOUND 3808610E Leica
Gelatine 1.04078 Merck
EDC (N-(3-Dimethlylaminopropyl)-N’- 39391 Sigma
ethlycarbodiimide hydrochloride)
Methylimidazole N353.1 Roth
TSA™, Plus Cyanine 3 system NEL744001KT  PerkinElmer
Fast Red Tablets 11496549001 Roche
NBT/BCIP Ready-to Use Tablets 11697471001 Roche
Western blot and Northern blot
30% Acrylamide/Bis Solution 29:1 161-0156 BIO-RAD
TEMED T-8133 Sigma
PageRulerTM Protein Ladder Plus SM1811 Fermentas
Immobilon-P Transfer Membrane IPVHO00010 Millipore
Amersham Hyperfilm ECL 521572 GE Healthcare
Clarity Western ECL Substrate 170-5060 BIO-RAD
Protease Inhibitor Cocktail Set I 539131-10VL Calbiochem
TRIzol® Reagent 15596-026 Invitrogen
40% Acrylamide/Bis Solution 19:1 161-0144 BIO-RAD
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2x RNA Loading Dye R0641 Thermo Scientific
RiboRuler Low Range RNA Ladder SM1831 Thermo Scientific
Hybond-N+ RPN303B GE Healthcare

T4 Polynucleotide Kinase EKO0031 Thermo Scientific

Table 2.1: Reagents

Living organisms

Organism Strain Source
Bacteria E. coli XL10GOLD Stratagene
Bacteria E. coli TOP10 Invitrogen
Mouse C57BL/6J FEM (Charité)
Mouse NMRI Charles River

Table 2.2: Living Organisms Used in the Experiments

All experiments were conducted according to the European and German laws, following
the Animal Welfare Act and the European legislation Directive 86/609/EEC, followed by
Directive 2010/63/EU from 2010 on and updated in 2013. The number of sacrificed animals

and their stress or discomfort was kept to the minimum.

Antibiotics
Antibiotic Stock Concentration Work Concentration
Ampicillin 100 mg/ml in HyO 50-100 pg/ml
Kanamycin 12.5 mg/ml in HyO 25 pg/ml
Table 2.3: Antibiotics
Plasmids
Plasmid Comment, source
pWu Based on pEGFP-C1
pCAGEN Mammalian expression vector for expressing
genes under the CAG promoter, Addgene
pK-myc-Par6B Par6B expression construct, Addgene
pRS003 Expression construct with GFP protein

Vivid  Colors pcDNATM 6.2/N- Invitrogen
EmGFP-GW /Topo®

Table 2.4: Plasmids
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Antibodies
Name Species Company Cat Number IF WB
Primary antibodies
Ankyrin G Mouse NeuroMab 75-146 1:450
Ankyrin G Mouse NeuroMab 73-146 1:450
Ctip2 Rat Abcam 18465 1:500
DCX Rabbit ~ Abcam 1:200
FoxP2 Rabbit  Abcam ab16046 1:200
FMRP Rabbit ~ Abcam abl17722 1:300
GAPDH Mouse Abcam ab9484 1: 10000
GFP Rabbit ~ Abcam ab6556 1:1000
GFP Mouse NeuroMab 75-132 1.500
GFP Chicken  Abcam ab13970 1:500
Gsk3p Mouse Abcam ab93926 1:1000
Gsk38 Ser-9 Rabbit  Cell Signaling 9323 1:1000
Phf6 Rabbit ~ Novus Biological =~ NB100-68261 1:1500
Reelin Mouse Millipore MAB5364 1:500
RFP Rabbit ~ Abcam ab62341 1:150
RFP Rabbit  Clonetech 632496 1:150
Satb2 rabbit 1:200
Taul Mouse 1:200
Thbr2 Chicken  Chemicon AB2261 1:200
Vinculin Mouse Sigma V9131 1:10000
Secondary antibodies
Anti-rabbit A 568 Goat Invitrogen A11036 1:1000
Anti-mouse IgM A Goat Invitrogen A21043 1:1000
568
Anti-rat A 568 Rabbit  Invitrogen a21211 1:1000
Anti-chicken A 568 Goat Invitrogen A11041 1:1000
Anti-chicken FITC Goat Abcam ab6873 1:500
Anti-rabbit A 488 Donkey  Invitrogen A21206 1:1000
Anti-mouse A 488 Goat Invitrogen A11029 1:1000
Anti-rat A 488 Rabbit  Invitrogen A21210 1:1000
Anti-rabbit A 647 Donkey  Invitrogen A31573 1:1000
HRP-  Conjugated Donkey  Jackson Im-  711-035-152 1:5000
Anti-Rabbit munoresearch
HRP-  Conjugated Donkey  Jackson Im-  715-035-150 1:5000
Anti-Mouse munoresearch

Table 2.5: Antibodies
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LNA Probes from Exiqon

Probe Sequence Tm
hsa-miR-128 AAAGAGACCGGTTCACTGTGA 78°
miR-~128-1 precursor GTGAGAAATGTAAACCTCTCAG 70°
miR-128-2 precursor GAGACCTGCTACTCACTCTC 70°
hsa-let-7b AACCACACAACCTACTACCTCA 77°
hsa-miR-124 GGCATTCACCGCGTGCCTTA 80°
hsa-miR-125-5p TCACCAGGTTAAAGGGTCTCAGGGA 79°
Scramble-miR GTGTAACACGTCTATACGCCCA 78°

Table 2.6: LNA Probes

Primers
Primer Sequence Purpose
Reelin For TGAAGCCGTCCGTCTGTCCCTGG Sensor Assay
ReelinRev GCGGCCGCTGCTGGTGTTGGCTCCACCT Sensor Assay
Plk2 2 For TGACTCGAGCGAGCGGACCTCATGGGACT Sensor Assay
Plk2 2 Rev GCGGCCGCACAAGGAATGCACTTTTCCAACCACA Sensor Assay

Adora2b For

Adora2b Rev

DCX For
DCX Rev
Creb 1 For
Creb 1 Rev
Jip3 For
Jip3 Rev
Cdc42 For
Cdc42 Rev
Gsk35 For
Gsk35 Rev
Nedd4 For
Nedd4 Rev
Par6b For
Par6b Rev
stGAP2 For
srGAP2 Rev
Nrp2 For
Nrp2 Rev

Sema 3A For

TGACTCGAGCCTAGGCTCTGGCCTTTTGGAGA
GCGGCCGCTCTGAGTTGCTGCCCCAGGA
TGACTCGAGACCATGTGCTTAGGGCTGTGGT
GCGGCCGCTGGCATGCATGGCTTTCACCT
TGACTCGAGTGTTACGGTGGAGAATGGACTGG
GCGGCCGCAGCCTCCACTGTCCTCATATTTGTC
CATGTCTCGAGAGAGGGATGAAGCAGGGTTT
ACTTGGAATTCCGTCACACTCATGTGGGAAC
CATGTCTCGAGGCCCTGCACCTACCCACATGC
ACTTGGAATTCATGACTGACAGGGGCAAAAG
CATGTCTCGAGGGCGTGTGATGTCAGGTATG
ACTTGGAATTCTTCAATCCACCTTGCTTTCC
CATGTCTCGAGATGTGTACGGCAGGATGTGA
ACTTGGGATCCCTCGCTTTCCTGTCCTTCTG
CATGTCTCGAGCGCAGTTGTCTTCCCTTACC
ACTTGGGATCCCAACAGCACAGCATCTGGTT
CATGTCTCGAGGGGCACCCCTTGGTCCTTTGG
ACTTGGAATTCAGGGAGGTGACGTACAGCGG
TGAGCTCACCCTCAGATGGTCTC
ACAAATCATATAAACACAGTCTGACAT
TGACACGTCCGCTGACTTAGTGT

Sensor Assay
Sensor Assay
Sensor Assay
Sensor Assay
Sensor Assay
Sensor Assay
Sensor Assay
Sensor Assay
Sensor Assay
Sensor Assay
Sensor Assay
Sensor Assay
Sensor Assay
Sensor Assay
Sensor Assay
Sensor Assay
Sensor Assay
Sensor Assay
Sensor Assay
Sensor Assay

Sensor Assay
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Sema 3A Rev
Sema 3E For
Sema 3E Rev
Grial For

Grial Rev
Cacng2 For
Cacng2 Rev
Gria3 For

Gria3d Rev

Phf6 cDNA For
Phf6 cDNA Rev
Nrp2 ¢cDNA For
Nrp2 cDNA Rev
Phf6 RT PCR For
Phi6 RTPCR Rev

Microscopes

Microscope

AGCCACCGCATCACTTGTAT
TGAGGCTGAGGAACCTAGGATGGA
TGTAGCGAGGCAGTTTGTGT
TGAAAAGCCACCCTGAGTGATAC
ATGGGTCCACAGTGATTTAA
TGACACGGGGAGACCTTCCATAC
CAGAAAGATGGTGGGGCCTT
TGAAGCCTGGAATTACAGCCCAC
TTGACTACCGCCAAACTCCC
AAGGTCTCGAGATCATGTCAAGCTCAATTGA
AAGGTGAATTCAAGTGGAAAAGAAGCACAGGA
AAGGTGCTAGCATGGATATGTTTCCTCTTACC
AAGGTCTCGAGAGACACAATCGGTCATGCCT
GTGAGCCCCACTGCATTTCT
CGCTGTCTCGTAGACCCTTTT

Table 2.7: Primers

Sensor Assay
Sensor Assay
Sensor Assay
Sensor Assay
Sensor Assay
Sensor Assay
Sensor Assay
Sensor Assay
Sensor Assay
Expression Construct
Expression Construct
Expression Construct
Expression Construct
mRNA quantification
mRNA quantification

Software

Purpose

Olympus BX51
Olympus BX60
Olympus IX81
Leica SL

MagnaFire (Olympus)

AxioVision (Zeiss)

Cell Sense Dimension

LCS software

Epifluorescent Imaging

Bright Field Imaging

Z-stacks electroporated neurons
Confocal Imaging

Table 2.8: Microscopes

Software

Software

Purpuse

Microsoft Office 2011 for Mac
Prism 5.0 for Mac

FlowJo vX for Mac

Fiji (ImagelJ)

Adobe Illustrator CS4

Adobe Photoshop CS4
Papers2 from Mekentos;j

Writing, tables and analysis
Statistical analysis

Analysis of FACS experiment
Analysis of images

Figures and Poster preparation
Image preparation

Scientific papers organizer

Ensembl genome browser
BLAST

NCBI database

Primer BLAST

gene analysis

DNA sequences analysis

genes, nucleotides and litterature screaning
Primers design

Table 2.9: Software
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Cell Culture Media

Cell line

Medium

HEK 293T, N2A

DMEM 1x, 10% FBS, 1% P/S, 1% Glutamax

Primary Cortical Neuron

Neurobasal® medium (1X), 1% Glutamax,
1% P/S, 2% B-21® (50x), 25 uM Beta-
mercaptoethanol

Primary Hippocampal Neuron

Neurobasal® A medium (1X), 1% Glutamax,
1% P/S, 2% B-21® (50x), 25 uM Beta-
mercaptoethanol

Table 2.10: Cell Culture Media

Buffers
Buffer Reagents
Solution
PBS 10x (1L) pH 7.4 80g NaCl, 0.2g KCl1 , 14.4g NagHPO4 e 2 H50,
0.2g KH2P04

TBS 10 x pH 7.4

0.5 M Tris Base, 1.5 M NaCl

TBE 10x (1L) Northern blot

1 M Tris Base, 1 M Boric Acid, 25 mM EDTA

TBE 10x (1L)

0.45 M Tris Base, 0.45 M Boric Acid, 10 mM
EDTA

SSC 20x (1L) pH 7.0

3 M NaCl, 300 mM Sodium Citrate

SSPE 20x (1L) pH 7.4

3 M NaCl, 0.2 M NaHPOQOy, 7.4g EDTA

In Situ Hybrydization

Proteinase K (20ug/ml)

2 mg PK in 1xPBS

Methylimidazole solution pH 8.0
(160 ml)

0.13 M 1-Methylimidazole (1.6 ml), 300 mM
NaCl, milli-Q

EDC Solution pH 8.0

10 ml Methylimidazole solution, 0.16 M EDC
(176 ul), 95 p HCI

Acetylation solution

197 ml H5O, 2.7 ml Triethaonlamine, 350 1 HCI,
500 pl Acetic Anhydride

Hybridization buffer

50% Formamide, 5x SSC, 0.1 mg/ml yeast
tRNA, 0.5 mg/ml Salmon sperm, 0.1 mg/ml
heparin, 0.1% Tween, 10% Dextran Sulphate, 5x

Denhardt’s solution

After hybridization buffer (150 ml)

50% Formamide, 1xSSC, 0.1% Tween

1xTBST

1xTBS, 0.1% Tween

ISH Blocking solution

0.5% Blocking Reagent Roche, 10% Goat Serum,
1xTBST

Detection Buffer (NBT/BCIP) pH
9.5

0.1 M Tris Base, 0.1 M NaCl
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Staining

Blocking Buffer 3% BSA, 0.25% Triton-X, 1xPBS

Cresylviolet 1.5% Cresylviolet, Acetate buffer ovn, filter day
after

Acetate Buffer 980 ml H20O, 10 ml Sodium Acetate 1M, 10 ml
Acetic Acid 1 M

Potassium Sulfide 50% Potassium (di)sulfide in HoO

Differentiation Buffer 500 pl HoO, 700 p Acetic Acid

Norther Blot

Polyacrylamide-Urea Gel, 12% (80 38.4 g Urea, 18.2 ml H2O, 8 ml 10xTBE, 24

ml) ml 40% Acrylamide/Bis 19:1, 400 pl APS, 40
4l TMED

Hybridization Buffer 250 mM NagHPOy4 (pH 7.2), 7% SDS, 1 mM
EDTA, 1% BSA

Washing Buffer 1 2xSSPE, 0.1% SDS

Washing Buffer 2 0.5xSSPE, 0.1% SDS

Stripping Buffer 0.1% SDS, 0.1xSSC

Western Blot

TNN Lysis Buffer 50 mM Tris pH 7.4, 150 mM NaCl, 0.5% NP-40,
5 mM EDTA

Bauerle Lysis Buffer 1% NP-40, 20 mM Hepes pH 7.9, 350 mM NaCl,

1 mM MgCly, 0.5 mM EDTA, 0.5 mM EGTA,
50 mM NaFl, 20% Glycerol, 1 mM DTT

4x Laemli Buffer 200 mM DTT, 100 mM Tris pH 6.8, 20% Glyc-
erol, 4% SDS, 0.2% Bromphenol Blue
Stacking Gel (5 ml) 3.4 ml Hy0, 0.83 ml 30% Acrylamide, 0.63 ml

1.0 M Tris (pH 6.8), 0.05 ml 10% SDS, 0.05 ml
10% APS, 0.005 ml TEMED

Separation Gel 10% (15 ml) 5.9 ml H20O, 5 ml 30% Acrylamide, 3.8 ml 1.0
M Tris (pH 8.8), 0.15 ml 10% SDS, 0.15 ml 10%
APS, 0.006 ml TEMED

Electrophoresis Buffer 10x 0.25 M Tris Base, 1.92 M Glycine, 1% SDS
Blotting Buffer 10x 0.25 M Tris Base, 1.5 M Glycine

PBST 1x 1xPBS, 0.2% Tween 20

Blocking Buffer 5% skim milk Powder, 1xPBST

Blocking Buffer 2 3% BSA, 1xPBST

Stripping Buffer pH 2.5 0.2 M Glycine, 0.05% Tween20, 0.1% SDS

Table 2.11: Buffers
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2.2 Methods

2.2.1 RNA Isolation

Total RNA was isolated from cultured cells and from tissues using TRIzol® Reagent according

to manufacturer’s instructions and stored at -80°C.

2.2.2 cDNA Synthesis

The RNA (1pg up to 5 pg) was mixed with 1 pul ANTPs (10 mM), 1 pl oligodT and milli-Q
for a final volume of 12.5 ul. Then 4 pul of 5x RT Buffer, 0.5 ul Thermo S. Riboblock RNAse
Inhibitor, 1 ul RevertAid Premium Reverse Transcriptase were added to the RNA mixture,
incubated 30 minutes at 50°C and then 5 minutes at 85°C.

2.2.3 Molecular Cloning

Polymerase Chain Reaction

Polymerase Chain Reaction (PCR) was carried out in 0.2 ml tubes. The reaction was prepared

in a final volume of 50 ul as in Table 2.12.

5x Phusion or GoTaq Buffer 10 pul

dNTP mix (20 uM) 1 pl
Primer for (10 M) 25 ul
Primer rev(10 uM) 2.5 ul
Template(100-500 ng DNA)  x  ul
milli-Q x ol
Total volume 50 pul

Table 2.12: PCR mix

The cycling conditions used are in Table 2.13 and in Table 2.14.
The PCR product was either directly purified using the PCR Purification kit (Qiagen)
or run on a 1,5% Agarose gel and then the fragment of interest was extracted with the Gel

Purification kit (Qiagen).

Restriction Digest

Usually it is necessary to prepare plasmids and PCR products for the subsequent steps of

molecular cloning. Enzymatic digestion is used to produce compatible ends in the DNA

Temperature ‘ Time ‘ Cycles number Temperature ‘ Time ‘ Cycles number
95°C 2 min 1 98°C 30 sec 1

95°C 30 sec 98°C 10 sec

42-65°C 1 min 25-35 60-72°C 30 sec 25-35
72°C 1 min/kbp 72°C 1 min/kbp

72°C 5 min 1 72°C 5 min 1

Table 2.13: PCR Cycling condition for
GoTaq® DNA Polymerase

Table 2.14: PCR Cycling condition for
Phusion' " Hot Start DNA Polymerase
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fragments that will be ligated. The enzyme used for restriction digest were all purchased by

NEB and were used according to manufacturer’s instructions.

DNA analysis

10x DNA Loading buffer was added to the restriction digest or to the PCR products. The
mixture was run on an Agarose gel (1 to 1.5% Agarose in 1x TBE buffer) at 100 V for the
time necessary to the fragments to separate according to their size. A proper ladder control
for the detection of the fragments size was run next to the samples. Once the fragments were

separated the ones of interest were cut out from the gel and extracted using the Gel extraction
kit (Qiagen).

Ligation

The linearized plasmid and the cut fragment were ligated using T4 DNA ligase (NEB). The
ligation of plasmid and insert was done using a ratio plasmid:insert 1:3, with the vector
concentration between 50 and 400 ng total. The reaction was prepared in a final volume of
20 pl adding to the vector and the insert 0.5 ul of T4 DNA Ligase, 2 ul of T4 DNA Ligase
buffer and milli-Q. The ligation was incubated 2 hours at room temperature or overnight at
16°C.

Transformation

The competent cells used were either F. coli XL10Gold or E. coli TOP10. The competent
cells were thawed on ice. 5 ul of ligation product were added to 50 ul of competent cells, and
incubated on ice for 30 minutes. The mixture of cells and DNA was heat shocked at 42°C for
30 seconds and then cooled on ice for 5 minutes. 950 ul of SOC medium were added to the
cells/DNA mixture. The bacteria were incubated, shaking, for 1 hour at 37°C and then they

were plated on pre-warmed selection agar plate and incubated overnight at 37°C.

