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Abstract

Abstract

During the development of the nervous system, axons grow and generate a complex net-
work of interconnected neurons. To establish these connections, the tip of the growing
axon, the growth cone, is guided by chemotropic cues en route to its target with exquisite
precision. Axons must sometimes navigate a significant distance before reaching their fi-
nal destination. As an alternative to energy-expensive protein transport from distant cell
bodies, seminal studies have revealed that growth cones rely on local mRNA translation
to generate certain proteins acutely on demand. These cue-induced newly synthesized
proteins contribute to fuel growth cone steering.

Several groups reported the presence of Dicer at growth cones, and I observe the pres-
ence of endogenous Dicer in RGC axons of FLAG-HAs-Dicer transgenic mice. These
observations raise the intriguing possibility that not only proteins but also miRNAs could
be produced locally in this compartment. In my work, I have therefore explored whether
miRNA biogenesis occurs locally within growth cone and if this is important for growth
cone steering, using Xenopus laevis retinal ganglion cell (RGC) axons as a model.

Specific precursor microRNAs (pre-miRNAs) are detected in pure Xenopus RGC ax-
onal preparations by miRNA-seq and PCR, and endogenous pre-miR-181a-1 is actively
trafficked to distal axons by hitchhiking on vesicles. Upon exposure to Sema3A, but
not Slit-2, pre-miR-181a-1/a-2 are processed within axons by Dicer into newly generated
miRNAs (NGmiRNAs). In contrast, pre-miR-182 remains unprocessed upon Sema3A
exposure, highlighting a mechanism that is not only cue-, but also pre-miRNA molecule-
specific. Inhibiting NGmiRNAs in axons abolishes growth cone responsiveness to cues
ex vivo. miRNAs are thus locally produced and these newly generated miRNAs mediate
cue-induced growth cone steering.

To deepen mechanistic insights, I assess whether newly generated miRNAs silence the
translation of specific mRNAs in response to cues using FRAP analysis with a Venus re-
porter. I observe that APP and TUBBS3 are locally translated in axons in basal conditions
and that are both silenced in response to Sema3A. I uncover that this cue-induced silenc-
ing of TUBBS3 is mediated by newly generated miRNAs specifically in axons ex vivo and
in vivo.

Taken together, these results indicate that newly generated miRNAs gate cue-induced
silencing of a specific subset of mRNAs in time and space, thereby regulating growth
cone behavior. Local biogenesis of miRNAs in axons constitute an important additional
regulatory layer in the complex mechanism of axon targeting.

xi






1 Introduction

The aim of this thesis is to identify and to characterize specific microRNAs (miRNAs), that
are newly generated at the growth cone level, and that play a key role in axon guidance by
regulating specific messenger RNAs (mRNA) during axonal steering and outgrowth. The
biological context investigated in this project is brain wiring (Section 1.1), the process
ensuring the formation of complex networks of neurons during development, from cell fate
specification, to cell migration, axon pathfinding, target selection, and synaptogenesis.
During this process each growing neuron extends its axon in a complex environment and
is guided by its dynamics tip, called growth cone, which senses the surrounding signals
(Section 1.2). These signals, or chemotropic cues, can attract or repel axons, by inducing
a modulation of the cytoskeleton in the growth cone (Section 1.3).

Axon guidance is finely regulated and the axons reach their destination with a high
degree of precision. The regulation of specific mRNAs at the growth cone level is suspected
to play a crucial role in axon pathfinding (Section 1.4). However, the identity of key
regulatory players of mRNA translation and their mode of action at the growth cone are
largely unknown. A possible interesting class of molecules, which influence the stability
and regulate the translation of specific target mRNAs in a temporal and spatial specific
way, are small regulatory non-coding RNAs, such as miRNAs (Section 1.5 and Section
1.6). Using retinal ganglion cells (RGC) as a cellular model the role of miRNAs in axon
guidance was investigated (Section 1.7).

The molecular mechanisms which underlie brain wiring are of particular interest because
some hereditary neurological disorders are caused by mutations in axon guidance receptors
(Van Battum et al., 2015), and some guidance molecules play roles in adult nervous system
recovery after injury (Yaron, Zheng, 2007). Thus, identification and characterization of
molecules involved in axon guidance could have an important clinical impact. Moreover,
miRNAs have been shown to be deregulated in many pathological conditions (Vicente
et al., 2016; Boese et al., 2016) and thus the modulation of miRNAs levels is considered
as a possible therapeutic target. Indeed, it is possible to restore the correct level of these
small non coding RNAs either through an exogenous delivery of miRNAs (miRNA mimics)
or by blocking miRNAs using antisense matching oligos (antimiRs) (Rupaimoole, Slack,
2017). Since miRNAs are emerging as potential therapeutic tools (Lambert et al., 2015;
Nagaraj et al., 2015), increased knowledge on miRNAs’ mode of action and maturation
may be useful for developing specific clinical therapies.

Last but not least, the answers to questions such as “How do neurons form a functional
network?”, “Which regulatory molecules are involved in this process?”, “How is the com-
plexity of brain wiring regulated in terms of signaling pathway transduction?” have not
only implications for neuronal development, but also for neuronal regeneration in adult.

To ease the notation, a series of abbreviations will be used throughout the entire text
of this thesis. The corresponding full names, which they refer to, are reported into the list
of abbreviation (page ix).



1 Introduction

1.1 Brain wiring and axon guidance

The most appropriate word to describe the mammalian brain is “complexity”. The brain
controls bodily movements, posture and balance, interprets the world around us using
input from the sensory organs and regulates our body’s decision accordingly, represents
the memory of what we have learned and allows us to elaborate information and to plan
actions. The organ that manages all these activities is composed by approximately 100 bil-
lion neurons, each of which forms in average about 10,000 synaptic connections (Bullmore
et al., 2009) or even more (e.g. about 200,000 synapses in rodent cerebullum Purkinje cells
(Korbo et al., 1993; Hansel, Linden, 2000)). These numbers indicate the brain’s structural
complexity, which is especially impressive considering that the formation of its precise and
specific neural connections are highly regulated at the molecular level.

Brain wiring, the process in which axons grow and form connections during nervous
system development, is finely regulated and indeed errors in the formation of neuronal
connections have impacting effects. Abnormal brain wiring is a pathogenic mechanism in
schizophrenia (Heuvel van den, Kahn, 2011) and has also been linked to autism spectrum
disorders (Roine et al., 2015).

Studying early embryonic developmental stages enables to follow the journey of the very
first axons and hence allows to investigate brain connectivity at stages with lower com-
plexity than that found in adult individuals (Pelt van et al., 1994). The first axons are
called “pioneers” and grow in a largely axon-free environment. The “follower” axons ex-
tend along pre-existing axonal tracts and arrive later at their target destination (Chédotal,
Richards, 2010). The followers find their pathway by fasciculating with the first axons,
pioneers, in contrast, are finely guided to their correct destination by environmental cues
(Raper, Mason, 2010).

1.2 The growth cone

The tips of the growing axons are called “growth cones”. The growth cones sense the
environmental cues and respond to these attractant or repellent specific signals, moving
towards the indicated direction.

The first qualitative description of growth cone dates back to 1890, when S.R. Cajal
studied the nervous system of fixed chick embryos (Cajal, 1890). Therein he described
growth cones as “conical forms with amoeboid movements”. In 1910, R.G. Harrison
observed growth cones moving in live tissue in real time (Harrison, 1910), while C.C.
Speidel observed in vivo growth cones of sensory axons in a growing frog’s tail in 1941
(Speidel, 1941). Over the years, this structure at the end of elongating axons has captured
the attention of many researchers, who have tried to better describe both the growth cone
and axon guidance mechanisms using different animal models and increasingly advanced
microscopy techniques.

1.2.1 Growth cone function and structure

The growth cone is the highly dynamic distal tip of an axon, it is the central information
processing component during axon guidance processes allowing neurons to reach their final



1.2 The growth cone

destination with impressive accuracy. It is “fan-shaped” to probe the environment around
it continuously by extending and retracting its protrusions (Dent et al., 2011).

While pathfinding, the growth cone first decides on its direction based on the sensed
surrounding signals, followed by its movement along the chosen path utilizing its cytoskele-
tal components. Actin filaments and microtubules are the cytoskeletal components of the
growth cone. Both are polarized polymers since they have a “plus end” growing part on
which new components are added, and a “minus end” where depolymerization occurs.
In particular, actin filaments are helical polymers composed of actin globular monomers.
Microtubules are formed by alpha/beta tubulin dimers assembled in a head-to-tail con-
figuration (Dent, Gertler, 2003). These polarized structures are highly dynamic and their
specific distribution within the growth cone confers the right conformation and structure
to achieve motility (Section 1.2.2).

Figure 1.1: Growth cone structure
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The growth cones domains and structure (A) Complex network of neurons formed
during brain wiring process. (B) Detail of a single neuron. The red box highlights the
position of the growth cone. (C) The growth cone is organized in filopodia and lamellipodia,
it can be separated into three domains based on the cytoskeleton distribution (C, T and
P). Figure drawn by the Author, information from (Lowery, Van Vactor, 2009; Geraldo,
Gordon-Weeks, 2009).

According to the distribution of actin and microtubules the growth cone can be divided
in three domains (Figure 1.1). The peripheral (P) domain contains filopodia, comprised of
bundled actin filaments and individual dynamic microtubule, and lamellipodia, consisting
of a network of branched F-actin filaments. The filopodia are the sensory protrusions and
lamellipodia are the sheets of membrane separating the filopodia finger-like structures one
from the others. Then there is the central (C) domain, which is constituted of stable
bundled microtubules that enter the growth cone from the axon shaft. The interface
between the P and C domain is called transition (T) zone, where contractile structures
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(actin arcs) lie perpendicular to filopodia (Lowery, Van Vactor, 2009). Growth cones from
all the different species analyzed so far are organized into these three domains (P, C and
T) and contain filopodia and lamellipodia (Dent, Gertler, 2003).

The growth cone is a complex machinery and it may be compared to a car traveling
in a big city with many crossing streets: only following specific pathways allows the car
to reach its correct final destination. After having depicted the growth cone structure
above, the following sections will describe the engine of this particular machine, the road
on which it moves and grows and, finally, the road signs along the pathway that indicate
the correct directions to reach the specific final destination.

1.2.2 Cytoskeletal dynamics: growth cone engine

Figure 1.2: Stage of growth cone
progression.

a) Growth cone structure

Starting point at the
steady state

F-actin at the neck
the growth cone
depolymerizes and

the filopodia retract

of|

Reworked from (Lowery, Van Vactor,

2009).

All the growth cone movements (turning, protrusion,
progression, and retraction) depend on how actin and
microtubule components are organized: the cytoskele-
ton represents the engine allowing axon motility. The
first observation and description of growth cone move-
ments dates from 1986 (Goldberg, Burmeister, 1986).
In this work the morphological changes observed dur-
ing axon outgrowth are presented. Three consecutive
stages form new axon segments: protrusion, engorge-
ment, and consolidation (Figure 1.2).

Protrusion is the stage of growth cone progression
in which both filopodia and lamellipodia extend. Dur-
ing engorgement the F-actin arcs are reoriented, micro-
tubules invade the growth cone, the C domain moves
forward, and is finally fixed. Consolidation refers to the
step in which actin filaments at the neck of the growth
cone depolarize and this proximal part assume a cylin-
drical conformation. By repeating these three stages
many times axons elongate (Dent, Gertler, 2003).

The assembly of actin filaments at the leading edge al-
lows growth cone progression and its dynamic behavior
in general. The continuous recycling of actin monomers,
which move from the center to the leading edge of the
growth cone, results in a back movement of the entire
actin filament: this phenomenon is known as actin fil-
ament retrograde flow (RF) (Figure 1.3). The unbal-
ance between F-actin retrograde flow (RF) and actin
polymerization at the filopodia tips determines the pro-
trusion or retraction of the growth cone (Challacombe
et al., 1996). The RF is enhanced by the polymerization
of actin at the leading edge and antagonized by the con-
traction of the motor protein myosin II in the T zone.
Myosin II contraction causes the deformation of the F-
actin bundles, pushing the filaments forward and in this
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way enhancing the polymerization at the tips (Lowery, Van Vactor, 2009). In summary,
protrusion is enhanced either by actin polymerization or by increasing myosin contraction.
Conversely retraction or collapse are caused by reducing actin polymerization, increasing
depolymerization or reducing myosin II contraction.

