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ABSTRACT



Abstract

Presenilin-1 (PS1), the catalytic component of y-secretase that regulates the processing
of multiple transmembrane proteins is mutated in the majority of cases of familial
Alzheimer's disease (FAD). Recent evidence indicates that FAD-linked PS7 mutations
reduce the y-secretase cleavage of several transmembrane proteins, suggesting a loss-
of-function mechanism. Indeed, PS7 inactivation during embryogenesis leads to
morphological defects, whereas genetic inactivation of both PS in the adult brain causes
age-dependent memory impairments and neurodegeneration. Moreover, the participation
of PS in the proteolysis of signaling molecules involved in the development of nervous
system, including ErbB4, suggest that these signaling pathways could contribute to

neurodegeneration.

In this doctoral thesis we have studied the role of PS1/y-secretase-dependent cleavage of
EphA3 and Nrg1/ErbB4 signaling in neuronal development and neurodegeneration. Our
results show that PS1/y-secretase is required for axon growth in the developing brain.
PS1/y-secretase mediates axon elongation through the cleavage of EphA3 at Tyr560
resulting in the generation of an ICD fragment. EphA3 ICD regulates negatively RhoA,
and interacts with and increases phosphorylation (S1943) of non-muscle myosin IIA
(NMIIA) leading to filament disassembly and axon growth. In contrast to the classical
ephrin/EphA3 signaling, PS/y-secretase-dependent EphA3 signaling is independent of
ligand. This result suggests for the first time opposite roles of EphA3 on inhibiting (ligand-
dependent) and enhancing (PS/y-secretase-dependent processing) axon growth in
neurons. Second, we show that PS/y-secretase regulates Nrg?1 type Ill expression,
mediates the processing of Nrg1 type Il and ErbB4 and regulates negatively
synaptogenesis through Nrg1. Taken together, our results show that PS1/y-secretase
regulates axon growth and synaptogenesis by regulating ligand-independent EphA3
signalling and Nrg1/ErbB4 processing/signalling, respectively. Our investigation paves the
way for exploring new relationships between neurodevelopment and neurodegeneration,
providing insights of the existence of a crosstalk among the signaling pathways involved

in these processes.
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Resum

Presenilina-1 (PS1), el component catalitic de y-secretasa que regula el processament de
multiples proteines transmembrana, es troba mutada en la majoria de casos d’Alzheimer
familiar (FAD). Evidéncies recents indiquen que mutacions en PS7 lligades a FAD
redueixen el processament de multiples proteines transmembrana, suggerint un
mecanisme de pérdua de funcié. De fet, la inactivacié de PS7 durant I'embriogénesi
comporta defectes morfologics, mentre que la inactivaciéo genética d’'ambdues PS en el
cervell adult causa defectes en memoria dependents d’edat i neurodegeneracié. A més,
la participacido de PS en la protedlisi de molécules de senyalitzacié implicades en el
desenvolupament del sistema nerviés, incloent ErbB4, suggereix que aquestes vies de

senyalitzacioé podrien contribuir a la neurodegeneracio.

En aquesta tesi doctoral hem estudiat el paper del processament dependent de
PS1/y-secretasa d’EphA3 i de la senyalitzaci6 Nrg1/ErbB4 en el desenvolupament
neuronal i la neurodegeneracié. Els nostres resultats mostren que PS1/y-secretasa és
necessaria pel creixement axonal en el cervell en desenvolupament. PS1/y-secretasa
regula I'elongacioé axonal a través de I'escissié d’EphA3 en la tirosina 560 que resulta en
la generacio d’'un fragment ICD. EphA3 ICD regula negativament RhoA, interacciona amb
la miosina A no-muscular (NMIIA) i incrementa la seva fosforilacié (S1943) produint el
desmuntatge del filament i el creixement axonal. De manera contraria a la senyalitzacio
classica ephrin-EphA3, la senyalitzacio d’EphA3 dependent de PS/y-secretasa és
independent de lligand. Aquest resultat suggereix per primer cop papers oposats d’EphA3
inhibint (dependent de lligand) o promovent (processament dependent de PS1/y-
secretasa) el creixement axonal en neurones. En segon lloc, mostrem que PS1/y-
secretasa regula I'expressio de Nrg1 tipus Il i el processament de Nrg1 tipus Il i ErbB4, i
regula negativament la sinaptogénesi a través de Nrg1. En conjunt, els nostres resultats
mostren que PS1/y-secretasa regula el creixement axonal i la sinaptogénesi a través de
la regulaci6 de Ila senyalitzaci6 dEphA3 independent de Illigand i del
processament/senyalitzacié de Nrg1/ErbB4, respectivament. La nostra investigacié obre
el cami a explorar noves relacions entre el neurodesenvolupament i la neurodegeneracio,
proporcionant evidéncies sobre [I'existéencia d’'una comunicacié entre les vies de

senyalitzacio implicades en aquests processos.
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Introduction

1. Neuronal development

Brain development and diseases share some cellular mechanisms regulating, among
others, cell death, morphogenesis and regeneration. Understanding the common
molecular mechanisms linking neuronal development and degeneration is crucial for a

better knowledge of neurodevelopmental and neurodegenerative brain diseases.

During mammalian embryogenesis, the ectoderm develops into the neural plate giving
raise to the neural tube at embryonic day 8.5 (E8.5) (lkeuchi and Sisodia 2003). The
neural tube, formed mainly by neuroepithelial cells, develops into transient structures: the
prosencephalon (forebrain; that will be subdivided into the telencephalon and
diencephalon), mesencephalon (midbrain) and rhomboencephalon (hindbrain). Later on,

the dorsal telencephalon will form the adult cortex and hippocampus.

At early developmental stages, neuroepithelial cells form the ventricular (VZ) and the
subventricular zones (SVZ). These cells derivate into radial glial cells (RGCs) and basal
progenitors (BPs) at later stages (E13). RGCs also serve as scaffolding for neuronal
migration to form the adult cerebral cortex patterning (Haubensak et al. 2004; Malatesta,
Appolloni, and Calzolari 2008; Kriegstein and Noctor 2004; Noctor et al. 2004). In the
developing cortex, excitatory neurons migrate radially to the cortical plate while inhibitory

interneurons migrate tangentially into the cortex to their final destination (Tan and Shi

2013; O’'Rourke et al. 1995) (Fig. 1).

Striatum
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Figure 1. Schematic model of neuron generation and migration in the developing mouse
cortex. BP and RGCs accumulate in the SVZ. There, both divide to generate mainly excitatory
neurons, which migrate to the cortical layers through the radial glia (red arrows). By contrast,
postmitotic neurons from the ganglionic eminence (GE), among others, migrate tangentially to the
neocortex (blue arrows). BP: basal progenitor; CP: cortical plate; H: hippocampus; LGE: lateral GE;
MGE: medial GE; Ncx: neocortex; RGC: radial glial cell; SVZ: subventricular zone; VZ: ventricular
zone. Modified from (Tan and Shi 2013) and (Malatesta, Appolloni, and Calzolari 2008).
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1.1. Stages of neuronal development

Neuronal development can be divided into at least five stages that were initially
characterized in cultured hippocampal neurons (Dotti, Sullivan, and Banker 1988), and
recently in vivo or in situ (Barnes and Polleux 2009; Hatanaka, Yamauchi, and Murakami
2012) (Fig. 2). In stage 1, immature postmitotic neurons with a spheroid shape develop
lamellipodia and filopodia protrusions that start to grow leading to the emergence of multiple
neurites (stage 2). In stage 3 (neuronal polarization) the symmetry of the neurites break
when usually one of these neurites grow faster than the others, forming an axon. The axon
continues growing as well as the remaining neurites, which constitute the different dendrites
(stage 4). Finally, in stage 5, the axon and the dendrites continue spreading forming
synapses (synaptogenesis) by developing dendritic spines and presynaptic elements,
respectively (Govek 2005; Barnes and Polleux 2009; Flynn 2013).

Polarization of cortical neurons in vitro
Stage 4 Stage 5

E14 + 4-15div E14 + 15-25div
Stage 1 Stage 2 Stage 3
E14 + Odiv E14 + 1-2div E14 + 2-4div

- g

~ { L \\_\\ , i i ‘\\\\\
¥

‘\\\,
Lamellipodial Multiple immature s

. Breaking of =
and filopodial neurite extension symrmet‘rygaxon \ \\ B
protrusion e \
ficat X
spediication Axon and dendrite V/4 Spine morphogenesis V/A
outgrowth, branching Synapse formation

Figure 2. Stages of neuronal development in cultured neurons. Cultured hippocampal neurons
start to form a lamellipodia and filopodia when they attach to the substratum (stage1). After few
hours, multiple neurites start growing (stage 2) and the following day, one of the neurites starts to
grow faster than the rest, establishing the axon (stage 3). After few days, the axon continues to
grow and the neurites branch to form the dendrites (stage 4). Several days after, the axon and
dendrites develop synapses. Modified from (Barnes and Polleux 2009).

In summary, neuronal development include three main processes, neuritogenesis, neuronal

polarization and synaptogenesis, that are described next.

Neuritogenesis

Neuritogenesis is the initial stage of neuronal morphogenesis. The neurite initiation involve
both intracellular and extracellular signals that lead to changes of cytoskeletal structures
and dynamics, modifying the morphology of neurons from a spherical shape to a cell

containing neurites (Edson, Weisshaar, and Matus 1993; Dent, Gupton, and Gertler 2011).
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Neuritogenesis begins with the activation of membrane receptors by signals of the
extracellular matrix (ECM), which modulate the tensile forces that are generated at the distal
part of the cytoskeleton (Fass and Odde 2003; Tanaka et al. 2018). The ECM contains the
adhesion molecules collagen, laminin and tenascins, the polysaccharide hyaluronan, the
heparin-binding growth-associated molecule (HB-GAM), and the family of Slit proteins,
which among others, modulate a wide variety of processes such as cellular adhesion,
axonal growth and migration (Brose and Tessier-Lavigne 2000; Bovolenta 2000; Raulo et
al. 1994). Binding of these ECM molecules to the appropriate membrane receptors as the
integrin family or the cell adhesion molecule (CAM) induce changes both in the cytoskeleton
and intracellular calcium influx leading to activation of multiple signaling pathways (Hu and
Reichardt 1999; Da Silva and Dotti 2002; Walsh, Skaper, and Doherty 1994; Gomez 2001).
Other proteins as the Rho family GTPases (Cdc42, Rac and Rho) also modulate
neuritogenesis by mediating the formation of filopodia and lamellipodia (Hall 1994;
Albertinazzi et al. 1998). Likewise, neuritogenesis can be also regulated by soluble
molecules as the fibroblast growth factors FGF2 and FGF7, transforming growth factor-R
(TGF-R), vascular endothelial-cell growth factor (VEGF), insulin-like growth factor (IGF) and
neurotrophins (Tucker, Meyer, and Barde 2001; Williams, Furness, and Walsh 1994; Jin,
Mao, and Greenberg 2006; Da Silva and Dotti 2002).

Neuronal polarization

Neuronal polarization is the second stage of neuronal development in which the formation
of new axons (axonogenesis) and dendrites (dendritogenesis) takes place. Axons are a
single long process that includes the axon terminals with multiple synaptic vesicles that
store neurotransmitters. In contrast, dendrites are branched extensions with small
protrusions called dendritic spines, which contain neurotransmitter receptors. The formation
of these structures are responsible for electric transmission within the neuronal circuitry.
Recent in vivo evidences show that neuronal polarization of both cortical and hippocampal
neurons occurs during differentiation (Noctor et al. 2004). Although most neurons first
develop the trailing process (nascent axons) and then the leading process (future
dendrites), the coordination between them remains unclear (Takano et al. 2015; Namba et
al. 2014). Several mechanisms including extracellular and intracellular signaling, local
degradation of proteins, positive and negative feedbacks, vesicle trafficking and cell
interactions are involved in both the establishment and the maintenance of neuronal
polarity. The coordination of all these factors modulate cytoskeleton dynamics and neuronal

polarization.

15



Introduction

Extracellular cues, such as the cell adhesion molecules TAG-1 and L1, the extracellular
matrices laminin and NgCAM, and extracellular molecules, including neurotrophins, netrins,
integrins, the transforming growth factor g (TGF-B), Wnt, insulin-like growth factor 1 (IGF-1),
sema3A and reelin, are involved in axon differentiation (Tahirovic and Bradke 2009;
Funahashi et al. 2014; Guo et al. 2007; Moore et al. 2008; Esch, Lemmon, and Banker
1999).