Mini and Midi prep

5 to 10 colonies of the transformed ligation were picked, inoculated in 3 ml of LB medium
containing the selective antibiotic and let grow overnight in a shaker at 37°C. Mini prep was
then performed. 2 ml of the overnight culture were collected in a 2 ml Eppendorf tube and
centrifuged at 6000 g for 5 minutes. The pellet was resuspended with 200 ul of RES buffer
(NucleoBond Xtra Midi® ), the cells were lysated with 300 ul of Lys buffer (NucleoBond Xtra
Midi® ), and incubated 5 minutes at RT. Neu buffer (NucleoBond Xtra Midi® ) was added
(350 pl) and the tube was centrifuged at maximum speed for 5 minutes. The supernatant
was collected in a new Eppendorf tube containing 1 ml of 100% Ethanol and centrifuged at
maximum speed for 20 minutes. The precipitated DNA pellet was visible and the supernatant
was discarded. 200 pl of 70% Ethanol were added and the tube was centrifuged at maximum
speed for 5 minute. The supernatant was discarded, the pellet let dry at RT for 10 minutes
and then resuspended in milli-Q. DNA concentration was measured using a Nanophotometer
1374 (IMPLEN). The resulted plasmids were tested using restriction digest. Correct plasmid
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needed in big quantities were grown in 100 ml of LB medium with selective antibiotic in a
37°C shaker. The plasmid was then isolated using NucleoBond Xtra Midi® from Macherey

and Nagel according to manufacturer’s instructions.

Bacteria Glycerol Stock

To preserve the plasmid routinely used 200 ul of Glycerol were added to 800 ul of bacterial

culture, vortexed briefly and then conserved at -80°C.

2.2.4 TargetScan Predictive Algorithm

To find possible targets for miR-128, the predictive algorithm TargetScan has been used. With
TargetScan it is possible to find targets for a particular microRNA /microRNA family and to
find the putative microRNAs binding sites in the 3’"UTR. of genes of interest. The algorithm
is based on the strength of the paring between the microRNA seed and the sequence in the

3’ UTR, and on the evolutionary conservation of the 3° UTR sequence.

2.2.5 Quantitative real-time PCR

mRNA relative quantification was performed using quantitative real-time PCR. This pro-
cedure allows the relative and absolute quantification of the mRNA of interest during the
polymerase chain reaction. The quantification is possible thanks to the intercalation into
the double strand DNA of a specific fluorophore, in our case RT? SYBR® Green qRT-PCR

Mastermix

RT? SYBR® Green qRT-PCR Mastermix

RT? SYBR® Green qRT-PCR Mastermix reagent was used to asses the expression of mRNA
transcript. Primers for the qRT-PCR were designed to span at least one intron, in order to
avoid amplification of genomic DNA and to produce an amplicon of size ranging between 80
and 200 nt. Efficiency of the primers was tested using cDNA of cells known to expressed the
gene of interest, measuring 5 serial dilution (1:5) and analyzed using the StepOne Software.
The qRT-PCR product was run on a 1,5% Agarose gel to check if the amplicon size was
correct. qRT-PCR was performed on 1 pl of 1:3 diluted ¢cDNA using RT? SYBR® Green

from Sabio Sciences. Master mix was prepared as in Table 2.15

RT2 SYBR® Green qPCR Mastermix 10yl

Primer for (10 M) 04 pl
Primer rev (10 M) 04 pl
milli-Q 8.2 ul
Total volume 19 pul

Table 2.15: gqRT-PCR SYBR® Green Master mix

Master mix was added to the well of the 96-well optic plate and subsequently the cDNA
was added. Each sample was analyzed in triplicate to minimize pipetting errors. The 96-well
plate was covered with an optical adhesive film, centrifuged at 1500 g for 1 minute. The PCR

was then run in StepOne Plus (Applied Biosystems) real-time machine.
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qRT-PCR Analysis

During the PCR the software measures in real-time the Threshold Cycles (Cr), a logarithmic
value that is defined as the number of cycles required for the fluorescent signal to cross a
threshold, normally the background level. Cr are inversely proportional to the nucleic acid
in the sample: the higher is the Cp the lower is the presence of the mRNA of interest. Before
exporting the raw Cr from the software the automatic threshold for the Cr was corrected,
moving the threshold in the middle of the linear region of the amplification plot. Once the
threshold was corrected the values could be analyzed. The Cr value of the target gene (T)
was normalized to an internal control (C), in the case of the thesis GAPDH for neuronal

culture and Oazl for brains, using the formula (2.1).

Cr(T) = Cr(C) = ACK(T) (2.1)

The ACr(T) values obtained was further normalized to a reference sample (R) (as in the
formula (2.2)).

ACH(T) — ACH(R) = AACH(T) (2.2)

The logarithmic values was then converted to a linear value (2.3) and the data were

compared.

2~ AACT(T) (2.3)

2.2.6 Cell Culture HEK 293T and N2A cells

HEK 293T, Human Embryonic Kidney cells, and N2A, Mouse Neuroblastoma cells were grown
at 37°C with 5% COg and 95% humidity. Every 2 or 3 days they were split and plated 1:10

in fresh medium.

2.2.7 Primary neuronal culture

Cortical and hippocampal neurons were prepared from mouse E16.5 embryos. Primary cortical
neurons were used either for single cell study or for biochemistry, hippocampal neurons only
for single cell study. Neurons for single cell study were seeded in 24-well plates on 12 mm glass
coverslips, neurons for biochemistry were seeded in 6-well plate. In both cases the plate or the
coverslips were coated with Poly-L-Lysin or Poly-L-Ornithin overnight at 37°C and washed
3 times with sterile distilled water before use. Coated and washed plates can be frozen and

used when needed.

Baking of the Glass Coverslips

Purchased coverslips have to be washed before being ready to use for cell culture. The dirt
and the fat on their surface have to be removed, neurons are sensitive and will not survive in

contact with it. During all the washing steps the coverslips were gently shaken.

e Place the coverslips in a Beaker filled with 70% Ethanol and gently shake them overnight.
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Wash the coverslips with distilled water 3 times for 1 hour

Wash the coverslips in 100% Ethanol 2 times for 90 minutes.

Wash the coverslips in 70% Ethanol for 15 minutes and then store them in 100% Ethanol.

Carefully remove all the Ethanol and then bake the coverslips at 200° for 6 hours.
Remember to cover the Beaker with aluminum foil before backing, the coverplips must

be completely sterile.

Primary cortical and hippocampal preparation

Before starting the neuronal prep, fill with HBSS +/+ one 10 cm Petri dish, one 15 ml Falcon
tube and a 2 ml Eppendorf tube. HBSS +/+ should be cold. Isolation step of the cortex and

hippocampus is done on ice and in an open hood.
e Collect the embryos in the 10 cm Petri dish, previously filled with HBSS + /4.

e The best results are obtained if cortex and hippocampi are isolated from one embryo
at a time, keeping the rest of the tissues on ice. For each embryo cut with a scalpel the
upper part of the head. The cut must be horizontal and should start in the middle of
the eyes.

e Remove with 2 sharp tweezers the skin and the forming skull. Scoop out the brain from
the rest of the head.

e Separate the two hemisphere cutting with the tweezers along the midline.

e Work with one hemisphere at a time. Peel off the meninges, starting form the bottom
outside part of the cortex and ending at the hippocampus. Meninges can be recognized
because they contain blood vessel. If the meninges are correctly pinched they can be

peel off in one piece without breaking.

e Work with the inside part of the hemisphere facing upward. Striatum and hippocampus
can be recognized because they have a slightly darker color compared to the cortex.
remove the striatum using the tweezers. Then carefully cut the hippocampus (has a
banana shape). Collect the hippocampus and the cortex in the 2 ml Eppendorf tube

and in the 15 ml Falcon tube, respectively. Proceed as described for all the embryos.

The next steps must be performed in a cell culture hood. All the steps of the preparation are
common for cortical and hippocampal neurons. The amount of medium for the washes and
the amount of enzymes needed are different for cortical and hippocampal neurons and they
are listed in Table 2.16.

e Wash the tissue with HBSS -/- for three times. Take care of let the tissue sink to the
bottom of the tube before starting the following wash. It is important to remove all
the previous HBSS +/+ because it contains Mg?T and Ca?*t that will block Trypsin

enzymatic digestion.
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After the last wash remove part of the medium and add Trypsin 2.5%.

Incubate in a water bath at 37°C for 20-30 minutes, taking care of inverting the tubes
every 10 minutes. Trypsin is an harsh treatment for neurons, the enzymatic digestion
should be kept as short as possible. When it is time to proceed with the next wash can
be estimated by looking at the tissue when the tube is inverted: if the pieces are all

sticking together then continue with the next step.
Add FBS to block the Trypsin activity.

Wash three times with HBSS +/-+. At this point, in particular for hippocampal tissue,
the washing step must be as careful as possible, the tissue is sticky and can be pipetted

up easily. After the last washing step remove almost all the medium.
Add the DNAse I and wait 30 seconds.

Wash three times with Neurobasal medium. After the last wash leave some of the

medium in the tube.

Resuspend the tissue for about 8 times and then add a little more Neurobasal medium

and resuspend until when there is no tissue left and the medium is milky.
Centrifuge the tubes at 150 g for 5 minutes.

Remove the medium and keep the pellet.

Resuspend the pellet with freshly prepared and warm medium.

Count the neurons is a Neubauer chamber. Trypan blue is not necessary, healthy neu-
rons are spherical and iridescent. A good concentration of neurons for single neuron
resolution in cytochemistry is 50000 cell per well in 24-well plate and 10° in 6-well plate

for biochemistry.

Let the neurons attach to the plate in a 37°C, 5% COs incubator for a minimum of 4

hours and then change the medium completely.

Neurons are sensitive to environmental changes. To maintain them in culture for weeks, the

medium should be refreshed once per week removing half of the old medium and adding the

same quantity of fresh one.

2.2.8 Cell Transfection

Transfection was used both in cell lines and in primary cortical or hippocampal neurons. The

reagent used is Lipofectamine 2000 but the protocols are slightly different.

Cell line transfection

The transfection in cell lines was performed according to the manufacturer’s instructions for

the reverse transfection, using the minimum amount of Lipofectamine 2000 suggested. The

cells were usually used 48 hours post-transfection.
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Volumes Cortex Hippocampus
Medium for all the washes 7 ml 1 ml
Medium left before Trypsin 3.5 ml 200 pl
treatment

Trypsin 2.5% 500 pl 25 pul
FBS 2 ml 100 pl
DNAse I 100 pl 10 pl
Medium for the first reuspen- 2 ml 200 pl
sion

Medium for the second resus- 6 ml 1 ml
pension

Medium to resuspend the pel- 10 ml 1 ml
let

Table 2.16: Volume to use for primary cortical and hippocampal neuronal prep

Primary cortical and hippocampal culture

Neuronal transfection was performed with Lipofectamine 2000 in the 24-well plate. The
DNA /Lipofectamine 2000 mixture was prepared according to manufacturer’s instructions. In
the incubation time of DNA /Lipofectamine for the formation of liposomes, the medium of
the neurons was change with 250 ul of medium without antibiotic . The condition medium
was conserved in a Falcon tube. At the condition medium was added the same quantity
of fresh medium and kept in the cell incubator. The DNA /lipofectamine 2000 mixture was
added to the neurons and incubated 30 minutes at 37°C. The DNA /lipofectamine medium
was removed, and the conditioned medium was added. The neurons were used 48 hours
post-transfection.

A list of the plasmids and the concentration used for the experiments in the thesis is in
Appendix Table 6.

2.2.9 Flow Cytometry

FACS (Fluorescence-Activated Cell Sorter) analysis was used to asses if miR-128 regulates
3'UTR of putative target genes. In FACS analysis the cells are analyzed one cell at a time,
passing through a laser beam in a continue flow. Cells scattered some laser light and can
emit fluorescence if excited by the correct wave length. Flow cytometer measures several

parameters for each cell:
e Cell diameter of the cell, the low angle Forward scatter (FSC).
e Granularity of the cell, the orthogonal or Side Scatter (SSC).

e Fluorescence emitted from the cells.

Cell preparation

Cells were analyzed 48 hours after transfection. They were washed one time with sterile 1x
PBS, trypsinized (0.05% Trypsin/EDTA). Trypsin reaction was blocked using 1x PBS,2%
FBS, cells were collected in 1.5 ml Eppendorf tube, centrifuged at 4°C for 5 minutes and then
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resuspended in 800 ul of 1x PBS, 2% FBS, and transferred in tube appropriate for the FACS

machine.

FACS analysis

Prior analysis the cells were gated for the living population using Mock transfected cells (the
transfection mixture does not contain DNA). Gates for dsRed and GFP were set using cells
transfected only with dsRes or GFP constructs. Cells can emit autofluorescence when excited
by a laser, the gating step for dsRed and GFP is necessary to measure only the fluorescence
coming from the plasmid transfected in the cells. The FACS analysis was performed in two

different ways:

1. Recording the living population and sorting for transfected and untransfected cells only

during the analysis of the collected data.

2. Recording only the dsRed transfected cells, gated from the living population.

Analysis of collected data

The analysis using FlowJo software was different according to the method used for collecting
the data.

1. Living population was gated from the mock transfected cells (in graph on the X-axis is
the SSC and on the y-axis the FSC). The following steps were necessary to eliminate

the autofluorescence from the data to analyze.

e The red cells were gated from the cells transfected only with GFP. In the graph the
x-axis showed SSC and the y-axis showed the red fluorophore (in FlowlJo is called
PEA). Green transfected cells were at the bottom of the graph and the gate was

drawn above the green cells, taking care that the red population was under 1%

e From the population defined in the previous step, the green cells were gated. This
was done from the red subpopulation of cells transfected only with dsRed. In the
graph the x-axis remained the SSC and the y-axis was changed to Alexa 488. The
gating was done in the same way as for the red cells. The resulting population of
cells is the GFP positive of red positive cells, in easier words the population of cells

that has been cotransfected.

The analysis of the GFP fluorescence intensity was performed calculating the geometric

mean for the Alexa 488 fluorophore.

2. The living population was gated from the mock transfected cells, the x-axis of the graph
showed the SSC and the y-axis of the graph showed the FSC. Because the collected data
were already sorted for the red transfected cells, the only step before the analysis was
to gate the green population of cells. From the living population of red transfected cells
the GFP positive cells were gated. The y-axis showed the Alexa 488 fluorophore. The

red transfected cells were at the bottom of the graph and the green population was
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gated above it. Once the GFP positive cells were gated the Geometric Mean for the
Alexa 488 fluorophore could be calculated.

The gated data were exported into an Excel file for further analysis. To be able to compare
the data they were normalized to the dsRed control transfection. In Table 2.17 the cell lines,

the miR-~128 expression method and the GFP backbone can be visualized.

Cell line miR-128 Expres- | GFP backbone Genes tested Figure
sion
HEK 293T | Ambion miR-128 | Vivid Colors™ " | Reelin, Adora 2b, | 3.7
synthetic pcDNA™ 6.2/N- | Dex, PIk2, Crebl
EmGFP-GW /Topo®
N2A Ambion miR-128 | pWu Gsk 33, Par6b, 3.8
synthetic SrGAP2, Jip3,
Nedd4, Cdc42
HEK 293T | plasmids Vivid Colors Sema3A, 3.9
pcDNATM 6.2/N- | Sema3E, Nrp2,
EmGFP-GW /Topo® Phf6
HEK 293T | plasmids Vivid Colors' | Grial, Gria3, | 3.10
pcDNATM 6.2/N- | Cacng2
EmGFP-GW /Topo®

Table 2.17: List of the conditions used for the different Sensor Assay performed.

2.2.10 Western Blot

Protein for Western Blot analysis were isolated either from cells (HEK 293T, N2A) 48 hours

after transfection or from primary cortical neurons at DIV 1, 2, 5, 7, 12, 15, 21.

Protein isolation

Protein isolation was done on ice, with cold medium. Cells were washed one time with 1xPBS.
Then 500 pl of 1xPBS were added to the cells that were collected in a 1.5 ml Eppendorf tube
using a cell scraper. The tubes were centrifuged (4°C) for 5 minutes at 6000 rpm. The
supernatant was discarded. At this point the pellet of neurons was snap frozen in liquid
nitrogen and stored at -80°C, the protein for all the stages analyzed were isolated in one time,
avoiding differences in the procedure. The protein pellet was resuspended in lysis buffer (TNN
or Béuerle Buffer) using 1 ml syringe. The amount of buffer used was dependent on the pellet
dimension. The resuspended pellet was then incubated for 15 minutes on ice and centrifuged
(4°C) at maximum speed for 15 minutes. The supernatant was collected in a new tube and

the protein concentration measured.

Measurement of protein concentration

To measure the protein concentration of the sample we used the Bradford Protein Assay. 1 ul
of protein was pipetted at the bottom of the cuvette used for measuring protein concentration.

The protein was then resuspended in 1801 of milli-Q. Only at the end 20ul of Bradford reagent
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were added to the mixture and mixed well. The standard curve , necessary to measured
accurately the protein concentration, consisted of BSA (initial concentration 2 mg/ml) at
different dilutions: 0 mg/ml, 0.125 mg/ml, 0.25 mg/ml, 0.5 mg/ml, 1 mg/ml and 1.5 mg/ml.
The protein concentration was measured in the Nanophotometer 1374 (IMPLEN) using a
wavelength of 595 nm. For each experiment 10 to 20 ug of protein were used. Protein were

denatured using 4x Loading Buffer and boiled at 95° for 3 minutes and cooled on ice.

Run of the Electrophoresis gel

SDS Polyacylamid gel electrophoresis (SDS-PAGE) was performed to separate and analyze
the protein. The gel had a 5% stacking and a 10% separation gel. The samples were run at 70
V for 20 minutes and then at 130 V for the appropriate time needed to see a visible separation,
normally around 90 minutes. Pageruler Plus Prestained protein ladder (Fermentas) was used

to visualize the correct size of the proteins.

Western blot

The protein were transferred on Immobilion-P Transfer Membrane using wet Western Blot
technique. The membrane was activated for 30 seconds in MeOH and then soaked in blotting
buffer. The sponges and Whatman paper were prewet. The cassette was assemble, starting
from the black side, with sponge, Whatman paper, gel, membrane, Whatman paper, sponge.
Bubble were removed rolling carefully a tube on top of the sandwich. Transfer was performed
in a chamber, cooled using an ice block, for 75 minutes at 90 V. Once the transfer was
completed the sandwich was disassembled, the membrane was wet in MeOH and let dry for
30 minutes. The membrane was reactivated in MeOH, washed 1 minutes in PBST and then
stained with Ponceau S solution to check if the transfer was successful. The membrane was
washed in PBST and blocked for at least 1 hour using 5% skim milk powder dissolved in
PBST. The blocking solution in which the primary antibodies were dissolved was prepared in
PBST either with 5% skim milk powder or 3% BSA. Primary antibody dilution was according
to manufacturer’s instructions. The membrane was incubated overnight with the primary
antibody at 4°C. After 4 washes (1, 5, 10, 15 minutes each step) in PBST the membrane
was incubated with HRP conjugated secondary antibody for 1 hour at room temperature.
The membrane was then washed 4 times (1, 5, 10, 15 minutes each step) and then protein
of interest was visualized using ECL solution (1:1, Solution 1: solution 2). HRP dependent
signal was detected either using films or with a CCD camera.

When necessary the protein signal was quantified using Fiji software.