This dynamic process is translated into a movement when growth cone receptors bind
to an adhesive substrate, creating a mechanical link between receptors and F-actin flow
(Figure 1.3). This interaction acts as an anchor blocking the RF of actin filament, advanc-
ing the protrusion, ultimately leading to axonal elongation (following the morphological
changes described above).

Figure 1.3: Growth cone advance
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Model of growth cone advance In growth cone filopodia actin is dynamic, with continuous
disassembly of actin monomers at the center of the growth cone and polymerization at the
leading edge. This process determines the retrograde flow (RF) of actin filament. (A) In
the steady state there is a balance between polymerization and depolymerization, the growth
cone does not advance and the retrograde flow is higher than the protrusion (as indicated by
the gray arrows above the picture). (B) When the filopodia contact an attractive surface an
interaction between the growth cone and adhesive molecules is stabilized. By blocking the
retrograde flow with physical binding protrusion occurs. Polymerization at the leading edge
continues, the back movement of actin filament is blocked, hence the growth cone is able to
advance. Figure drawn by the Author, information from (Gomez, Letourneau, 2014; Nichol
et al., 2016).
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The actin filaments are cytoskeletal components that maintain the growth cone’s shape
and that play an essential role in axon guidance (Dent, Gertler, 2003), but microtubules
also play a role in this process. By inducing alternately actin or microtubules depoly-
merization, Yamanda and colleagues concluded that actin is essential in correct axonal
outgrowth and microtubules (MTs) are fundamental for maintaining proper axon struc-
ture (Yamada et al., 1970; Wessells et al., 1971). Subsequent studies underlined that
microtubules not only have a maintenance role, but also play an active role during the
early steps of growth cone steering and protrusion through their entrance into the filopodia
in the P zone (Sabry et al., 1991; Tanaka, Kirschner, 1991).

Moreover, MTs movements are also important during engorgement: the interactions of
MTs with the actin network and actin arcs in the C domain is necessary to have a functional
outgrowth. The disruption of the actin arc is translated into failure of MT consolidation
during axon outgrowth, causing abnormalities in the C domain during progression (Schae-
fer et al., 2008). Asymmetrical protrusion determines steering instead of growth cone
elongation in the same direction. In particular, axons can turn through depolarization of
actin and destabilization of microtubules in one direction, and actin polymerization and
microtubules stabilization in the opposite side. In conclusion, both the cytoskeletal com-
ponents themselves and their interactions are important for the proper function of growth
cone motility.

1.2.3 Microtubules isoforms

As aforementioned, microtubules are key part of the growth cone engine (Section 1.2.2),
they are composed by alpha/beta tubulin dimers assembled in a head-to-tail configura-
tion (Dent, Gertler, 2003), and have a fast growing end (the “plus” end) (Akhmanova,
Steinmetz, 2008). Microtubule polymers undergo to a stochastic switch between growing
(polymerization) and shortening phases (depolymerization) (Gordon-Weeks, 2004). These
phases are known as catastrophes and rescues, and the continuing switch between the two
is called dynamic instability (Gordon-Weeks, 2004). The dynamic instability of micro-
tubules is essential for many cellular processes as cell division, motility, and differentiation
(Horio, Murata, 2014). These cellular processes rely on the dynamic rearrangement of
alpha/beta tubulins, the building blocks of microtubules. The regulation in isoforms com-
position and post translational modifications (PTMs) of the tubulin building blocks are
mechanisms to control microtubules dynamic (Verhey, Gaertig, 2007; Hammond et al.,
2008).

Indeed, different tubulin isoforms exists. In vertebrates there are six isoforms for both «
and S-tubulin which are conserved (Joshi, Cleveland, 1990); specifically in human the va-
riety increased and eight isotypes for both o and S-tubulin are reported (Leandro-Garcia
et al., 2010). Tubulin superfamily is highly heterogeneous, some isotypes are ubiquitously
expressed, but others are enriched in particular cells or predominantly involved in specific
mechanisms (McKean et al., 2001). For example in mice, out of the six S-tubulin isotypes,
four are found specifically in brain and they are differently expressed during development
(Denoulet et al., 1986). High expression of TUBB2A, TUBB2B, TUBB3, and TUBB4
has been also reported in human brain (Leandro-Garcia et al., 2010). The different tis-
sue distribution of those isoforms, as well as their deregulation in pathological contexts
(Leandro-Garcia et al., 2010), suggest important and specific roles for each tubulin isotype.
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Brain malformations have been observed in patient harboring TUBA1A mutations;
mutations in both TUBB2B or TUBA1A have been associated with lissencephaly and
polymicrogyria; and deletion of TUBAS in mice caused polymicrogyria, brain anomalies,
and optic nerve hypoplasia (Liu, Dwyer, 2014). Moreover, TUBB2B and TUBB3 muta-
tions have been associated with axon-guidance defects and disorders, such as congenital
fibrosis of the extra-ocular muscles (CFEOM) (Tischfield et al., 2010; Cederquist et al.,
2012).

1.2.3.1 Tubulin beta isoform Il (TUBB3)

Tubulin beta isoform III (TUBB3) is primarily expressed in neurons and it is the only
isotype enriched specifically in these cells (Katsetos et al., 2003). TUBB3 exerts roles in
neurogenesis and axon guidance maintenance (Poirier et al., 2010; Tischfield et al., 2010).
Tischfield and colleagues identified eight different mutations of TUBB3 in human caus-
ing ocular motility disorder (CFEOMS3) (Tischfield et al., 2010). Axon guidance defects
were observed in human harboring TUBB3 mutation through magnetic resonance imaging
(MRI) of the intracranial motor nerves. In particular, the authors observed aberrantly
innervated muscles by the oculomotor nerve: the lateral rectus muscle was innervated by
the oculomotor nerve instead of abducens nerve causing ocular motility restrictions and/or
aberrant eyelid elevation (Tischfield et al., 2010). Moreover, in order to better character-
ized the most common human TUBB3 mutation (R262C), they created a knock-in disease
mouse. Tubb3 1262C/R262C 1yice showed defects in commissural axons and cranial nerves
guidance. At E18.5 aberrant fiber projections at the midline were observed, as well as
thinner or absent midline crossing of anterior commissural axons compare to WT. At
E11.5-E12 cranial nerves guidance defects were observed by neurofilament staining. Fi-
nally, a failure of the correct muscles innervation by the oculomotor nerve was showed in
Tubb3 mutated mice. Those data collected from both human harboring different TUBB3
mutations and from Tubb3 £262C/R262C 1jce. strongly support a central role of TUBB3
in axon guidance mechanisms.

Other six different mutations in TUBB3 genes were reported (Poirier et al., 2010).
All patients harboring one of this mutation show cortical disorganization and axonal ab-
normalities caused by neuronal migration and differentiation defects. Moreover, MRI of
TUBB3-mutated patients revealed various aberrant phenotype in cortical and gyral orga-
nization and tractography studies on the corticospinal tract showed misorientation of the
pyramidal fibers, and the presence of misprojecting cortical neurons.

Both those two clinical studies strongly supported a critical role played by TUBB3
during axon guidance. Moreover, TUBB3 expression peak during brain development, from
axon guidance to maturation stages, and its levels decrease in adult central nervous system
(CNS) (Jiang, Oblinger, 1992). This observation further support a TUBB3 involvement in
nervous system development. Interestingly, TUBB3 mRNA has been observed and locally
translated only in embryonic sensory axons, but not in adult axons, where the axonal
presence of this isoform relies on transport of the protein from the soma (Gumy et al.,
2011).

Among the different tubulin isoforms, TUBB3 is enriched in the dynamic portion of
microtubules and in vitro data suggest a specific role in microtubule polymerization dy-
namics (Panda et al., 1994). Recent in vitro and in vivo experiments show that dorsal root
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ganglia in Tubb3-/- mice have a decreased in both microtubules dynamicity and neurite
outgrowth rate (Latremoliere et al., 2018).

Even if TUBB3 functions are not yet fully uncovered, several evidences pointing to a
neuronal specific role exerted by modulation of microtubules dynamic in neurogenesis and
in development during axon guidance.

1.2.4 Growth cone collapse

A drastic rearrangement of cytoskeletal components happens during growth cone collapse.
During growth cone collapse the actin filaments and microtubules present in filopodia
depolymerize (Fawcett, 1993) and microtubules move rapidly into the growth cone central
domain (Dent et al., 2011). During this event, axons may retract to the point that also
cytoskeletal component inside axon, and not only growth cone, start to depolymerize
(Fawcett, 1993). This growth cone behavior occurs in vivo during pathfinding, and ez
vivo by exposure to repulsive stimuli (Section 1.2.5).

Growth cone collapse in vivo has been observed in C. elegans as a mechanism to main-
tain a single terminal growth cone instead of multiple (Knobel et al., 1999) and in leech
embryos as a mechanism to avoid axonal progression (Wolszon et al., 1994). However, the
in vivo roles of this drastic event has not been fully characterized yet, because in vivo
multiple signals are integrated simultaneously and the complexity of growth cone behav-
ior is elevated (Gallo, Letourneau, 2004). Carol Mason and Lynda Erskine have proposed
that the rarely observed in vivo events of collapse are due to particular situation in which
there is less conflicts among different stimuli (Mason, Erskine, 2000).

However, the read out of collapse ex vivo is much simpler than the in vivo, since one
stimulus at the time can be studied and the shape of isolated growth cones can be mon-
itored, defined and described. For example, retinal ganglion cell (RGC) growth cones in
culture are considered collapsed if no filopodia are present, or if there are only two or
fewer filopodia each shorter than 10 pm (Campbell et al., 2001). Considering the simple
read-out of the ex vivo response, the growth cone collapse has become a standard assay.
Indeed, it has been largely used as assay for different neuronal cell types (Wahl et al.,
2000; Campbell et al., 2001; Deglincerti et al., 2015; Bellon et al., 2017). It has been
applied mainly to study growth cone responsiveness to different stimuli, but recently also
in the context of axonal degeneration studies (Unsain et al., 2018). In this thesis work,
the growth collapse assay has been used to investigate the impact of non-coding RNAs
(ncRNAs) on proper axonal response to external stimuli.

1.2.5 Guidance cues

What has been described so far refers to growth cone structure and motility: the bodywork
and the engine of the car which is guiding axons during pathfinding. What is missing to
this description is the road on which axons are moving and the road signs that indicate
the direction. Growth cone filopodia probe the surrounding environment, and according
to the cues sensed, they orient themselves and hence determine axonal pathfinding. Both
road and road signs exert a role in guiding the growth cone by attraction or repulsion,
and they act respectively as long-range and short-range cues (Figure 1.5).
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1.2.5.1 The road: short range cues

The growth cone road is composed by adhesive and anti-adhesive molecules, which induce
contact attraction or repulsion by interacting with growth cone components. The contact
attractive mechanism is mediated both by molecules presented on the surface of neigh-
boring cells and by molecules embedded into the extracellular matrix (ECM) (Lowery,
Van Vactor, 2009).

Figure 1.4: Major families of cell-adhesion molecules (CAMs)
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Major families of cell-adhesion molecules (CAMs) The “road” on which the growth
cone (CELL 1) moves is represented by CELL 2 and the extracellular matrix (ECM) compo-
nents (laminin and fibronectin). The interactions between CELL 1 and the road are mediated
by CAMs (cadherins, IgCAM, and integrin) on the growth cone surface. Figure drawn by
the Author, information from (Tessier-Lavigne, Goodman, 1996; Pollerberg et al., 2013).

Neighboring cells expose some Cell Adhesion Molecules (CAMs) that are recognized by
the growth cone. In particular, there are two families of CAMs that act as attractive
guidance molecules during axonal pathfinding: the immunoglobulin (Ig) and cadherin
superfamilies (Tessier-Lavigne, Goodman, 1996; Maness, Schachner, 2007).

Among the guidance molecules embedded into the ECM there are fibronectin and
laminin, both acting as attractive cues through their interaction with the growth cone. All
the guidance molecules exposed either on the surface of neighboring cells or in the ECM
interact with the growth cone through other cell adhesive molecules. The interaction can
be homophilic, such the one between a cadherin and another cadherin, or heterophilic,
such as the one between integrin on the growth cone and ECM proteins (Figure 1.4).