Most of these factors regulate axon morphogenesis through Rho-GTPases. The Rho-
family GTPases, which includes Rac1, Cdc42 and RhoA, plays a key role in the
modulation of actin cytoskeleton. Indeed, the coordination of this family with multiple
signalling pathways is essential for neurites to become polarized (Fukata, Nakagawa, and
Kaibuchi 2003). The PI3K/Akt/GSK-3R/CRMP-2 and the Cdc42/Par complex/Rac1
cascades are two main signaling pathways involved in neuronal polarization. Thus,
activation of PI3K/Akt/GSK-3R/CRMP-2 signaling regulates axon specification. Once
glycogen synthase kinase 3B (GSK-3R) becomes phosphorylated and inactivated, the
microtubule associated proteins (MAPs) are activated (Gartner 2006). Recently it has
been described that GSK-3R also regulates negatively CRMP-2 activity reducing its
binding ability to tubulin (Yoshimura et al. 2006). On the other hand, the activation of Par
complex (Par6-Par3-aPKC) by Cdc42 mediates the axon formation through the activation
of Rac1. The activation of this cascade is highly regulated since Rac1 activates PI3K
which in turn regulates Cdc42 activity (Arimura and Kaibuchi 2007; Shi, Jan, and Jan
2003; Nishimura et al. 2005). The activation of Par complex also regulates negatively
MARK2 activity, preventing the phosphorylation of MAP and promoting microtubule
assembly (Y. M. Chen et al. 2006).

Synaptogenesis

Synaptogenesis is the last stage of neuronal polarization. This process allows the flow of
electrical information between a presynaptic neuron, which contains neurotransmitters
that will be released into the synaptic cleft after a depolarizing action potential, and
postsynaptic neuron that contains neurotransmitter receptors. These events are essential
for multiple brain physiological events, including learning and memory processes.
Synaptogenesis consists in the formation of synapses and their stabilization over time.
During this process, both axon and dendrites continue developing and the postsynaptic
dendritic spines appear and presynaptic terminals mature. Dendritic spine morphogenesis

is tightly regulated by cell adhesion proteins, EphA3/ephrin signaling, Rho and Rhas
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family GTPases, actin-binding and regulatory proteins and calcium responses (Hering and
Sheng 2001).

However, for a synapse to occur, pre- and post-synaptic membranes must interact. This
contact arises at the active zone of presynaptic neurons, formed by the fusion of synaptic
vesicles to the cellular membrane (Shapira et al. 2003). In contrast, the postsynaptic
neuron contains the postsynaptic density (PSD) that appears by the gradual accumulation
of neurotransmitter receptors, voltage-gated ion channels, hundreds of proteins and
various second-messenger signaling molecules (Bresler 2004). One of the most well
characterized postsynaptic scaffolding proteins is PSD-95, which in turn recruits glutamate
receptors. This transynaptic communication is closely regulated by cell adhesion
molecules as well as multiple proteins involved in growth cone guidance as netrins,
semaphorins and ephrinA (Pascual et al. 2004; Shamah et al. 2001). Likewise, molecules
produced by both neurons and glial cells also have been reported to be involved in this
“targeting” process (Farhy-Tselnicker and Allen 2018; Ullian, Christopherson, and Barres
2004). Once the synapses are formed and established, neuronal activity can modulate its

stability or elimination (Ehlers 2003).

1.2. Cytoskeletal organization during axon growth

Neuronal polarization requires constant changes in the dynamics of the cytoskeleton.
Neuron cytoskeleton is composed by microfilaments, composed of actin, microtubules and
intermediate filaments. Thereby, axon outgrowth occurs trough the modulation of
cytoskeletal dynamics of growth cones that leads to multiple extension and retraction
processes over the coordination of both “pushing” (microtubules) and “pulling” (actomyosin
filaments) forces (Letourneau, Shattuck, and Ressler 1987). The distal part of axon growth
cones present three main domains involved in the regulation of axonal outgrowth: the
central (C) domain, the T zone and the more distal P domain. The distal part contains two
transient structures: filopodium and lamellipodium. In this region, actin filaments are
assembled and retrogradely transported by myosin Il in the T zone, where they are recycled
and disassembled (Lin and Forscher 1995; Lin et al. 1996). As a matter of fact, the
accepted model of axonal growth comprise three stages: protrusion, in which the membrane
of the growth cones is extended out by F-actin polymerization; engorgement, in which
microtubules mediated-transport of vesicles and organelles to the C domain; and
consolidation, in which actin retrograde flow is reduced, resulting in the stabilization of
growth cones (Dent, Gupton, and Gertler 2011) (Fig. 3).
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Figure 3. Stages of axonal growth cone. A) F-actin is assembled at the leading edge and moves
to the central domain (retrograde flow). Axon growth cones are constantly looking for substrates
and the distal end is characterised for having a high F-actin retrograde flow. B) During protrusion,
F-actin binds to the substrate, decreasing the F-actin retrograde flow and allowing filopodia and
lamellipodia to move forward to the P domain. C) During engorgement: F-actin arcs guide
microtubules in the C domain to initiate a forward movement towards the site of growth. D)
Consolidation occurs when the myosin Il-containing actin arcs keep the microtubules into the C
domain, F-actin is depolymerized in the neck of the growth cone and filopodia retracts, resulting in
the elongation of the axon shaft. Modified from (Lowery and Vactor 2009).

1.2.1. Non-muscle myosin IIA

The superfamily of myosin proteins contains over 18 types, including conventional and
non-conventional myosins. In neurons the main expressed isoforms are the conventional
myosin |l and the non-conventional myosins |, V, VI, IX and X (Wylie and Chantler 2003).
Classically, non-muscle myosin Il has been the most studied protein since their similarities
with its muscular analogous. In humans, there are three isoforms of non-muscle myosin Il
(A, B and C) that are encoded by three different genes: MYH9, MYH10 and MYH14
(Simons et al. 1991; Golomb et al. 2004). The expression and function of these isoforms
depends on both the cell type and the stage of development. Thus, whereas all neurons

express isoforms IIA and IIB, developing hippocampal neurons do not express myosin |IC
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(Kollins et al. 2009). Interestingly, myosin llA is distributed over the C domain and the
periphery of the axon growth cone (Rochlin et al. 1995; Brown and Bridgman 2003).

Myosin IIA (NMIIA) is a mechanoenzyme that regulates contractile activity through the
interaction with actin filaments. NMIIA molecules consist of three pairs of domains: two
heavy chains (HCs, 230 kDa), two regulatory light chains (RLCs, 20 kDa) and two
essential light chains (ELCs; 17 kDa) (Fig. 4). Therefore, NMIIA consists of two globular
heads that contain ATP- and actin-binding sites and a long coiled-coil tail. The globular
head allows myosin to use Mg-ATP hydrolysis to generate mechanical movement and
move forward over the microfilaments (toward “+” end). The rod coil contains a region that
allows the self-assembly of myosin Il molecules responsible for the assembly of bipolar

filaments.

Nonhelical Coiled-coil L s
Tailpiece Tail Actin b_mdmg
/ region
/
. = MgATP
Heavy chain » binding
cleft

Actin filament

Figure 4. Representation of the molecular organization of non-muscle myosin IIA. NMIIA
consists of two heavy chains that contain the globular head, a coiled-coil tail and a C-terminal non-
helical tailpiece. The head domain binds to actin filaments and catalyzes M92+-ATP hydrolysis
leading to force generation. Following the head, in the neck domain, there are the essential (ELC)
and the regulatory (RLC) light chains. The ELC stabilizes the neck domain while the RLC also
contains several phosphorylation sites that modulate the activation of NMIIA. The coiled-coil tail
contains a dimerization sequence that allows the homodimerization of NMIIA molecules. The non-
helical tailpiece contains multiple phosphorylation sites that regulate NMIIA filament assembly.
Modified from (Chantler et al. 2010).

NMIIA play important roles in a wide range of physiological functions. In fact, NMIIA
knockout mice are embryonic lethal due to defects in cell adhesion (Conti et al. 2004;
Wylie and Chantler 2001; Vicente-Manzanares et al. 2009). Other important functions in
which NMIIA is involved are cell motility (Dulyaninova et al. 2007; Even-Ram et al. 2007),

brain morphogenesis (Gutzman, Sahu, and Kwas 2015), neuronal guidance (Kubo et al.
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2008; Cai et al. 2006), neurite retraction (Chantler and Wylie 2003; Wylie and Chantler
2003; Gallo 2006), oxidative stress-induced neuronal apoptosis (Wang et al. 2017) and
trafficking of sodium pumps (Dash, Dib-Hajj, and Waxman 2018).

1.2.2. Role of non-muscle myosin IlIA in neurite extension

NMIIA acts as a downstream effector of Rho GTPase signaling pathway during neurite
retraction (Gallo 2006). Neurite retraction is responsible of the growth cone collapse
phenomenon, and this event is directly regulated by either extracellular or intracellular
signals that impact on Rho signalling. It is known that myosin RLC phosphorylation by
myosin light chain kinase (MLCK) leads to the activation of NMIIA. Likewise, Rho
activates its effector ROCK, which in turn phosphorylates the myosin binding subunit
(MBS, also called MYPT1) of myosin light chain phosphatase (MLCP), causing its
inhibition and allowing NMIIA to continue phosphorylated (Kimura et al. 1996). However,
all three members of Rho-family GTPases, Rac, Cdc42 and RhoA modulate the
phosphorylation of NMIIA and therefore its activation (Fig. 5A). Hence, NMIIA has an

A) — B)

(@o GTPases )
10S assembly-incompetent NMIIA

I I Sema3A
r L1 LPA

I % ?Thrombin
o & ®

@
\\ —45) RLC phosphorylation
MLCK MLCP-MBS

J

i RLC T MRL Co 6S assembly-competent NMIIA

-

Neurite retraction

._@

Figure 5. Activation of NMIIA by Rho-family GTPases. A) Downstream effectors of Rho Family
GTPases regulate NMIIA activity by phosphorylation of the myosin RLC. B) Conformation of 10S
assembly-incompetent and 6S assembly-competent NMIIA. When, RLC is not phosphorylated the
head and the tail domain interact, allowing to 10S conformation to be stable. On contrary, when
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RLC is phosphorylated at Ser19, NMIIA becomes assembly-competent leading to activation of the
motor activity and the assembly of NMIIA into bipolar filaments.

assembly-incompetent form (10S) until RLC phosphorylation takes place. When RLC is
phosphorylated (Ser19) occurs, NMIIA becomes assembly-competent (6S) and then the
Mg?*-ATPase activity increases and motor activity is induced leading to the interaction

and assembly of actin filaments (Scholey, Taylor, and Kendrick-Jones 1980) (Fig. 5B).

1.2.3. Regulation of non-muscle myosin IIA

Regulation of non-muscle myosin A activity not only occurs through the phosphorylation
of its light-chains (Fig. 5) but also through phosphorylation of the heavy-chains, protein
interactions or calcium binding (Chantler and Wylie 2003) (Fig. 6). As described above,
RLC phosphorylation by ROCK (which is activated by RhoA) and by MLCK (which is
activated by Ca®"-calmodulin) on Ser19 increases the Mg*-ATPase activity of NMIIA
(Hathaway and Adelstein 1979). Moreover, theses kinases can also phosphorylate NMIIA
at Thr18. When both phosphorylations happen, a further increase of the Mg**-ATPase
activity occurs (lkebe, Koretz, and Hartshorne 1988). Additionally citron Rho-interacting
kinase (CRIK) that is also activated by RhoA, leucine zipper interacting kinase (ZIPK) and
myotonic dystrophy-related Cdc42-binding kinase (MRCK) that acts downstream of Cdc42
can also phosphorylate Ser19 and/or Thr18 residues of RLC-NMIIA (Yamashiro et al.
2003; Murata-Hori et al. 1999; Komatsu and |Ikebe 2004; Unbekandt and Olson 2014).
Whereas the above kinases play an activating role, protein kinase C (PKC) has an
opposite function. PKC phosphorylates RLC-NMIIA on Ser1, Ser2 and Thr9 leading a
decrease of NMIIA activity (Nishikawa et al. 1984).
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Figure 6. Phosphorylation-dependent regulation of non-muscle myosin IIA. The
phosphorylation sites and the kinases responsible for the phosphorylation are indicated in the
same colour. CKIl: casein kinase Il; Lgl: lethal(2) giant larvae; MLCK: myosin light chain kinase;
MRCK: myotonic dystrophy kinase-related CDC42-binding kinase; MYBPH: myosin binding protein
H; PKC: protein kinase C; ROCK: Rho-associated protein kinase; S100A4: S100 calcium-binding
protein A4; TRPM7: transient receptor potential melastatin-7; ZIPK: leucine zipper interacting
kinase. Modified from (Vicente-Manzanares et al. 2009).