2.2.11 Northern Blot

Northern Blot analysis was performed to visualize miR-128, pre-miR-128-1 and pre-miR-128-2.
The specificity of the LNA probes was confirmed on HEK 293T transfected with pre-miR-128-
1 or pre-miR-128-2 expression constructs (see Appendix .1). The sequences of the probes are
in Table 2.6 and in Figure 2.1. The 12% acrylamide denaturing gel was pre-run in 0.5xTBE
at 300 V for 30 minutes. For each probe 20 pug of RNA were mixed with 10ul of 2x Loading
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Dye solution (Fermentas), then boiled at 80°C for 3 minutes and cooled on ice. Probes were
run on the denaturing (Urea) gel at 250 V for 3.5 hours. The gel was then incubated with
Ethidium bromide dissolved in 0.5xTBE for 5 minutes, exposed to UV light to check the RNA
integrity and to visualize the loading. The RNA was then transferred to Hybon-NT nylon
membrane (Amersham Bioscience) by wet blotting at 20 V overnight. The membrane was
baked 1 hour at 80°C and then cross-linked with UV light (120 mjoules/cm?). 20 uM of LNA
probe were radioactively labeled with 60 uCi [y-3?P] ATP using T4 Polynucleotide Kinase
(Fermentas), in a final volume of 10 ul. The reaction was incubated at 37°C for 30 minutes
and then purified using the Nucleotide purification kit according to manufacturer’s protocol.
The radioactivity of the probe was measured with a scintillator and the 100 ul probe were
added to 5 ml of Hybridization Buffer. The membrane was pre-hybridized with Hybridization
Buffer at 45°C for 30 minutes and then incubated at 45°C with the probe overnight. The
membrane was washed twice in 2xSSPE, 01% SDS and twice with 0.5xSSPE, 01% SDS at 45°
for 10 minutes each step. The membrane was sealed in a plastic bag and exposed to audio
radiographic films at -80°C. The membrane was stripped by boiling 10 minutes in 0.1xSSC,
0.1% SDS, and reprobed.

2.2.12 Immunohistochemistry and Immunocytochemistry
Cell Fixation

Cultured cells or neurons were washed 1 time in 1xPBS and then fixed in 4% PFA for 20
minutes. For AnkG antibody the fixation was done with 1% or 2% PFA for 30 minutes.
AnkG antibody is sensitive to fixative, if the neurons or the tissue are fixed with 4% PFA
the staining does not work. After the incubation in 4% PFA the cells were washed once in
1xPBS, they were stored in the fridge in 1xPBS, 0.001% Sodium Azide.

Tissue Fixation and Animal Perfusion

Brains isolated from embryos and from animals till P6 were fixed in 4% PFA overnight at
4°C. From P7 onwards perfusion was performed. Animals were anesthetized with a lethal
dose of Avertin injected intra-peritoneally. When they were deeply asleep (irresponsive to the
toe-pinch test), the ribcage was open, the diaphragm cut and the heart exposed. A butterfly
needle, connected to two syringes containing 1xPBS or 4% PFA, was inserted in the left
ventricle, a small quantity of 1xPBS was injected to increase the pressure in the heart and
a small cut was done in the right atrium. 1xPBS was injected slowly into the heart, all the
blood was washed out from the body. When from the right atrium was flowing out only
1xPBS, the liquid injected could be switched from 1xPBS to 4%PFA. In between 5 to 10 ml
of 4% PFA were injected in the animals. Then the brains were isolated, incubated overnight
in 4%PFA at 4°C. The 4%PFA was then removed and the brains stored in 1xPBS, 0.001%

Sodium azide before processing for Immunohistochemistry.
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Brain Embedding in 4% Agarose and Vibratome sectioning

Brains for himmunohistochemistry were cut using either vibratome or cryostat. Vibratome
sections can be thicker than cryosections, this is an advantage, for example, if you want to
visualize the complete dendritic arbor of a neuron. The disadvantage is that the sections
cannot be stored for long periods. Cryosections are usually thin sections, around 10 pm, they
can be stored at -20°C or -80°C for months without damaging them.

The brains cut at the vibratome were embedded in 4% Agarose in 1xPBS one hour before
cutting. The brains embedded in Agarose cannot be stored.

Once the 4% Agarose was solidified, the sample was ready to be cut. The surplus agarose
around the brain was trimmed away, the brain was glued, with superglue, to the metal disc of
the vibratome. When the glue was dried the disc with the brain was immersed in 1xPBS and
the sections were cut using a new blade. The thickness changed according to the experiments;
for analysis of PO In Utero electroplated brain the thickness was 60 pum, for P7 In Utero
electroplated brains was 70 pm, for P21 In Utero electroplated brains was 100 pm. Sections
were collected in 24-well plate filled with 1xPBS, 0.001% Sodium Azide, in each well only 4
or 5 sections were placed. The section can be stored up to 3 months in the fridge, but they

become fragile, difficult to move, stain and mount. The brain slices were stained floating.

Brain embedding in gelatine and Cryosectioning

Brains for cryosection were embedded in advance and then stored at -20°C or -80°C. The
brains were placed in 0.12M TPOy,, 10% sucrose solution during the day and, once sunken,
transferred in 0.12M TPOy, 20% sucrose and kept overnight at 4°C. They were then trans-
ferred in 0.24M TPOy, 20% sucrose, 7.5% gelatine solution and incubated for around 4 hours
or till when they sunk. The brains were then transferred in a mold containing 0.24M TPOy,
20% sucrose, 7.5% gelatine and were let solidify 1 hour at 4°C. The excess of gelatine was
trimmed and the brains were frozen in 2-methylbutan cooled to -50°C with dry ice.

Before cryosectioning the brains were stored at -20°C for about 1 hour. The temperature
in the cryostat for cutting gelatin embedded brains was set to -30°C for the chamber and
-25°C for the object. The slices were melted on the coverslips, let them dry for 1 hour a
room temperature and the stored at -20°C or -80°C. Before staining the frozen slices were let
at room temperature to thaw, and then profiled with a DAKO pen. Usually sections were
post-fixed with 4% PFA 10 minutes at room temperature and then washed 3 times 5 minutes
in 1xPBS.

Immunostaining

The blocking solution (1xPBS, 0.25% TritonX, 3% BSA) was common for immunosytochem-
istry and immonohistochemistry (both vibratome and cryo- sections). The samples were
incubated with blocking solution at least for 1 hour at room temperature. The the first an-
tibody was diluted according to manifacturer’s instructions and recapitulated in Table 2.5.
The thick vibratome sections were incubated with the first antibody overnight at room tem-

perature, the cryosections and the cultured neurons were incubated overnight at 4°C. First
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antibody on neurons in rare cases was incubated 5 hours at room temperature. All the sam-
ples were washed in 1xPBS 3 times for 5-10 minutes and incubated in the dark with secondary
antibody, conjugated to fluorophore, 1 hour at room temperature. If nuclear sating was nec-
essary DAPI or DRAQS were added to the secondary antibody. The samples were washed 3
times for 5 minutes and then mounted using an anti-fading reagent, either bought or self-made

(DABCO). Slices must be kept in a cold and dark place to preserve the fluorophores.

2.2.13 In Situ Hybridization

microRNAs expression can be visualized in tissue using in In Situ Hybridization (ISH). We
purchased customized LNA probes (Exiqon) for the detection of mature miR-128, pre-miR-
128-1 and pre-miR-128-2, the probes are Digoxigenine (DIG) labeled at both ends; the se-

quences are in Table 2.6 and in Figure 2.1. ISH was performed according to two publishes
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Figure 2.1: ISH probes for miR-128 mature form in red, pre-miR-128-1 in light blue, pre-miR-128-2 in blue.
miR~128 mature form probe recognizes also the mature sequence in both precursor forms.

protocols:

1. Pena et al. 2009: this protocol is useful to test new ISH probes, there is a additional
fixation step that enable the linkage of the 5’ end of the microRNA to the protein of

the matrix. This step, however, impedes costaining with antibodies.

2. Silahtaroglu et al. 2007: this protocol is good for costaining with antibodies.

ISH using EDC fixation step (Pena et al. 2009)

This protocol was used on cryosections stored at -80°C. All the steps were done in RNAse

free condition using milli-Q water and RNAse free buffers, baked bottles and glass cuvettes.
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Thaw the cryosections for 30 minutes at room temperature. Profile the slices with a
DAKO pen.

Incubate the slices 10 minutes in 4%PFA and then wash 2 times for 5 minutes in 1xPBS.

Incubate slices in Proteinase K (PK) solution (PK 20ug/ml final concentration in
1xPBS) for 2-5 minutes. PK treatment allows the permeabilization of the tissue, it
is, however, a strong treatment and it can lead to tissue disruption. Therefore the incu-
bation time has to be tested according to the sample. If the PK treatment is too harsh

the tissue will have holes.

Wash 5 minutes in 1xTBS, 0.2% glycine and 2 times 5 minutes in 1xXTBS. The switch
from PBS to TBS is to facilitate the next fixation step.

Wash the slices 2 times for 10 minutes in Methylimidazole solution and then incubate
the slices in an humid chamber with 500 ul each of EDC fixation solution for 2 hours.

EDC is extremely toxic.
Wash the slides 5 minutes in 1xTBS, 0.2% glycine and 2 times 5 minutes in 1xTBS.

Incubate the slices 30 minutes in the acetylation solution. This step is necessary to

decrease background.
Wash the slices 2 times for 5 minutes in 1xTBS.

Pre-hybridize the slices for 2 hours with 500ul of hybridization solutions in an hybridiza-
tion chamber. The solution to wet the Whatman paper in the hybridization chamber
is 1xSSC, 50% Formamide. The hybridization chamber can be stored closed, to avoid

drying and reused several times.

Dissolve the probe (5 pM) in 100 pl hybridization solution, boil it for 5 minutes at 80°C,

spin it down and cool it on ice.

Pipet the hybridzation probe on the slices and cover with Nescofilm. Incubate overnight
at the correct hybridization temperature. The hybridization temperature depends on
the probe. The purchased LNA probe have indicated in the data sheet the optimal
hybridization temperature. Note that Nescofilm works better than Parafilm in ISH,

because it does not melt with high temperature.

From this step onwards it is not necessary to work in RNAse free conditions

Remove Nescofilm, if it is necessary to ease the procedure immerge the slices in 5xSSC.

Wash the slices in the after hybridization buffer 2 times for 30 minutes. These washing

steps must be done at hybridization temperature.
Wash the slices in 0.2xSSC for 15 minutes and one time in 1xTBST for 15 minutes.

Incubate the slices in 200 pl blocking solution for 1 hour and then incubate with anti-
DIG antibody overnight at 4°C.
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ISH with Antibody staining (Silahtaroglu et al. 2007)

This protocol was used to visualize together microRNAs and proteins of interest. It was used
on cryosections stored at -80°C. All the steps were done in RNAse free condition using milli-Q

water and RNAse free buffers, baked bottles and glass cuvettes.

e Thaw slices for 10 minutes at room temperature and for other 10 minutes at 50°C.
Profile the slices with DAKO pen.

e Fix the tissue with 4% PFA for ten minutes at room temperature.

e Wash the slides in 1xPBS 3 times for 2 minutes.

e Incubate the slices in the acetylation buffer for 10 minutes at room temperature.
e Wash the slides in 1xPBS 3 times for 2 minutes.

e Add to the slices 100 pul of hybridization buffer, cover with Nescofilm and pre-hybridize
for 30 minutes at hybridization temperature. The pre-hybridization and hybridization
steps must be done in an hybridization chamber, the solution to moist the chamber air
is 1xSSC, 50% Formamide. The hybridization chamber can be stored closed, to avoid

drying and reused several times.

e Dilute 5 uM of probe in 100 ul of hybridization buffer, boil it at 85° for 5 minutes, and

cool on ice.

e Add the probe to the slices and hybridize for 4 hours at the proper hybridization tem-
perature. The temperature is probe dependent and for the LNA probes purchased from
Exiqon is written in the data sheet and in the Table 2.6.

From this step onwards it is not necessary to work in RNAse free conditions

e Wash the slides in 0.1xSSC 3 times for 10 minutes at 4-8° above hybridization temper-

ature, and one time with 5xSSC at room temperature.
e Equilibrate the slices in 1xXTBS, washing 3 times for 3 minutes.

e Incubate the slices in 200 pl blocking solution for 1 hour and then incubate with anti-

DIG antibody overnight and the chosen antibody for costaining at 4°C.
e Wash the slides in 1xTBS 3 times for 5 minutes.

e Incubate the slices with the appropriate secondary antibody to visualize the protein/proteins

of interest.

Visualization of the microRNAs: Detection methods

The visualization of the microRNAs was done using three different methods: Tyramide Sig-
nal Amplification (T'SA) system, Nitro blue tetrazolium chloride/ 5-Bromo-4-Chloro-3-indolyl
phosphate (NBT/BCIP), Fast red. The TSA system is designed to amplify the signal of the
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first antibody. To work it requires an Horseradish peroxidase (HRP) conjugated antibody, in
ISH the anti-DIG antibody-POD is conjugated with HRP. NBT /BCIP and fast red, instead,
are substrate for the alkaline phosphatase enzyme conjugated to the anti-DIG antibody-AP.
The difference between TSA kit and the enzymatic reaction of NBT /BCIP or fast red is that
in the first case the signal is highly amplified and cannot be used as a measure of visual quan-
tification of the expression. NBT /BCIP and fast red are both enzymatic reactions that creates
a precipitate, but the signal is not amplified and the differences in expression can be visually
appreciated. TSA system was used in the visualization of the microRNAs in neuronal culture
(Figure 3.12), NBT /BCIP was used in the visualization of the microRNA in chromogenic ISH
(Figures 3.2, 3.4, 3.3), Fast red (fluorescent) was used to colocalize microRNAs and proteins
of interest (Figures 3.5, 3.6)

TSA system (TSA kit from Perkin Elmer was used)

e Before incubation with the first antibody the endogenous activity of the HRP has to
be quenched. Incubate the slides 10 minutes in a 3% HsOs solution and afterwards

wash them with 1xTBS 3 times for 5 minutes.
e Incubate with the antibody anti-DIG-POD overnight at 4°C.
e Wash in 1xTBS 3 times for 5 minutes, shake the slides while washing.

o (If there is a costaining for protein of interest this is the moment for staining with

the secondary antibody)

e Dilute the fluorophore (Cy3 worked always nicely, Fluorescein was too weak) 1:50

in 1xAmplification diluend.

e Apply 100 ul of this solution to the slices, let develop the solution at room tem-
perature for 7 minutes in the dark. Note that TSA amplification can give high

background, a long developing time is not recommended.

e Wash in 1xTBS 3 times for 5 minutes and then mount the slides using an anti-

fading reagent.
Fast Red Fast Red tables from Roche were used in the experiments.

e After the washes to remove the excess of the first antibody proceed with the de-

tection of the secondary antibody if necessary.
e Wash in 1xTBS 3 times for 5 minutes.

e Equilibrate the slides with 0.1M Tris-HCI pH 8.2 for 5 minutes and in the meantime
dissolve the Fast Red tablet in 2 ml of 0.1M Tris-HC1 pH 8.2.

e incubate the slides with the staining solution for a maximum of 10 hours. The
substrate precipitation can be checked under the microscope. Fast Red is visible
also in bright field.

e Wash the slides in 1xTBS 3 times for 5 minutes and then mount them using an

anti-fading reagent.

NBT/BCIP NBT/BCIP tablets from Roche were used in the experiments.
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e After the washes to remove the excess of the first antibody, proceed with the
detection of the microRNA

e Equilibrate the slides in Detection Buffer for 5 minutes and in the meantime dissolve
the NBT/BCIP tablet (Roche) in milli-Q.

e Develop the reaction for a maximum of 16 hours, if necessary apply fresh NBT /BCIP
solution. The precipitation of the reagent can be checked under the microscope to

decide when to stop the reaction.

e Wash in 1xTBS 3 times for 5 minutes and then mount. In this case it is not

necessary an anti-fading mounting medium.

2.2.14 Nissl Staining

Nissl staining is a nucleic acid staining methods, used to visualize brain lamination. Nissl
staining was used to compare the microRNAs ISH with cortical layering at different embryonic

stages and in the adult brain.
e Thaw cryosections in water.
e Incubate the slices in Potassium Sulfide for 15 minutes.
e Wash 2 times in water.
e Incubate the slices in Cresyl violet solution for 20-30 minutes.
e Wash in Acetate buffer twice for 1 minute.
e Wash in Differentiation Buffer for 10 to 30 seconds.
e Rinse in water and the proceed with the Ethanol row.
e Wash 2 minutes in 70% Ethanol and then 2 times for 2 minutes in 100% Ethanol.
e If you need to repeat the staining or to lower the background repeat the steps backwards.
e Incubate 2 times for 10 minutes in Xylol.

Note that if the staining is not satisfactory, either too weak or too strong, it can be modified
following the steps backwards. For this reason, during the staining, it is better to use single

cuvettes for each passage.

2.2.15 In utero Electroporation and Brain Analysis

In Utero Electroporation (IUE) is a technique that allows to manipulate neurons in vivo.
DNA constructs are injected into the ventricles of the embryos, still in the uterus, and up
taken by neuronal progenitors after an electric pulse. The embryos are then let develop until
the moment of analysis, that can be either at embryonic or at postnatal stages. There are
several published protocols for this technique a representative one is Saito 2006. We used In

Utero electroporation to target mainly upper layer neurons progenitors, injecting the DNA at
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E15.5. We assessed neuronal migration at E18.5 (Figure 3.17), PO and P7 (Figure 3.19 and
3.18); neuronal and spine morphology at P21 and P15 (Figure 3.22, 3.23, 3.24 and 3.25). In
case neuronal migration has to be assessed while neurons are still moving to reach the correct
position, the animals should be electroporated and sacrificed at the same time. Some hours

difference can affect the results.

In Utero electroporation experiments

The In Utero electroporation experiment should last no longer than 40 minutes, the longer
the mother is under anesthesia the unlikelier it is to have a good number of healthy pups.
The surgery has to be done in the most sterile way as possible, the instruments should be
cleaned with 70% Ethanol or sterilized for few seconds in the germinator. The electrodes for

injection are pulled to have a thin point suitable to penetrate the skull without damaging it.

e Prepare the DNA to inject at the desired concentration, diluting it with endotoxin-free
water and adding 1 pl of Fast Green. Pre-warm the In Utero electroporation buffer
(IxPBS, 10% P/S sterile solution), pull the electrodes and fill one of them with the
DNA to inject.

e Anesthetize the mouse with isofluoran in an anesthetizing chamber. Only when the

mouse is completely asleep the surgery can begin.

e Place the mouse on the surgery table with the back on the surface of the table and the
nose into the anesthesia tube. The mouse must be under anesthesia for the whole time

of the surgery.
e Inject 150 pl of Tamgesic (a morphin analogue) intraperitoneally.

e Disinfect the mouse fur. Cut the fur in the center of the belly, roughly where the uterus
is. The smaller the cut the faster will be to suture it. The cut dimension is, however,
related to the embryos size. Cut the skin underneath and extract the embryos using

tweezers with end rings.

e Wet the embryos with warm IUE buffer and cut the tip of the electrode using fine
tweezers under a microscope. Test the DNA ejection from the electrode: the DNA

solution should drip out from the tip of the capillary.

e Holding gently the embryo, inject the DNA into the ventricle. Insert the needle next to
the brain midline and fill the ventricle with the DNA solution.

e The plus end of the electrodes is placed in the position where the DNA should be up
taken from progenitors. Apply current to the embryo’s head. The current injected is

standard for all embryonic stages: 35 mV and 6 pulses.
e Wet the embryo’s head with IUE buffer and proceed in the same way for all the embryos.

e Wet the embryos with IUE buffer before placing them back into the mother’s womb.
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e Suture the peritoneum, the stitches must be quite close to each other. Then staple the

fur.

e Let the mother awake from the anesthesia on the warm pad of the surgery table, and

wet her eyes with artificial tears.