Besides these attractive signals there are also repulsion mechanisms that “avoid the exit
of the car from the road”, causing arrest or collapse of the growth cone. The “guard rail”
of the axonal pathfinding are Eph ligands, transmembrane semaphorins and some ECM
components (e.g. tenascin) (Tessier-Lavigne, Goodman, 1996). Ephrins are membrane-
bound ligands and their receptors are tyrosine kinases of the Eph family (Cheng et al.,
1995). There are two classes of these guidance molecules: ephrin-A and ephrin-B. The first
is anchored at the membrane and binds EphA receptor, the second has a transmembrane
domain and binds to EphB receptors (Wilkinson, 2001).
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1.2.5.2 The road signs: long range cues

Aside from the contact-mediated signals there are diffusible molecules which may act as
chemorepellent or chemoattractive cues. Among these molecules are highly conserved
families of guidance molecules: Netrins, Slits, and Semaphorins (Dickson, 2002).

Netrin is a diffusible cue that is able to give rise to both effects, repellent and attractive,
dependent on the receptor on the growth cone (Hedgecock et al., 1990). Slits are large
secreted proteins that interact with the Roundabout (Robo) family of receptors. Normally
Slit acts as repellent causing growth cone collapse, however it can also have a positive effect
by stimulating axon branching (Dickson, 2002). Semaphorins have both transmembrane
and secreted isoforms and their signal is mediated by multimeric receptor complexes which
include a plexin protein (Tamagnone et al., 1999). Semaphorins are divided into eight
classes according to their structure; the forms from 3 to 7 are found in vertebrates (Raper,
2000).

Table 1.1: Guidance cue and receptors

Guidance cues Receptors References
Conserved families of guidance molecules
Netrins DCC/Frazzled (Dickson, 2002)
Slits Robo (Dickson, 2002)
Ephrin A (EphA) EphA (Dickson, 2002)
Ephrin B (EphB) EphB (Dickson, 2002)
Semaphorins Plexin (Dickson, 2002)
Neuropilin
Morphogens
Wnt Frizzled (Zou, 2004)
Ryk
SHH Boc (Okada et al., 2006)
BMP Bmprla (ALK3) (Liu et al., 2003)

BmprlIb (ALK6)
Growth factors

BDNF TrkB (Tuttle, O’Leary, 1998)

NGF TrkA (Tuttle, O’Leary, 1998)
Neurotransmitters

Glutamate NMDA (Dalva et al., 2000)

ECM protein and CAMs

Laminin Integrin Tessier-Lavigne, Goodman, 1996

( )
Fibronectin Integrin (Tessier-Lavigne, Goodman, 1996)
IgCAM IgCAM (Tessier-Lavigne, Goodman, 1996)
Cadherin Cadherin (Tessier-Lavigne, Goodman, 1996)

Ryk, Tyrosine-protein kinase RYK; SHH, Sonic hedgehog protein; Boc, Brother of CDO;
BMP, Bone morphogenetic protein; BDNF, Brain-derived neurotrophic factor; NGF, Beta-
nerve growth factor; TrKA /B, High affinity nerve growth factor receptor A/B; NMDA, Gluta-
mate receptor ionotropic; IgCAM, cell adhesion molecule of the immunoglobulin superfamily.
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Apart from these classical guidance cue molecules there are other diffusible chemotropic
cues, including morphogens (such as Wnt, Sonic hedgehog (SHH), bone morphogenic
protein (BMP)), growth factors (such as brain-derived neurotrophic factor (BDNF'), nerve
growth factor (NGF)) and neurotransmitters (Lowery, Van Vactor, 2009). One example
for each of these non-canonical diffusible guidance cues is described in the following.

Morphogen proteins, which specify cell fates by concentration gradients along ma-
jor body axes, are now well-accepted guidance molecules for axonal pathfinding (Zou,
Lyuksyutova, 2007). For example BMPs and Shh work together with Netrin in the axonal
pathfinding of commissural neurons from the dorsal spinal cord to the ventral midline
(Augsburger et al., 1999). Another example of morphogen guidance cues is the Wnt fam-
ily of proteins, which guide ascending sensory axons along the anterior posterior axis of
the spinal cord (Lyuksyutova et al., 2003).

Figure 1.5: Growth cone guidance cues

Short-range cues Long-range cues

Guard rail + +

Guard rail

Road signs

Contact attraction:

CAMs (Ig and Cadherins)
ECM (e.g. lamin, fibronectin)

— Contact repulsion:
Eph ligands, ECM (e.g. tenascin),

-+ Chemoattraction:
Netrins

— Chemorepulsion:
Semaphorin (secreted)

Semaphorine (transmembrane) Netrins, Slit

Growth cone guidance cues Growth cone filopodia probe their surrounding environment,
and according to the sensed cues, they orient themselves and hence determine the axonal
pathfinding. Short-range cues which act by direct contact with growth cones are reported
in the left part of the Table and represent the road on which growth cones extend. On the
right the road signs, long-range cues, have been listed. Both the road and the road signs can
have an attractive or repulsive effect. Figure drawn by the Author, reworked from (Lowery,
Van Vactor, 2009).
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Moreover, there are experimental evidences also for the role of growth factors in axon
guidance. For example, the injection of nerve growth factor (NGF) into neonatal rodent
brains causes aberrant growth of peripheral sympathetic axons (Menesini et al., 1978),
and experiments in Xenopus show that a gradient of brain-derived neurotrophic factor
(BDNF) attracts growth cones of cultured spinal neurons (Song, Poo, 1999). Additionally,
neurotransmitters may play a role in axon guidance. In fact, at increasing concentrations
of glutamate, dendritic outgrowth rates were reduced (Mattson et al., 1988). A list of the
main guidance cue molecules and their receptor is reported in Table 1.1.

A graphical summary of the guidance cues is reported in Figure 1.5. It is a schematic
and simplified view of guidance cues complexity. In the real world growth cones have
to integrate many signals simultaneously and, as previously mentioned, the response of
attraction or repulsion is not an intrinsic property of a cue, but depends on the specific
receptors present at the growth cone, on the levels of second messengers such as cyclic
adenosine monophosphate (cAMP), on the crosstalk with other cues, adding complexity to
the schema (Section 1.3.2). Moreover, guidance cue expression levels are themselves finely
regulated by other molecules, adding even more complexity to the schema. For example,
the transcription factor (TF) Irx4 regulates the expression of Slit1l, and a misexpression of
Irx4 causes a reduction of Slit levels, resulting in axon fasciculation defects (Butler, Tear,
2007).

Staying with the analogy of the car, the framework is now completed: car bodywork,
engine, street and road signs have been described. How are road signs integrated and
translated into engine ignition and movement of car body? The interactions between
guidance cues and growth cone receptors are translated into cytoskeletal reorganization
and consequently into growth cone motility via signal transduction processes.

1.3 Signal transduction

Signal transduction in growth cone occurs when a guidance cue activates a specific receptor
on the surface of the growing axon. Receptors trigger a signaling cascade inside the cell,
eliciting a response. Growth cone guidance cues, lead at the end of the biochemical chain
of events to the modulation of cytoskeletal components and the regulation of structure
and motility of the growing axon (Hall, 1998).

Some growth cone surface receptors have an intracellular domain: Robo, DCC, Plexin
and Ephrin (Table 1.1). The binding of a guidance cue with these type of receptors directly
promotes the enzymatic activity of the intracellular domain (Strittmatter, Fishman, 1991).

Intracellular domains are sufficient to amplify the signal, to drive attraction or repulsion
according to the cues (Bashaw, Goodman, 1999). The enzymatic activities of the receptors
are either tyrosine kinases (RTKs) or tyrosine phosphatases (RTPs). Receptors without
an intracellular domain promote the signaling cascade by recruiting other RTKs. For
example, cell adhesion molecules (CAMs) have a binding site on Fibroblast Growth Factor
Receptor (FGFR) and trigger a signaling cascade through the phosphorylation of growth
cone protein through FGFR activity (Williams et al., 1994).

Direct or indirect activation of enzymatic phosphorylation and dephosphorylation, is
the key step in signal transduction in axon guidance.

The GTPase family, family of hydrolase enzymes that can bind and hydrolyze guano-
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sine triphosphate (GTP), acts as a key node in signal transduction in growth cone. In
fact, they integrate the upstream signal triggered by the guidance cue, and coordinate the
downstream cascade, leading to the ultimate cytoskeletal rearrangement (Dickson, 2002).
RhoA, Racl and Cdc42 are important members of the Rho guanosine triphosphates (Rho
GTPase) family. They are involved in different actin rearrangement events. Indeed acto-
myosin contraction, F-actin disassembly and F-actin polymerization are the final effects
of their signaling cascade.

Rho GTPases are in turn regulated by effector molecules such as Guanidine Exchange
Factors (GEFs) and GTPase-Activating Proteins (GAPs), which activate and inactivate
Rho GTPase, respectively. In particular, GAPs lead to hydrolysis of GTP to GDP, whereas
GEFs stimulate the release of guanosine diphosphate (GDP) to allow binding of guanosine
triphosphate (GTP). A schematic representation of signal transduction in growth cone is
shown in Figure 1.6.

Among the final effectors are Cofilin, Arps and Ena/Vasp. Cofilin is an actin binding
protein which depolymerizes F-actin filaments, releasing G-actin monomers. A similar
function is played by SCG10 on microtubules (Gorovoy et al., 2005). Arps promotes
branching of actin filament and Arp2/3 inhibition has been shown to lead to a reduc-
tion of filopodia number and F-actin content in the growth cone (Lanier, Gertler, 2000).
Ena/Vasp proteins are anticapping agents that promote actin filaments growth at the
leading edge (Lebrand et al., 2004).

1.3.1 Sema3A signal transduction

Sema3A is a secreted protein promoting dendrite development and acting as a repellent cue
during axon guidance (Koropouli, Kolodkin, 2014). In wvitro, Sema3A induces a collapse
response, in which filopodia and lamellipodia in the growth cone retract. This change
in growth cone morphology is due to both cytoskeletal dynamic modulation (Campbell
et al., 2001) and endocytosis of the growth cone membrane (Dang et al., 2012; Carcea
et al., 2010). Endocytotic events are needed for Sema3A internalization and thus pro-
motion of the signal transduction (Carcea et al., 2010), but also for reducing the growth
cone surface and the number of adhesion molecules embedded into to external membrane
(Tojima, Kamiguchi, 2015). A decrease in focal adhesion points contributes in growth
cone retraction upon Sema3A exposure.

Sema3A receptor complex is formed by Neuropilin-1 (NP1) and Plexin-A (PlexA) (Taka-
hashi et al., 1999). NP1 is a multifunctional cell surface receptor interacting with both
Sema3A and the vascular endothelial growth factor (VEGF) exerting different roles dur-
ing the development of various tissues. Intriguingly, using knock in and conditional NP1
null mice model, it has been shown that in endothelial cells the VEGF-NP1 signaling is
involved in angiogenesis, while the signal cascade activated by Sema-NP1 is not required
in vascular development, but it exerts its function specifically during axonal pathfinding
events (Gu et al., 2003). NP1 has an high affinity for Sema3A and it represents the bind-
ing partner of the repellent cue, while PlexA has an intracellular domain which starts the
signal transduction upon Sema3A stimulation (Takahashi et al., 1999; Rohm et al., 2000).
Indeed, PlexA has an highly conserved GTPase-activating (GAP) cytoplasmic domain able
to interact with several small Rho GTPases. Rho GTPases are involved in guidance cue
signal transduction and different receptors use specific cytoplasmic signaling mechanisms
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Figure 1.6: Signal transduction
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Signal transduction in growth cone Guidance cues, reported in the upper part of the
Figure, interact with specific receptors. GEFs and GAPs mediated the response by phos-
phorylation or dephosphorylation of Rho GTPase family members (RhoA, Racl and Cdc42).
Some cytoskeletal effectors are reported in the blue circles. The final effects, reported in
the gray boxes in the bottom part of the Figure, are all modulations of cytoskeletal compo-
nents. Cytoskeletal regulation means growth cone motility. Arp 2/3, Actin-Related Protein;
ENA/VASP, Enabled/vasolidator-stimulated phosphoprotein; LIMK, LIM domain kinase;
MLCK, myosin light chain kinase; ROCK, Rho kinase; SRGAP, slit-robo GAP; UNC5, un-
coordinated protein 5. Figure from (Lowery, Van Vactor, 2009).

upon cue recognition (Toyofuku et al., 2005). In dorsal root ganglia (DRG) neurons and
spinal motor neurons, Rac-GTP of the Rho GTPases family is required in Sema3A signal
transduction cascade (Jin, Strittmatter, 1997; Turner et al., 2004). While in a pull-down
assays of HEK 293T cells lysate, Plexin-A1l has been shown to interact with Rnd1 and
RhoD, others Rho-related protein with GTPase activity (Zanata et al., 2002).