Interestingly, while RLC phosphorylation regulates positively the formation of NMIIA
filaments, phosphorylation events of NMIIA heavy chains (NMHC I[IA) promote their
dissociation or decrease filament formation. The main three kinases responsible for
NMHC IIA phosphorylation are: PKC, casein kinase |l (CKIl) and transient receptor
potential melastatin-7 (TRPM7). PKC phosphorylates NMHC IIA at Ser1916 and Ser1917
(Conti et al. 1991). Similarly, CKIl induces Ser1943 phosphorylation causing NMIIA
filament disassembly and cytoskeleton rearrangement. Additionally, phosphorylation at
both sites, Ser1917 and Ser1943 prevent the assembly of NMIIA into filaments
(Dulyaninova et al. 2005). Finally, TRPM7 phosphorylates NMIIA at Thr1800, Ser1803
and Ser1808 sites. In addition to decreasing filament formation, these phosphorylations

were recently described to affect NMIIA subcellular localization (Clark et al. 2008).
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Recent evidences point out that some protein interactions with NMIIA can also regulate
NMIIA activity. In fact, these interactions could be a mechanism for maintaining activated
monomeric filaments of NMII since all the NMII-binding proteins that have been identified
to date promote the disassembly of flaments. The identified proteins so far are: lethal(2)
giant larvae (Lgl), myosin binding protein H (MYBPH) and S100 calcium-binding protein
A4 (S100A4, also called MTS1). Lgl binds to NMIIA interfering with its filament assembly
and its distribution. This interaction is negatively regulated by PKC phosphorylation
(Dahan et al. 2012). MYBPH play a dual role in the inhibition of NMIIA filament assembly
since it not only interacts with ROCK leading to the inhibition of the RLC phosphorylation
but also binds directly to NMHC IIA (Hosono et al. 2012a; Hosono et al. 2012b). Finally,
the binding site of S100A4 protein is located within PKC- and near the CKIl-
phosphorylation sites and its function is to prevent the filament formation. Notably, when
CKIl phosphorylates NMIIA, S100A4 cannot bind to NMIIA, thereby protecting against
inhibition of filament assembly (Li et al. 2003; Dulyaninova et al. 2005).

1.3. Signaling pathways in axon growth

Neuronal growth cones are constantly looking for and interpreting attractive and repulsive
cues that allow them to reach their targets. The main signaling pathways involved in
regulation of axon growth are: ephrins, netrins, semaphorins and slits (Fig. 7). | will
describe next the involvement of the last three molecules on axon growth since one entire

section will be dedicated to ephrins.

Netrins

Netrin-1 was the first axon guidance molecule to be characterized (Serafini et al. 1994).
The main netrin functions in the nervous system are modulation of axon guidance and cell
migration during development, axon branching and synaptogenesis and oligodendroglia
development and maturation (Sun, Correia, and Kennedy 2011; Finci et al. 2015). Netrins
are characterized for being bi-functional because they can produce both attractive and
repulsive responses depending on the binding receptor. In mammals, the receptors for
netrin are deleted in colorectal carcinoma (DCC), Neogenin, UNC5 and Down syndrome
cell adhesion molecule (DSCAM) (Keino-Masu et al. 1996; Leonardo et al. 1997; Ly et al.
2008). | will specifically focus here on the interaction between Netrins and DCC and
UNCS.
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The structure of both receptors and netrin is very important for their binding. Netrin
structure consists in a laminin-like domain (LN), three EGF repeats (E1-E3) and a C-
terminal netrin-like domain (NTR). Further, the structure of UNC-5 consists in 2 Ig-like
domains, 2 thrombospondin type | domains and a very large cytoplasmic tail. Finally, the
structure of DCC receptor contains 4 1G-like domains in the N terminal region, 6
fibronectin type lll domains (FN1-6), a transmembrane segment (TM) and 3 P motifs
within the cytoplasmic tail. This cytoplasmic tail has a key role in downstream signal

transduction pathways.

The chemoattraction effect of netrin depends on the interaction with the DCC receptor.
The intracellular domain of DCC is constitutively bound to Nck1 and to focal adhesion
kinase (FAK; PTK2). When the interaction between netrin and DCC occurs (in the FN4
and FN5 domains of the extracellular region of the receptor), it triggers the
homodimerization of the receptor leading to FAK autophosphorylation and
phosphorylation of the intracellular domain of DCC (Stein 2001; Ren et al. 2004). All these
events converge in the activation of multiple intracellular signaling pathways involved in
the modulation of axon attraction. The main intracellular signaling events involved are: 1)
Activation of FYN, a member of Src family of kinases (SFK), that regulates the activity of
Rho GTPases by the activation of Rac1 and Cdc42 and by the inhibition of RhoA (Guofa
Liu et al. 2004; Li et al. 2004); 2) Activation of Trio and Dock180 which are guanine
nucleotide exchange factors (GEFs) for Rac1 that regulate activation of RhoA GTPases
(Briangon-Marjollet et al. 2008; Li et al. 2008); 3) Activation of some downstream effectors
of Cdc42: p21-activated kinase Pak1 (which is also a downstream effector of Rac1),
Enabled/vasodilator-stimulated phosphoprotein (ENA/VASP) and neuronal Wiskott-Aldrich
syndrome protein (N-WASP) (Lebrand et al. 2004; Shekarabi 2005); 4) Activation MAPK
(ERK) signaling cascade (Forcet et al. 2002); and 5) Promotion of the synthesis and
hydrolysis of phosphoinositide phosphatidylinositol (4,5) bisphosphate (PIP;), which
results in the production of phosphatidylinositol (3,4,5) trisphosphate (PIP3;) and the
activation of PKC, respectively (Huang 1989; Xie et al. 2006).

On the other side, the chemorepulsion effect depends on the binding of netrin to UNC5
receptor. Moreover, this binding differs depending whether the repulsion effect has a
short-range (mediated by UNC5 signaling) or long-range (mediated by UNC5-DCC
signaling) (Keleman and Dickson 2001). In the short-range effect, netrin binds to Unc-5
that results phosphorylated by tyrosine kinases as Src1. Likewise, netrin induces the
recruitment of the tyrosine phosphatase SHP2 into the cytoplasmic domain of Unc-5. By

contrast, the long-range response requires the interaction between the cytoplasmic tails of
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DCC and Unc5, leading to the formation of the DCC-Unc5 complex. In this case, netrin
induces the DCC-dependent phosphorylation of Unc5 trough Src1 and FAK, leading to the
binding of SHP2 to Unc5 (Tong et al. 2001; Killeen et al. 2002; Li 2006). Unfortunately,

signaling mechanisms that regulate this chemorepulsion effect are unknown.

Semaphorins

Semaphorins (Semas) are a large family of secreted, transmembrane and GPI-linked
proteins. All semaphorins have a large extracellular domain called Sema domain and a
PSI domain (also called cysteine rich domain, CRD). On contrary, some other motifs as
Ig-like domain or thrombospondin are only present in some members. Although most of
semaphorins mediate chemorepulsive responses (Sema3A has been the most studied),
some semaphorins can induce an attraction effect on certain neuronal populations too (for
example Sema3E) (Bagnard et al. 1998). Thus, both the expression of semaphorins and
their binding to the receptors will determine which type of function will perform. There are

two main semaphorin receptors: Neuropilins (Nrpn) and Plexins (Plex).

Neuropilins (Nrpn) are the receptors for secreted semaphorins. There are two types:
NRP1 and NRP2. The structure of neuropilins consists in a large extracellular moiety, a
transmembrane domain and a short cytoplasmic tail. In order to become active, and so
semaphorin can bind, neuropilins have to dimerize and form homo- or heterodimers
(Pellet-Many et al. 2008). Then, once the dimers are formed, Sema binds to Nrpn, which
in turn will bind to Plex. This binding with Plex, which in turn is the receptor of
transmembrane semaphorins, ensures signal transduction through its cytoplasmic domain
(Rohm et al. 2000).

On the other hand, Plexins (Plex) are the receptors for transmembrane semaphorins. The
family of Plexins consists in 4 members that are divided into 4 families (PlexA-D). Plexins
are transmembrane proteins with an extracellular domain that comprises the Sema
domain, the PSI and IPT domains; and the intracellular region that contains the SEX
protein (SP) domain and the PDZ-binding motif. Plexins can also form homo- or
heterodimers, and these dimers may regulate its own activation (Tamagnone et al. 1999;
Takahashi and Strittmatter 2001; Usui et al. 2003; Kong et al. 2016).

Therefore, semaphorin-mediated signaling depends on the cytoplasmic domain of plexins,
which in some cases have intrinsic RasGAP activity. Moreover, some small GTPases can

bind directly to plexin’s cytoplasmic domain, as well as regulators of GTPase activity as
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guanine-nucleotide exchange factors (GEFs) and (GTPase activating protein) GAPs.
Accordingly, the signaling pathways related to semaphorins are Rho GTPases (RhoA and
Rac1), the PI3K/Akt, cyclin dependent kinase 5 (Cdk5) and GSK-3R kinases and MAP
kinases, among others (Jin and Strittmatter 1997; Liu and Strittmatter 2001; Pasterkamp
and Kolodkin 2003).

Slits

The Slit family of glycoproteins (Slit1-3) mediates axon repulsion through their
Roundabout (Robo) receptors (Brose et al. 1999). The structure of slit consists in four
leucine-rich repeat (LRR) domains, seven to nine EGF-like domains, a laminin G domain
(ALPS) and a cysteine rich C-terminal region. Slit is proteolytically processed within its
EGF domain to generate an active N-terminal fragment allowing its binding to Robo. Robo
is a transmembrane receptor with an ectodomain that consists in five Ilg domains and
three fibronectin repeats; a transmembrane domain; and a long cytoplasmic tail that
contains four conserved cytoplasmic (CC0-CC3) sequences. The binding between Slit
and Robo occurs through the second LRR and the first two |g domains, respectively (Zhe
Liu et al. 2004; Howitt, Clout, and Hohenester 2004).

The interaction between Slit and Robo, increases the amount of Dock, which binds to
Robo’s cytoplasmic domain, leading to a stimulation of Rac activity through the
recruitment of Pak (Fan et al. 2003). 09/01/19 18:52Moreover, srGAP1 and srGAP2 can
also bind to the cytoplasmic domain of Robo, inhibiting Cdc42 (Wong et al. 2001).
Additionally, there are multiple proteins that have been described as binding partners of
Robo as the tyrosine kinase Abelson (Abl) and its substrate Enabled (Ena). Interestingly,
both can bind to the cytoplasmic domain of Robo but Ena join to transduce its repulsive

signal, while Abl plays an opposing role (Bashaw et al. 2000).
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Figure 7. Signalling pathways involved in axon growth activated by the four main axon
guidance cues and their receptors. Extensive description of ephrins, netrin, semaphorins and
slits and acronyms are in the main text.
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2. Ephrin receptors
2.1. Eph-ephrin family

The mammalian family of tyrosine kinase Ephrin receptors (Eph) consists of fourteen
members that are divided in two classes: EphA (EphA1-A8 and EphA10) and EphB
(EphB1-B4 and EphB6). Their ligands, the ephrins, are divided also in two subclasses:
ephrin-A (ephrinA1-A5) that are characterised for having a glycosylphosphatidylinositol
(GPI) domain as an anchorage to the membrane; and ephrin-B (ephrinB1-B3) that have a
transmembrane domain followed by a PDZ-binding domain (Flanagan and
Vanderhaeghen 1998). Normally, ephrin-A ligands bind to EphA, whereas ephrin-B
interacts EphB receptors, except for EphA4 and EphB2 that are able also to bind ephrin-B
and ephrin-A5 ligands, respectively (Himanen et al. 2004; Pasquale 2004).

The structure of Eph receptors consists of an extracellular region, containing a globular
domain, the ligand-binding domain (LBD), a cysteine rich region; and two fibronectin-type
lll repeats, the transmembrane region and the cytoplasmic domain. The cytoplasmic
region contains a juxtamembrane domain (JM) where two tyrosine residues are located,
which are necessary for phosphorylation and therefore activation of the receptor; a
tyrosine kinase domain that contains an ATP-binding pocket; a sterile alpha motif (SAM)
responsible of oligomerization; and a PDZ-binding domain (Fig. 8) (Himanen and Nikolov
2003). Interestingly, a recent study shows that the SAM domain plays also a regulatory
role over the catalytic function, by acting together with JM and Kinase domains (Kwon et
al. 2018).