Analysis of neuronal migration (E18.5 and P7)

Neuronal migration was assessed at different time points: E18.5, PO and P7. The analysis
was nonetheless the same for all the stages. The brains were cut using vibratome, the slices
were stained and then imaged. The imaging was done using the confocal microscope Leica
SL. If only migration had to be assessed the pinhole was opened to visualize more neurons.
The images were taken at 200 Hz, with the 10x objective. The nuclear staining was imaged,
because it was necessary to help the positioning of the grid used to divide the cortical plate
into sections. For each brain at least 3 different slices were imaged. A grid was applied on
the images of the electroplated sections. The grid is composed of 10 boxes, connected to each
other, when the grid is stretched or shortened the ratio between the boxes is maintained. The
first 6 boxes of the grid were used to divide the cortical layers. The upper box of the grid
was for the marginal zone. The marginal zone can be damaged during the cutting or the
mounting of the slices, therefore the end of the first box was placed at the beginning of the
second layer of the cortex. The end of the sixth box was placed at the border between sixth
layer and white matter. If necessary more than one grid was used to divide the electroporated
area. The analysis of the prepared images was done blind. The images were analyzed with
Fiji software using the Cell counter plugin. The analysis of the raw data was done in Excel.
The counted slices were grouped per brain. At least 3 slices per brain were counted and at
least 3 independent brains were analyzed. The statistic was done using Graphpad Prims 5.0
analyzing the data with two-way Anova. The averaged number of neurons for each brain was

inserted in the Prism table. Prism 5.0 plotted the average of each box per condition.

Analysis of neuronal migration: morphology at PO

For the analysis of neuronal morphology brains were electroplated with either pre-miR-128-2 or
dsRed control in the same mother. In this way the detected differences were due to the intrinsic
properties of the constructs injected and not to the time of injection or analysis. The brains
were cut using a vibratome, the slices were stained and mounted. The imaging was done using
a confocal microscope (Leica SL), taking z-stack (step 2 pm) with 40x objective. One overview
image of electroplated construct and nuclear staining was also taken with 10x objective. The
overview image was used to define the deep layers of the cortical plate. The images were
coded so that the subsequent analysis steps were done blind. The upper layer neurons, still
migrating to their final position, and located in the deep layers, were reconstructed with
Fiji sotware using the plugin Simple Neurite Tracer. In the reconstructed neurons all the
protrusion coming from the leading process or from the soma (a part the leading process and
the axon) were measured in Fiji. The default measure in Fiji is in pixel, so the pixel number

was converted into um, using as a conversion scale the scalebar of the images. To decide if
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a protrusion was a filopodia or a branch a cutoff of 5 um was used, as suggested by Julien
Courchet (Polleux lab, personal communication). The number of branches and filopodia was
count in at least three slices per brain and then averaged. The average number of filopodia
and branches was inserted in Prism 5.0 and there it was averaged per condition. The result

was plotted using box and whisker plotting methods.

Analysis of neuronal morphology: dendritic tree reconstruction and Sholl analysis

Neuronal reconstruction was done on electroporated neurons in layer II/III in P21 animals
and electroporated neurons in all layers in P15 animals. P21 neurons were imaged using an
inverted epifluorescence microscope (Olympus IX81) taking stacks every 1 um. P15 neurons
were imaged using the confocal microscope Leica SL taking stacks every 1 pm. The stacks
were reconstructed with Fiji software using the plugin Simple Neurite Tracer. The reconstruc-
tion file is a stack and was Z-projected to visualize the dendritic arbor. Sholl analysis was
performed only on P21 neurons using the Sholl analysis plugin in Fiji software and working
with the stacks of the reconstructed neurons. The concentric circles increased the radius with
a step of 5 um, the last concentric circle was not set. The number of intersection was then

analyzed using Prism 5.0.

Analysis of spine morphology

Spine images were taken with a confocal microscope (Leica SL) using 200 Hz, a line step of 2
and a magnification of x63x4. The step of the stack was 0.2 pm. The spine morphology was
analyzed in the same region for each neuron: the upper branch of the apical dendrite. It is
important to be consistent with the region chosen for imaging. Working with the z-stack for
each spine the following parameters were measured: spine length, neck length, head width, and
when visible neck width. The default measure in Fiji software is done in pixel, the conversion
in micrometer was done in Excel, using the scalebar to convert pixel and micrometer. The

number of spines per 100 pm was also counted
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Results

microRNAs, small non coding RNA, target hundreds of genes leading to translational repres-
sion and/or to mRNA degradation. There are mainly two ways in which one can chase the
targets of the microRNA of interest: one is to use the predictive algorithm, choose the favorite
candidates according to particular criteria (grouping the candidates in families, picking the
highest scores genes etc). The other is to overexpress or knockdown the chosen microRNA,
looking at the resulting phenotype and then searching for the downregulated mRNAs. This
thesis presents both approaches the first in Section 3.2 and the second in Sections 3.3.1, 3.3.3
and 3.3.4.

3.1 Characterization of miR-128 Expression

Previous studies have shown that miR-128 is a brain-enriched miRNA that is specifically
expressed in neurons as opposed to other cell types in the CNS. To date, however, the de-
velopmental expression pattern of miR-128 has not been studied in detail. In addition, there
is little information available concerning the regulation of miRNA expression in development
in general, and for miR-128 in particular. It was therefore of interest to compare expres-
sion patterns between the mature 22 nucleotide (nt) miR-128 molecule and the two precursor
molecules that can generate miR-128: pre-miR-128-1 and pre-miR-128-2. For these exper-
iments I took advantage of locked nucleotide analog (LNA) probes specific for each of the
three molecules and used them to compare their expression at selected developmental stages

by Northern blot and in situ hybridization.

3.1.1 pre-miR-128-2 Precedes miR-128 Expression

Our group had already showed that miR-128 expression increases during embryonic Central
Nervous System (CNS) development, what we had not checked so far was the comparison
between the active 22 nt form (miR-128) and the two precursor forms, pre-miR-128-1 and pre-
miR-128-2. We isolated total RNA from different embryonic stages, early postnatal stages and
adult brain and used them to prepare Northern blots. Using a probe specific for miR-128, we
observed strong induction of the 22 nt mature miRNA between embryonic day 12.5 and 18.5
(E12.5- E18.5) with high level expression continuing at postnatal day 3 (P3) and adult (Figure
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Figure 3.1: Contrasting expression of pre-miR-128-2 and miR-128. Northern blot analysis of miR-128,
pre-miR-128-1 and pre-miR-128-2 in forebrain. In Panel A miR-128 (first blot from the left), pre-miR-128-2
(second blot from the left) and pre-miR-128-1 (third blot from the left) expression are analyzed at different
embryonic stages (E12.5-E18.5), early postnatal stages (P3) and in adult brain as indicated. In Panel B the
expression of miR-128 (first blot from the left), pre-miR-~128-2 (second blot from the left) and pre-miR-128-1
(third blot from the left) are analyzed in different regions of E18.5 mouse brain. The regions considered are
cortex (cx), striatum (str) and hippocampus (hip), as indicated. In both Panel A and B U6 RNA is used as a
loading control (last blot from the left). Positive controls for the probes, including pre-miR-128-1 are shown
in Figure 2, Appendix page ii.
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3.1 A), confirming our earlier published reports (Smirnova et al., 2005). In addition to the
mature form, this probe should also recognize both the primary transcripts (unresolved at the
top of the polyacrylamide gel used for small RNA analysis) and the two precursors, predicted
to migrate at approximately 70 and 75 nt. A single band presumably representing one of the
precursors was visible in each lane. Interestingly, we found that in contrast to the mature
form, pre-miR~128-2 was already detected at maximum levels at E12.5 and remained constant
throughout embryonic development and postnatal stages (Figure 3.1 A). Most surprisingly,
pre-miR-128-1 could not be detected at any stage (Figure 3.1 A). These observations showed
that pre-miR-128-2 expression does not correlate with the mature form temporally, indicating
that there is a strong component of post-transcriptional regulation underlying the increase
in miR-128 levels during development. Moreover, pre-miR-128-1 and pre-miR-128-2 did not
contribute equally to miR-128 expression, in fact it seemed that pre-miR-128-2 was responsible
for most of the mature form.

We next compared expression of the three RNAs in different brain regions at E18.5. miR-
128 was found in the cortex, in the striatum and to a lesser extent in the hippocampus. In
contrast, pre-miR-128-2 was present at approximately equal levels in all samples (Figure 3.1
B). As in the previous experiment, pre-miR-128-1 was not detected in any region. These data
indicated that pre-miR-128-2 may be subject to differential processing in particular regions,
in this case the hippocampus, in addition to the evidence for temporal regulation shown in
Figure 3.1 A.

3.1.2 In situ Hybridization Reveals Differences in the Developmental Ex-
pression of the Precursor and Mature Forms of miR-128

Despite a number of studies describing miR-128 function in the nervous system, there has not
yet been an exhaustive description of its expression pattern. We used in situ hybridization
to compare regional, temporal and cellular localization of miR-128, pre-miR-128-1 and pre-
miR-128-2. For all experiments the results of Nissl staining are also shown to provide a
structural comparison. At the earliest embryonic stage tested (E12.5, Figure 3.2 A), staining
for miR-128 was negative. In contrast, pre-miR-~128-2 was readily detected in the ventricular
and subventricular zones. This result is consistent with the Northern blot experiment shown
in Figure 3.1 A. Focusing on the cortex, at later stages (E14.5-E18.5), miR~128 staining was
preferentially found in the cortical plate (Figure 3.2 B, C, D). At higher magnification a
gradient in the expression is apparent with stronger staining in the deeper layers compared
to the upper layers, for example at E16.5 (Figure 3.2 C). This gradient then disappeared
at early postnatal stages (P3, Figure 3.2 E). pre-miR-~128-2, on the contrary, was present in
the cortical plate as well as in the ventricular, subventricular and intermediate zones at all
embryonic stages tested (Figure 3.2 B, C, D). The difference in expression between pre-miR-
128-2 and miR-128 in the ventricular zone is confirmed in the highest magnification views at
E14.5 and E18.5 (Figure 3.2 B and D, magnification) and in the intermediate zone at E16.5
(Figure 3.2 C, magnification).

The adult brain deserves more detailed comment (Figure 3.2 F and Figure 3.3). First of

all, in the overviews the intracellular staining of adult neurons appears to be specific for the
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Figure 3.2: miR-128 and pre-miR-128-2 in embryonic, new born and adult brain. Mouse Brains at several
embryonic stages (E12.5 Panel A, E14.5 Panel B, E16.5 Panel C, E 18.5 Panel D), early postnatal stages (P3
Panel E) and adult brain (Panel F) were hybridized using LNA probes against miR-128 and pre-miR-128-2,
as indicated. In all stages analyzed Nissl staining was used to allow structural comparison. For each panel the
overview of the brain is on the left side (scalebar 500 pm), a representative view of cortical staining, as marked
on the overview, is on the right side (scalebar: 50 ym) and a magnification of selected regions of interest from
the cortex is below the cortical section (scalebar 10 pum). MG: marginal zone, CP: cortical plate, SP: sub plate,
IZ: intermediate zone, SVZ: sub ventricular zone, VZ: ventricular zone.
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Figure 3.3: pre-miR-128-2 but not miR-128 is expressed in migrating neuroblasts of the RMS. Sagittal
section of adult brain were hybridized with miR-128 (Panel A), pre-miR-128-2 (Panel B), let-7b (Panel C) or
miR-125 (Panel D) probes to visualize the migrating neuroblasts of the RMS. An overview of the section is
presented on the left, with the region corresponding to the RMS marked. A magnification of the ventricular
zone and of the RMS is on the right side of each panel.

soma with little staining of the dendritic arbors. However, in embryonic neurons staining of
precursor and mature forms was apparent throughout the cell, including the soma and all
neurites. But in the case of pre-miR-128-2 staining clearly extended into the proximal apical
and basal dendrites, as can be appreciated by comparison to the Nissl staining (Figure 3.2 F,
magnification). Most likely the sensitivity is not sufficient to detect the miRNA in the finely
ramified dendritic arbors of mature neurons. We also noticed differences in the expression
pattern of miR-128 and pre-miR-128-2. The distribution of precursor staining in the cortical
layers was almost indistinguishable from the Nissl staining. Staining with miR-128 was less
uniform with much weaker expression in layer V (3.2 F, magnification). The differential
staining in layer V is also visible in sagittal sections of the adult brain (Figure 3.3). In this
case we compared miR-128 and pre-miR128-2 with let-7b and miR-125. let-7b and miR-125
showed a wider distribution across the brain regions compared to either miR-~128 or pre-miR-
128-2, for example in the hindbrain. We also noticed that pre-miR-128-2, let-7b and mir-125
were present in the migrating neuroblasts of the RMS (Figure 3.3 B, C, D magnification),

whereas miR-128 was absent (Figure 3.3 A magnification).
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Figure 3.4: pre-miR-128-1 expression in embryonic and adult brains. Mouse brains at several embryonic
stages (E12.5 Panel A, E16.5 Panel B, E18.5 Panel C) and adult brain (Panel D) were hybridized with an
LNA probe specific for pre-miR-128-1. For each panel the overview of the brain is on the left (scalebar 500
pm), representative views of cortical staining are on the right (scalebar: 50 pm) and a magnification of a
selected region of interest is below the overview of the brain (scalebar 10 pm). MG: marginal zone, CP: cortical
plate, SP: sub plate, IZ: intermediate zone, SVZ: sub ventricular zone, VZ: ventricular zone.

As shown in Northern blots, we were unable to detect the presence of pre-miR-128-1
(Figure 3.4) at any of the stages analyzed. We believe this is not due to failure of the probe,
as demonstrated by the ability of this probe to specifically detect pre-miR-128-1 in transfected
cells (see Appendix .1).

To better characterize cell populations expressing either pre-miR-128-2 or miR-128, we
performed fluorescent in situ hybridization to visualize the microRNAs combined with anti-
body staining for well-established progenitor markers. We analyzed the progenitor zones and
cortical plate at £16.5, and the two adult neurogenic niches (rostral migratory stream (RMS),
and hippocampal dentate gyrus).

For embryonic stage E16.5 we used Tbr2 as a marker for basal progenitors and as a
positive control we also hybridized for miR-124, a microRNA necessary in the transition
from neuronal progenitors to committed neurons (see Section 1.3). miR-128 (Figure 3.5 A)
expression was restricted to the cortical plate (CP) and once again the deeper layer showed a
stronger staining. This is particularly apparent in comparison to pre-miR-128-2 (Figure 3.5
B) and miR-124 (Figure 3.5 C) where the cortical plate showed a uniform expression pattern.
In the subventricular zone (SVZ) miR-128 was almost completely absent from Tbr2 positive
cells (Figure 3.5 A magnification). Pre-miR-128-2, in contrast, was expressed throughout
the cortical plate from the subventricular zone to the marginal zone without interruption.
Tbr2 basal progenitors in the subventricular zone were strongly pre-miR-~128-2 positive. The
expression pattern of miR-124 was distinct from either miR-128 or pre-miR-128-2 (Figure

3.5 C). miR-124 positive cells were present in the intermediate and to a lesser extent in
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pre- miR-128-2

Figure 3.5: miR-128 is expressed only in the cortical plate. In situ hybridization showing miR-128 (Panel
A), pre-miR-128-2 (Panel B) and miR-124 expression (Panel C) in E16.5 brain in red. The population of
basal progenitors is visualized by immunostaining for the transcription factor Tbr2. The left side of each panel
presents a view of the cortex from the SVZ to the cortical plate, as indicated. For each panel the third image
presents merged channels of the first two images (miRNA plus Tbr2) together with the nuclear dye Dragb
rendered in blue (scalebar 100 pm). The right side of each panel are four images showing a region of the SVZ
(as marked by a white box on the right) at higher magnification (scalebar 10u). In clockwise order, the images
depict staining for the indicated miRNA probe (in red), Thr2 (in green), merged view plus Dragb rendered in
blue, and merged view without Draq5. CP: cortical plate, SP: sub plate, IZ: intermediate zone, SVZ: sub ventricular
zone.

54



CHAPTER 3. RESULTS

the subventricular zone. miR-124 positive cells intermingled with Thr2 positive cells in the
subventricular zone, but were not stained for Tbr2, suggesting that these cells are in the
multipolar migration phase (Stage 3).

With these results, we demonstrated, for the first time, that miR-128 was exclusively
postmitotic, whereas its precursor was already present in progenitors, in this case basal pro-
genitors.

Neurogenesis is no longer considered to be prerogative of embryonic brains, and in fact,
take also places in adulthood although to a much lesser extent. There are two neurogenic
niches: one located at the lateral ventricular wall that gives rise to migrating neuroblasts
forming the RMS; and the other the dentate gyrus of the hippocampus (for more details see
Section 1.2.2). We wanted to confirm that miR-128 was also absent from progenitors in adult
neurogenic niches. As a marker we used Doublecortin (DCX), which is expressed by migrating
neuroblasts and hippocampal progenitors. In the RMS the DCX™" migrating neuroblasts, do
not show any miR-128 staining (Figure 3.6 A left panel). The overview showed that miR-128
positive cells were only present outside the stream. At higher magnifications it was evident
that the DCX expressing cells did not express miR-128, whereas the neighboring neurons
did. On the other hand, DCX™ neuroblasts in the RMS were costained for pre-miR-128-2.
At higher magnification it was clear that all DCX™ neuroblasts costained for pre-miR-128-2
(Figure 3.6 A right panel).

The situation in the dentate gyrus of the hippocampus was similar, despite the more
complex maturation process than the RMS. To better monitor the maturation state of the
DCX positive cells we costained for NeuN, a postmitotic neuronal marker. In the maturation
process progenitors are initially DCXT /NeuN~ before becoming DCX™* /NeuN™ (see Section
1.2.2). For comparison, we also hybridized for let-7b, a miRNA known to be expressed
in progenitors (see Section 1.3). miR-128 was absent from DCX™ /NeuN~ progenitors and
DCX™* /NeuN™' newborn neurons (Figure 3.6 B and C arrow head). On the other hand,
DCX™ /NeuN™ cells were positive for pre-miR-128-2 or let-7b. The cellular resolution makes
it difficult to determine with certainty if DCX™ /NeuN~ are also costained (3.6 B and C empty
arrow head).

In conclusion our results indicated that miR-128 was purely postmitotic both at embryonic
stages and in adult brain, contrasting with a previous publication (see Sections 1.4 and 4.3).
We could also show, however, that pre-miR-128-2 was present in progenitors at all stages
and contexts tested. This mismatch in expression between mature and precursor forms, never
shown before for miR-128, opens a new perspective for the regulation of microRNA processing
(see Section 4.2).