Guanine nucleotide exchange factors (GEFs) are proteins able to activate Rho GTPases
by stimulating the release of guanosine diphosphate (GDP) to allow binding of guano-
sine triphosphate (GTP) (Figure 1.6). When Neuropilin-1 is present, FERM domain-
containing guanine nucleotide exchange factor (GEF) FARP2 associates with Plexin-Al.
Upon Sema3A exposure and NP1 binding, FARP2 dissociates from PlexA, gets activated
and FARP2 Rac-GEF activity leads to Rnd1 recruitment to Plaexin-A1 and downregula-
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tion of R-Ras (Toyofuku et al., 2005). After activation of Rho GTPases and guanine nu-
cleotide exchange factors, a phosphorylation cascade mediates downstream to Sema3A the
modulation of some effectors, and the final regulation of cytoskeletal dynamics. Collapsin-
response-mediator protein (CRMP), a microtubules associated protein, plays a crucial role
in Sema3A/NP1/PlexA signal pathway (Schmidt, Strittmatter, 2007). Rho is activated
during Sema3A signal cascade, and it phosphorylates CRMP-2 (Schmidt, Strittmatter,
2007). CRMP-2 binds to microtubule (MT) to stabilize them, but upon phosphoryla-
tion it dissociates promoting MT depolymerization (Fukata et al., 2002). Moreover, also
glycogen synthase kinase-38 (GSK-33) phosphorylates CRMP-2 and, through CRMP-2
inactivation, it regulates neuronal polarity (Yoshimura et al., 2005). Intriguingly, impair-
ment in GSK-33 phosphorylation affects Sema3A response in neuronal and non-neuronal
cells (Eickholt et al., 2002).

Plexin-based signaling mediated by Sema3A exerts an important function in axon guid-
ance events, and even if some factors involved in the signal cascade have been discovered,
the entire pathway of this cue is still largely unknown. Moreover, Sema3A-NP1 can inter-
act with different Plexins resulting in a different signal cascade. For example, in cortical
neurons, Sema3A-NP1 forms a complex with PlexinA4 controlling the basal dendritic
arborization in V cortical layer (Tran et al., 2009).

1.3.2 Complexity of the response

Even if the players of growth cone signal transduction have been elucidated in the previous
sections, it is not possible to list guidance cues and their effect. In fact, guidance molecules
have not an intrinsic attractive or repulsive nature, their effect depends on the receptors
expressed on the growth cone surface. In order to highlight the complexity of the response,
in this section examples of single cues that give rise to different effects are described.

For example, Netrins are able to act as chemorepulsive agents for cells expressing Unc-5
receptor, whereas they behave as a chemoattractive factor for neurons expressing DCC-
type receptors (Colamarino, Tessier-Lavigne, 1995). Moreover, there are cases in which
DCC receptor also mediates a repulsive effect upon Netrin binding. This depends on the
intracellular levels of cAMP (Ming et al., 1997). When high level of cAMP are present
Netrin acts as an attractant to spinal and retinal axons, probably because its levels favor
actin polymerization reactions. On the other hand when cAMP levels are low, Netrin works
as a repellent (Song et al., 1997; Nishiyama et al., 2003). Noteworthy, while axons are
growing, they get older and more mature step by step and this aging process affects cAMP
levels (Shewan et al., 2002). Therefore, since Netrin-1 acts differently on axons according
to the cAMP levels, it induces a different response depending on the maturation state of
the growing axon. Netrin is only one such example, but also other guidance cues, such as
Sema3A and NGF, are modulated by the level of a cyclic nucleotide (Song et al., 1998;
Piper et al., 2007; Nangle, Keast, 2011). In particular, Sema3A acts as a repellent in both
parasympathetic and sympathetic neurons, but its activity inducing collapse is mediated
respectively by cAMP and ¢cGMP (Nangle, Keast, 2011).

Alternative splicing further increases the complexity of axon guidance in nervous system
wiring. Indeed, two functionally antagonistic isoforms of Robo3 exist, which arise through
alternative splicing. These two Robo3 isoforms cause opposite responses upon Slit inter-
action. Robo3.1 silences Slit repulsion, whereas Robo3.2 favors Slit repulsion (Chen et al.,
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2008).

Another general process that allow us to understand the complexity of the signal trans-
duction in growth cones is adaptation, a process that may be subdivided in desensitization
and resensitization. The response of a signal depends on the expressed receptors, hence
by internalization or degradation of specific receptors desensitization occurs. This step is
followed by a slower process called resensitization in which new proteins are synthesized
to counteract the previous step (Piper et al., 2005).

This complexity of the response suggests that a specific and localized regulation may
happens at the growth cone level to finely control all these mechanisms.

1.4 Local translation

By deepening the understanding of growth cone signal transduction cascades and out-
growth mechanisms, another level of regulation must be introduced: local translation. The
first evidences of a local translation of mRNA in neuronal axons came from UV absorp-
tion and electron micrographic experiments showing the presence of RNA and ribosomes
in embryonic neuronal cells (Hughes, 1955; Tennyson, 1970). By electron microscopy, ri-
bosome presence was observed also in dendrites (Steward, Levy, 1982). For years those
data were largely debated, but from late 1990s other evidences of ribosomes in axons of
different invertebrates start to accumulate (Van et al., 1997; Davis et al., 1992; Sheller,
Bittner, 1992) and in 1998, ribosomes in vertebrates axonal sub-compartment were first
observed, together with the S-actin transcript (Bassell et al., 1998).

mRNAs and rRNA was shown to be localized in axons of cultured hippocampal neurons
(Craig, Banker, 1994) and in RNA granules translocated in living neurons (Knowles et al.,
1996). Some years later, Holt and colleagues, established a link between guidance cues and
local mRNA synthesis (Campbell, Holt, 2001). In fact they observed that RGC growth
cones were unable to respond to Netrin-1 and Sema3A gradients upon local translation
inhibition, demonstrating that local changes in protein synthesis can be caused by guidance
cue molecules.

The first studies focused on single mRNA molecule, but more recent works have reported
a screening of axonal mRNA obtained using high-throughput approaches (Willis et al.,
2007; Taylor et al., 2009; Zivraj et al., 2010; Andreassi et al., 2010). Of particular interest
for the project, considering that the study was conducted using the same model used in this
thesis, is the article of Zivraj and colleagues in which a mRNA screening was performed
in Xenopus laevis RGC growth cones at two different developmental stages (Zivraj et al.,
2010). They observed that the majority of the growth cone mRNAs are functionally
involved in protein synthesis and translation, and in metabolic activities. By comparing
axon and growth cone mRNA profiling, they discovered the following functional categories
specifically enriched in growth cones: cytoskeletal/motor (23%), protein synthesis and
translation (15%) and transmembrane surface receptors (15%). Moreover, in the same
paper, the authors showed that the growth cone mRNAs increase in number and diversify
more in older neurons compare to stages in which the growth cone is nearer to the soma
(e.g. 958 transcripts in old growth cones versus 286 in the young ones).

Neurons are polarized cells, and the roles of different sub-compartments are defined by
the local translation of specific proteins (Martin, Ephrussi, 2009). Indeed, the newly syn-
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thesized proteins in dendrites and axons, confer their specialized and sub-compartmentalized
role in neurons. Moreover, through this spatial regulation distant parts of neurons are
independent from the soma, e.g. growth cones autonomously react to environmental guid-
ance cues (Lin, Holt, 2008). In 2009 Hengst and colleagues found that the mRNA of
Par3, a cytoskeleton regulator, is localized into developing axons, and its local translation
is trigger by two different guidance cues NGF and netrin-1. Upon Par3 mRNA ablation
from axons the outgrowth-promoting effect of NGF is abolished (Hengst et al., 2009). It is
noteworthy that some attractive guidance cues regulate the localized translation of mRNA
encoding cytoskeletal proteins (e.g. Netrin-1, NGF, BDNF stimulate axonal protein syn-
thesis of cytoskeletal constituents) and in this way they are controlling the growth cone’s
progress (Leung et al., 2006; Hengst et al., 2009). An opposite effect mediated via a simi-
lar mechanism is performed by some repellent signals, such as Sema3A and Slit-2, which
regulate respectively RhoA or Cofilin local proteins synthesis and therefore enhancing the
cytoskeletal component disassembly (Wu et al., 2005; Piper et al., 2006). In particular,
the mRNA of RhoA, a small guanosine triphosphatase (GTPase) regulating focal adhesion
and actin cytoskeleton, localizes in axons. Upon Sema3A exposure, RhoA is locally trans-
lated in axons, modulating the cytoskeleton and mediating Sema-3A collapse (Wu et al.,
2005). Recently, it has been shown that Sema3A induces a burst in axonal translation and
mediates the phosphorylation of the translation initiators factors elF2q, up-regulating the
local protein synthesis (LPS) of a specific subset of 75 mRNAs (Cagnetta et al., 2018).

It has been shown in vivo that S-actin mRNA molecules docked at the branching sites
in RGC axons are locally translated in “hotspots” (Wong et al., 2017) and recent high-
throughput studies screened the translatome state of axons (Shigeoka et al., 2016; Cagnetta
et al., 2018; Bernabo et al., 2017). The translatome state in Xenopus RGC axons has been
study by upon different guidance cue exposure (Cagnetta et al., 2018). While through
polysome profiling in mice, changing in the axonal translatome state in spinal muscular
atrophy has been assessed (Bernabo et al., 2017). Moreover, the locally translated mRNA
in RGC axons were studied using Ribotag mice in vivo through TRAP (translating ri-
bosome affinity purification) (Shigeoka et al., 2016). The Ribotag mice were obtained by
crossing a mice line with an HA tag on the 60S subunit ribosomal protein L22 (RPL22)
(Sanz et al., 2009) with a Pax6-alpha-Cre mouse (Marquardt et al., 2001). In this way, Cre
was transiently expressed in the neural progenitors in the peripheral retinal primordium
inducing the HA-RPL22 expression specifically in RGCs (Shigeoka et al., 2016). There-
fore, affinity purification of the translating ribosomes (axon-TRAP) on dissected Ribotag
mice superior colliculus (SC) samples allows the translatome profiling of the distal com-
partment of RGC axons in vivo. Using the Ribotag mice line, the authors observed that
the population of locally translated mRNAs includes ribosomal and mitochondria mR-
NAs involved in axon maintenance, and that the translatome changes according to the
developmental stage and still change in mature axons. Functional Gene Ontology (GO)
enrichment analysis show “ribosome and translation” as the most-enriched axonal cate-
gory (Shigeoka et al., 2016) and similar GO results were obtained in Xenopus RGC axons
(Cagnetta et al., 2018). In a recent preprinted paper, it has been shown that those lo-
cally translated ribosomal subunits get directly incorporated into the axonal ribosomes
remodeling the axonal translatome during branching (Shigeoka et al., 2018).

Even if not in the most abundant GO categories, several locally translated proteins
belongs to the metabolic mitochondrial pathways (Shigeoka et al., 2016; Cagnetta et al.,
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2018). Intriguingly, in mice adult axons terminal mitochondrion-linked mRNAs locally
translated increase, although it represents only the 5% of the total proteins synthesized
at the axonal RGC level (Shigeoka et al., 2016). These observations support the idea that
a subset of locally translated proteins is involved in the maintenance of mitochondrial
functions. It is also of interest to note that, the translation of some mitochondrial related
mRNAs occurs on endosomes in closed proximity of mitochondria themselves, resulting
important for mitochondrial integrity and axon maintenance (Cioni et al., 2018). There
is a close relationship between mitochondria and local translation. Indeed, not only some
mitochondrial mRNAs get locally translated in axons, but the local translation itself is
fueled by mitochondria and not by glycolysis during synaptic plasticity (Rangaraju et al.,
2019).