Eph- Receptor Ephrin- Ligands
— Globular . u
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h > Fibfonactin:type Il repents — Receptor binding Q — Receptor binding
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Figure 8. Structural domains of Eph receptors and ephrin ligands. Description of molecular
domains and functions are indicated in the main text. Adapted from (Charmsaz 2013).

‘—PDZ
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Eph receptors and ephrins have a widespread expression during CNS development. The
expression of each isoform differs between neuronal cell types and the stage of
development. Moreover, during development each region of the brain will have a different
combination of Eph expression members. Specifically, EphA3, EphA4, EphA5, EphA6 and
EphA7 show high expression levels in the hippocampus of developing mouse brain,
suggesting a potential role in the formation of the hippocamposeptal topographic map
(Yue et al. 2002). During corticogenesis, EphA4 is the most expressed isoform. During
this process, both EphA4 and EphA7 are expressed in most zones, whereas EphA3 and
EphA5 are expressed mainly in SVZ and intermediate zone (1Z), whereas EphAG is more
restricted to the CP. The expression pattern of these receptors suggest that these EphA
receptors could be involved in cortical lamination (Yun et al. 2003). In addition to their role
on structure patterning in the developing nervous system, this family of tyrosine kinase
receptors is also involved in regulating axon growth, neuronal migration and other
neuronal, including synaptogenesis and synaptic plasticity (Table 1). Importantly, recent
evidences demonstrate that Eph receptors are involved in actin-myosin polymerizations
events (Krupke and Burke 2014).

Table 1. Function of most expressed EphA receptors in hippocampus and cortex of mice.

Receptor Ligand Function References
(Cheng et al.
ephrin-A5 1995; Connor,

Axon guidance retinotectal patterning

ephrin-A2 Menzel, and

Pasquale 1998)

ephrin-A5 | Somitogenesis and organization of MHB | (Oates et al. 1999)

ephrin-A5 | Thalamocortical projections (Mackarehtschian

et al. 1999)
ephrin-A5 Regulgtlon of cell morphology and (Lawrenson et al.
adhesion 2002)
EphA3
Motor-sensory organization (Gallarda et al.
v o1 2008)

i Inhibition of cell migration and process (Hu et al. 2009)

outgrowth
ephrin-A5 | Callosal axon guidance (Nishikimi et al.
2011)
. . (Brennaman,
ephrin-A5 (?ero::(;:r?tnr?\:r(:lr:zrr)se in a kinase Moss, and Maness
P 2014)
. . I (Mackarehtschian
EphA4 ephrin-A5 | Thalamocortical projections et al. 1999)
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Spine morphology and glial glutamate (Murai 2003;
ephrin-A3 trgns ort P 9 ghalg Carmona et al.
P 2009)
Motor-sensory organization (Gallarda et al
fyorg 2008)
ephrin-B3 | Formation of LTP in amygdala (Deininger et al
2008)
ephrin-A3 F.ormatlon of LTP in amygdala and (Filosa et al. 2009)
hippocampus
- Spinal motor axon guidance (Gatto et al. 2014)
ephrin-A5 Moqulatlon pf neurogenesis and (Shu et al. 2014)
angiogenesis
. Modulation of IPC generation in cortical (Gerstmann et al.
ephrin-A5
layers 2015)
i L.ong-te.rm CFC memory formation in a (Dines et al. 2015)
kinase-independent manner
ephrin-B2 Dendritic splnfa formatlon/mallnte.nance, (Abate et al. 2018)
memory function and consolidation
Contribution to BBB damage following
ephrin-A1 | ischemic stroke through Rho/ROCK (Chen et al. 2018)
signaling
ephrin-a2 | HiPPocamposeptal projection (Gao et al. 1996)
organization
(Gao et al. 1998;
ephrin-A5 | Thalamocortical projections Mackarehtschian
et al. 1999)
EPhAS - Retinotectal patterning in mice (Brown et al. 2000)
ephrin-A5 | Regulation of synaptogenesis (Aka;g){g)et al
ephrin-A5 Modula’Flon of targeting of the 5-HT (Teng et al. 2017)
serotonin receptor to neurons
EphA6 - Retinotectal patterning in mice (Brown et al. 2000)
ephrin-A5 | Dendritic spine formation and maturation (C“f;%rfdjt al.
. . . (Beuter et al.
ephrin-A5 | Maintenance of GABAergic synapses 2016)
EphA7 eohrin-A5 Formation of LTP and hippocampus- (Beuter et al.
P dependent learning 2016)
ephrin-A5 Modulation of cortical neuronal migration (Son et al. 2016)

and corticothalamic axon guidance

BBB: blood-brain-barrier; CFC: contextual fear conditioning; IPC: intermediate progenitor cell;
MHB: Midbrain/Hindbrain boundary ; LTP: long-term potentiation.
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2.1.1. EphA3 receptor

According to the Human Protein Atlas project, the highest EphA3 mRNA expression and
protein levels are found in the cerebral cortex and caudate nucleus in humans. The mouse
genome database (MGD) (Mouse Genome Informatics website), that compiles all works
that have reported EphA3 expression during the different stages of development, indicates
that EphA3 is expressed in brain during development and remains constant until adulthood
in mice. Interestingly, the distribution between mRNA and protein levels of EphA3 differs in
the developing forebrain. Whereas EphA3 protein levels are found in hippocampus at
around E16 and in the 1Z during all stages, EphA3 mRNA is located in the dorsal thalamus
and in the cortical 1Z during the early stages (E13-E15) and in cortical plate during the late
stages (E18) (Dufour et al. 2003; Kudo et al. 2005). However, EphA3 expression is critical
during development processes not only in the CNS. Interestingly, it has been recently
shown that EphA3 ectodomain antagonizes the role of EphA4 forward signaling and
decreases EphA4 signaling pathway (Fiore et al. 2018). Indeed, EphA3 is involved in
multiple processes such as cell adhesion, cytoskeletal organization, growth cone collapse,
cell migration, heart development, retinotectal mapping of neurons and segregation of

motor-sensory axons (see Table 1) (Stephen et al. 2006).

The most accepted theory of EphA3 signaling activation consists of the receptor clustering
model, which initiates with high concentrations of a ligand. Although EphA3 can bind to all
ephrin-As ligands, it has a high preference for ephrin-A5. Indeed, the binding of ephrin-A5 to
EphA3, changes the inclination between the two molecules, bringing near both contact
superficies, and leading to an increase of binding affinity (Forse et al. 2015). Then, an
elevated amount of ligand causes the accumulation of the receptor in that region, which
leads to receptor dimerization through SAM domain of EphA3 from opposite cells. This
brings closer the two kinase domains, and stimulates the kinase activity causing the
phosphorylation and activation of each other (Lackmann et al. 1998). The activation of the
kinase domain is related to the two tyrosine residues in the JM region that seems that
interact with the active site of the kinase, modulating the kinase activity (Davis et al. 2008).
In 2015, it was proposed a new model of EphA3 activation: the “pre-formed dimer”.
According to this model, EphA3 dimerizes in the absence of ligand. Then, the SAM domain
stabilizes the interaction between the unliganded receptors. This unliganded dimers are
autophosphorylated and allows a rapid activation of other receptors when the ligand

concentration increases (Wimmer-Kleikamp et al. 2004; Singh et al. 2015).
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An important aspect of EphA3 signaling is its regulation. Regulation of EphA3 signaling can
occur mainly by: proteolysis, phosphatases or binding proteins. At high ligand levels, for
instance when EphA3/ephrin-A5 clusters are formed, EphA3 suffers conformational
changes in its cytoplasmic domain that promote the recruitment of the metalloproteinase
ADAM10, which can recognize this complex and cleaves ephrin-A5 binding, leading to
separation of cells in contact (Janes et al. 2005; Janes et al. 2009). At present, effects of
ADAM10 or other metalloproteases on EphA3 processing have not been so far reported. On
the other hand, two protein phosphatases regulate EphA3: PTP-PEST and PTP1B. PTP-
PEST modulates negatively activation of EphA3 by two different ways: 1) by preventing
EphA3 endocytosis; and 2) EphA3-ephrin-A5 binding increases caspase-3 activity, which
proteolyzes PTP-PEST leading to the generation of an N-terminal product that reduces
EphA3 phosphorylation (Wimmer-Kleikamp et al. 2008; Mansour et al. 2016). In the case of
PTP1B, regulation of EphA3 occurs through the control of receptor internalization and
trafficking (Nievergall et al. 2010). Finally, some EphA3 binding proteins also affect EphA3
signaling. One of these is the binding of Nck1 within the JM domain of EphA3, whose
interaction is enhanced by EphA3-ephrin-A5 binding. Thus, Nick1 seems to act as a key
player in downstream signaling, probably by interacting with other proteins such as PAK1 or
WASPs (Fig. 9) (Hu et al. 2009).
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Figure 9. Regulation of EphA3 activity. The presence of high ligand levels induces receptor
clustering and kinase activity. The EphA3 activity can be then downregulated by the recruitment of
the metalloprotease ADAM10, which will cleavage ephrin-A5 and disrupt cell-cell interaction; or by
enhancing the activity of phosphatases PTP-PEST or PTP1B. In addition, some proteins, such as
Nck1, are recruited by active EphA3 and promote cytoskeleton remodelling and repulsion events.

2.2. Eph receptor signaling

Eph-mediated signaling is very diverse, not only because of the high number of Eph
members, but also because each Eph cluster can contain more than one type of receptor.
Eph receptors can interact in cis with other receptors of the cluster, and also with ligands
that are located within the same cell. Furthermore, as the Eph-ephrin cis interaction is
independent of the globular domain, the receptor can also be bound in trans with another
ligand, leading to a bidirectional signaling. Therefore, two types of signaling that can occur

simultaneously depending on where occurs the signal transduction: in the cell that contains
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the Eph receptor (forward signaling) or in the cell that contains the ephrin ligand (reverse
signaling) (Fig. 10) (Egea and Klein 2007).

Eph-ephrin Eph-ephrin Eph-ephrin
forward forward bidirectional

Intracellular x t t

EphA3

! ! !
' X '

Figure 10. Types of Eph-ephrin signaling. Forward signaling: signaling in the cell where the
receptors are located. Reverse signaling: signalling in the cell where the ligand is located.
Bidirectional signaling: signal transduction occurs simultaneously in cells containing the receptors
and ligands. Adapted from (Kania and Klein 2016).

Eph-ephrin forward signaling

The forward signaling starts with the binding of the ephrin ligand to the Eph receptor with a
1:1 stoichiometry. Then, Eph-ephrin binding causes the receptor clustering that leads to the
activation of the kinase domain, inducing the autophosphorylation of the receptors within the
JM domain (residues Tyr596 and Tyr602) (Binns et al. 2000; Shi, Yue, and Zhou 2010).
This phosphorylation events promote the binding of SH2 domain-containing proteins that
together with the phosphorylation of target proteins propagates the signaling to downstream

pathways (Pasquale 2005).

The molecules that acts downstream of Eph receptor are: SH2-domain containing proteins
as Nck1 or Nck2, PI3K, Src family kinases and GEFs proteins such as kalirin, Vav (that also
contains SH2 domain) and ephexin (Kania and Klein 2016). These molecules are related to
Rho GTPAses, which raise cytoskeleton rearrangements that cause changes in cell
morphology, growth cone collapse and dendritic spine remodelling (Murai and Pasquale

2005). Rho GTPases are molecular switches that can change from inactive (GDP-bound) to
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active (GTP-bound) conformations to trigger downstream effectors. In neurons, activated
Eph receptors recruit GEF proteins that exchange bound GDP for GTP leading the
activation of RhoA, and GAPs that facilitate GTP hydrolysis to GDP, inhibiting Rho family
members as Rac. Interestingly, each GEF can modulate the Rho GTPase activity in several
ways. In absence of ephrins, Ephs are constitutively bound to ephexin, which is not
phosphorylated leading to activation of RhoA, Rac1 and Cdc42 promoting axon outgrowth.
When, ephrin binds to EphA, ephexin is phosphorylated and RhoA is activated, promoting
axon growth cone collapse (Shamah et al. 2001). On the contrary, Vav binds to activated
Eph receptors, which causes the phosphorylation of Vav2 enhancing Rac-1 dependent

endocytosis of Eph-ephrin complex, and leading to a repulsion effect (Cowan et al. 2005).