3.2 miR-128 Target Genes

In this section I present the in wvitro validation of several mRNA candidates as miR-128
targets. The experiments have been conducted throughout all my graduate period, therefore
the conditions, such as cell lines, miR-128 overexpression and FACS analysis methods have
evolved, as detailed in the Materials and Methods (Table 2.17).
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Figure 3.6: pre-miR-128-2, but not miR-128, is expressed in DCX positive progenitors. In situ hybridization of
sagittal sections of adult brain showing the RMS (Panel A) and two different regions of the Dentate Gyrus (Panels
B and C). Panel A compares ISH results for miR-128 (left side) and pre-miR-128-2 (right side). The overview of the
RMS is in the upper part of the panel (scalebar 100um), two magnifications of the regions in the white boxes are below
the overview (scalebars: 50 pum for the middle images and 10 um for the lower images). For each magnification, three
images are shown with the results for RNA staining (miR-128 or pre-miR-128-2) in red on the left, DCX staining in
the middle in green and a merged view of red and green channels on the right. Panels B and C show ISH for miR-128
(upper images), pre-miR-128-2 (middle images) and let-7b (lower images) as indicated in the overviews on the left in a
merged view with DCX staining in green and NeuN rendered in blue. DCX antibody is used to visualize progenitors,
and NeuN is used as a neuronal marker (scalebar 100 pm). Note B and C use the same overview with the position
of higher magnification views indicated by a white box. In clockwise order, four higher magnification images depict
staining for the indicated miRNA probe (in red), a merged view of DCX (green) and NeuN (rendered in blue), a merged
view of the miRNA probe (red) and NeuN (rendered in blue) and a merged view the miRNA probe (red) and of DCX
(green) Arrow heads indicate cells positive for DCX but not for the microRNA hybridized, and empty arrow heads
indicate cells double-positive for DCX and the microRNA hybridized. Highest magnification images of these individual
cells are presented on the right (scalebar: 10 pm).
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Figure 3.7: Sensor assay for genes involved in brain development. Sensor assay to test if miR-128 regulates
the 3'UTR of Reelin (Panel A), Adora 2b (Panel B), DCX (Panel C), Plk2 (Panel D), Crebl (Panel E).
The experiments were done in HEK 293T cells using a scramble synthetic microRNA as a control or synthetic
miR-128, as indicated. GFP expression is rendered as % mean fluorescence intensity (MFI) relative to control,
set at 100%. The error bars represent standard deviation of at least three independent experiments with * p < 0.05,
% p < 0.01 and * * % p < 0.001.

At the beginning of my PhD there was not yet any functional analysis of miR-128. We
therefore decided to use an in vitro assay to assess some of the most interesting and high
scoring predicted targets of miR-128 with known functions in the early stages of neuronal
maturation (Figure 3.7 C, D, E) and migration (Figure 3.7 A, B). We found that miR-128
regulated several of the tested 3’'UTRs, such as Reelin (Figure 3.7 A), an extracellular matrix
glycoprotein necessary for neuronal migration at early embryonic stages and important in
Long Term Potentiation in the adult hippocampus; Adora2b (Figure 3.7 B), a G protein cou-
pled receptor involved in axon pathfinding; and Doublecortin (Figure 3.7 C), a microtubule-
associated protein expressed in neuronal progenitors. On the other hand miR-128 did not
regulate the 3'UTR of Polo-like kinase 2 gene (Plk2, Figure 3.7 D), a serum- inducible kinase
important in cell division, or the transcription factor Crebl (Figure 3.7 E). Together these
data suggested that miR-128 is important in the regulation of genes involved specifically in
brain development (Reelin and DCX).

3.2.2 Genes Involved in Neuronal Polarization

During the course of the thesis, we discovered that miR-128 overexpression in cultured neurons
gives rise to multiple axons (Figure 3.11) We were puzzled by the strong and stage dependent
phenotype so we decided to test a set of genes connected either with neuronal polarization
(Gsk3p, Par6b, stGAP2) or with axon outgrowth and branching (Nedd4, Jip3, stGAP2). We
used Cdc42 as a negative control (Figure 3.8 F) that plays important roles in polarization
and interacts with Gsk3/ and Par6 but is not a predicted target. Gsk38 and the polarization

complex, consisting of Par6b, Par3 and aPKC, work together to determine which of the neu-

o7



CHAPTER 3. RESULTS

A. Gsk3p B. Par6b
100 — 100
T80 T 80
& 60 o 60
I 40 T 40
Z % Z
0 r 0 T
Control miR-128 Control miR-128
C. SrGAP2 D. Jip3
o o
w w
e e
w w
s s
Control miR-128 Control miR-128
E. Nedd4 F. Cdc42
o o
w w
Qe Qe
w w40
= =
20
T 0 T
Control miR-128 Control miR-128

Figure 3.8: Sensor assay for genes involved in neuronal polarization. Sensor assay to test if miR-128
regulates the 3'UTR of Gsk33 (Panel A), Par6b (Panel B), scGAP2 (Panel C), Jip3 (Panel D), Nedd4 (Panel
E) and the negative control Cdc42 (Panel F). The experiments were done in N2A cells using a scramble
synthetic microRNA as a control or synthetic miR-128, as indicated. GFP expression is rendered as % mean
fluorescence intensity (MFI) relative to control, set at 100%. The error bars represent standard deviation of at
least three independent experiments with * p < 0.05, ** p < 0.01 and * * * p < 0.001.

rites in a polarizing neuron will become the axon. The polarization complex phosphorylates
and inactivates the constitutively active Gsk33. This process defines the axonal fate of the
neurite in which it happens. Surprisingly we found that, in the assay, miR-128 regulated
Par6b (Figure 3.8 B), but not Gsk3p itself (Figure 3.8 A). miR-128 also, appeared to regulate
the 3'UTR of srGAP2 (Figure 3.8 C), a protein involved in the early stages of neuron migra-
tion and growth cone formation; and Jip3 (Figure 3.8 D), a protein that is involved in axonal
transport and axonal branching; whereas it did not regulate the 3’'UTR of Nedd4 (Figure 3.8
E), an ubiquitin ligase involved in axon branching.

Taken together these data identified candidate genes important for axon functionality and

cell polarization that are regulated by miR-128.

3.2.3 Genes Involved in Semaphorin Pathway and Phf6

In the process of understanding the mechanisms behind the multiple axons (Section 3.3.1)
and migration phenotypes (Section 1.2.3) we ended up testing several hypotheses, one of these
involves semaphorins and their receptors. It has been shown that they are involved in axon
specification in vitro and in neuronal migration in vivo. We tested Semaphorin 3E (Sema
3E, Figure 3.9 B) and the receptor Neuropilin 2 (Nrp2, Figure 3.9 C) using Sema 3A (Figure
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Figure 3.9: Sensor assay for genes involved in the semaphorin pathway and Phf6. Sensor assay to test if
miR-128 regulates the 3’'UTR of Sema 3A (Panel A, as negative control), Sema 3E (Panel B), Nrp2 (Panel C),
Phf6 (Panel D). The experiments were done in HEK 293T cells using the intronic dsRed vector without insert
as negative control, or the vector expressing pre-miR-128-1 or pre-miR-128-2; as indicated. GFP expression
is rendered as % mean fluorescence intensity (MFI) relative to control, set at 100%. The error bars represent
standard deviation of at least three independent experiments with * p < 0.05, ** p < 0.01.

3.9 A) as a negative control. Moreover in this assay we used both miR-128 precursor forms:
pre-miR-128-1 and pre-miR-~128-2; given the difference in their ability to influence neuronal
migration when overexpressed in utero (Figure 3.18). We wanted to see if their differential
activity in migration is a consequence of their differential activity in target gene regulation.
We could show that Nrp2 was mildly regulated by pre-miR-128-2 but not pre-miR-128-1
(Figure 3.9 C) and that Sema 3E was not regulated at all (Figure 3.9 B). This suggests that
miR-128 does not play a key role in the regulation of semaphorin pathway (see Sections 3.3.2
and 3.3.3).

In parallel we tested Phf6 (PHD finger protein 6), a high-ranking target shown to have a
function in neuronal migration (see Section 1.2.6). pre-miR-128-2 strongly donwregulated the
Phf6 3'UTR (Figure 3.9 D), whereas pre-miR-128-1 had almost no effect. This result makes
Phf6 a good candidate to explain the migration phenotype (Figures 3.18, 3.21).

It should be noted that both pre-miR-128-1 and pre-miR-128-2 are functional in this assay
when using highly sensitive artificial sensor constructs containing perfectly complementary
binding site arrays (Appendix Figure 3, page iii). The difference in activity seen with natural
3’UTRs is therefore most likely due to less efficient processing of pre-miR-128-1 compared to
pre-miR-128-2.

3.2.4 Genes Involved in Neuronal Communication

miR-~128 expression is high in adult brains and increases as embryonic neurons mature in
culture (Figure 3.1 and 3.21 D). Therefore we analyzed the morphology of P21 neurons after
in utero electroporation at E£15.5. We found that dendritic spine size and number is affected
(Figure 3.25). Among the predicted targets there are several genes for ion channels. Most
surprising for us was that two of the four AMPA receptor subunits (Grial and Gria3) and
Cacng2 (better known as Stargazin), a Tarp protein necessary for shuttling the AMPA receptor
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Figure 3.10: Sensor assay for genes involved in neuronal communication. Sensor assay to test if miR-128
regulates the 3'UTR of Grial (Panel A), Gria3 (Panel B), Cacng2 (Panels C and D). The experiments were
done in HEK 293T cells using miR-128 expression constructs or vector without insert for the Panel A, B and C
and synthetic miR-128 vs. synthetic control in Panel D. GFP expression is rendered as % mean fluorescence
intensity (MFI) relative to control, set at 100%. The error bars represent standard deviation of at least three
independent experiments with * p < 0.05, *x p < 0.01 and * % * p < 0.001.

from the soma to the spine, were among them. The 3’'UTRs of Gria3 (Figure 3.10 B) and
Cacng2 (Figure 3.10 C and D), but not Grial (Figure 3.10 A), were regulated by pre-miR-128-
2 but not pre-miR-~128-1. For Cacng2 we compared miR-128 overexpression by two different
methods: one plasmid-based (Figure 3.10 C) and the other employing a synthetic precursor
(Figure 3.10 D). As expected, the effect is stronger when we used the synthetic microRNA
(Appendix Figure 3, page iii) but was also observed with the plasmid vector. These results
validate candidates for future experiments to test the regulation of AMPA receptors by miR-

128 in vivo and the possible relevance for the dendritic spine phenotype.

3.3 miR-~128 Manipulation in vitro and in vivo

To study miR-128 functions we decided to perform gain and loss of function experiments in
vitro and in vivo with the goal of understanding its functions at the single cell and organ

levels.

3.3.1 miR-128 Gain of Function Leads to Multiple Axons in vitro

We manipulated miR-128 expression by transfecting primary cortical and hippocampal neu-
rons with either overexpression and knockdown (so-called sponge) plasmid constructs or syn-
thetic miR-128 mimics and antisense inhibitors. We chose two different time points: DIV 2,
when the microRNA is barely detectable (Figure 3.21 F) and the neurons are undergoing the
polarization process (see Section 1.2.4), and DIV 5 when miR-128 expression is increasing
and the polarized neurons are actively elongating axon and dendrites. To visualize axonal

structure we used Taul, an axon-specific microtubule binding protein and Ankyrin G (AnkG),
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Figure 3.11: miR-128 Gain of Function Leads to Multiple Azons in vitro. miR-128 expression is manipulated
in primary cortical culture (Panels A, B, E, F, G and H) or primary hippocampal culture (Panels C and D)
using either gain/loss of function constructs (Panels A, C, D, E and F) or synthetic mimic and antagomiR
(Panels B, G and H). miR-128 expression is manipulated either at DIV 2 (Panels A, E and G) or at DIV
5 (Panels B, C, D, F and H). All the neurons are analyzed at DIV 7. Neurons are stained for axonal
markers Taul (Panels A and B) or AnkG (Panels C and D). Cdkb5rap2 (blue staining in Panel D) is used to
visualize centrosomes. Arrow heads indicate the multiple axons, empty arrow heads indicate the centrosomes.
Quantification of the axon number is in panels E, F, G and H. Scalebar: 10 um. The error bars represent the
95% confidence intervals. We analyzed at least three independent experiments.
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a structural protein present in the axon initial segment. The axon initial segment is the spe-
cialized site for action potential initiation. Only axons with an initial segment are functional,
therefore AnkG serves as a functional marker to complement the structural marker Taul.

When we manipulated miR-128 expression at DIV 2 we could not detect any difference
between control, overexpression and knockdown (Figure 3.11 A, E and G), either using vector
or synthetic transfection. However, when the manipulation was done at a later time point
(DIV 5), we could see that the miR-128 expressing neurons had multiple axons regardless
of the overexpression method (plasmid or synthetic microRNA Figure 3.11 F and H) or the
axonal marker (arrow heads in figure 3.11 B and C). The microRNA knockdown did not
produce any evident difference in axon number (panel B and C). Differences in dendrite
formation were also observed but have not been quantified. In miR-128 gain of function the
dendrites looked shorter and less ramified; whereas in miR-128 loss of function neurons the
dendritic arbor looked more mature and complex compared to control. However, under these
transfection conditions Sholl analysis was not reliable because of the the high degree of overlap
and difficulty in assigning dendrites to individual neurons.

To better characterize the multiple axons phenotype we asked if it could be due to the
presence of multiple centrosomes. It has been shown that the centrosome is a marker for axon
specification and that the centrosome is positioned at the base of the neurite destined to form
the axon. If for an unknown reason the centrosome is duplicated, there would be an axon
in front of each centrosome (see Section 1.2.4). As a centrosomal marker we used Cdk5rap2
in DIV 7 hippocampal neurons expressing miR-128 (Figure 3.11 D). We found that neurons
presenting multiple axons (Figure 3.11 D arrow head) had only one centrosome (Figure 3.11
D empty arrow heads).

Summarizing, we discovered that expressing miR-128 at early in vitro stages (DIV 2)
did not cause a detectable morphological phenotype. The early stages, until DIV 4, can be
compared to the precursor stage of cortical development in vivo. It is therefore possible that
the inhibitory mechanisms responsible for the lack of miR-128 processing we observe in vivo
interfere with miR-128 activity in vitro. If so, these mechanisms must also act on the synthetic
miR~128 mimic, which is unexpected but cannot be ruled out until more is known about the
processes involved. Another possibility is that although miR-128 silenced the polarity genes
Par6b and Nrp2 in the sensor assay, ectopic miR-128 does not sufficiently affect the network
of polarity pathway genes to produce a phenotype. Nevertheless, manipulation of miR-128
levels at later stages (DIV 5), comparable to a committed neuron in cortical development
i vivo, led to a multiple axons phenotype. This suggests that miR-128 most probably was
not involved in the polarization process per se, but did interfere with the maintenance of the
polarized state. Although the presence of a single axon is a defining feature of neurons, the

molecular control of axon dominance is poorly understood.

3.3.2 Intracellular and Axonal Localization of miR-128 and pre-miR-128-2

It has been shown that miR-128 is evenly distributed between the soma and synaptosomes
(Lugli et al., 2008; Pichardo-Casas et al., 2012). In gain of function experiments in neuronal

culture we observed a multiple axons phenotype (Figure 3.11). Therefore we wanted to

62



CHAPTER 3. RESULTS

Figure 3.12: Intracellular and azonal localization of miR-128 and pre-miR-128-2. miR-128 (Panel A)
and pre-miR-128-2 (Panel B) are present in soma, dendrites and axon as shown in the overview of DIV 7
cortical neurons. microRNA hybridization is depicted in red, Taul counterstaining in green, as indicated.
Magnifications of Panel A and B (below the overview) show the localization of miR-128 and pre-miR128-2
in the axon and growth cone. Images from right to left show Taul, the indicated microRNA, and a merged
view of Taul (green) and the RNA (red). Panels C, D and E present a magnification of the growth cone,
visualized by DCX staining, in blu in the top image and in white in the lower image. The microRNAs are
presented in red in the top image and in white in the middle image, as indicated. miR-124 (Panel E) is used
as a positive control. The scalebar is 10 pm.

see if miR-128 and pre-miR-128-2 were present in growing axons. We performed in situ
hybridization on cultured neurons at DIV 7 using Taul and DCX to visualize the axon and
the growth cone, respectively. For the purpose of comparison we also hybridized for miR-124.
Both miR-128 (Figure 3.12 A) and pre-miR-128-2 (Figure 3.12 B), were detected in soma,

dendrites and Taul positive axons. The microRNA and the precursor were located along the
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Protein | Effect of upregulated activity Effect of downregulated activity
Cdc42 | V12: unpolarized N17: no effect
Racl | V12: increases length of minor neu- | N17: reduces length of minor pro-
rites or unpolarized cesses or unpolarized
RhoA | V14: inhibits outgrowth N19: enhances outgrowth

Table 3.1: Effect on polarizing neurons of constitutively active and dominant negative constructs for Cdc42,
Racl and RhoA. Table modified from Arimura and Kaibuchi 2007.

entire length of the axon and also in the growth cone (Figure 3.12 A and B magnification).
We used DCX to better visualize the growth cone. Doublecortin is located along the axon
in an uneven manner (Figure 3.12 E) and in the growth cone is mainly at the tip (Figure
3.12 C, D, E lower picture). miR-128 was detected throughout the axon shaft and in the
central domain of the growth cone (Figure 3.12 C middle picture). pre-miR-128-2 staining,
in comparison, was less prominent in the axon and preferentially localized to the peripheral
domain of the growth cone (Figure 3.12 D). miR-124 was evenly expressed along the length
of the axon and to a lesser extent in the growth cone (Figure 3.12 E).

These observations led us to conclude that miR-128 and pre-miR-128-2 are shuttled to
the axon, where miR-128 is likely to regulate axonal proteins. The presence of microRNAs in
the axon is indirect evidence for local protein synthesis, a matter still highly debated (Jung
et al., 2012). The results also showed that the microRNA and its precursor had a differential

subcellular localization.

miR-128 and Actin Cytoskeleton Regulation

miR-128 gain of function at DIV 5 after neuronal polarization showed a multiple axons phe-
notype. Hence, we thought that miR-128 might be involved in the maintenance of neuronal
polarity but not in the actual polarization process. We decided to test if miR-128 regulates
stabilization of the actin cytoskeleton. We cotransfected in cultured hippocampal neurons,
morphologically more uniform compared to cultured cortical neurons, miR-128 gain or loss
of function plasmids and constitutively active or inactive proteins important for cytoskeletal
remodelling. In particular we took advantage of constitutively active Cdc42 V12, Racl V12,
RhoA V14 and dominant negative Cdc42 N17, Racl N17 and RhoA N19 (see Table 3.1, con-
struct gift of Dr. Marta Rosario). We analyzed 3 independent experiments and we were unable
to draw any conclusion. In fact, the effect of the constitutively active and dominant negative
constructs overcame the miR-128 gain and loss of function constructs expression (data not
shown). We therefore repeated the experiments using synthetic miR-128 (Ambion) and miR-
128 antagomiR (Exiqon), whose effects are stronger than plasmids. In our control situation,
when we expressed or knocked down the microRNA we obtained a substantial increase in
neurons showing multiple axons in miR-128 gain of function and a substantial percentage
of unpolarized neurons in miR-128 loss of function (Figure3.13 A). When we cotransfected
the cells with Cdc42 N17, which should have no effect on neuronal polarity (Arimura and
Kaibuchi 2007 review), we noticed an increase in the percentage of neurons with no axon in
control transfections, a rescued axon number in miR-128 expressing neurons and an increase

in multiple axons in miR-128 knockdown neurons (Figure 3.13 B). Overexpression of Cdc42
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Figure 3.13: miR-128 and actin cytoskeleton regulation. Transfected neurons were scored for single, multiple
or no axon and their relative percentage plotted for each transfection condition. The expression constructs
for the mutant versions of the cytoskeleton regulators Cdc42, Racl and RhoA (as indicated above each Panel)
encode either for constitutively active (Panels C, E, F) or dominant negative (Panels B, D and G) proteins.
Panel A show gain/loss of miR-128 function in the absence of co-transfection as baseline. For gain of miR-128
function neurons were transfected with synthetic miR-128, miR-128 loss of function neurons were transfected
with the miR-128 antagomiR. The experiments are performed in primary hippocampal neurons.