Axonal ribosomes and single mRNAs were observed in the late 1990s. After the devel-
opment of the high-throughput screening approaches, it has been possible to study firstly
the vast repertoire of axonal mRNAs and subsequently the subset of molecules translated
into axons by combining pulsed stable isotope labeling of amino acids in cell culture (pSI-
LAC) or translating ribosome affinity purification (TRAP) with RNAseq (Shigeoka et al.,
2016; Cagnetta et al., 2018). This made it possible to study the changes in axonal pro-
tein expression during development, in response to external stimuli and in a pathological
context.

1.4.1 Local translation functions

The axonal protein synthesis exert different functions including the regulation of steering,
branching, synaptogenesis, and survival/axonal maintenance (Cioni et al., 2018). A list
of the known functions of local translation in axons, and associated transcripts has been
reported in Table 1.2. Apart from the chemotropic response to guidance cues other biolog-
ical functions are influenced by local translation of specific transcripts. For example, local
translation is involved in retrograde signaling: signals from the growth cone to the nucleus
are translated locally, ultimately regulating gene transcription in the end (Ben-Yaakov
et al., 2012; Cox et al., 2008). Other transcripts regulate axon elongation and branching
(Kundel et al., 2009; Thelen et al., 2012).

Local translation of axonal mRNAs regulates several intra-cellular pathways, among
them are the local production of receptors involved in axon guidance, of ribosome compo-
nents, of cytoskeletal components residing inside growth cone and also of proteins involved
in retrograde signaling (Figure 1.7).

1.4.2 Local translation regulation

Neuronal subcompartments rely on local protein synthesis (LPS) to maintain their peculiar
morphology. However, many different mRNAs are present at the axonal level, and only a
subset of them are locally translation upon demand. This gives rise to the question: “How
is a specific population of mRNAs selected to be translated in time and space among the
total pool of neuronal mRNAs?”. The answer to this question is still largely unknown.
A mechanism regulating the translatome state is indeed the control of the transcriptome
state (Cioni et al., 2018). For example, at the branching state of RGC axons, there is a
switch in transcriptome and translatome from the elongation to the branching/pruning
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Table 1.2: Roles of local axonal mRNA translation

Functions of local translation Associated transcript

Chemotropic response to guidance cues RhoA, -Actin, Cofilin

axon elongation PAR-3, f-Thymosin, ATP5G1,
COXIV, ALCAM

axon branching [B-Catenin, -Actin

axon maintenance IMPA1, Lamin-B, ATP5G1,
COXIV, Cpglhs

axon/neurite regeneration RPL4, Importin 5, RanBP1

retrograde signaling: neuronal survival ~CREB, STAT3

retrograde signaling: tissue patterning  Smad 1/5/8

synapse formation CEBP-1, a-Tubulin, Sensorin

Abbreviations: RhoA, Transforming protein RhoA; PAR-3, Partitioning defective 3 homolog;
ATP5G1, ATP synthase subunit 9; COXIV, cytochrome c oxidase IV; ALCAM, CD166 anti-
gen, cell adhesion molecule; IMPA1, Inositol monophosphatase 1; Cpgl5, Neuritin; RP1L4,
60S ribosomal protein L4; RanBP1, Ran-specific GTPase-activating protein; CREB, Cyclic
AMP-responsive element-binding protein; STAT3, Signal transducer and activator of tran-
scription; Smad, Mothers against decapentaplegic homolog 1/5/8; CEBP-1, member of the
C/EBP class of bZip factors, effectors of the C. elegans DLK-1 cascade. Table updated from
(Deglincerti, Jaffrey, 2012)

stages (Shigeoka et al., 2016). The neuronal transcriptome state can also be changed by
epigenetic modifications at the DNA or histone protein levels induced by extracellular cues
(Riccio, 2010).

Neuronal mRNAs population is vast and diverse, and the specific localization at the
axonal level contributes in the selection of which mRNAs undergo to local translation in
that specific subcompartment (Riccio et al., 2018). Different mechanism has been shown
to be link with selectively translocation of neuronal mRNAs to the axonal periphery. The
important role of regulatory elements in 3’ untranslated region (3’UTR) mediating the for
mRNAs localization has been observed in different organisms and cell types (Kislauskis,
Singer, 1992) and the 3’UTR region contributes in the selection and translocation of
mRNAs towards the axons (Andreassi, Riccio, 2009). Specific localization elements and
motifs are of different lenght in nucleotides have been identified in mammalian 3’UTR and
are necessary and sufficient for a subcellular localization in neurons (Andreassi, Riccio,
2009).

However, considering the vast population of axonal mRNAs (Zivraj et al., 2010), the
spatiotemporal regulation of RNA localization in axons does not entirely explain the se-
lectivity of local protein synthesis. Indeed the regulation of the transcriptome axonal state
is unable to explain why at the same developmental stage, with identical mRNAs reper-
toire, only specific mRNAs are differentially regulated upon different stimuli (Cagnetta
et al., 2018). Clearly, a part from regulation of the transcriptome state, other regulatory
mechanism must ensure the selectivity in what is translated.

mTOR regulates the phosphorylation of many target proteins, including a binding pro-
tein of the elongation initiation factor 4E (eiF4EBP), eiF4EBP phosphorylation leads to
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Figure 1.7: Local translation of axonal mRNA

| [] \@
nucleus @
O

to the cell body AAAAAAA

%W j
to the growth cone
!AAAAAAA ©) ‘ ® ®

Intra-cellular pathways utilizing local translation of axonal mRNA mRNAs are
transported from the nucleus to the growth cone (1). mRNA transcripts in the growth cone
can be used as part of the ribosome (2), can be translated into receptors and transmembrane
proteins (3), into proteins with specific roles inside the growth cone (4) or into regulatory
proteins (5) which are retrogradely transported to the cell body, exerting their function
inside the nucleus as transcription factors (6). Figure drawn by the Author, reworked from
(Deglincerti, Jaffrey, 2012).

a release of its inhibition toward the elongation initiation factor 4E (eiF4E), inducing the
protein synthesis. Therefore, mTOR is a translational activator and it has been recently
reported that mTOR is locally translated in axons upon injury to induce a burst in protein
synthesis at the injury site (Terenzio et al., 2018). Nevertheless, how the local protein syn-
thesis is induced and regulated in axons by external stimuli, guidance cue, development,
injury and regeneration, is still largely unknown (Riccio, 2018).

RNA binding proteins (RBPs) are a class of regulatory molecule, which interact with
different mRNAs determining their localization, but also regulating their local translation.
Many examples of RBP are reported to regulate the local protein synthesis (LPS) in axons
(Hornberg, Holt, 2013; Jung et al., 2012). An example of an RBP mediating in axon mRNA
trafficking, but also mRNAs translation is SFPQ (splicing factor proline and glutamine
rich). SFPQ mediates the axonal trafficking of lmnb2 and Bcl-w mRNAs and it was found
to co-localize with ribosomes near to mitochondria in the axonal compartment (Cosker
et al., 2016). In general, at the axonal level RBPs can act both as translational repressors
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and activators of different mRNAs targets. Some RBPs play a role in axonal guidance
processes by regulating the axonal translation of specific mRNAs in response to cue. In
Xenopus ZBP1 regulates S-actin translation in response to Netrin-1 (Leung et al., 2006)
and BDNF (Yao et al., 2006), mediating growth cone turning. Another RBP playing a
role in axon guidance is FMRP (Fragile X mental retardation protein 1 homolog). In
hippocampal neurons, a knockdown of FMRP reduces the collapse response of growth
cones to Sema3A due to deregulation of MAP1B (Microtubule-associated protein 1B)
translation in axons (Li et al., 2009).

RBPs are not the only molecules involved in axonal mRNA regulation. Non-coding
RNAs (ncRNAs), and among them micro-RNAs (miRNAs), are another important pop-
ulation of regulatory molecules on which I focused my thesis research (Section 1.5). In-
triguingly, it has been shown that RBPs and miRNAs can cooperate for the silencing of
the target mRNA or compete each other for binding sites on the target (Krol et al., 2010).
Therefore, both RBPs and miRNAs modulating the translation of specific transcripts
during axon guidance (Iyer et al., 2014).

1.5 MicroRNAs

MicroRNAs (miRNA) are a class of small regulatory non-coding RNAs. Their length
range between 18 and 25 nucleotides and they influence the stability of messenger RNAs
(mRNAs) through a direct interaction, regulating the translation of the target mRNA in a
temporal and spatial specific way (Ha, Kim, 2014; Bartel, 2018). Considering their locally
regulation proprieties, these molecules might play a relevant role in axon guidance.

In this Section it will be elucidated miRNA structure, biogenesis, mechanism of action
and of regulation, and what is know so far in literature about the role of these regulatory
molecules in axon guidance.

1.5.1 miRNA biogenesis

In animals miRNAs genes are transcribed by RNA polymerase II in the nucleus as a RNA
stem-looped structure of ~ 100 nucleotides (Figure 1.8). The transcription gives rise to
a long transcript, called pri-miRNA, that presents a 5’ cap and a 3’ poly A tail and that
appears to be non-coding (Lee et al., 2002).

Most human miRNAs are genomically isolated, but there are also several miRNAs that
are found in clusters which are transcribed and expressed coordinately (Cai et al., 2004),
but all contain secondary structures organized in stem-loops which are recognized by
RNAse processors (Bartel, 2018). Pri-miRNAs are processed by a ribo-nucleic complex
containing RNase III Drosha and the cofactor Pasha (DGCRS) in the nucleus, resulting in
miRNA precursors (pre-miRNAs). A common characteristic of RNase I1I enzymes is that
dsRNA cleavage introduces a 2 nt 3’ overhang at the cleavage site (Lee et al., 2003). Pre-
miRNAs have a length of around 70 nucleotides and contain a stem-loop. These precursors
are exported into the cytoplasm, where the maturation is completed.

The protein Exportin-5 (Exp5) forms a transport complex with GTP binding nuclear
protein (RANGTP) and a pre-miRNA. It is important to notice that as in the case of
Drosha, Exp5 binding is dependent on RNA structure but independent of sequence. The
Exp5/Ran-GTP heterodimer binds small RNAs with a terminal RNA stem of more than
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16 bp and a short, 3’ overhang; i.e., precisely the structure of pre-miRNAs (Gwizdek et al.,
2001; Lund et al., 2004).

Once the pre-miRNA reaches the cytoplasm the ribonuclease Dicer, another RNase 111,
recognizes the 3’-ends generated by Drosha and cleaves the pre-miRNA, near the terminal
loop, to produce a miRNA-5p:miRNA-3p having 2-nt 3’ overhangs at both ends. The
mature and active miRNA is one of the two filaments of the duplex and is about 22
nucleotides long (Starega-Roslan et al., 2011).

Dicer cooperates with other proteins:
members of the argonaute (AGO) family
Figure 1.8: miRNA biogenesis and HIV-1 transactivation response (TAR)
RNA-binding protein (TRBP) (Chendri-
mada et al., 2005). After Dicer cleav-
age, the RNA duplex is loaded into the
Ago2 protein, which retains the mature
miRNA and associate with cofactors of the
GW182/TNRC6 family to form the RNA-
induced silencing complex (RISC) (Hata,

Lieberman, 2015).

A small subset of miRNAs (less than
1%), undergo to a non-canonical matura-
tion pathway. An example is miR-451,
whose maturation requires Ago2, but not

' n Dicer activity (Cifuentes et al., 2010).
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miRNAs were first described in 1993 in
C.elegans, where they were found as non-
coding regulatory small RNAs involved
in developmental and differentiation pro-
cesses (Wightman et al., 1993). After this
discovery, many other miRNAs have been
identified in viruses, plants and animals.
Now, about 500 canonical miRNAs have
been identified in human genome (Bartel,

ranslation inhibition
or mRNA degratiol

2018).
I The function of the large majority of
- ATG Nl miRNAs remains unclear, nevertheless it

is known that specific miRNAs play im-
portant roles in the regulation of apop-
Taken from (Hata, Lieberman, 2015). tosis and cell proliferation in fruit flies,
neuronal asymmetry in C. elegans, and
hematopoietic differentiation in humans
(Bartel, 2004). C.elegans has been the
first organism in which miRNAs have been
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studied, hence there are well characterized miRNAs in this model. For example, miRNAs
lin-4 and let-7 regulate the timing of larval development in C.elegans by down-regulating
the expression of specific target mRNAs (Reinhart et al., 2000).