Eph-ephrin forward signaling also involves the Ras-MAPK pathway. Usually, Ephrin-ephrin
signaling inhibits Ras-MAPK pathway through the action of p120Ras-GAP that inactivates
H-Ras (Minami et al. 2011). p120Ras-GAP also inhibit R-Ras, causing a reduction in the
integrin activity and facilitating the retraction process (Dail et al. 2006). In other cases, Eph-
ephrin signaling can abrogate the activation of Ras-MAPK pathway through the action of
other kinases. For example, in neurons, the BDNF-TrkB signaling stimulates MAPK activity,
whereas the Eph-ephrin signaling supress this activity by inhibiting its phosphorylation,
leading to growth cone collapse (Meier, Anastasiadou, and Knéll 2011). Finally, it has been
also reported that Eph receptors can activate Ras-MAPK pathway (Vindis et al. 2003; Xiao
et al. 2012).

In addition, Eph-ephrin forward signaling also regulates negatively the Akt pathway leading
to the inactivation of mTORC1, which is involved in cell cycle and migration. Although
normally Eph-ephrin signaling inhibits Akt activation by inducing a rapid dephosphorylation
of T308 and S473 residues, which are responsible for its activation, this signaling can also
be involved, in some circumstances, in the Akt activation. Moreover, Akt can also regulate
Eph receptors through feedback loop mechanisms (Miao et al. 2009; Maddigan et al. 2011;
Yang et al. 2011).

Eph-ephrin reverse signaling

Eph-ephrin interaction can also cause the activation of the reverse signaling. Due to the fact
that the structure of ephrinA and ephrinB ligands is different, the regulation this signaling is
also different. Ephrin-B reverse signaling can be dependent or independent of

phosphorylation. In the first case, EphB binding to ephrinB causes a rapid binding of SFK,
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that phosphorylates the cytoplasmic domain of the ligand. Similarly, Grb4 is also recruited
and acts as a downstream effector of ephrin-B binding to other proteins involved in the
modulation of cytoskeleton dynamics as Abi-1, CAP and Axin (Cowan and Henkemeyer
2001). On the other hand, ephrin-B reverse signaling can also be mediated by the
interaction between ephrin-B and PDZ-containing proteins. The best characterized example
of PDZ-binding protein is PTP-BL, which inhibits both ephrin-B phosphorylation and Src
activity (Palmer et al. 2002). Ephrin-A reverse signaling, on contrary is poorly understood.
On example is ephrinA2 reverse signaling, which is activated by EphA7 and inhibits cell

proliferation and neurogenesis (Holmberg 2005).

Finally, there are two mechanisms that regulate negatively EphA-ephrinA5 signaling: the
proteolysis (in cis or in trans) of the ligands and the endocytosis. The cis cleavage occurs
when ephrin is bound to ADAM10 within the same cell and before the contact with the
opposing cell; then EphA join the complex and ADAM10 can cleavage the ectodomain of
Ephrin, leading to a repulsive effect. On contrary, the trans cleavage mechanism occurs
when EphA3 receptor is constitutively associated with ADAM10 and when Ephrin-A5
contact occurs, ADAM10 is able to cleavage ephrinA5, leading the same effect than before.
It is not clear whether one or both mechanisms occur in vivo (Janes et al. 2005). In addition,
the forward signaling is also negatively regulated by endocytosis, where EphB-ephrin-B
complexes are internalised via bi-directional trans-endocytosis, that is from one cell
containing the receptor or the ligand to the opposing cell (Zimmer et al. 2003; Egea and
Klein 2007). Moreover, ephrin-A5 binding to EphA3 also triggers the rapid internalization of
the receptor-ligand clusters into endosomes but not into lysosomes (Vearing et al. 2005;
Nievergall et al. 2010). Of interest, based on this concept, EphA3 antibody therapies have
been developed. Specifically, an EphA3 monoclonal antibody that binds to the globular
domain of EphA3 causing the internalization of EphA3/ephrin-A5 clusters showed an anti-

tumour response in glioblastoma (Offenhauser et al. 2018).

2.3.Role of Eph-ephrin signaling in human diseases

Eph family kinases are involved in a wide range of diseases from multiple types of cancer,
neurological disorders including Alzheimer's disease, and nerve degeneration. Moreover,

Ephrin-ephrin signaling can play both protective or damaging roles in these diseases.

Classically, EphA2, EphB2 and EphB4 have been the most involved receptors in tumour

development, although recent evidences show that EphA3 is also implicated. EphA2
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expression is found to be elevated in breast cancer and melanoma (Udayakumar et al.
2011; Bian et al. 2017). Moreover, the EphA2 ligand-dependent signaling has a protective
role, inhibiting the migration of glioma and prostate cancer cell, whereas EphA2 ligand-
independent signaling promotes cell migration. EphA2 can also act as a can also act as a
substrate of Akt which is related to brain tumour progression (Miao et al. 2009). Similarly,
the kinase activity of EphB2 has been related to cell proliferation in adenoma cancers,
whereas in prostate and colorectal cancers, this receptor plays a protective role against
uncontrolled growth. Additionally, some EphB2 mutations in prostate cancer cells
destabilize its mMRNA or transcripts, leading to inactivation of EphB2 function (Huusko et al.
2004; Batlle et al. 2005; Genander et al. 2009). EphB4 expression is also increased in
breast cancer (Wu et al. 2004). Indeed, the ligand-dependent EphB4 signaling is associated
with a protective role as it inhibits tumour progression and migration, whereas the ligand-
independent signaling has a more tumour promoter role (Noren et al. 2004; Noren et al.
2006). EphA3 expression is upregulated in breast, lung, colorectal, gastric, prostate and
hematological cancers and also in melanoma, sarcoma, mesenchymal subtype of
glioblastoma (GBM) where a high number of EphA3 mutations have been identified (Dottori
et al. 1999; Bardelli 2003; Fox, Tabone, and Kandpal 2006; Singh et al. 2008; Valsesia et al.
2011; Day et al. 2013; Ross et al. 2014). Interestingly, EphA3 activation in GBM inhibit
tumour growth, role that could be mediated by inactivating somatic mutations or by
epigenetic modifications that lead to EphA3 silence (Vail et al. 2014). On contrary, EphA3
expression has been found to be downregulated in esophageal squamous cell carcinoma
(ESCC) (Chen et al. 2008).

Eph-ephrin signaling play essential roles during development of CNS and therefore it is also
involved in neurological disorders. In mouse models of Alzheimer's disease (AD), the
expression of EphB2 and EphA4 genes is downregulated in the hippocampus (Simén et al.
2009). Indeed, both EphB2 and EphA4 are substrates of Presenilin (PS)/y-secretase. The
PS/y-secretase-dependent processing of EphB2 and EphA4 leads to the generation of
intracellular domains that play roles in cell sprouting and spine formation, respectively
(Inoue et al. 2009; Haapasalo and Kovacs 2011). Noteworthy, mutations in PS genes
account for the majority of cases of Familial AD (FAD). Interestingly, it seems that EphB2
could have also a protective role in LTP and memory impairments (Cissé et al. 2011).
EphA4 expression is also involved in amyotrophic lateral sclerosis (ALS) pathogenesis, as
its expression inversely correlates with disease survival (Van Hoecke et al. 2012). On the
other hand, EphB2 has been also related with anxiety disorders (Attwood et al. 2011).

Additionally, EphB1 expression has been related a genetic risk for Parkison’s disease (Lin
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et al. 2009). Interestingly, mutations in EphA3 have been recently linked to autism, major
depressive disorder and schizophrenia (Casey et al. 2012; Castellani et al. 2014; Chang et
al. 2014).

Ephs have been also involved in traumatic brain injury (TBI) and spinal cord injury (SCI).
EphA4 expression is upregulated after TBI and it seems to be involved in the BBB
damage after ischemic injury (Goldshmit and Bourne 2010; Frugier et al. 2012; Chen et al.
2018). EphA4 also seems to inhibit nerve regeneration after SCI, through its interactions
with their ligands ephrin-B2 and ephrin-B3 (Duffy et al. 2012; Ren et al. 2013). However,
SCl increases the expression of several EphA and EphB genes (Willson et al. 2002).

In summary, the involvement of Eph and ephrins in such a range of human diseases
suggests their use as potential therapeutic targets. Indeed, the current main therapeutic
EphA strategies are: monoclonal antibodies against Eph receptors, soluble Eph fusion
proteins, multi-targeted kinase inhibitors, vaccines and siRNAs (Boyd, Bartlett, and
Lackmann 2014).
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3. Nrg1/ErbB4 signaling
3.1. Neuregulins

Neuregulins (NRGs) belong to the family of proteins structurally related to the epidermal
growth factor (EGF) that regulate cell-cell interactions in multiple organs including the
nervous system. Neuregulin 1-4 proteins encoded by Nrg genes (Nrg1-4) contain an EGF-
like domain that is necessary for the binding and activation of their ErbBs receptors
(Carraway Il et al. 1997; Gassmannl and Lemke 1997; Zhang et al. 1997; Harari et al.
1999). There are several Nrg isoforms for each gene generated by alternative splicing. The
best characterized subtype is Nrg1, which has a broad expression in both embryonic and
adult tissues, including the nervous system where is expressed in neurons and glial cells.
On contrary, Nrg2 and Nrg3 are expressed mainly in adult nervous system whereas Nrg4 is
expressed in adult pancreas and skeletal muscle (Busfield et al. 1997; Zhang et al. 1997;
Harari et al. 1999). Their structural and patterning expression differences, suggest that they
can perform similar or complementary physiological functions. For instance, Nrg1-3 regulate
neuronal migration and plasticity by modulating the expression of neurotransmitter receptors
(Anton et al. 1997; Rio et al. 1997; Sandrock Jr. et al. 1997; Zhao and Lemke 1998).

Nrg1, the most studied Nrg subtype, encodes six different proteins (I-VI) comprising at least
31 different isoforms in humans. Notably, neuronal activity regulate differentially the
expression of each Nrg1 isoform (Liu et al. 2011). In humans, the most abundant Nrg1
types I, Il and lll contain the EGF-like domain but they differ in their N-terminal region. Nrg1
isoforms are synthesized as membrane associated proteins that are proteolyzed to become
mature. Nrg1 type | and Il contain an Ig-like domain and a single cleavage site leading to
the generation of a soluble and mature Nrg1 that acts in an autocrine/paracrine manner. By
contrast, type Il Nrg1 contains a cysteine-rich domain (CRD) within its second
transmembrane domain, which is processed to generate a N-terminal fragment (NTF) that
remains anchored to the membrane allowing the juxtacrine signaling (Cabedo et al. 2002).
A second cleavage is responsible of the EGF-like domain release that acts in a paracrine
signaling manner, similar as Nrg1 types | and Il (Fleck et al. 2013). Specifically, the
processing of Nrg1 type lll consists of a first cleavage by BACE1 and ADAM10/17
proteases that generates two fragments named CTF and NTF that remain anchored to the
membrane, called as CTF and NTF. The Nrg1 type Ill CTF is then proteolyzed by PS/y-
secretase, resulting in a soluble Nrg1-3 fragment that is released into the luminal space,
and an intracellular ICD fragment. Otherwise, the Nrg1 type Ill NTF is processed by the

signal peptide peptidase-like (SPPL) proteases resulting in the release of a soluble EGF-like
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domain (responsible of paracrine signaling), a C-peptide and a N-ICD (Fleck et al. 2016)
(Fig. 11).

lula

Intra

Nrg1 type | Nrg1 type lll

Figure 11. Schematic representation of Nrg1 type | and Ill structure and processing.
Description of molecular domains and Nrg1 processing are explained in detail in the main text.

3.2. ErbB receptors

Neuregulin receptors belong to the family of type | tyrosine kinase receptors ErbB (ErbB1-
4), which are structurally related to the epidermal growth factor receptor (EGFR). Nrg1 can
bind and activates ErbB3 and ErbB4. On contrary, ErbB1 binds to other ligands as the
growth factor EGF whereas ErbB2 is known as a orphan receptor since has no known
ligand domain (Burden and Yarden 1997).

The structure of ErbB receptors consists of an ectodomain with two ligand binding domains
(also known as cysteine-rich domains), two Furin-like domains, a single TM domain, and a
cytoplasmic tail that contains the tyrosine kinase domain and the pseudo kinase domain.
Noteworthy, ErbB3 lacks the kinase domain whereas ErbB4 is the only Nrg-bound receptor
that can act as an homodimer (Junttila 2000; Holbro and Hynes 2004). Furthermore, ErbB2
is the preferred partner for heterodimerization once ErbB3 and/or ErbB4 are Nrg1-bound
(Graus-Porta 1997) (Fig. 12).
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Figure 12. Structure of ErbB1-4 receptors. The scheme also shows the proteolytic processing of
ErbB4 JM-a by TACE (represented by a Pacman drawing) and by PS/g-secretase (indicated by the
lightning).