V12 normally leads to unpolarized neurons. We observed that this was the case in the co-
transfection with control, overexpression or knockdown of miR-128. (Figure 3.13 C). In this
case it seemed that the effects of miR-128 gain and loss of function have been overridden by
Cdc42. Both Racl V12 and Racl N17 constructs, when overexpressed, lead to a failure of
neuronal polarization. We observed this effect of Racl N17 on neurons cotransfected with
either synthetic precursor or antagomiR (Figure 3.13 D): both conditions and the control
had a substantial fraction of unpolarized neurons. Cotransfection of miR-128 gain and loss of
function with Racl V12 led to a rescue of the multiple axons phenotype in the gain of function
neurons, and to multiple axons in loss of function and control neurons (Figure 3.13 E). It has
been shown that Racl V12 increases the length of minor neurites when transfected in po-
larizing neurons. We were manipulating Racl in already polarized neurons, so constitutively

active Racl might be responsible for the formation of supernumerary axons. Overexpression
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of constitutively active RhoA in polarizing neurons inhibits neurite outgrowth, whereas domi-
nant negative RhoA enhances outgrowth. In our experiments we observed that cotransfection
of RhoA V14 and miR-128 overexpression or control resulted in a similar pattern with only a
small percentage of cells with supernumerary axons (Figure 3.13 F). In the cotransfection of
miR-128 gain or loss of function and dominant negative RhoA, we observed that there was no
difference between these conditions or the control. In each case the multiple axons fraction of
neurons was quite consistent, but it coexisted with some unpolarized cells (Figure 3.13 G).
In summary, in these experiments all of the constructs tested with the exception of RhoA
N19 suppressed the multiple axons phenotype seen in neurons expressing miR-128. It is
difficult to make conclusions about the signal transduction pathways that are disturbed by
overexpression of miR-128 based on these experiments. In several cases (Cdc42 and Racl),
both constitutively active and dominant negative effectors rescued the multiple axons phe-
notype. This is unexpected if miR-128 is directly regulating the activity of these pathways.
Another difficulty is that the effects of manipulating Cdc42, Racl and RhoA at DIV 5, when
neurons have already established an axon and are elaborating their dendritic arbor, differ from
their known effects earlier in polarization. For example, dominant negative RhoA does not
lead to multiple axons when transfected at DIV 2, but to an overall increase in the length of
minor neurites. We therefore cannot predict with confidence how miR-128 is interacting with
signal transduction pathways that are not sufficiently characterized at this stage of neuronal
maturation. One possible explanation for our findings is that miR-128 regulates the expres-
sion of one or more proteins that are involved in cytoskeletal rearrangement but that are far
upstream of Cdc42, Racl or RhoA. In this scenario the downstream effectors we choose may

be to far removed from the point of action of miR-128.

miR-128 Interaction with Par6b and Gsk3(

In a microarray assay done in P19 cells the protein Par6b was strongly downregulated in
response to ectopic expression of miR-128 (unpublished observation). Par6b is also a high
ranking predicted target for miR-128 as determined by TargetScan. We therefore performed
a sensor assay on the Par6b 3'UTR to confirm its regulation by miR-128 (Figure 3.8). As
discussed in the introduction (Section 1.2.4) Par6b is part of the polarization complex, a key
player in directing neuronal outgrowth. One of the functions of the polarization complex is to
inactivate Gsk3S by phosporylation in the future axon. Although we do not think that miR-
128 is involved in the polarization process per se (see Section 3.3.1), we decided to test if the
multiple axons phenotype could nonetheless be due to direct regulation of Par6b by miR-128.
In N2A cells we expressed the microRNA and we tested the Par6b, Gsk33 and phosphorylated
Gsk3p protein levels using Western blot. miR-128 overexpression reduced Par6b protein levels
by half (Figure 3.14 A ad C). Phosphorylated Gsk3/ levels, but not Gsk3g itself, were also
reduced (Figure 3.14 B and D), probably because of the reduction in Par6b. A reduction in
Gsk3p phosphorylation in Stage 3 (DIV 2) is associated with impaired axon formation and
not multiple axons, the effects later in polarization (DIV 5) are not known. Alternatively,
we hypothesized that Par6b could regulate additional proteins besides Gsk3f3 at later stages.
We therefore tried to rescue the multiple axons phenotype by cotransfecting Par6b ¢cDNA
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Figure 3.14: miR-128 regulates the endogenous Par6b mRNA. Western blot analysis showing Par6b down
regulation after control or miR-128 transfection in N2A cells (Panel A). Protein levels of Gsk33 and phos-
phorylated Gsk3S after control or miR-128 transfection in N2A cells are shown in Panels B. Densitometric
quantification of representative Western blots is shown in Panels C and D, as indicated. Protein expression
is plotted relative to control transfection in arbitrary units.

together with overexpression and knockdown plasmids for miR-128. For this experiment we
also compared the axon phenotype produced by both miR-128 precursor plasmids (pre-miR-
128-2 and pre-miR-128-2). We observed, for the first time, that overexpression of pre-miR-
128-1, like pre-miR-128-2, led to a significant increase in axon number (Figure 3.15 A and B).
When Parbb was expressed in control or knockdown neurons, they had a slight increase in
the axon number (Figure 3.15 A and B). Although consistent with the known regulation of
GskS by Par6, the effect was not statistically significant when assayed at DIV 5. We noticed
also that overexpression of Par6b together with pre-miR-128-1 but not with pre-miR-128-2
led to a non-significant reduction of axon number (Figure 3.15 B).

With these experiments we could show that miR-128 downregulated endogenous Par6b
mRNA in N2A cells. We also showed that this regulation is not involved in the multiple axons

phenotype we observed in miR-128 gain of function, because of the lack of efficient rescue.

miR-128 Interaction with Nrp2

Semaphorins and in particular Sema 3A are necessary for dendrite formation. miR-128 is
predicted to target several semaphorins and their receptor Nrp2, that is mainly localizes in
dendrites. We confirmed Nrp2 as a miR-128 target in a sensor assay (Figure 3.9). Down-
regulation of Nrp2 in neurons would reduce dendritic semaphorin signaling, thereby allowing
their misspecification as axons. We tried to test this hypothesis by contransfecting an Nrp2
c¢DNA construct in a rescue experiment. When we cotransfected Nrp2 cDNA together with
the overexpression of pre-miR-~128-1 or pre-miR-128-2, we observed the usual multiple axons

phenotype in miR-128 gain of function (Figure 3.16). Unfortunately, we could not rescue it
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Figure 3.15: Par6b cotransfection does not rescue the multiple azons phenotype. The effect of Par6b co-
transfection on axon number in miR-128 gain or loss of function conditions is shown. The co-transfected
microRNA expression constructs used are indicated to the left, visualized by staining with anti-dsRed or anti-
GFP antibody, as appropriate (red). Panel A shows the expression vector control (left two images) and Par6b
co-transfections (right two images). Filled arrow heads indicate neurons with multiple axons, empty arrow
heads indicate neurons with a single axon as identified with AnkyrinG counterstaining (AnkG, in green). Panel
B shows the quantification of the axon number in the different conditions. The error bars represent the SEM
(Standar Error of the Mean) of three independent experiments with #* p < 0.01 and * * * p < 0.001. The experiments
are performed in primary hippocampal neurons.
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Figure 3.16: Nrp2 contransfection does not rescue the multiple azons phenotype. The effect of of Nrp2
coexpression on axon number in cells transfected with miR-128 gain of function constructs is quantified. The
graph plots the axon number in the control transfection (vectors without inserts) or after transfection with
indicated expression constructs. The error bars represent the SEM (Standar Error of the Mean)of three independent
experiments. The experiments are performed in primary hippocampal neurons.

by coexpressing Nrp2 as there was not a significant decrease in axon number.

So far we could show that miR-128 gain of function in polarized neurons led to multiple
axons. We tested several miR-~128 targets involved either in neuronal polarization or in the
maintenance of neuronal polarity, but as of now we have not identified the genes or pathways

responsible for this phenotype.

3.3.3 miR-128 Gain of Function and Loss of Function in vivo

The spatial and temporal pattern we described for the onset of miR-128 expression coincides
with the period of neuronal migration and cortical lamination during embryonic development.
We wondered if miR-128 is important for neuronal migration during cortical development and
whether the high level of expression in postmitotic neurons in the cortex implies a role in neu-
ronal morphology. To address these questions we used the in utero electroporation technique
(Section 2.2.15), expressing and knocking down the microRNA at different time points. We
decided to target the population of progenitors for deeper layer neurons by electroporation
at E12.5 and the population of progenitors for upper layer neurons at E14.5 and E15.5. To
asses if miR-128 has a role in migration we analyzed the brains at E18.5 and P7 and to asses

the roles in mature neurons we analyzed the brains at P15 and P21.

miR-128 Gain of Function Impairs Neuronal Migration

In the initial experiments to test if miR-128 has a role in migration we electroporated pre-miR-
128-2 and the miR-~128 sponge expression constructs at E12.5 and E14.5 and then analyzed
right before birth at E18.5. At this stage the neurons are still migrating, so to minimize vari-
ability between control and test conditions we electroporated our overexpression or knockdown
constructs in the same brain as the control. The electroporation was either sequential, with
an interval of 10 minutes between the injection of the construct of interest and the control in

the same hemisphere, or the injections were performed in contralateral hemispheres. Srini-
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Figure 3.17: miR-128 misexpression in migrating neurons. miR-128 expression is manipulated in IUE
experiments targeting the progenitor pool either for deeper layer (Panels A, B, C and D) or upper layer
neurons (Panels E, F, G and H). The analysis is performed before birth at E18.5. In the experiments
targeting the progenitor pool for deeper layer neurons miR-~128 gain of function construct (Panel A) and miR-
128 loss of function construct (Panel B) are electroporated in the same hemisphere as their respective control
plasmids. In the experiments targeting the progenitor pool for upper layer neurons miR-128 gain of function
construct (Panel E) and miR-128 loss of function construct (Panel F) are electroporated in the controlateral
hemisphere compared to their respective control plasmids. Neuronal migration is quantified (Panels C, D, G
and H) by dividing the electroporated region in boxes and counting the neurons in each box. Quantification
is expressed for each box as a percent of total electroporated neurons. See Section 2.2.15. The electroporations
for this cohort of experiments were perform by Srinivas Parthasarathy. The error bars represent the SD of at least three

independent brains.

70



CHAPTER 3. RESULTS

vas Parthasarathy performed all the electroporations in this cohort of experiments. To test
migration we counted the neurons within the cortical plate, dividing it into 7 boxes. Box 1
corresponded to the marginal zone and Box 7 to the border of the cortical plate and the white
matter. In the sequential electroporation we did not count double positive neurons.

Electroporation at E12.5 targets primarily neurons destined for layer VI (Section 1.2 and
Figure 3.17 C and D). pre-miR-128-2 overexpression did not result in a strong and visible
change in the distribution of targeted neurons (Figure 3.17 A and C), whereas knockdown
neurons seemed to migrate a little further compared to control (Figure 3.17 B and D). In both
cases, however, the differences were mild and overmigration seen with the sponge construct
was not statistically significant.

At embryonic day 14.5 most of the targeted neurons are destined to become upper layer
neurons (layer IV and II/III), as can be seen in the control curve (Figure 3.17 G and H). pre-
miR-128-2 overexpression led to a stall or a delay in migration, with a shift in the position
of the neurons towards the deeper layers compared to control (Figure 3.17 E and G). In the
microRNA knockdown the mild migration discrepancy noticed at E12.5 was not present.

Using E18.5 as an endpoint for the migration analysis was not conclusive whether we
targeted deeper layers or upper layer populations. We could, however, observe trends: neurons
in which miR-~128 was knockdown at E12.5 migrated a little further compared to control; and
neurons in which miR-128 was overexpressed at E14.5 were delayed or stalled in deeper layers.
In addition, we were not able to conclude if miR-128 overexpression was slowing down the
migration process or bringing it to a premature stop. As mentioned, at E18.5 migration is
not complete and the neurons are still reaching their final position.

We therefore decided to repeat the electroporations in which we targeted upper layer
neurons, but one day later, at embryonic day 15.5. In this way we were sure of targeting
only layer II/IIT populations. We then analyzed the brains when the migration process was
completed (P7). We included also pre-miR-128-1 overexpression construct in this cohort of
experiments, to check if the two microRNA precursors show the same behavior. In these
experiments pre-miR-128-2 overexpression resulted in a strong phenotype (Figure 3.18 A and
B). Targeted neurons were found scattered throughout all the six cortical layers and most
of them did not reach the border with the marginal zone (Figure 3.18 A). Surprisingly, pre-
miR-~128-1 expressing neurons did not show a migration impairment, the brains were almost
indistinguishable to the control ones. We also checked miR-128 knockdown and we noticed
that the neurons were distributed more in the upper part of the cortex compared to control
(Figure 3.18 C and D). Unfortunately, as previously at E12.5, this is only a trend and did not
rise to the level of significance. It would be interesting to repeat the knockdown experiment at
E12.5 but analyze the brains at P7 when the migration is completed to see if the overmigration
phenotype would then be significant. As our next step we checked the fate of the ectopic
neurons: do they have the identity of layer II/III or deeper layer neurons? We stained brains
electroporated with either dsRed control or pre-miR-128-2 expression constructs for Cux1, an
upper layer marker, and Ctip2, a layer V marker. We chose P0 for this analysis because at P7
the expression of layer markers is weaker and it is therefore more difficult to determine the

cell fate. Both pre-miR-~128-2 and control neurons were positive for Cuxl (Figure 3.18 E and
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Figure 3.18: miR-128 impairs neuronal migration. miR-128 expression is manipulated in IUE experiments
targeting the progenitor pool for upper layer neurons. The brains were analyzed at P7, when the migration
is completed. Representative images of brains electroporated with miR-128 gain of function, or miR-128 loss
of function constructs and their respective controls are shown in Panels A and C, as indicated. Neuronal
migration is quantified by dividing the electroporated region in 6 boxes and counting the neurons in each of
them. Quantification is expressed for each box as a percent of total electroporated neurons (Panels B and
D). pre-miR-128-2 (Panel E) or dsRed (Panel F) PO electroporated brains were stained with Cuxl (upper
layer marker shown in blue) and Ctip2 (deeper layer marker shown in blue). For each costaining on the left
there is the overview of a cortical section and on the right there is a magnification of a region of interest
delineated by the white box in the overview. The magnified images are from top to bottom: electoporated
neurons (red), antibody staining (blue) and the merged image. Arrow heads indicate that the layer marker is
expressed in electroporated neurons and the empty arrow heads indicate that the layer marker is not expressed
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F arrow head), and negative for Ctip2 (Figure 3.18 E and F empty arrow head), regardless
of their respective positions: whether they had reached their final place in the cortex or were
still migrating.

We demonstrated that premature expression of pre-miR-128-2, but not pre-miR-128-1, in
neuronal progenitors destined for layers II to III reduced their migration. This most likely
is due to impairment and not simply a delay in migration, because the process is for the
most part complete by P2. Furthermore, despite being scattered throughout the cortex the
ectopic neurons had the appropriate layer II/III fate, as determined by their expression of
layer-specific markers.

To better characterize the impairment in migration, we analyzed the effect of pre-miR128-
2 on neuronal morphology at PO, when the neurons are predominantly in the cortical plate

but have not reached their final position. Migrating neurons change morphology quickly, so
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Figure 3.19: miR-128 promotes premature branching of migrating neurons. miR-128 expression is manipu-
lated in IUE experiments targeting the progenitor pool for upper layer neurons. The brains were analyzed at
PO, when some upper layer neurons are still migrating. Representative images of brain electroporated with
dsRed control or pre-miR-~128-2 constructs are shown in Panel A and B, respectively. Migrating upper layer
neurons, localized in deeper layers (between the red lines in Panel A and B) were reconstructed. Panel C
shows a sample of reconstructed neurons for dsRed control and Panel D shows a sample of reconstructed
neurons for pre-miR-128-2. The number of branches (Panel E) and filopodia (Panel F') sprouting from the
soma and the apical dendrite were counted (see Section 2.2.15). The error bars represent the maximum and
minimum number of filopodia or branches observed with * p < 0.05 and ** p < 0.01. At least three independent brains
per condition, coming from the same litter were analyzed.

to avoid differences due to small variations in mating, electroporation or sacrifice time, we
analyzed control and microRNA overexpression in the same litter. In controls the majority
of the neurons were already at their correct place in layer II/III with long, radially oriented
leading processes (Figure 3.19 A). In contrast, neurons expressing pre-miR-128-2 were still
scattered throughout the cortical plate and the leading processes looked shorter and were
not parallel to each other (Figure 3.19 B). To quantify this result, we reconstructed neurons
located in deeper layers (in between the red lines in Figure 3.19 A and B), indicating that
they were still in the process of active migration. The control neurons had a long and straight
leading process, with occasional short filipodia (length inferior to 5 micrometers, Figure 3.19
C). pre-miR-128-2 expressing neurons, on the other hand, were consistently more branched
and also had more filipodia (Figure 3.19 D, E and F). We used a length of 5 micrometers as
a cutoff for distinguishing between branches and filipodia (see Section 2.2.15). With these
experiments we confirmed that the migration defect was apparent during neuronal migration,
before neurons reach their final position and that the defect is most likely related to abnormal

morphology of the leading process.

Phf6é Rescues miR-128 Migration Impairment

To determine the molecular pathways responsible for the migration phenotype we tested two
candidate genes known to be targeted by miR-128 with known functions in cortical lamination:
the semaphorin receptor Nrp2 and Phf6 (Figure 3.9). We asked if co-electroporation of expres-
sion constructs for either protein could rescue the impairment seen upon premature expression
of pre-miR-128-2. We again targeted progenitors for upper layer neurons by electroporation

at E15.5, injecting either pre-miR-128-2 and GFP control or Nrp2 or Phf6 expression con-
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structs (Figure 4). To our disappointment, cortical migration of cells co-expressing Nrp2 and

+

Figure 3.20: Nrp2 does not rescue neuronal migration. Coexpression of Nrp2 and pre-miR-128-2 in IUE
(Panel B) does not rescue the migration impairment due to miR-128 expression in progenitors for upper
layer neurons (Panel A). The neurons electroporated with pre-miR-128-2 are depicted in red, the neurons
electroporated with Nrp2 expression construct are depicted in green, nuclear staining was achieved with
Drag5b in blue. The exemplary images in Panel A and B were taken from littermates, therefore to recognize
between the 2 conditions no GFP construct was injected pre-miR-128-2 brains.