Transition between different developmental stages are not only regulated in C.elegans
by specific miRNAs expression. Probably in all vertebrate, included in human, miRNAs
are expressed in a developmentally regulated or tissue-specific manner (Lagos-Quintana
et al., 2002).

In any case, in order to exert its action, the mature miRNA is loaded on a ribonucleic
complex called RISC (RNA Induced Silencing Complex). Loaded on RISC, the miRNA
binds to a target mRNA sequence and temporally represses translation, or cleaves the tar-
get if a perfect complementarity is present (He, Hannon, 2004). The silencing mechanism
via a complete degradation of the target is present mostly in plants, although excep-
tional cases are also present in mammals; for example, in mouse miRNA-196 mediates the
degradation of Hox8 mRNA (Yekta et al., 2004).

Figure 1.9: miRNAs seed sequence

Seed match
[6mersite .. ...... NNNNNN. . . .. ...
...... NNNNNNA. . .. ...
7mer-m8 site. . . . . NNNNNNN. . . .....
8mersite . ...... NNNNNNNA. . .. ...

ITTTTTI
NNNNNNNNNNNNNNNNNNNNN-5" miRNA
87654321
Seed

Schematic miRNA seed-matched sites The seed sequence or seed region is a conserved
sequence which is mostly situated at positions 2-7 from the 5> miRNA end. The “seed
sequence” is perfectly complementary to the target. Taken from (Baek et al., 2008).

Generally in animals, miRNAs bind in a non-perfect complementary way to the 3’
untranslated region (UTR) of the target mRNAs blocking the translation. Through this
mechanism, miRNAs regulate the translation 60%-90% of protein-coding genes (Bartel,
2018). An individual miRNA is able to target up to a few hundred different mRNAs and
is therefore able to regulate the expression of multiple and diverse proteins involved in a
biological process (He, Hannon, 2004).

The miRNAs seed sequence is the region recognizing the 3’'UTR, of the target (Figure
1.9). Seeds have different names (e.g. 7 mer, 8 mer) depending on the number of nu-
cleotides binding to the mRNA. The regions in the 3’UTR complementarity to the seed
sequences are also known as miRNAs responsive element (MREs). As aforementioned
the 3'UTR regulatory region is critical for of mRNAs translocation to axons and trans-
lation in this subcellular compartment (Andreassi, Riccio, 2009). Intriguingly, a recent
preprinted paper reported that 3’'UTR in sympathetic neuron axons can be cleaved by a
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complex containing both Ago2 and HuD RBP (Andreassi et al., 2019). The cleavage leads
to the formation of different axonal isoforms in the 3’"UTR regulatory region, which in
turn provides new regulatory layer of axonal local protein (Andreassi et al., 2019). This
observation open new possible mechanisms also for miRNAs regulation considering the
localization of MRESs.

1.5.3 Mechanisms of regulation of mature miRNAs

The quantity of a specific miRNA species inside a cell depends on the rate of the bio-
genesis of mature forms, but also on the degradation process. Considering that miRNAs
specifically regulate in time and space their targets, it is fundamental to consider how
miRNAs levels are controlled inside a cell.

miRNAs are one of the more stable RNA forms, however when these molecules are
implicated in the regulation of developmental stages or in critical tissue growth steps,
their expression changes quickly suggesting specific regulation of miRNA stability (Riieg-
ger, GroBhans, 2012). An example of rapid turnover of miRNA expression is the miR-
183/96/182 cluster, miR-204, and miR-211, in mouse neuronal cells in dark adaptation
of retinal neurons (Krol et al., 2010). Those miRNAs were downregulated during dark
adaptation in 3 hours due to rapid turnover, while upon return to light their levels in
retinal neurons increased after only 30 minutes by an increase in the pri-miRNAs tran-
scriptions levels (Krol et al., 2010). Considering the dynamism and the rate at which axon
guidance progresses, it is important to address issues of miRNA stability and availability
when investigating the role of miRNAs during brain wiring.

The enzymatic mechanisms leading to miRNAs degradation remains largely unknown
(though they probably depend on exoribonucleases activity), however some examples of
possible factors contributing to miRNA stability have been identified. The 3’ end of many
miRNAs may harbor some modifications, which either stabilize or destabilize the molecule.
In particular RNA adenylation has been implicated to increase miRNA stability (Katoh
et al., 2009), whereas uridylation likely inhibits miRNAs activity (Jones et al., 2009).

Besides nucleotide additions to the mature miRNA sequences, there are also internal
sequences that affect the stability of the small non-coding RNA. In addition to the previ-
ously described effect of AU rich elements to increase mRNA turnover (Chen, Shyu, 1995),
it was recently shown that miRNAs with a high density of AU and UA dinucleotide have
the shortest half lives in primary human neuronal cells (Sethi, Lukiw, 2009), suggesting
another mechanism regulating miRNA stability. In addition to the examples presented so
far, also RNA-binding proteins are involved in regulating the stability of miRNAs (e.g.
GW182 stabilizes miRNAs through binding to Ago proteins) (Yao et al., 2012).

Last but not least, miRNA abundance may also be regulated by other non-coding RNAs
(ncRNAs). Indeed, some miRNAs bind through complementarity to ncRNAs, which act
as sponges sequestering specific miRNAs and thus reducing their total amount (Ebert,
Sharp, 2010).

1.6 miRNAs in brain wiring

Local translation plays a vital role in axon guidance processes (Section 1.4) . Translation of
specific mRNA may in turn be regulated by miRNAs precisely in a temporal and spatial
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manner (Section 1.5). miRNAs are therefore key developmental regulators, especially
during the development of the nervous system, when numerous miRNAs are enriched or
expressed with extreme precision (Hsieh, 2012; Zou et al., 2013). Following are presented
the miRNASs’ role in brain wiring and miRNAs’ cellular compartmentalization.

1.6.1 miRNAs in axon guidance

miRNAs are involved in different aspects of the axon guidance. Some miRNAs play a
role in long-range guidance, others are implicated in fasciculation and yet others in axon
targeting (Iyer et al., 2014). miRNAs influence the navigation of the growing axons toward
the target cell directly or indirectly: they can either regulate the transciptome of the
growing axon controlling the expression of receptors on its surface, or they might affect
expression of cues in the target cell.

The first indication of miRNAs role in axon guidance mechanisms came from the research
of Pinter and Hindges. Using a conditional deletion approach in mice, they observed
aberrant axon pathfinding of retinal ganglion cells (RGCs) in homozygous Dicer mutants
(Pinter, Hindges, 2010). In wild type mice RGC axons project out of the retina, cross the
chiasm, and reach the target regions in brain (superior colliculus and lateral geniculate
nucleus, details in Section 1.7.2). In Dicer depleted mutated mice a strong phenotype
was observed at the optic chiasm, where many RGC axons fail in crossing the midline and
aberrantly extending ipsilaterally or into the ventral diencephalon (Pinter, Hindges, 2010).
This work demonstrates the essential role of Dicer, and therefore of miRNA function, in
controlling proper RGC axonal projections into brain, and it represents the first evidence
of a key role of miRNAs as regulatory molecules in axon guidance.

Fasciculation is the mechanism by which follower axons extend themselves along the
pioneer axon path through axon-axon interaction. Some evidence suggest that miRNAs
may also be involved in this aspect of axon guidance. Dicer mutants in zebrafish show
defasciculation of some axonal tracts (Giraldez et al., 2005) and depletion of Dicer in mice
also causes a defasciculation phenotype of RGC (Pinter, Hindges, 2010).

In other studies, by knocking-out specific miRNAs, the role of these small non-coding
regulative molecules in axonal projections has been further investigated. For example,
miR-9 depletion, in a miR-9-2/3 double knockout mouse model led to misrouting of thala-
mocortical (TCAs) and corticofugal axon (CFAs) tracts (Shibata et al., 2011). In following
years Lin-4 (miR-125) was reported to regulate long-range guidance, specifically the ax-
onal projection of anterior ventral microtubule (AVM) neurons in C.elegans (Zou et al.,
2012) (Table 1.3).

At the end of their journey, growing axons reach and innerve their target. miR-124,
for example, ensures the correct stalling of RGCs at their target the optic tectum in
Xenopus laevis (Baudet et al., 2012) (Table 1.3). The molecular mechanism at the basis
of this regulatory process is an inhibition of COREST, at the right time and place, which
modulates RGC axonal response to Sema3A. BDNF promotes RGCs axonal branching
within the target region in the brain, and it induces the upregulation of miR-~132 in
retinal cultures (Marler et al., 2014). miR-132 targets p250GAP, a Rho family GTPase-
activating protein, and through the inhibition of its target miR-132 acts downstream of
BDNF promoting branching (Marler et al., 2014). Han and collaborators have presented
miR-30b as regulator of axonal outgrowth in RGCs by inhibition of Sema3A expression
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Table 1.3: miRNAs involve in axon guidance

miRNA mRNA Species Neuron miRNA Reference
target type effect on

lin-4 LIN-14 C.elegans AVM long-range cue (Zou et al., 2012)

miR-124 CoREST  X.laevis RGC targeting (Baudet et al., 2012)

miR-134  Xlimkl X.laevis Spinal cue response (Han et al., 2011)

miR-132  p250GAP  chick, mouse RGC cue response (Marler et al., 2014)

miR-30b  Sema3a X.laevis RGC outgrowth (Han et al., 2015)
RGC apoptosis (Han et al., 2015)

miR-182  Cofilin X.laevis RGC targeting (Bellon et al., 2017)

Abbreviations: CoREST, REST corepressor; Xlimkl, LIM domain kinase 1; AVM, Anterior Ventral
Microtubule; LOF, Loss Of Function; lin-4, miR-125; RGC, Retinal Ganglion Cells. Updated from
(Iyer et al., 2014).

(Han et al., 2015). Loss of miR~182 in Xenopus laevis RGC axons leads to targeting defects
in vivo and a failure of these axons to respond to Slit-2 (Bellon et al., 2017). miR-182
silences Cofilin-1 in basal conditions and its repression is relieved upon Slit-2 stimulation
(Bellon et al., 2017) (Table 1.3).

Some recent studies have performed a screening of axonal miRNAs applying different
profiling techniques (Natera-Naranjo et al., 2010; Zhang et al., 2013; Sasaki et al., 2014;
Hancock et al., 2014; Bellon et al., 2017). The miRNAs that have been identified, the
methods used, the cellular and the animal models utilized, have been summarized in
Table 1.4.

1.6.2 Compartmentalized activation of miRNAs

Recent evidence highlighted the compartmentalization of miRNA expression within cells.
However, not only the miRNAs themselves were proposed to locate to specific subcellular
compartment but also the enzymes mediating their final maturation step, Dicer.