Interestingly, ErbB4 undergoes alternative splicing in both the JM and cytoplasmic (Cyt)
domains. Regarding the JM domain, the most abundant isoforms in brain are JM-a and
JM-b as a result of alternative splicing in exons 16 and 15b, respectively. When ErbB4
JM-a is bound to a ligand, is cleaved first by TNF-a converting enzyme (TACE) and then
by the y-secretase complex, generating the ErbB4-ICD. This ICD can translocate to the
nucleus where it regulates the transcription of certain genes involved in astrogenesis, cell
differentiation and proliferation, and apoptosis (Vidal et al. 2005; Naresh et al. 2006; Sardi
et al. 2006; Sundvall et al. 2010). Moreover, alternative splicing in the exon 26 give rise to
the ErbB4 Cyt1 and Cyt2 isoforms (Zeng et al. 2009; Veikkolainen et al. 2011).

All ErbB receptors are present in germinal zones of the developing rodent brain and their
expression is reduced in the adulthood (Seroogy et al. 1995; Kornblum et al. 2000).
However, the expression of each receptor type differs in the brain region and the cellular
type, indicating that they may play distinct roles during the brain development and
adulthood (Table 2) (lwakura and Nawa 2013).
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Table 2. Region- and cell type-specific ErbB1-4 expression in the brain and their functions.
Adapted from (lwakura and Nawa 2013)

\ Receptor Tissue Cell Type Function
Subventricular zone Neural stem cell ProI.|fera.t|on/
migration
Midbrain Dopaminergic Survival/
neuron development
GABAergic Regulation of synaptic
Cortex, hippocampus neuron function
ErbB1 » nippocamp Astroovie Proliferation/
y differentiation
Purkinje cell
Cerebellum Granule cell, Devellopm.ent/
proliferation
Astrocyte
o Production/release
Pituitary gland Lactotroph of cortisol and prolactin
Cerebellum, cortex, Oligodendrocyte . .
. . . Proliferation/
ErbB2 hippocampus, midbrain, Astrocyte . L
. . differentiation
etc. Radial glia
ErbB3 Cortex, hippocampus, Oligodendrocyte Matu.ratlcl)n/
etc. myelination
GABAergic Attenuates synaptic
Cortex, hippocampus neuron function
» NIPP P Astrocyte Proliferation/
ErbB4 Oligodendrocyte . dllfffrent;atlon g
Cerebellum Granule cell eguiation 9 synaptie
function
Midbrain Dopaminergic Survwal,. attenu.ates
neuron synaptic function

The binding of Nrgs to ErbB3 and ErbB4 induce its homo- (in the case of ErbB4) or
heterodimerization, leading to the phosphorylation of the partner receptor and
transduction of signaling pathways that are modulated by positive and negative signals. In
fact, ligand binding to ErbB receptors usually causes down-regulation of these receptors
by endocytosis or lysosomal degradation (Cao et al. 2007; Omerovic et al. 2007),
although it seems that down-regulation mechanisms are more specific of ErbB4 (Sundvall
et al. 2008).
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3.3.Nrg1-ErbB4 signaling pathway

The Nrg1-ErbB4 signaling can also be retrograde (when it is transduced in the cell
containing the Nrg1, as a result of the proteolytic processing of this ligand) or forward (when
the signal it is transduced to the cell containing the ErbB receptors). Classically, Nrg1-ErbB4
transduces the signal by activating PI3K/Akt and Ras/MAPKs cascades but also can
interact with PDZ-containing proteins or ubiquitin ligases (Fig. 13). In schwann cells, the
activation of PI3K/Akt signaling induces the expression of myelin protein zero (P0) (Suzhen
Chen et al. 2006), activates several transcription factors involved in myelinization like Oct6
(Leimeroth et al. 2002) and induces cholesterol and fatty acid biosynthesis pathways
(Porstmann et al. 2005). In addition, the activation of MAPK cascade induces cell
proliferation by the regulation of c-fos gene expression (Eto et al. 2010). As an alternative
signalling, binding of Nrg1 to ErbB4 not only activates downstream pathways but also
cleaves the ErbB4 receptor generating the ErbB4-ICD that upon nuclear translocation

regulates transcription.

Figure 13. Nrg1-ErbB4 signaling pathways. The scheme shows the two main signaling
pathways (i.e, PI3K and Ras) downstream of Nrg1-ErbB4 activation. Alternatively, PS/g-secretase
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dependent-cleavage of ErbB4 generates the ErbB4-ICD, which translocates to the nucleus to
regulate gene expression.

In neurons, the main cellular responses activated by Nrg1-ErbB4 signaling are related to

myelination, regulation of proliferation, migration, and synaptogenesis.

Nrg1-ErbB pathway differentially regulates the myelination process in both the peripheral
nervous system (PNS) and the CNS. In the PNS, Nrg1-ErbB4 pathway plays an essential
role in cell survival, proliferation and differentiation of Schwann cells. Schwann cells, which
are the main glial cell in the PNS, form the myelin sheath around the axons. The two main
Nrg1-ErbB-dependent signaling pathways involved in Schwann cells functions are MAPK
and PI3K. Thus, the balance between them determines the level of differentiation of
Schwann cells (Michailov 2004; Jessen and Mirsky 2005; Taveggia et al. 2005; Stassart et
al. 2013). In addition, it has been recently reported that cAMP increases the expression of
ErbB receptors in Schwann cells leading to maintained activation of Nrg1-dependent
signaling (Monje, Bartlett Bunge, and Wood 2006). On the other hand, oligodendrocytes in
the CNS carry out the myelination process. Interestingly, Nrg1 is also involved in
development and maturation of oligodendrocytes and myelination, although is not clear
whether regulates myelin sheath thickness (Schmucker et al. 2003; Sussman 2005; Roy et
al. 2007; Taveggia et al. 2008; Brinkmann et al. 2008).

The Nrg1-ErbB4 pathway is also involved in neuron development and migration. First, Nrg1
promotes neurite growth and regulates motoneuron survival (Modol-Caballero et al. 2018).
Nrg1-ErbB4 modulates dendritogenesis by affecting RhoGTPase activity (Van Aelst and
Cline 2004; Rieff and Corfas 2006; Cahill et al. 2013). Moreover, Nrg1-ErbB4 signaling
plays a role during the migration of cortical interneurons along radial glial cells (Flames et al.
2004; Li et al. 2012).

Finally, Nrg1-ErbB4 signaling regulates glutamatergic synaptic transmission at both
presynaptic and postsynaptic levels (Zhong et al. 2008; Jiang et al. 2013; Zhong et al.
2017). It induces the expression of GABA, NMDA and acetylcholine (ACh) receptors
(Ozaki et al. 1997; Rieff et al. 1999; Liu et al. 2001). Thus, the activation of Nrg1-ErbB4
signaling reduces the NMDAR-mediated currents through the PLC/IP;R/Ca®** and
Ras/Mek/ERK signaling, which in turns modulate the endocytosis of NMDAR in an actin-
dependent manner (Gu 2005). Other studies show that Nrg1-ErbB4 signaling has a
negative impact on LTP by reducing AMPAR expression and favouring GABA release
(Kwon 2005; Chen et al. 2010; Wen et al. 2010). Moreover, Nrg1-ErbB4 signaling also
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contributes to the maturation and plasticity of glutamatergic synapses and regulates
cognition (Li et al. 2007; Krivosheya et al. 2008; Ledonne et al. 2018). A recent study
using specific genetic deletion of ErbB4 in interneurons indicates that Nrg1-ErbB4
signaling is also involved in the excitatory synaptogenesis on cortical interneurons (Ting et
al. 2011). Interestingly, Nrg1-ErbB4 signaling also participates in the regulation of
GABAergic synaptic transmission through presynaptic ErbB4 receptors and is required for

maintaining GABAergic activity in the amygdala (Woo et al. 2007; Lu et al. 2014).

3.4.Role of Nrg1/ErbB4 signaling in pathogenesis

Nrg1-ErbB4 signaling has been related to multiple disorders of the nervous system (Corfas,
Roy, and Buxbaum 2004; Mei and Xiong 2008; Shamir et al. 2012; Mei and Nave 2014;
Zhang et al. 2017). First, several mutations in the Nrg1 and ErbB4 genes are linked to
schizophrenia, as the V322L mutation in Nrg1 type Ill, which reduces the generation of both
Nrg1-3 peptide and ICD (Yang et al. 2003; Norton et al. 2006; Walss-Bass et al. 2006;
Marballi et al. 2014). Similarly, BACE1™” mice exhibit a reduction in the binding of ErbB4 to
postsynaptic density protein 95 (PDS95) and a schizophrenia-like behaviour, suggesting
that alterations in the BACE1-dependent Nrg1/ErbB4 signaling are related to the
pathogenesis of schizophrenia (Savonenko et al. 2008; Hu et al. 2016). Indeed, several
studies performed in schizophrenia post-mortem brains, show altered Nrg1 processing and
increased Nrg1-ErbB4 signaling that attenuates the NMDAR-mediated response (Hahn et
al. 2006; Marballi et al. 2012).

Since Nrg1-ErbB4 signaling has an essential role controlling synaptic functions, an
imbalance in this signaling has been proposed to contribute to Alzheimer's disease
pathogenesis. In fact, single nucleotide polymorphisms (SNPs) have been related to an
increased risk of AD (Go et al. 2005). Indeed, ErbB4 levels are increased in AD brains
compared to controls (Woo et al. 2011). Interestingly, a recent study reported that Nrg1

improves synaptic loss in an Alzheimer’s disease mouse model (Xu et al. 2016).

Other studies have also reported a relationship between altered Nrg1-ErbB4 signaling and
Parkinson’s disease (Depboylu et al. 2012), bipolar disorder (Thomson et al. 2007; Goes,
Sanders, and Potash 2008; Prata et al. 2009; Zuliani et al. 2011), epilepsy (Zhu et al. 2017)

and amyotrophic lateral sclerosis (Takahashi et al. 2013).
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4. Presenilin/y-secretase

Presenilins (PS) are the founding members of the family of intramembranous aspartyl
proteases. In humans, the PSEN1 (chromosome 14) and PSEN2 (chromosome 1) genes
encode for PS1 and PS2 proteins, respectively. The amino acid sequence and structure of
PS1 and PS2 are very similar. The main accepted model for PS structure was based on
eight-TM topology with 8-10 hydrophobic domains, although a seven-TM topology was also
proposed. However, in 2005, it was proposed a nine-TM domain model, where the
hydrophilic N terminus is located in the cytosol and the C terminus in the lumen of the
endoplasmic reticulum. In this model, in the hydrophobic domains TM6 and TM7 are located
two catalytic residues, Asp 257 and Asp 385 that lead to the catalytic site of presenilins
(Wolfe et al. 1999; Laudon et al. 2005). Although, PS are synthesized as precursor proteins
of 50 kDa, to become active they undergo endoproteolytic cleavage within the cytoplasmic
loop between TM6 and TM7, resulting in a N terminal fragment (NTF) of 27-28 kDa and a C
terminal fragment (CTF) of 17-18 kDa that remain associated between them (Thinakaran et
al. 1996; Saura et al. 1999) (Fig. 14).
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Figure 14. Presenilin structure and post-translational modifications. Nine-TM domain model for
PS1. Asp-257 and Asp-358 are represented in pink and phosphorylation sites with a red point.
Modified from (De Strooper, lwatsubo, and Wolfe 2012).
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Besides endoproteolysis, multiple post-translational modifications as caspase cleavage,
phosphorylation and ubiquitination have been shown to modulate the function of presenilins
(Duggan and McCarthy 2016). It has been reported that presenilins are phosphorylated by
protein kinase A (PKA), PKC, GSK-3B, c-Jun N-terminal kinases (JNK) and Cdk5
(Kirschenbaum et al. 2001; Lau et al. 2002; Fluhrer et al. 2004; Matz et al. 2015).
Interestingly, the role of phosphorylation in Ser367 is controversy since both increase and
reduction of AR levels have been reported (Bustos et al. 2017; Maesako et al. 2017).
Additionally, it has recently described that PS1 can be polyubiquinitated through its binding
with TRAFB, leading to PS1 stabilization and regulation of Ca®* release (Powell et al. 2009;
Yan, Farrelly, and McCarthy 2013).