A

pre-miR-128-2 did not differ substantially from cells expressing pre-miR-128-2 alone (Figure
3.20 B), and these brains were not analyzed further.

Phf6 is a nuclear /nucleolar protein recently shown to be important for migration (Section
1.2.6). We tried to rescue the migration phenotype by coelectroporation of pre-miR-128-
2 and Phf6 ¢cDNA (Figure 3.21 A and B). Compared to expression of pre-miR-128-2 alone,
coexpression of Phf6 enabled the majority of the labeled neurons to reach their correct position
in the cortex despite the presence of a few ectopic neurons. In particular, the neurons were
able to reach the border between layer II and the marginal zone, something that was infrequent
in the absence of Phf6 coexpression (Figure 3.21 A). Quantification of neuronal position at
P7 showed that significantly more Phf6/miR-128 double-positive neurons reached the upper
layer than those expressing miR-128 alone. We wanted then to be sure that miR-128 can
down-regulate endogenous Phf6 and to compare their respective expression patterns in the
brain and in neuronal cultures. To check if miR-128 is able to down-regulate endogenous Phf6
we expressed synthetic miR-128 in HEK 293T cells and analyzed the endogenous protein by
Westen blot. HEK 293T cells were a good model in this case because they express Phf6 but
not miR-~128. In the presence of transfected miR-128 we detected a reduction in Phf6 protein

of approximately half compared to cells transfected with a scrambled negative control (Figure
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Figure 3.21: Phf6 rescues miR-128 migration impairment. Coexpression of Phf6 and pre-miR-128-2 (Panel
A right side), in vivo, rescues the migration impairment due to pre-miR-128-2 expression in progenitors for
upper layer neurons (Panel A left side). Migration rescue is quantified by dividing the electroporated area
in boxes and counting the neurons in each of them. Boxes representing the upper layer (1-3) and the deeper
layers (4-6) were grouped. Quantification is expressed as a percent of total electroporated neurons (Panels
B). Panel C shows the regulation of endogenous Phf6 by expression of miR-128 in HEK 293T cells, on the
right of Panel C there is a representative blot, on the left there is the quantification of Phf6 protein levels
from 3 independent experiments. Panel D shows the quantification of Phf6 transcript in embryonic, early
postnatal and adult mouse brains using qRT-PCR. Panels E and G show the protein levels and the quantified
transcript on Phf6 in primary cortical neurons, respectively. Panel F shows the expression of mature miR-128
in primary cortical neurons, measured by TagMan PCR. The error bars represent standard deviation of at least
three independent experiments with * p < 0.05, xx p < 0.01 and * x * p < 0.001. The quantification of miR-128 in
primary cortical neurons was performed by Frederick Rehfeld.

3.21 C). This result confirms the sensor assay using the Phf6 3’'UTR (Figure 3.9) and extends
it to show regulation of the endogenous mRNA by miR-128. As a next step we wanted to know
if there are developmental stages in which expression of miR-128 and Phf6 overlap. We tested
Phf6 mRNA levels by qRT-PCR using the same mRNA samples we hybridized in miR-128
Northern blots (Figure 3.1 and Figure 3.21 D). In the developmental series miR-128 increased
and Phf6 mRNA decreased in an inverse manner. This pattern is consistent with regulation of
Phf6 by miR-128 during brain development. Additional evidence for physiological relevance
of the regulation was obtained by testing cultured neurons. We observed that Phf6 protein
(Figure 3.21 E) and mRNA (Figure 3.21 G) levels smoothly decreased between DIV 1 and
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DIV 21, with miR-128 again showing an inverse expression pattern (Figure 3.21 F, miR-128
TaqMan PCR performed by Frederick Rehfeld).

To summarize, we found that premature expression of pre-miR-128-2 by electroporation
at E15.5 impaired the migration of upper layer neurons to their proper position in the cortex.
miR-128 positive neurons were found inappropriately scattered throughout the whole cortical
plate and also at eterotopic position in the white matter. We could rescue the phenotype
(at least partially) by coexpressing Phf6 together with pre-miR-128-2. We cannot exclude
that there are other genes regulated by miR-128 and involved in migration. However, these
results illustrate the importance of correct temporal control of miR-128 expression to avoid

interference with Phf6-mediated neuronal migration.

3.3.4 miR-128 Regulates Dendritic Arborization and Spines Density

Having studied the role of miR-128 during embryonic development, we wondered what the
functions of miR-128 are in the postnatal and adult brain, in which high level miR-128 ex-
pression is maintained (introduction and Figure 3.1). Using in utero electroporation to target
upper layer principal neurons, we looked at the effects of premature miR-128 expression and
miR-~128 knockdown on neuronal and dendritic spine morphology 21 days after birth. For
these experiments we compared both miR-128 precursors and the miR-128 sponge knock-
down construct, using either dsRed (pre-miR-128-1 and pre-miR-128-2) and GFP (miR-128
sponge) controls, as appropriate. After staining, we imaged layer I1/III neurons, reconstructed
the resulting Z-stack and ran Sholl analysis to quantify dendritic arbor complexity (Section
2.2.15).

Sholl analysis of miR-128 knockdown neurons revealed a slight increase in complexity
compared to GFP electroporated neurons (Figure 3.22), but the difference was only a trend
and not statistically significant (at least 10 neurons from at least three different brains). In
contrast, expression of pre-miR-128-2 once again showed the strongest phenotype (Figure
3.23 C and D). Sholl analysis revealed a significant reduction in dendritic arbor complexity
compared to both control (Figure 3.23 A) and pre-miR-128-1 (Figure 3.23 B). The reduced
complexity, however, did not seem to affect the apical dendrite length (Figure 3.23 D).

Encouraged by these results we also performed electrophysiological recordings on neurons
expressing pre-miR-128-2 15 days after birth, in collaboration with Sam Booker and Imre Vida
(Charité, Berlin). The electrophysiological results will not be discussed in this thesis but the
recorded neurons were filled with biocytin for the purpose of imaging and reconstruction. The
recordings were performed in all cortical layers and in neighboring, non-electroporated neurons
as controls. This allowed us to visualize the effect of premature miR-128 expression during
development on the morphology of mature neurons not only in layer II/III but also in deeper
layers. We could confirm the smaller dendritic arborization of pre-miR-128-2 electroporated
neurons in layer II/III; and the layer II/III morphology of ectopic neurons in layer V and VI
(Figure 3.24) after reconstruction and visual analysis.

With the morphological analysis of electroporated neurons at P21 and P15 we showed
that miR-128 (in its pre-miR-128-2 form) was able to regulate genes important for correct

dendritic arbor formation. One caveat of these experiments is that we were unable to show a
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Figure 3.22: Dendritic arborization in miR-128 knockdown neurons. upper layer neurons electroporated
either with GFP or miR-128 knockdown constructs were reconstructed (Panel A and B, respectively). Panel
C shows Sholl analysis run on the reconstructed neurons of P21 animals. The X-axis represent the distance
of the branches from the soma in pm and the Y-axis represents the number of intersection at a given distance
from the soma. The error bars represent standard deviation of at least 10 neurons coming from 3 independent brains.

significant difference in the arborization of miR-128 knockdown neurons compared to control,
although they appeared to be slightly more complex by visual inspection. At the moment, it is
unclear if this reflects a temporal window for premature miR-128 expression that is unaltered
by knockdown, the difficulty of achieving sufficient knockdown of a highly expressed miRNA
like miR-128, or an upper limit on dendritic ramification imposed by the in vivo environment.

In parallel to the Sholl analysis we also checked for an influence of manipulating miR-~128 on
dendritic spines. In this case we analyzed littermates electroporated with either pre-miR-128-
2 dsRed or, with GFP. This comparison is not the ideal, at least for morphological analysis.
Although the two fluorophores are both cytoplasmatic, the results might be influenced by
differing intracellular distributions or detection sensitivity. We measured in Z-stacks spine
length, neck length, head width and spine density (spine number/ 100 micrometer) (Section
2.2.15). Neurons electroporated with pre-miR-128-2 showed a significant increase in total
spine length as well as in neck length and in head width (Figure 3.25 C, D, E). The strongest

effect was on spine density, which was drastically reduced (compare Figure 3.25 A and B and
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Figure 3.23: miR-128 expression reduces dentritic arbor complexity. upper layer neurons electroporated
either with dsRed, pre-miR-128-1 or pre-miR-128-2 expression constructs were reconstructed (Panels A, B
and C, respectively). Panel D shows the Sholl analysis run on the reconstructed neurons of P21 animals.The
X-axis represent the distance of the branches from the soma in gm and the Y-axis represents the number of
intersection at a given distance from the soma. The error bars represent the 95% confidence intervals of at least 10
neurons coming from 3 independent brains.

F). We believe that spine counts should be insensitive to the fluorophore used, and also note
that an inverse effect on spine density has been reported in mice deficient for pre-miR-128-2
(see introduction). As candidate target genes for mediating the effect of miR-128 on spine
morphology we identified (in addition to Phf6) Gria3 and Stargazin (Figure 3.10). Gria3 is
one of the four subunits of the AMPA receptor (AMPAR) and Stargazin is the most influential
of the Tarp proteins that are required for AMPAR membrane trafficking. A reduction of the
spine number could be due to a reduction in the shuttling of the AMPAR to the synapse.
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Figure 3.24: miR-128 expression reduces dentritic arbor complerity 2. Ectopic neurons expressing miR-128
were analyzed in electrophysiology experiments at P15 and filled with biocytin to allow subsequent visual-
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matter. Wild type neurons neighboring the electroporated ones were also analyzed and filled with biocytin.
All the wild type and condition neurons were reconstructed and a sample is represent in the figure. The
neurons are divided according to the cortical layer in which they are positioned and to their phenotype.
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and Number of spines in 100 ym were measured in z-stacks. The error bars represent the standard deviation of
the at least 10 apical dendrites coming from 3 independent animals.
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Discussion

4.1 miR-128 and Axon Number

We manipulated miR-~128 concentration in primary cortical and hippocampal culture because
we thought it was a straightforward way to find the pathways in which miR-~128 is involved.
In the end, we were able to describe a new function for miR-~128 in the control of axon and/or
dendrite identity, but have not yet identified the pathway responsible.

We showed that miR-128 gain of function in polarized neurons (DIV 5) leads to multiple
axons (Figure 3.11). The phenotype was dependent on the transfection day, not on the
chosen gain of function methods. We used a plasmid based assay and a synthetic miR-128
mimic assay. The plasmids we used, pre-miR-128-1 and pre-miR-128-2, contain the individual
precursors and flanking sequences required for nuclear microRNA processing. The synthetic
mimic corresponds to the mature microRNA, that does not require cytoplasmic processing
and are ready to be loaded into the miRISC complex. It surprising that miR-~128 upregulation
using the synthetic mimic at DIV 2 does not result in multiple axons. This might be because
the RNA Binding Protein (RBP) involved in miR-128 regulation (see below) recognizes a
sequence in the mature form, or because miR-128 is not regulating proteins necessary for
neuronal polarization, but only for the maintenance of the polarized state.

We speculated that miR-128 could be involved in the regulation of the actin cytoskeleton,
a key component in the establishment and in the maintenance of polarity. Therefore neurons
were cotransfected with miR-128 gain/loss of function constructs and constitutively active or
dominant negative constructs for several known factors involved in cytoskeleton remodeling
(Figure 3.13). Both constitutively active and dominant negative Cdc42 and Racl rescued the
axon number seen after miR-128 gain of function. We are still wondering about the meaning of
this finding. It might be that the cytoskeleton regulators used for the rescue act independently
and in parallel to the miR-128 target in the pathway and therefore mask the effect of miR-128.
Another possibility is that miR-128 regulates the cytoskeleton but is upstream of the proteins
we used for the rescue. Also in this circumstance the effect of miR-128 could be overcome by
the constitutively active or dominant negative downstream proteins.

We also tested Par6b, part of the polarity complex and a target of miR-128 as determined
by sensor assays and by knockdown of the endogenous protein by miR-~128 overexpression in

N2A cells. During polarization (Stage 3, Figure 1.3), knockdown of Par6b leads to a neuron
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with no axons due to the inactivation of Gsk33 (reviewed in Hoogenraad and Bradke 2009).
We hypothesized that after polarization is established (Stage 4, Figure 1.3), Par6b could gov-
ern additional processes necessary for axon dominance. We tried to rescue the multiple axon
phenotype using a Par6b expression construct. We found that in neurons cotransfected with
Par6b and either the control plasmid or the miR-128 loss of function construct, there is a slight
increase in axon number. This novel effect of Par6b is compatible with continued regulation
of Gsk38 phosphorylation during the axonal outgrowth phase subsequent to polarization. On
the other hand, we did not observe a rescue in neurons cotransfected with Par6b and miR-128.
We conclude that despite the ability of miR-128 to regulate Par6b in our heterologous assays,
this interaction is unlikely to be involved in the multiple axon phenotype.

Lastly, we hypothesized that the multiple axon phenotype could be due not to the regu-
lation of axon formation per se but to the impairment of dendritic development. It has been
shown that Sema 3A governs dendritic fate (reviewed in Shelly and Poo 2011). One of the
predicted targets for miR-128 is Nrp2, a receptor for semaphorin. Nrp2 is also important for
neuronal migration in vive. Nrp2 knockdown impairs neuronal migration in a similar way as
miR-128 gain of function (Chen et al., 2008). We considered if the multiple axons phenotype
in vitro and the migration impairment in wvivo could be like the two faces of a single coin.
We tried the rescue experiment with an Nrp2 expression construct both in vitro and in vivo.
However, neither phenotype was alleviated by coexpression of Nrp2, suggesting that Nrp2
is not the predominant factor mediating the effect of miR-128 on axon number in vitro or
migration in vivo (Figures 3.16 and 3.20).

As of now, we cannot explain why, when we express the miR-128 gain of function construct,
we see multiple axons in neurons at DIV 5 but not at DIV 2. We tested several pathways in
which miR-128 might have been involved and in all cases we could not prove that the regula-
tory interaction with the tested target genes is physiologically responsible for the phenotype.
However, during the preparation of my thesis I developed two new hypotheses. In a recent
publication it has been shown that miR-128 downregulates the HECT ubiquitin ligase Smurf2
in triple breast cancer (Liu et al., 2014a). Smurf2 is a critical determinant of polarity complex
turnover in the neuronal polarization process (Schwamborn et al., 2007a). It remains to be
determined if downregulation of Smurf2 mRNA could produce multiple axons in our assay. In
addition, we showed that the microtubule-associated protein DCX is regulated by miR-128 in
the sensor assay (Figure 3.7) and shows an inverse expression pattern to miR-128 in the RMS
(Figure 3.6). DCX is required for microtubule stability during axonal outgrowth, and higher
microtubule stability is a characteristic feature of axons compared to dendrites. By targeting
DCX, miR-128 might play a role in the delicate balance of cytoskeletal dynamics required for

maintaining proper neuronal morphology with outcomes that are difficult to predict.

4.2 miR-128 is Posttranscriptionally Regulated

microRNA posttranscriptional regulation is an emerging field in microRNA biology. Only a
few studies have addressed posttranscriptional regulation of microRNAs. For example, the
miR-138 precursor is expressed in several embryonic regions but the mature form is restricted

to the brain (Obernosterer et al., 2006). The best-characterized posttranscriptional regulation
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is for let-7, whose processing is repressed both at the primary and at the precursor level by
Lin28A and Lin28B (Piskounova et al., 2011; Rybak et al., 2008; Heo et al., 2008). Here we
have shown, for the first time, that miR-128 is posttranscriptionally regulated and that the
regulation takes place during development and in particular regions of the adult brain.

miR-128 has two precursor forms, pre-miR-128-1 and pre-miR-128-2. We checked the
temporal expression and the localization of mature and precursor forms by Northern blot
analysis and in situ hybridization taking advantage of Locked nucleic acid (LNA) probes.
LNA probes have a modified and stabilized ribose backbone, which facilitates pairing with
the complementary sequence. LNA probes are a good tool to detect microRNAs, the LNA
structure is highly intolerant of mismatches and allows probes to be as short as 20 nt, enabling
detection of microRNAs with a high degree of confidence. For the characterization of miR-
128, pre-miR-128-1 and pre-miR-~128-2 we used probes able to specifically recognize each of
them (Figures 2.1 and 2). We confirmed the specificity and functionality of all the probes
in Northern Blot assays. We transfected HEK 293T cells with dsRed control, pre-miR-128-1
and pre-miR-128-2 expression constructs and then hybridized for each probe. Both precursor
probes specifically recognized their respective precursor targets in cells transfected with their
cognate expression construct. The probe for miR-128 recognized the mature form and both
precursors in the lanes expressing the microRNA, but not in the dsRed transfected cells, as
expected. Despite the specificity and stability of the probes we have not been able to detect
the presence of pre-miR-128-1 either in Northern blot experiments or in in situ hybridization
(Figures 3.1 and 3.4). These results are consistent with a very recent report on pre-miR-128-1
knockout mice, which show a reduction of less than 20% of the total miR-128 (Tan et al.,
2013). However, the pre-miR-128-1 host gene, R3hdml, is expressed in the adult brain (Allen
Brain Atlas). Consistent with this, we showed in a sensor assay that pre-miR-128-1 repression
of a miR-128 sensor construct (containing 4 perfectly complementary binding sites for miR-
128) is weaker compared to the repression seen with pre-miR-128-2 (Figure 3). We think,
therefore, that the regulation might happen either at the level of the primary transcript or at
the early stages of processing. pre-miR-128-2, on the contrary, is expressed at high levels at
embryonic stages (E12.5 Figure 3.1) or in certain brain regions, such as layer V or the Purkinje
layer of the cerebellum, in which miR-128 is not detectable. Pre-miR-128-2 is hosted in an
intron of the R3hdm3 gene (also known as Arpp21), and it has its own RNA Pol III promoter
in human cells (Monteys et al., 2010). It has to be noted, however, that not all cell types
express pre-miR-128-2 (Figure 3.2), which might be expected if the RNA pol III promoter
makes an important contribution to transcription of the microRNA.

The two miR-128 precursors have only the mature sequence in common; we speculate that
pre-miR-128-1 sequence might bind to RBPs that inhibit its processing and as a consequence
pre-miR-128-1 might be degraded. In our group there is a line of investigation that aims
to find the RNA binding proteins responsible for the processing of pre-miR-128-2 and pre-
miR-128-1. It has been shown that miR-128 regulates the expression of Lin28A (Qian et al.,
2012). Moreover, Lin28A is able to block pre-miR-128-2 processing in a negative feedback loop
very similar to that described for let-7 (Rehfeld F. personal communication). Hence, Lin28A

might be responsible for the regulation of pre-miR-128-2 processing in vivo at early stages
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of embryogenesis. Lin28 is, in fact, an RNA binding protein expressed in pluripotent stem
cells. We think that there might be several RNA binding proteins involved in the regulation
of a single microRNA precursor. We showed that the expression of pre-miR-128-2 does not
correlate perfectly with miR-128: for example neuronal progenitors (embryonic Figure 3.5
and adult Figure 3.6), and neurons of layer V (Figure 3.3) express the precursor but not the
mature form. It seems unlikely that the same regulatory mechanism is acting in these very
different stages and neuronal types. It will be of interest to further characterize the RNA
binding proteins able to regulate pre-miR-128-2 processing during embryogenesis and in adult
brain.