In 2005 Dicer and RISC components were shown to be present in somatodendritic parts
of large neurons in adult mouse brain (Lugli et al., 2005) and numerous studies have re-
ported the presence of Dicer within mammalian growth cones (Hengst et al., 2006; Zhang
et al., 2013; Aschrafi et al., 2008; Vargas et al., 2016; Kim et al., 2015; Gershoni Emek
et al., 2018; Hancock et al., 2014). Hengst and colleagues demonstrated that Dicer and
other protein involved in RNA interference are present at the growth cone level of cul-
tured dorsal root ganglion (DRG) cells in rat (Hengst et al., 2006). Intriguingly, selective
local inhibition of RhoA mRNA expression at the growth cone affects normal collapse
behavior in response to Sema3A, underlining a possible role of local regulation by RNA
interference (Hengst et al., 2006). The role of Dicer at different developmental retinal
stages have been highlighted by several experiments in which the enzyme mediated the
miRNAs maturation was deleted (Reh, Hindges, 2018). Dicer deletion causes a spectra of
aberrant retinal phenotypes, included in RGCs (Iida et al., 2011; Georgi, Reh, 2010) and
RGC axons projection (Pinter, Hindges, 2010). Dicer presence and function in neuronal
subcompartment leads to the possibility of a local pre-miRNAs processing.
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1.6 miRNAs in brain wiring

Table 1.4: miRNAs found enriched in axons and growth cone profiling during axonal development

miRNA Species Neuron type Methods used
(Natera-Naranjo et al., 2010)

let-7c, miR-125b, miR-103, miR-127, Rat SCG Microarray
miR-15b, miR-16b, miR-~185, miR-~204, and RT-qPCR
miR-221b, miR-23a,miR-23b, miR-24,

miR-26a, miR-320, miR-329, miR-382,

miR~541

(Zhang et al., 2013)
miR-18a, miR-19a, miR-92 Rat Cortical RT-qPCR
(Sasaki et al., 2014)

miR-181a-1b, miR-361, miR-532b Mouse Cortical Multiplex
miR~685, miR-~709, miR-~720 RT-qPCR

(Hancock et al., 2014)

let-7-e, miR-106a, miR-125a-5p, Mouse DRG RT-qPCR
miR-132b, miR-138, miR-17,

miR-182, miR-191, miR-19b,

miR-24, miR-29a, miR-30b,

miR~30c, miR-328, miR-342-3p,

miR-384-5p, miR-434-3p, miR-484,

miR-495, miR-680

Data reported in the Table are re-elaborated from (Iyer et al., 2014).

The first miRNA precursor observed in a specific subcellular compartment has been
pre-miR-134 (Bicker et al., 2013). In dendrites of hippocampal neurons, locally enriched
pre-miR-134 may be a local source of the mature form of the corresponding miRNA,
involved in brain plasticity and synaptic protein synthesis. In 2018 the same research
group demonstrated that the dendritic accumulation of pre-miR-134 is tightly regulated
with BDNF promoting and NMDA blocking its accumulation. Furthermore, synthetic
miR-134 is able to rescue BDNF-dependent dendritogenesis when pre-miR-134 trafficking
is reduced. (Zampa et al., 2018). Precursors of miRNA are not only present in dendrites
but also in axons (Kim et al., 2015; Aschrafi et al., 2008, 2012). Pre-miR~338, for example,
reaches distal neurons as part of the ribonucleoprotein complex and associates with axonal
mitochondria in superior cervical ganglion (SCG) neurons (Vargas et al., 2016).

Several lines of evidence have now accumulated and point to Dicer and pre-miRNA
localization in dendrites and in axons. Nonetheless, so far, a single study published in
2017 showed pre-miRNA processing in neuronal subcompartments. In particular, local
uncaging of glutamate activates Dicer which in turn leads to the production of mature
miR-181 through local pre-miRNA processing in dendrites (Sambandan et al., 2017).
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1.7 Retinal Ganglion Cells as a cellular model

So far, the axon guidance process has been presented, giving particularly importance to the
local protein synthesis (LPS) in axons and to miRNAs molecules as possible key regulators
in this mechanism. This section will introduce the cellular model I used to study the role
of newly generated miRNAs (NGmiRNAs) in brain wiring: the Retinal Ganglion Cells
(RGCs). These particular cells connecting the retina to the brain are the only type of
neurons projecting out of the retina. Those neurons transmit the information from the
external world through visual processing to the cognitive part of the brain. RGCs serve as
a good model for both axon guidance as well as subcellular compartmentalization. Indeed,
RGCs have to navigate several pathfinding events occurring along their path to their final
target.

I used two animal models to study miRNAs role in RGC brain wiring: mouse and
Xenopus laevis. Despite the fact that differences in the global organization of the visual
system exist between the two organisms under study, critical decision points during RGC
pathfinding persist. Following, the developmental stages corresponding to key steps along
the RGC axon’s journey will be described in more detail.

1.7.1 From the retina to the brain: the RGCs’ journey

The retina is the innermost tissue layer of the eye, it is part of the central nervous system,
and it transduces the light from the environment into RGC action potentials, leading to
visual perception. The retina is organized in layers, and the inner layer of the retina is
the ganglion cell layer (GCL) where RGC bodies are located (Scalia, 1976).

The GCL represents the starting point of the RGCs journey toward the brain, indeed
from this layer RGC axogenesis occurs. In Xenopus, RGCs are born at stage 26 and RGC
axons start extending from the dorsocentral part of the retina around stage 27 (Holt, 1984;
Dingwell et al., 2000). In mouse, on the other hand, RGCs are born on embryonic day 11
(E11) (Dréger, 1985; Bovolenta, Mason, 1987).

At stage 28, pioneers Xenopus RGC axons grow along the vitreal surface of the retina
and then exit through the optic nerve head (ONH) forming the optic nerve (ON). At stage
30 they enter the brain through the ventral diencephalon (McFarlane, Lom, 2012). While
in mice, the pioneer axons begin to grow into the diencephalon at stage E12.5 (Erskine
et al., 2000), with the first axons arriving at the optic chiasm at stage E13, however they
do not cross the midline until stage E14-E15 (Bovolenta, Mason, 1987; Colello, Guillery,
1990).

Xenopus RGC axons cross into the controlateral brain at the optic chiasm at stage
32 (McFarlane, Lom, 2012), thereupon they travel up dorsally till the mid-diencephalon,
where they drastically turn caudally at stage 35/36 to reorient themselves towards the
tectum, their final target (Dingwell et al., 2000). The tectal border is reached at stage
37/38 (McFarlane, Lom, 2012), and at stage 40 the majority of the pioneers RGC ax-
ons have reached their target. There the growth cones undergo dramatic morphological
changes, begin to branch and arborize and, at later stages, form synapses with tectal
neuron partners (McFarlane, Lom, 2012; Dingwell et al., 2000).

In mice, contralateral axons first reach their target regions (lateral geniculate nucleus,
LGN and superior colliculus, SC), from stage E16 onward, while at E16 the ipsilateral
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1.7 Retinal Ganglion Cells as a cellular model

Figure 1.10: RGC journey in Xenopus laevis and Mus musculus animal model
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The RGC journey from the retina to the brain target (A) Cross section of Xenopus
laevis retina and brain. A single RGC axon projection is depicted from axogenesis to stage
39/40 when axons reach their final target, the optic tectum. The Figure was reworked from
(Dingwell et al., 2000). (B) Schematic representation of the visual pathway in the mouse.
Contralateral RGCs (red), ipsilateral RGCs (green). The Figure was reworked from (Erskine,
Herrera, 2014). Abbreviations: GCL, ganglion cell layer; ONH, optic nerve head; ON, optic
nerve; OC, optic chiasm; OT, optic tectum; N, nasal retina; T, temporal retina; LGN, lateral
geniculate nucleus; SC, superior colliculus; VC, visual cortex; E11, embryonic day 11; PO,
postnatal day 0.
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projections are, at this stage, still in the proximal optic tract. The latter only grow into
LGN and SC from E18 till birth (Godement et al., 1984). RGC axons invade the SC,
branch, and ultimately start forming synapses after birth between PO and P12, with the
peak of axonal branching at P3 (Hindges et al., 2002). All the developmental stages
presented are schematized in Figure 1.10.

Xenopus and mouse differ also in the way the topographic map is established in the
target region (optic tectum and superior colliculus respectively). In both cases, the RGCs
axons arborize in the target region mapping the retina: temporal-nasal (T-N) axis of the
retina is mapped along the anterior-posterior (A-P) axis of the target region in the brain,
and the dorsal-ventral (D-V) along the lateral-medial (L-M) axis (McLaughlin et al., 2003).
However, even if the general map retina-target region is the same in both animal model
there are important differences between the two.

In mouse at the superior colliculus the growth cones stop at different position according
to the Ephrins levels and start branching from the axon shaft (interstitial branching). In
the termination zone (TZ) axons start arborize and the overshooting axon portions get
eliminated. A portion of RGCs undergoes to death and refinement occurs within the TZ
(McLaughlin et al., 2003). While, in frogs when RGC axons reach the tectum they form
branches from the basal part of the growth cone and then from those arbors are formed.
In this case there are not overshooting axons to eliminate. Moreover, another difference
is that in frogs the tectum expand during RGC axonal projection development, it is still
in expansion during the arborization phase, and the termination zone is refined as the
tectum enlarged (McLaughlin et al., 2003).

1.7.2 Retinotectal pathway

Several key decision points of axonal pathfinding lie along the retinotectal pathway which
are common among different organisms: RGCs move towards the optic nerve head (ONH)
and exit the eye, cross the midline at the optic chiasm (OC), recognize the target and
innervate it.

After axogenesis in the retinal ganglion cell layer (GCL), RGC axons orient and extend
along the ganglion cell fiber layer toward the optic nerve head (ONH) and project out of
the retina. The RGC axons exit the eyes forming the optic nerve (ON) and the RGCs
axons from the two eyes meet at the optic chiasm (OC) (Dingwell et al., 2000) (Figure
1.10). After a navigation phase, the RGCs reach their target, recognize it, stop there,
arborize and form a topographical map. The target regions are the optic tectum (OT)
in Xenopus laevis, lateral geniculate nucleus (LGN) and superior colliculus (SC) in Mus
musculus (Figure 1.10).

The optic chiasm is a key point in the axon guidance process. Here, the RGC axons
coming from the nasal retina (N) travel to the opposite part of the brain (contralateral
axons), while the axons from the temporal retina (T) do not cross the optic chiasm, instead
they turn and innervate the same brain hemisphere (ipsilateral axons). The proportion
between contralateral and ipsilateral projections vary in different organisms, according
to the position of the eyes and the degree of binocular vision overlap (Jeffery, Erskine,
2005). The eyes are positioned frontally in primates, and the number of contralateral and
ipsilateral axons is approximately the same. The eyes in mice are positioned more laterally
than in primates and the degree of overlap of binocular vision decreases. Therefore, also
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1.7 Retinal Ganglion Cells as a cellular model

the proportion between the two type of projections varies: only 3-5% of RGC axons
project ipsilaterally in mice (Drager, 1985). In Xenopus tadpoles the visual fields of the
two eyes do not overlap and ipsilateral projections are completely absent during the first
developmental stage. They first appear at about stage 54 (Hoskins, Grobstein, 1985).

1.7.3 Guidance cues along Xenopus laevis retinotectal pathway

During the RGCs journey towards their final target in the brain, many guidance cues
are directing the axonal projection along the right path (Section 1.2.5). Following, I have
reported the brain localization of the main RGCs guidance cues in Xenopus in relationship
with the specific developmental stage.

In situ hybridization on whole mount Xenopus brain showed that Sema3A is expressed
at the anterior boundary of the optic tract where axons bend caudally towards their target
at stage 35/36, and in the posterior part of the tectum, reached by RGCs at stage 37/38
(Campbell et al., 2001) (Figure 1.11). Growth cones acquire responsiveness to Sema3A
with age: they are not responding at stage 24, while a rapid collapse response occurs at
stage 35/36, suggesting a responsive to the cue only at “older” stages (Campbell et al.,
2001).

Slit-2 exerts collapse response ex vivo on retinal explants from stage 32 onwards (younger
axons are not responsive to it), and at stage 40 in vivo, it is expresses posteriorly and
anteriorly at the boundary tectum, confining the RGC projections there (Piper et al.,
2006) (Figure 1.11).

Figure 1.11: Xenopus laevis stages and guidance cues

Tectum Sema3A Tectum

Slit2

stage 39/40 Netrin-1
stage 37/38 = Y @

stage 35/36 &

stage 33/34

stage 32

RGC projections RGC projections

Guidance cue distribution along the optic pathway Schematic of RGC optic pathway
in the lateral view of Xenopus laevis brain. (A) Corresponding stages of RGC projections
journey, Figure reworked from (McFarlane, Lom, 2012). (B) Sema3A, Slit2, and Netrin-
1 guidance cue distribution along the optic pathway. Figure adapted and reworked from
(Wit de, Verhaagen, 2007; Erdogan et al., 2016; Campbell et al., 2001; Piper et al., 2006).
Abbreviations: RGC, retinal ganglion cells; D, dorsal; P, posterior; V, ventral; A, anterior.