4.1.y-secretase complex and substrates

PS are the catalytic subunit of the y-secretase complex, which belongs to the family of
intramembrane cleaving protesases (IClips). For y-secretase complex to become mature,
is required the recruitment in the complex of anterior pharynx-defective-1 (Aph-1),
presenilin enhancer-2 (Pen-2) and nicastrin (Nct) with 1:1:1:1 stoichiometry, plus the
endoproteolytic cleavage of PS. Taking into account that both PS and Aph-1 have two
isoforms (PS1/PS2 and Aph-1a/Aph-1b) and that Aph-1 can also suffer alternative
splicing, six different y-secretase complexes with different biological functions exist (Lai et
al. 2003; Shirotani et al. 2004). Pen-2 is a small hairpin-like protein of ~12 kDa with three-
TMD, although the first two only crosses half the membrane (Zhang, Yu, and Sisodia
2015). Recent evidences show that Pen-2 is necessary for endoproteolysis of PS to takes
place (Ahn et al. 2010; Takasugi et al. 2003). Aph-1, in turn, is a ~25 kDa protein with
seven-TMD that seems involved in presenilin stabilization and y-secretase activity
(Takasugi et al. 2003). Finally, nicastrin is a type | membrane glycoprotein of ~130 kDa
that seems to act as a scaffold for the y-secretase complex and as substrate-recognizing
subunit (Shah et al. 2005; Zhang et al. 2012) (Fig. 15).
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Figure 15. Representation of PS/y-secretase complex structure. Catalytic Asp residues in
Presenilin are indicated in pink.

Assembly of PS/y-secretase complex occurs in a three-step sequential recruitment of the
above-mentioned proteins. The first subcomplex begins with the binding of nicastrin and
Aph-1. Then, presenilin binds to this complex, and finally, Pen-2 joins to it, turning the
complex active. While, the formation of the complex seems to occurs in the ER, growing
evidences show that the activation takes places in vesicles of the Golgi apparatus (Kim et
al. 2007). Interestingly, the composition of the lipid bilayer plays a role in the activation of
y-secretase complex and also in its proteolytic function (Osenkowski et al. 2008; Aguayo-
Ortiz, Straub, and Dominguez 2018). Modulation of y-secretase activity occurs through
interaction with GSAP and Hif-1a proteins (He et al. 2010; Villa et al. 2014). Furthermore,
some groups have reported that gender also influences y-secretase activity. In particular,
in mice, the y-secretase activity is much higher in females than males in aged brains
(Placanica, Zhu, and Li 2009). Finally, some molecular mechanisms as ligand-binding or
calcium influx may affect also the PS/y-secretase-dependent processing of some
substrates (Mumm et al. 2000; Litterst et al. 2007).

Once the y-secretase complex is assembled and become active, it can then initiate the
catalytic processing activity. The amyloid precursor protein (APP), which generates the
amyloid-3 peptide that accumulates in AD brain, was the first PS/y-secretase reported
substrate. Currently, more than 90 substrates have been identified (Lle6é and Saura 2011).
Despite the fact that there is no identical consensus cleavage sequence, these proteins
share several features: 1) they are type-l transmembrane proteins; 2) prior to the y-
secretase activity, their ectodomain must be shed, usually by a disintegrin and
metalloprotease (ADAM) enzyme resulting in the generation of CTFs; 3) y-secretase-
dependent cleavage must occurs near the border of the transmembrane; 4) PS/y-
secretase processing leads to the generation of an intracellular domain fragment (ICD),

which is degraded by the proteasome and/or translocates into the nucleus; and 5) the
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inactivation of PS/y-secretase complex leads to accumulation of CTFs and prevents the
generation of ICD (Haapasalo and Kovacs 2011). In summary, the process that involves
the PS/y-secretase processing consists in a previous cleavage of the ectodomain by a
metalloprotease-like proteinase as ADAM-10/17 (also called TACE) or R-secretase
(BACE). This ectodomain is usually released from the cell surface as a soluble protein
and a CTF fragment remains anchored to the membrane. Then, the PS/y-secretase
complex is able to process the CTF on the cellular membrane or in endosomes (Urra et al.
2007). Accordingly to the most accepted model PS/y-secretase complex proteolyzes
sequentially the substrates in multiple sites of the TMD, resulting finally in the release of
an intracellular domain (ICD) fragment. In some substrates, the presence of this multiple

cleavage sites, results in various cleaved products.

Among the already identified substrates of PS/y-secretase complex are the following: APP
or Amyloid precursor-like proteins (APLP); Notch receptors and their ligands; Low Density
Lipoprotein (LDL) Receptor-related proteins as ApoER2; and cell adhesion proteins as
cadherins, Ephs and ephrins, and ErbBs. Unfortunately, the physiological function of
many of the resulting cleavage products is still largely unknown (Fig. 16) (Lle6é and Saura
2011).
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Figure 16. Identified PS/y-secretase substrates classified according to their function. Those
substrates whose y-secretase cleavage products are found in the nucleus are indicated in italics.
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Abbreviations: APLP, amyloid-protein precursor-like protein; ApoER2, apolipoprotein E receptor 2;
APP, amyloid precursor protein; BTC, betacellulin; CSF1R, colony-stimulating factor 1 receptor;
CX3CL1, fractalkine; DCC, deleted in colorectal cancer; DNER, delta/notch-like EGF repeat
containing; DSG2, desmoglein 2; EpCAM, epithelial cell adhesion molecule; GHR, growth hormone
receptor; GIuR3, glutamate receptor; GnT-V, N-acetylgluco-saminyltransferase V; HLA, human
leukocyte antigen; IFN, interferon; IGF, insulin-like growth factor; IL, interleukin; IR, insulin receptor;
Ire1, inositol requirement 1; KCNE, voltage-gated potassium channel -subunit; LAR; leukocyte-
common antigen related; LRP, low-density lipoprotein receptor; MUC1, mucin 1; Nay, voltage-gated
sodium channel; NPR-C, natriuretic peptide receptor C; NRADD, neurotrophin receptor alike death
domain protein; NRXN, neurexin; NTR, neurotrophin receptor; PAM, peptidylglycine-amidating
monooxygenase; Pcdh, protocadherin; PKHD1, fibrocystin; PLXDC2, plexin domain-containing
protein 2; Ptprz, protein tyrosine phosphatase, receptor type z; RAGE, receptor for advanced
glycation end products; ROBO, roundabout; RPTP, receptor-like protein tyrosine phosphatase;
SorCS, sortilin-related VPS10 domain containing receptor; Tie1l, Tyrosine kinase with
immunoglobulin-like and EGF-like domains 1; TYRP, tyrosinase-related protein; VEGF, vascular-
endothelial growth factor; VLDLR, very low density lipoprotein receptor.

In particular, the PS/y-secretase-dependent processing of APP occurs through two
different pathways depending whether AR is generated (amyloidogenic pathway), or not
(non-amyloidogenic pathway). The amyloidogenic pathway starts with the initial
processing of APP through R-secretase, which releases a soluble fragment (sAPPR) and
an intramembranous APP carboxy-terminal fragment (APP-CTF). Then, this APP-CTF is
cleavage by PS/y-secretase in the ¢ site (residues 48-49, the closest region to cytoplasmic
membrane), releasing the APP ICD (AICD) into the cytosol, which can then translocate to
the nucleus. Similarly, PS/y-secretase also proteolyzes the remaining substrate every
three amino acids from  site (residues 45-46) to the y site (residues 40-43), leading to the
generation of AR peptides of different lengths. On the other hand, APP can also be
proteolyzed by a-secretase through the non-amyloidogenic pathway resulting in the
generation of two fragments: APPsa and a-CTF. Then, PS/y-secretase cleaves the a-CTF
to generate two fragments: the P3 peptide and the AICD (Gu et al. 2001; Sastre et al.
2001; Weidemann et al. 2002; Zhao et al. 2004).

4.2. Biological functions of presenilin/y-secretase
4.2.1. PSly-secretase-dependent cell signaling

The full length proteins and the cleavage products resulting from the PS/y-secretase

processing usually perform different functions. In many cases the ICDs translocate to the
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nucleus where regulate gene transcription. Some reported examples are: AICD (APP), CD44-
ICD, DCC-ICD, Notch-ICD, E and N-cadherin-ICD, receptor-like protein tyrosine
phosphatases (RPTP), leukocyte-common antigen related (LAR) and R-subunits of the

voltage-gated sodium channels (Na,3) among others (Haapasalo and Kovacs 2011).

PS/y-secretase signaling is also involved in the regulation of cell fate. In this context, the
PS/y-secretase-dependent processing of Notch leads to the release of Notch-ICD, which
regulate gene transcription pathways involved in cell differentiation and maintenance of stem
cell populations (Strooper et al. 1999). Similarly, the ErbB4 ICD (E4ICD) regulates cell fate
determination in the brain, specifically regulates the maturation of oligodendrocytes and
astrogenesis (Lai and Feng 2004; Sardi et al. 2006). Furthermore, the generation of E4ICD is
also implicated in the regulation of tumorigenesis, since it has pro-apoptotic activity and it
increases the levels of the anti-apoptotic protein p53 (Arasada and Carpenter 2005; Vidal et
al. 2005).

The p75 neurotrophin receptor (p75"™"), which usually mediates cell survival, is also a
substrate of PS/y-secretase complex. By contrast, the generation of the p75-ICD is involved
in apoptotic events in neurons, through the ubiquitination and nuclear translocation of

neurotrophin receptor interacting factor (NRIF) (Kenchappa et al. 2006).

Some Ephs and ephrins have been also reported to be PS/y-secretase substrates, and their
cleavage products are involved in the regulation of neurite outgrowth and cell adhesion.
Binding of ephrin-B2 to EphB2 results in the PS/y-secretase-dependent processing of the
ligand. This consists in a initial cleavage of the ectodomain by a metalloprotease, generating
a membrane bound CTF1 that is then proteolyzed by PS/y-secretase, producing a soluble
CTF2. This processing is related to Src activation, which is involved in the rearrangement of
cytoskeleton and the modulation of neuritogenesis and migration (Georgakopoulos et al.
2006). EphB2, in turn, can also be proteolyzed by PS/y-secretase. In this case, the signaling
derived of this processing will differ depending on whether it is ligand-dependent or
-independent. In the first case, the ectodomain cleavage occurs in the endosomes, which
stimulates the ubiquitination of EphB2 receptors and its degradation. In contrast, the ligand-
independent processing of EphB2 takes place in the plasma membrane and depends on the
calcium influx and NMDA activation (Litterst et al. 2007). Finally, PS/y-secretase-dependent
processing of EphA4 is regulated by synaptic activity. The generated EphA4-ICD fragment
then translocates to the nucleus contributing to the formation and maintenance of dendritic

spines (Inoue et al. 2009).
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4.2.2. Presenilin-1 in neuronal development

PS1 is ubiquitously expressed in most tissues, including developing and adult brain,
although the expression is higher in embryonic than adult brain. In the developing brain,
PS1 is mainly expressed in the ventricular zone, whereas in the adult brain, the higher

levels are found in the hippocampus and entorhinal cortex (Lee et al. 1996).

The lack of PS1 expression during brain development causes a loss of neural progenitor
cells, first in the ventricular zone and then in the subcortical region, leading to a reduction
in the number of neurons through the regulation of neuronal differentiation (Shen et al.
1997; Handler, Yang, and Shen 2000). In fact, PS7 knockout mouse embryos develop
shortened tails and rostro-caudal body axes, as well as cranial hemorrhages that
contribute to their unviability and subsequent premature death (Shen et al. 1997).
Additionally, PS1 is also involved in the regulation of neuronal migration and
morphogenesis of the cerebral cortex and radial glial generation (Louvi 2004). Thus, PS1
inactivation in the postnatal forebrain also causes deficits in long-term spatial memory (Yu
et al. 2001). Similarly, the inactivation of both PS also in the postnatal forebrain leads to
impairments in hippocampal synaptic plasticity and memory and neurodegeneration,
which worsen with aging in a PS dose-dependent manner (Saura et al. 2004a; Watanabe
et al. 2014). All these results indicate that PS1 play essential roles in both the developing
and adult brain by regulating different physiological, differentiation and survival

mechanisms.