This is to our knowledge the first time that such a fine tuning of precursor processing
in solely post mitotic neurons and only in specific brain regions has been shown. Other
important brain microRNA such as miR-124, miR-125 or let-7 start to be active from neuronal
progenitors and remain highly expressed in all neurons. Their expression pattern is more

similar to the expression pattern of pre-miR-128-2 than of miR-128.

4.3 miR-128 is Postmitotically Expressed

As mentioned before miR-128 expression is restricted to postmitotic neurons in the embryonic
(Figure 3.5) and adult brain (Figure 3.6). The precursor is more widely expressed and is
present in the embryonic VZ, SVZ and 1Z, and in the adult neurogenic niches of the RMS
and dentate gyrus. Our findings do not completely agree with a previous report (Bruno
et al., 2011) in which overexpression of miR-128 in P19 cells and NSCs promotes neuronal
differentiation by regulating MIn51 (Casc3 or Barentz) and Upfl, two proteins required for
NMD. To test the degree of neuronal differentiation in miR-128 transfected cells they used
Tujl as an axonal marker. They measured the neurite length, finding that it was significantly
increased in cells overexpressing miR-128. The discrepancy between our data and that of
Bruno et al. relates to the timing of miR-128 activity. We believe it is only present in an
active form in postmitotic neurons, they claim miR-128 is necessary for the progression from
progenitors to postmitotic neurons. The difference is probably due to the chosen methods
of analysis. We described an in vivo expression pattern, bruno et all manipulated miR-128
levels in an embryonic carcinoma cell line (P19) and in neuronal stem cells. Both cell types
can be differentiated into neurons but they do not normally express the microRNA prior
to differentiation. We do agree, however, on the fact that miR-128 is important for axonal
outgrowth. So far little is known about the regulation of NMD in wvivo, but it would be
interesting to see if miR-~128 is able to regulate Casc3 and Upfl in mature neurons.

There are other studies in the cancer field that describe miR-128 as a negative regulator of
proliferation. miR-~128 is considered to be a tumor suppressor microRNA that represses genes
involved in stem cell fate (Nanog and Lin28) or in the transduction of mitotic signals (Qian
et al., 2012; Papagiannakopoulos et al., 2012). Furthermore, miR-128 expression is able to
reduce the motility of carcinogenic neuroblastoma cells by downregulating DCX and Reelin
(Evangelisti et al., 2009). This study is in line with our result in the sensor assay in which we
showed that miR-128 is able to regulate these two 3’ UTRs (Figure 3.7).

The expression of miR-128 in the cortical plate but not in the progenitor zones of the
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VZ/SVZ/1Z during embryonic development and the absence of miR-128 in aNSC might imply
that miR-~128 is required for regulating processes fundamental for mature neurons. We showed
that in the cortical plate miR-128 expression was not evenly distributed: at E16.5, for example,
it was higher in the deep layer compared to the nascent upper layer (Figure 3.5 and 3.2). This
pattern differed from the homogeneous expression of pre-miR-128-2 and miR-124 throughout
the cortical plate. This suggests that miR-128 begins to influence gene regulation during the

period in which neurons first assemble into networks.

4.4 miR-128 and Neuronal Migration

We showed that premature expression of miR-128 disrupted the essential and canonical po-
larized structure of the neurons in vitro and impaired neuronal migration in wvivo. Neuronal
migration is a complex process necessary for correct cortical lamination and the subsequent
formation of functional neuronal networks. Several factors guide neuronal migration, some
intrinsic such as cytoskeletal regulators (stGAP2), and some extrinsic such as Reelin or Sema
3A. Only two microRNAs, miR-9 and miR-~132, have been shown to positively regulate neu-
ronal migration (Clovis et al., 2012). We showed that miR-128 gain of function negatively
regulates the correct lamination of the cortex through downregulation of Phf6 mRNA.

In our experiments we manipulated miR-128 expression either by gain or loss of function
and we targeted the progenitor pool for the upper layer neurons. Early knockdown of miR-
128 does not lead to a strong phenotype, however, the neurons seem to migrate a little
farther compared to controls. We targeted upper layer neurons, that stop at the border with
the marginal zone; a physical barrier for neuronal migration. We plan to repeat in utero
electroporation experiments with miR-128 loss of function and to target lower layer neurons.
It will then be easier to see if the overmigration trend is significantly different from the control
situation.

Premature expression of pre-miR-128-2, but not pre-miR-128-1, leads to neurons that are
scattered throughout the cortex (Figure 3.18) and to upper layer neurons that do not reach
the border between layer II and the marginal zone. We observed, however, that all miR-
128 gain of function cells, regardless of where they are located, have a layer II/III identity.
This suggests that miR-128 does not affect specification but is the first microRNA shown to
negatively regulate neuronal migration. miR-9 and miR-~132, in fact, are considered positive
regulators of neuronal migration because they are able to repress FoxP2 mRNA in migrating
neuroblasts. Loss of miR-9 and miR-132 leads to a premature expression of FoxP2 and to
an impairment of radial migration, probably due to inappropriate neurite outgrowth and
branching (Clovis et al., 2012). It is unlikely that the migration impairment we observed
overexpressing miR-128 is due to the regulation of FoxP2 (confirmed target, Heiko Fuchs).
Regulation of FoxP2 has a positive effect on neuronal migration, whereas miR-128 gain of
function has a negative role. We cannot exclude, however, that miR-128 and FoxP2 interact
in other contexts in the brain where the two are coexpressed.

The correct timing of branching in a migrating neuron is one of the crucial steps for de-
termining neuronal position in the cortex. srGAP2, for example, is a negative regulator of

neuronal migration, helping the migrating neurons to sprout filipodia and lamellipodia when

85



CHAPTER 4. DISCUSSION

they reach the right position in the cortical plate. Premature expression of srGAP2 impairs
migration: the neurons branch more and have more filipodia. On the other hand, by pre-
venting branching knockdown of srGAP2 leads to overmigration of cells that inappropriately
maintain their bipolar conformation (Guerrier et al., 2009). In our experiments we found that
premature expression of miR-128 disrupts the radial morphology of the migrating neurons,
and increases the number of branches and filipodia (Figure 3.19). Regulation of srGAP2,
a confirmed target in the sensor assay (Figure 3.8), by miR-~128 is unlikely to account for
the phenotype, because knockdown of srGAP2 has the opposite effect compared to what we
observed.

Another potential target for miR-128 is DCX. RNAi knockdown of DCX by in utero
electroporation resulted in failure of the affected neuroblasts to enter the cortical plate (Bai
et al., 2003). In similar experiments miR-128 gain of function acts later in the process: the
affected neurons are able to enter the cortical plate but not to reach their final position.
Although this suggests that miR-128 is not acting via DCX prior to cortical plate entry, we
cannot predict the effect of DCX downregulation once the neurons have reached the cortical

plate.

4.4.1 Phf6 Rescues Neuronal Migration

We showed that miR-128 regulates Phf6 mRNA (Figure 3.21). Phf6 is a nuclear/nucleolar
protein mutated in Borjeson-Foremann Lehmann syndrome and in some leukemia types. Phf6
is also necessary for neuronal migration thanks to the regulation of CALEB/NGC via the
transcription elongation complex PAF1 (Zhang et al., 2013). Knockdown of Phf6 in migrating
neurons, results in premature branching that is similar to what we observe in miR-128 gain of
function experiments. We could rescue the miR-128 phenotype by coexpressing Phf6 (Figure
3.21). We also showed that miR-128 and Phf6 have a reciprocal expression pattern in brain
and in cultured neurons (Figure 3.21), consistent with a functional role for their interaction
in vivo. In some forms of AML and T-ALL leukemias the Phf6 gene is mutated and the
protein is not functional (Van Vlierberghe et al., 2010, 2011). Moreover, miR-128 expression
is increased in T-ALL (Fulci et al., 2009). Our results in the nervous system suggest that
misregulation of Phf6 by miR-~128 might be involved in the genesis of these leukemias.

4.5 miR-128 in Dendritic Branching and Neuronal Morphology

miR-128 is expressed at high levels throughout the postnatal and adult period of neuronal
outgrowth and morphological maturation (Figure 3.1). We therefore tested if miR-128 gain
and loss of function affects neuronal or dendritic spine morphology. We targeted, using in
utero electroporation, the progenitors for the upper layers of the cortex and we analyzed
dendritic branching and spine morphology at P21.

Spines were analyzed close to the most apical branch of the apical dendrite and we com-
pared littermates expressing either pre-miR-128-2 dsRed or GFP. The analyzed conditions are
not optimal because it has never been shown that cytoplasmic GFP and dsRed have the same

intracellular distribution or detection sensitivity. It is evident, however, that the spine den-
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sity in miR-~128 gain of function is substantially lower compared to control. Our finding is in
line with recently published data obtained with pre-miR-128-2 knockout mice: pre-miR-128-2
knockout neurons show an increase in spine number compared to control (Tan et al., 2013).
We validated as miR-128 targets the Gria3 AMPAR subunit and Cacng2 (or Stargazin) in a
sensor assay (Figure 3.10). The decrease in spine number might be the result of Stargazin
downregulation. Stargazin is one of the TARPs, important auxiliary proteins for AMPAR
trafficking to the synapse and between synaptic compartments. Reduction of AMPAR and
Stargazin might lead to a situation similar to the silent synapse, a synapse in which NMDARs
are the sole channels integrated into the membrane. In this situation strong stimulation is
required for AMPAR incorporation at the postsynaptic site. Unfortunately to date no studies
have described the overall morphology of silent synapses or their density in the dendritic shaft.
There is, however, an extensive scientific literature on their electrophysiological behavior and
their ultrastructure. In the near future we plan to validate the hypothesis that the decreased
spine number is due to regulation of Cacng2 and Gria3. miR-~128 knockout mice suffer from
strong and lethal epileptic crisis (Tan et al., 2013), indicating that the microRNA is involved
in neuronal excitability. We plan to check if the electrophysiological properties of the spines
change upon miR-128 gain of function.

We analyzed the morphology of dendritic arbors using Sholl analysis. Unlike the spine
analysis, in these experiments we could use the same fluorophore for control and test con-
ditions: GFP for knockdown using our sponge construct and dsRed for overexpression. We
showed that miR-128 knockdown neurons have a dendritic arbor slightly more complex than
control (Figure 3.22). Furthermore, we showed that pre-miR-128-2, but not pre-miR-128-1
electroporated neurons have a simpler dendritic tree (Figure 3.23). Correct dendritic ar-
borization is a prerequisite for the complexity of neuronal communication. A neuron with
a less complex dendritic arbor is not able to establish all the connections needed for proper
wiring. Despite the important function of dendrites little is known about the intrinsic mech-
anisms leading to dendritic branching. In upper layer neurons the transcription factors Cuxl1
and Cux2, as well as the Cdc42 pathway regulator NOMA-GAP, are key components of the
process (Cubelos et al., 2010; Rosario et al., 2012). In addition, both mTOR complexes,
mTORC1 and mTORC2, are able to stimulate dendritic branching. Of particular interest is
the ability of mMTORC?2 to activate CALEB/NGC and promote dendritic branching and spine
development (Brandt et al., 2007). Recently it has been shown that CALEB/NGC is under
the transcriptional control of Phf6 and that the dowregulation of CALEB/NGC activity in
Phf6 knockdown neurons is responsible for impaired migration (Zhang et al., 2013). We hy-
pothesize that the simple dendritic tree observed after overexpression of pre-miR-128-2 can
be attributed to this pathway. One consequence of Phf6 downregulation would be reduced
levels of CALEB/NGC. We plan to rescue the phenotype coelectroporating pre-miR-128-2
and Phf6 in progenitors for upper layer neurons and checking the dendritic arbor at P21.
As an independent test, it might also be possible to rescue the phenotype by manipulating
mTORC?2 activity.

In summary, our findings provide independent support for the recently described role

of miR-128 in the regulation of dendritic spine formation. We show for the first time that
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dendritic arborization is dependent on correct calibration of miR-128 levels during postnatal

development.
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Appendix

.1 LNA Probe Validation

Dot Blot
2.5 uM 0.25 uM
ue
let-7a | @ o

pre-miR-128-1 | @

pre-miR-128-2 (®)

Figure 1: LNA probes validation: dot blot. To test the functionality of pre-miR-128-1 in situ
hybridization probe, we performed a dot blot test. A dot blot test consists in pipetting on the
Hybond-NT membrane the probes of interest, cross link the membrane and then detect the
signal using the anti-DIG-AP antibody and the NBT /BCIP precipitate. pre-miR-128-1 probe
resulted DIG labelled. Therefore it should give a positive signal if bound to the pre-miR-128-1
in vivo. As a positive control (from top to bottom) U6, let-7a, pre-miR-128-2 probes were
used.
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Figure 2: Specificity of miR-128, pre-mir-128-1 and pre-miR-128-2 probes in Northern blot.
Northern blot analysis of HEK 293T transfected with dsRed control (lane 1), pre-miR-128-1
(lane 2) and pre-miR-128-2 (lane 3). The left panel shows the hybridization for miR-128
mature probe. In all the three lanes the upper band represent the primary transcript of miR-
128. Only in lane 2 and 3, where the microRNA has been expressed, the precursor bands,
in the middle, and the mature form band, at the bottom, are detected. When the same
membrane is hybridized with a probe specific for pre-miR-~128-1 (second blot from the left)
only one band at precursor height is detected in lane 2. When the membrane is hybridized
for pre-miR-128-2 (third blot from the left) only one band at precursor height is detected in
lane 3. U6 is used as a loading control.

This experiment demonstrate that the miR-128 mature, pre-miR-128-1 and pre-miR-128-2
probes are specific.
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.2 miR-128 Expression Constructs and miR-128 Sponge Con-

struct Validation

A. Sensor 4 x miR-128 B. Sponge 16 x miR-128 C. Sensor 4 x miR-128
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Figure 3: miR-128 expression constructs and miR-128 sponge construct validation . HEK 293T
cells were cotransfected either with dsRed (control), pre-miR-128-1 or pre-miR-128-2 con-
structs and either miR-~128 4xSensor (Panel A) or miR-128 16xSponge (Panel B) constructs.
pre-miR-128-1 expression construct is processed and regulates both miR-128 4xSensor and
miR-128 16xSponge, but to a lesser extent compared to pre-miR-128-2 (Panel A and B).
HEK 293T cells were cotransfected with synthetic miR-128 and miR-128 4xSensor construct
(Panel C). Synthetic miR-128 is able to regulate miR-128 4xSensor construct to an higher
extent compared to miR-128 expression plasmids (compare Panel A and C).
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.3 Phf6 and Nrp2 Expression Constructs Validation

A , : B. pSR003+ pSR003
GFP Bright Field Merged Phf6

Nrp2

Phf6

Figure 4: Phf6 and Nrp2 expression constructs validation. Phf6 and Nrp2 cDNA sequences
were cloned into pSR003 expression plasmid. The insertion of the cDNA sequence was tested
with enzymatic digestion and the sequence was validated by sequencing. HEK 293T cells
were transfected with the Expression construct to test if they were working, producing GFP
cells. Panel A shows Nrp2 expressing cells in the upper row of images and Phf6 expressing
cells in the lower row of images. From left to right transfected cells (GFP), an overview of the
HEK 293T cells (bright field) and the merged image are shown. Phf6 expression construct
was validated also by Western blot analysis (Panel B).
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.4 Transfected and Injected Constructs

The following tables show the cell lines and constructs used in transfections or the injected

constructs used in IUE. The are also references of the experiments to which the conditions

refers to.

Plate Cell line miR-128 gain of | Sensor DNA Car-
function rier

12-well HEK 293T | Ambion 20 uM 75 ng and 200ng | 200 ng 3.7

dsred

12-well N2A Ambion 20 uM 75 ng 200ng dsred | 200 ng 3.8

12-well HEK 293T | Plasmid 100 ng 75 ng 800 ng 3.9, 3.10
Table 1: Constructs for Sensor Assay

Purpuse Plate Cell line miR-128  gain  of | Figure

function
Par6 Downregulation 10 cm N2A Ambion 20 uM 3.14
Phf6 Downregulation 10 cm HEK 293T | Ambion 20 uM 3.21

Table 2: Cosntructs for Downregulation of Endogenous Protein after miR-128 Expression

Plate ‘ Cell line ‘ Constructs Figure
10 cm HEK 293T dsred construct 24ug 2
10 cm HEK 293T pre-miR-128-1 construct 24 | 2
Mg
10 cm HEK 293T pre-miR-128-1 construct 24 | 2

Hg

Table 3: Cosntructs for Test for miR-128, pre-miR-128-1 and pre-miR-~128-2 probes used in
Northern blot

Constructs 1 Constructs 2 Figure
dsred 150 ng DNA carrier 350 ng 3.11
pre-miR-128-2 150 ng DNA carrier 350 ng 3.11
Sponge 150 ng DNA carrier 350 ng 3.11
Ambion control 20 M 25 ng GFP 3.11
Ambion miR-128 mimic 20 M 25 ng GFP 3.11
Eqicon miR-128 antisense 25 ng GFP 3.11

Table 4: Constructs for miR-128 and Axon Number




Purpuse Condition Rescue DNA Car- | Figure

rier
Par6b dsred 150 ng Par6b 150 ng 200 ng 3.15
rescue
Par6b pre-miR-128-1 150 ng Par6b 150 ng 200 ng 3.15
rescue
Par6b pre-miR-128-2 150 ng Par6b 150 ng 200 ng 3.15
rescue
Par6b miR-~128 sponge 150 ng | Par6b 150 ng 200 ng 3.15
rescue
Nrp2 rescue | dsred 150 ng Nrp2 150 ng 200 ng 3.16
Nrp2 rescue | pre-miR-~128-1 150 ng Nrp2 150 ng 200 ng 3.16
Nrp2 rescue | pre-miR-128-2 150 ng Nrp2 150 ng 200 ng 3.16
Nrp2 rescue | miR-128 sponge 150 ng | Nrp2 150 ng 200 ng 3.16

Table 5: Constructs for miR-128 rescue of the Axon Number
Purpuse Embryonic | Constructs Plasmid Figure
day Concentra-

tion
Neuronal Migra- | E12.5 pre-miR-128-2; dsRed, | 2 ug/pl 3.17
tion GFP, miR-128 Sponge
Neuronal Migra- | E14.5 pre-miR-128-2, dsRed, | 2 pug/ul 3.17
tion GFP, miR-128 Sponge
Neuronal Migra- | E15.5 pre-miR-128-1, pre- | 300 ng/ul 3.18
tion miR-128-2, dsRed,

GFP, miR-128 Sponge

Neuronal = Mor- | E15.5 pre-miR-128-2, dsRed 300 ng/ul 3.19
phology PO
Neuronal Migra- | E15.5 pre-miR-128-2, dsRed, | 300 ng/ul | 3.20, 3.21
tion Rescue Nrp2, Phf6 each plas-

mid
Neuronal Mor- | E15.5 pre-miR-128-1, pre- | 150 ng/ul 3.22, 3.23
phology P21 miR-128-2, dsRed,

GFP, miR-128 Sponge

Neuronal = Mor- | E15.5 pre-miR-128-2 300 ng/pul 3.24
phology P15

Table 6: Constructs for In Utero Electroporation Conditions.
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