Netrin-1 at the optic nerve head (ONH) exerts an attractive function (stage 28), however,
once RGCs exit the eye the same cue has a repulsive effect (Shewan et al., 2002). Netrin-1
localization within the Xenopus brain was studied through in situ hybridization: a patch
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of its expression was observed at the optic tract in the diencephalon (central light blue
circle in Figure 1.11 B), and at the posterior boundary of the tectum (Shewan et al., 2002).
This cue, in its repellent function in older stages, helps to confine RGCs superficially to the
optic tract (stage 35/36), and inside the tectum (stage 37/38-40), without overshooting,
at the target level.

1.8 Xenopus laevis as model organism

Xenopus laevis is a model organism largely used in the developmental biology research.
Frogs eggs are around 1.2 mm in diameter and all the embryo development occurs ex-
utero, enabling both an easy manipulation and an easy observation of early developmental
stages. Moreover, plating the dissected eyes allow ex vivo axonal culture, and Retinal
Ganglion Cells (RGCs) grow in minimal culture medium, without the external addition
of growth factors or hormones (Section 3.2.3). These characteristics make Xenopus laevis
an invaluable tool for studying brain development and axon guidance both in vitro and in
vivo.

As summarized in Figure 1.12, Xenopus laevis were manipulated in different ways.
Molecular constructs were introduced by microinjection at the dorsal animal blastomeres of
eight-cell-stage (Method Section 3.2.1) or by electroporation in the eye primordial (Method
Section 3.2.2). By selecting the microinjection as delivery system, the introduced molecule
will be targeting the entire central nervous system (CNS), while by electroporating specif-
ically the eye only the RGC axons will be targeted in the brains, keeping an unmodified
surrounding environment in which they can grow.

The axons of the retinal ganglion cells in culture were then collected in different way
(Method Section 3.2.4) and axonal RNA was extracted (Method Section 3.3.1). In cul-
ture, I also studied axonal responsiveness to different repulsive cues through collapse assay
(Method Sections 3.2.6, 3.2.7) or specifically modulated the axonal subcellular compart-
ment, by removing the explant, e.g. the soma contribution, and performed axonal trans-
fection (Section 3.2.5). RGC axons in culture or in their in vivo context can be acquired,
performing live imaging (Method Sections 3.2.8, 3.2.9).
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Figure 1.12: Xenopus
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2 Project aims

During brain wiring, axons are guided towards the proper target. FErrors during this
process cause abnormal neuronal connection and brain function abnormalities. Therefore,
brain wiring and axon guidance events are finely tune and regulate. During axonal journey,
the growth cone senses the surrounding environment and transduces the sensed cues and
stimuli into modulation of the cytoskeleton components. The final result of the signal
cascade is the growth cone movements (growing, turning, steering) and its pathfinding
towards the final destination.

Neurons are highly polarized cells and have to maintain their morphology and to guar-
antee specific sub-compartimentalized functions. One mechanism to achieve this goal is
the translocation of mRNAs at the axonal level, thereby regulating in time and space
the proteomic state through local protein synthesis (LPS). How axonal LPS is regulated
remains still largely unknown.

Intriguingly, several research groups showed axonal presence of Dicer (Hengst et al.,
2006; Zhang et al., 2013; Aschrafi et al., 2008; Vargas et al., 2016; Kim et al., 2015;
Gershoni Emek et al., 2018; Hancock et al., 2014), suggesting a possible local processing
of pre-miRNAs into their active mature form. Therefore, the aim of this thesis is to
investigate this possibility, gaining insights into LPS regulated in axons by newly generated
miRNAs (NSmiRNAs).

To achieve this purpose, the following sub-aims have been identified:

Aiml Investigate the presence of Dicer and pre-miRNAs at the retinal ganglion
cell (RGC) axonal level

Aim2 Unravel possible mechanisms of pre-miRNA trafficking towards the
growth cone

Aim3 Check for local miRNAs biogenesis occurrence in axons

Aim4 Explore the impact of NGmiRNAs on axons behavior

Aim5 Identify the possible mRNA targets regulated by miRNAs at the axonal
level

pre-miRNA

l.,mwr

miRNA

e
miRNA

pre-miRNA

pre-miRNA 7 *cher
b mIRNA
mRNA
AIM 2 AIM 5 AIM 4
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Molecular mechanisms of axon guidance processes are of particular interest not only for
the developmental biologist, but also for the study neurological disorders (Van Battum
et al., 2015), and adult nervous system recovery and repair (Yaron, Zheng, 2007). There-
fore, the clinical impact could be relevant, also considering that miRNA-based therapy
designed to replace or to block specific miRNA in pathological conditions are emerging
as new promising therapeutics (Lambert et al., 2015; Nagaraj et al., 2015; Rupaimoole,
Slack, 2017). Increasing the knowledge on miRNAs mode of action and maturation could
thus be useful for developing new clinical tools based on the targeted delivery and local
activation of miRNAs.
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3 Material and methods

Two animals models were used during my PhD project to investigate the role of pre-
miRNAs in brain wiring: (FLAG-HA3)-Dicer mice (Section 3.1) and Xenopus laevis (Sec-
tion 3.2). C57BL6 mice with a N-terminal FLAG-HA, tagged Dicer (Comazzetto et al.,
2014) were used to investigate Dicer localization within retinal ganglion cells (RGCs) op-
tic tract. While Xenopus laevis, easier to manipulate and whose RGC axons grow from
the eye in a minimum culture medium, was exploited as model system to investigate pre-
miRNASs presence and role in axonal compartment. All animal experiments were approved
by the University of Trento Ethical Review Committee and by the Italian “Ministero della
Salute” both according to the D.Lgs nr.116/92 and with the authorization n1159/2016-PR
and n546,/2017-PR according to art.31 of D.lgs. 26/2014.

A separate Section has been entirely dedicated to molecular biology techniques (Section
3.3). To study non-coding RNA functions involved in axon guidance processes, several
technical challenges from a molecular point of view need to be taken into account: quality
and amount of axonal RNA starting material, specificity and efficiency of RT-qPCR as-
says, molecular manipulation of specific target through axonal transfection, primer design
targeting specific gene in a tetraploid organism such as Xenopus laevis.

Finally, this Chapter closes describing how data have been analyzed (Section 3.5) and
which bioinformatic analysis and tools were run (Section 3.6). List of reagents, primers
and oligos (Appendix B) as well as medium recipes (Appendix C) have been reported in
separated appendixes to make easier the reading of this Chapter.

3.1 (FLAG-HA;)-Dicer mice

C57BL6 mice with a N-terminal (FLAG-HA») tagged Dicer were generated by Comazzetto
et al. in 2014 through loxP recombination (Comazzetto et al., 2014). They created this
model in order to study Dicer localization using anti-HA antibody, since specific antibodies
against the HA-epitope are available (Comazzetto et al., 2014; Much et al., 2016).

Mice were kindly donated by Donal O’Carroll and were housed in a temperature- and
humidity-controlled room, in small cages housing maximum five animals each, at the
Department of Cellular, Computational and Integrative Biology (CIBIO, University of
Trento). The colony was increased in number and maintained, in accordance with the
Decreto Legislativo 4 marzo 2014, n°26.

For mice breeding, the Jackson Laboratory guidelines were followed (www.jax.org):
C57BL6 mice mating age range from 6-8 weeks to 8-9 months of life, gestation is around
20 days and the weaning was therefore performed after the 21st day of live. Before mating,
males were divided in different cages and single males was maintained alone for few days
before mating. Male and females were then separated after a week and not return until
pups are weaned. In the first two weeks of life of the pups, new metallic tags were
applied to the animals ears and sampling for genotyping performed. For genotyping,
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small piece of tails were sampling until the first 17 days of the mouse life, where the
cartilage of the tail is not yet formed and it can be cut without causing suffering to the
animal, while if the sampling occurred later, ear were used instead to minimize animal
pain (Hankenson et al., 2008). Tag and sampling for genotyping are services offered by
the Model Organism Facility (MOF) at CIBIO, while colony expansion and maintenance,
breeding planning, weaning, time point pregnancy and sampling for experiment, are tasks
of the users. On the 21st day from birth, the new litters were weaned, separating the new
born males and females. After the establishment of an inbred colony, samples collection
for the experimental procedures has started.

In (FLAG-HA32)-Dicer mice, Dicer localization was assessed at two different develop-
mental stages: embryonic day 13.5 (E13.5), when RGCs reach the optic chiasm (Bovo-
lenta, Mason, 1987; Colello, Guillery, 1990), and post-natal day zero (P0) when RGCs
start innervating the targets (Hindges et al., 2002). Time point pregnancy is necessary
to correctly defined the embryonic stage. Therefore, pregnancies in mice were set up by
determining the stage of female estrous cycle, identifying the appropriate time for mating.
At that point, two females were placed with a male, and the day after male was sepa-
rated from females, vaginal plugs were checked as control of mating occurrence, and this
time it was considered EQ0.5 developmental stage. At the embryonic stage of interest, the
pregnant dams were euthanized by COs exposure followed by cervical dislocation, pups
were removed from the amniotic sac and euthanasia of individual fetuses was induced by
decapitation with surgical scissors. PO mice have been euthanized by decapitation since
at this stage they are still resistance to hypoxia and physical methods are recommended
to ensure death (Pritchett et al., 2005).

3.1.1 Mice genotyping

Mice genotyping were performed in order to validate the animal model in different phases
of the work: initially during the expansion of the colony, then on samples from the animals
used in the experimental procedure, and finally in a phase of refreshment of the genetic
background of the inbred mice. A refresh of the transgenic mouse strain is suggested
by the Jackson Laboratory guidelines after 5 generation of inbreeding, since spontaneous
mutations might arise in the colony of mice. A back-cross with WT mice will genetically
refresh the obtained progeny.

Initially for the characterization of the mice model, a phenol-based DNA extraction was
performed and samples were sequenced after PCR (Nucleospin Carlo Erba Reagents kit
used for PCR gel extraction and Eurofins service for sequencing). However, phenol-based
DNA extraction is time consuming, and alkaline lysis was tested as quicker alternative
(details on protocols are reported below). The disadvantage of this second procedure is
storability since it does not include a step of purification from nuclease and DNA could
therefore be degraded during long storage time (Klintschar, Neuhuber, 2000). Hence this
protocol was chosen when PCR was run immediately after extraction.

A schematic of Dicer gene carrying a FLAG-HAs tag at the N-terminal, with small
arrows indicating primers used for genotyping, is reported in Figure 3.1.

Phenol-based DNA extraction Mice small piece of the tail or of the ear were stored
at —80°C in 1.5 mL tubes until used. For DNA extraction, disruption of tissue was
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Figure 3.1: Dicer schematic
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Schematic of FLAG-HA-Dicer Red arrows indicate primers used for the genotyping
spanning the FLAG-HA» region. Dicer is a multidomain protein (represented in the small
box along the gene): two conserved catalytic RNase III domains are RIITA and RIIIB, both
helicase (DExD) and PAZ (Piwi/Argonaute/Zwille) domains, and two double stranded RNA
binding domains (DUF28 and dsRBM).

achieved by adding 50 L of digestion buffer with proteinase K (Ambion, 0.5 mg/mL final
concentration) and by incubating the samples overnight at 55°C' gently shaking (400 rpm).
The digestion buffer was composed by 50 mM Tris-HCI pH 8.0 (Sigma), 100 mM EDTA
pH 8.0 (Sigma), 100 mM NaCl (Sigma), 1% SDS (Sigma) and autoclaved milliQ H2O to
reach the final volume. High temperatures, chaotropic salts contained in the buffer, and
detergents (such as SDS) help to denature proteins, which are in this way more exposed to
proteinase K cut. Indeed, this is an enzyme which is stable at high temperature, cleaves
the peptide bond in proteins thereby digesting contaminant proteins and DNAse which
might damage the nucleic acid of interest.

The day after, following the tissue disruption, proteinase K (Ambion) was inactivated
by sample incubation at 70°C' for 5 minutes. The rest of the procedure was carried out
on ice. In order to separate nucleic acid from the contaminants a phenol extraction was
performed. Basic pH phenol is preferred for DNA sample collection, since ensure DNA
stratification into the aqueous phase instead to the organic one (Sambrook, Russell, 2006).
Hence, 