In addition, PS1 also regulates Notch signalling during neuronal development (Strooper et
al. 1999). Notch-1 is an immature type | transmembrane protein that needs to be cleaved
by a furin-like convertase (FLC) at the cleavage site 1 (S1) in the Golgi during its
trafficking to the cell surface in order to become mature (Logeat et al. 1998). Then, when
ligand binding occurs, the region next to the membrane is susceptible to be cleaved by an
ADAM metalloprotease at the S2 site. This ectodomain shedding generates a C-terminal
fragment (NEXT) that is then proteolyzed by PS/y-secretase complex at the S3 site,
leading to the generation of a NICD fragment. NICD translocates to the nucleus where it
acts as a transcriptional factor involved in regulation cell fate during development (Louvi
and Artavanis-Tsakonas 2006). In turn, the activity of NICD can be regulated through the
action of ubiquitin ligases that control the state of Notch signalling to continue the signal or
to undergo proteosomal degradation (Guruharsha, Kankel, and Artavanis-Tsakonas
2012). The transduction of downstream signalling pathways involves the interaction
between NICD and CSL DNA-binding proteins. In basal conditions, the DNA-binding
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adaptor CSL, interacts with some proteins as histone deacetylases (HDACs) favouring a
more condensed chromatin conformation that prevents the transcription. In contrast, when
NICD translocate to the nucleus, NICD binds to CSL and other proteins as histone
acetyltransferases (HATSs), which relax the chromatin, allowing the transcription of target
genes (Kopan and llagan 2009; Kopan 2012). The family of HES proteins (HES1 and
HES5 in mammals) are crucial effectors of Notch signalling pathway. Indeed, HES
transcription factors regulate the expression of genes involved in cell-fate decision, as
apoptosis, proliferation and differentiation (Kageyama and Ohtsuka 1999). Interestingly,
the Notch ligands Delta-like and Jagged are substrates of PS/y-secretase, adding an

additional level of regulation of Notch signalling (Ikeuchi and Sisodia 2003).

4.2.3. Role of PS/y-secretase in Alzheimer’s disease

Alzheimer’s disease (AD) is the most common cause of dementia worldwide. There are two
forms of AD: sporadic (SAD), that accounts for most of the cases and appears in people
after age of 65; and familial (FAD), that represents less than 5 % of all cases and affects
people younger than 65 years (Holtzman, Morris, and Goate 2011). FAD is an inherited
autosomal dominant disease where mutations in APP and PS genes account for most
cases. To data, a total of 230 mutations have been described for PSEN1 and 39 for PSEN2

(Alzheimer Disease and Frontotemporal Dementia Mutation Database).

PS/y-secretase cleaves APP, leading to the generation of AB of different length, mainly
AB40. These mutations normally cause a partial loss of PS function, enhancing the
generation of Ap42 peptides or favouring the ratio of AB42 to AB40. AB42 is more easily to
aggregate into amyloid plaques that are present in the brains of AD patients (Scheuner et
al. 1996). Although it is still unclear how AR induces neurodegeneration, growing evidences
indicate that the soluble aggregated AR forms rather than the amyloid plaques are the major
cause of synaptic dysfunction in AD (Danysz and Parsons 2012). It is thought that AB
inhibits long-term potentiation (LTP) and favours long-term depression (LTD) in
hippocampal neurons (Walsh et al. 2002; Shankar et al. 2007; Li et al. 2009). These defects
also correlate with loss of dendritic spine density (Hsieh et al. 2006; Shankar et al. 2008). In
addition, some FAD mutations are related to a disruption of Ca?* signalling since they can
affect the generation of the AICD which in turn regulates the transcription of some genes
involved in Ca** homeostasis (Hamid et al. 2007). For these reasons, several preclinical

studies are focus on developing therapies based on y-secretase inhibitors. Although they
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usually are very toxic and none of them have resulted successful to date, the development
of these compounds is still one of the main therapeutically strategies used against AD.
Notably, it has been recently described that y-secretase inhibition causes an increase in
PS1 as a rebound effect, indicating that this and other considerations has to be carefully

taken into consideration when using these therapies (Sogorb-Esteve et al. 2018).

Besides the well established role of PS/y-secretase on APP cleavage in AD pathology, the

relevance of this processing in other substrates in AD are currently still unknown.

54






OBJECTIVES



Objectives

The objectives of this doctoral thesis are:

Objective 1. To study the mechanisms of EphA3 processing by PS/y-secretase and

metalloproteases

Objective 2: To investigate the biological role of the EphA3 intracellular domain (ICD) on

axon growth in cultured neurons and brain
Objective 3: To identify EphA3 ICD interacting proteins that modulate axon growth

Objective 4: To analyse PS/y-secretase-dependent Nrg1/ErbB4 signaling in the brain
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Materials and Methods

1. Mouse models

Mouse colonies were maintained at the Animal Core facility of the Universitat Autbnoma
de Barcelona, on a 12 h light/dark cycle with food and water available ad libitum
conditions. Animal experimental procedures were conducted according to the Animal and
Human Ethical Committee of the Universitat Autbnoma de Barcelona (protocol CEEAH
2896; DMAH 8787) following the European Union guidelines (2010/63/EU).

1.1.PS1 knockout mice

PS1” mice were generated in the laboratory of Dr. Susumu Tonegawa at Harvard Medical
School as previously described (Shen et al., 1997). The genetic background of all mice
was C57BL6/129 hybrid. As the absence of PS71 is embryonic lethal due to CNS
haemorrhages, we only used PS1” hippocampal or cortical neurons for in vitro
experiments. The PS1”" neurons were obtained by crossing heterozygous (PS1*") mice.
The phenotypic differences between the PS1” (cerebral haemorrhages and shortened
tails) and the PS1*"* and/or PS1*", allows us to differentiate them. However, the genotype

of cultured neurons was further confirmed by PCR.

1.2. Brain-specific PS conditional double knockout (PS cDKO) mice

To overpass the lethality of PS17 mice we use the PS ¢cDKO mice. These animals were
generated in the laboratory of Dr. Jie Shen at Harvard Medical School as previously
described (Saura et al., 2004). Briefly, PS cDKO mice were generated by crossing PS1
floxed/floxed;CaMKIlla-Cre (PS71 cKO) and PS2” mice (Steiner et al., 1999; Yu et al.,
2001). The inactivation of PS1 is restricted to excitatory neurons of the postnatal forebrain
starting at P18 since Cre-recombinase is mainly expressed under the CaMKIlla promoter.
The genetic background of these mice is C57BL6/129 hybrid. PS cDKO mice develop
impairments of hippocampal-dependent memory and synaptic plasticity, and age

dependent neurodegeneration (Saura et al., 2004).
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2. Cell culture

2.1.Cell lines

Human embryonic kidney cell lines (HEK293T) that express the SV40 T-antigen were
maintained in supplemented DMEM at 37°C in a humidified 5% CO;incubator. Monolayer
cultures were washed with PBS pre-warmed at 37°, treated with 0.25% trypsin-EDTA and
incubated for 3 min at 37°C. Trypsinisation was stopped by adding supplemented DMEM
which was also pre-warmed at 37°C. Cells were spin at 1,000 rpm for 5 min and seeded

in the supplemented cultured medium at the required cell density.

Cell culture media and buffers:

Supplemented Dulbecco’s Modified Eagle’s Medium: DMEM (Sigma Aldrich D5796)
supplemented with 10% of fetal bovine serum (FBS; Invitrogen-Gibco 10106-169) and
penicillin/streptomycin (5000 U/mL, Life Technologies 15070-063)

Phosphate-buffered saline (PBS) 1X: 136.8 mM NaCl, 2.5 mM KCI, 0.8 mM Na,HPQ;,,
1.47 mM K;HPO,, pH 7.4

Tripsin-EDTA, Methyl sulfoxide (DMSO; Sigma)

2.1.1. Transfection of cell lines

HEK 293T cells were cultured at 1.2-10° cells in 60 mm dishes or 2.2-10° cells in 100 mm
dishes. Transfection was performed 24 h after plating using the technique based on the
formation of liposomes (Lipofectamine 2000; Invitrogen 11668-019). The DNA-liposome
complexes were formed by incubating DNA with Lipofectamine in a 1:2 ratio (for each 1
Mg of DNA, 2 ug of Lipofectamine) for 20 min at room temperature in OptiMEM
(Invitrogen, 31985-062) supplemented with glutamine (2 mM). Cells were washed with
PBS 1X and the plating media was replaced by OptiMEM/glutamine. After the incubation,
the DNA-liposome complexes were added into each plate. Transfection media were
maintained for 2-3 h at 37°C, and then replaced with regular culture medium (DMEM

supplemented with 10% FBS). All cells were lysed 48 h after transfection.

NOTE: the transfection protocol used before MALDI-TOF is explained in detail in section
3.5.1. of Material and Methods.
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2.1.2. Pharmacological treatments

HEK293T cultured cells were treated directly to the medium with y-secretase, 3-secretase
and broad-spectrum metalloprotease inhibitors as indicated in Table 3. In the case of

combined treatments, DAPT was applied 3h after the metalloprotease inhibitors.

Table 3. Inhibitors of y-secretase, R-secretase and broad-spectrum metalloprotease used in

this study. The specific targets and used doses are indicated.

Company Dose
Inhibitor
(catalog #)  (um)
N-[N-(3,5-Difluorophenacetyl)-L-
lanyl]-S-phenylglycine t-butyl est t Sigma (alone).
alanyl]-S-phen cine t-butyl ester -secretase
y phenyigly y Y (D5942) 1
(DAPT) .
(mixed)
(5S)-(tert-Butoxicarbonilamino)-6-
fenil-(4R)- hidroxi-(2R)- Tocris
y-secretase 5
benzilhexanoil)-L-leuci-L- (2627)
fenilalaninamida (L-685,458)
Galardin, llomastat, N-[(2R)-2-
(Hydroxamidocarbonylmethyl)-4- MMPs: 1, 2, 3,7, 8, 9, Enzo (BML- o5
methylpentanoyl]-L-tryptophan 12, 14, 26 EI300-0001)
methylamide (GM-6001)
MMPs: 1, 3,7, 9 and Calbiochem
MMP9/13 10
13 (444252)
Tocris
EGCG R-secretase 20
(4524)
MMPs: 1, 2, 3, 7 and 9.
SB-3CT enzo (BML-1
- ADAM17/
EI325)
TACE
Sigma
1,10-Phenanthroline (1,10-PNT) ADAMSs: 10, 12 and 28 83
(131377)
MMPs: 1,2,7,9 and Tocris
Marimastat 20
14 (2631)
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2.2.Primary neuron culture

Coverslips were previously treated with poly-D-lysine and incubated at 37°C for 24 h.
Previous to neuron culture, coverslips were washed twice with PBS. For
immunofluorescence experiments, neurons were seeded in 12 mm coverslips (24-well
plates) previously treated with 150 ug/ml poly-D-lysine (Sigma; P7658). For biochemical
assays, neurons were seeded in 100 mm plates, previously treated with 50 ug/ml poly-D-

lysine.

Cortical and hippocampal neurons were obtained from E15.5 PS1"* and PS1” mouse
embryos (C57BL6/129 background) obtained from PS1*" heterozygous crossings.
Embryos were placed in a 100 mm diameter dish containing cold PBG. As PS1” embryos
are slightly smaller, have a defect in the tail development and present cerebral
hemorrhages (Shen et al., 1997), we classified the embryos as PS1™ or controls (PS1*"
or PS1*"). The genotypes of both groups were further confirmed by PCR (Section 4.1.2 of
Materials and Methods). Wild-type neurons were obtained from C57BL/6J inbred mice.
Then, brains were extracted, both hemispheres separated and the meninges removed.
The dissected cortices and hippocampi were transferred to a tube containing 10 ml of
Solution 1 and centrifuged (300 x g, 1 min). The pellet was incubated in Solution 2
(trypsin-containing solution) at 37°C for 10 minutes, agitating every 2 minutes. The trypsin
reaction was stopped by adding Solution 3 (containing trypsin-inhibitor) and by
centrifugation (300 x g, 1 min). The pellet that contains the digested tissue was
resuspended in the Solution 4 and disrupted using a Pasteur pipette. The cell suspension
was filtered with a nylon mesh of 40 um pore size. Finally, the cell suspension was mixed
with Solution 5 and centrifuged (250 x g, 5 min). The cell pellet was resuspended in
Complete DMEM medium. Cells were stained with trypan blue and counted in a Neubauer
chamber. Trypan blue positive cells were excluded from the total. For
immunofluorescence experiments, hippocampal neurons were seeded in 24-well plates at
1.5-10* cells/cm? density, whereas for biochemical assays, hippocampal or cortical
neurons were seeded in 35 mm diameter dishes (62,500 cells/cmz), 6-well dishes (75,000
cells/cm?) or 60 mm diameter dishes (95,238 cells/cm?). In all cases, neurons were
incubated at 37°C with 5% CO, for 2 h. Then, the plating medium was replaced by
B27/glutamine-supplemented Neurobasal medium. When neurons were maintained for
more than 5 DIV, the culture medium was changed every 4 days by half of the conditioned

medium plus fresh medium.

Cell culture media and buffers:
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Solution 1: Krebs buffer supplemented with 0.3% bovine serum albumin and 0.03%
Mg2S0O4

Solution 2: solution 1 supplemented with 0.0025% trypsin

Solution 3: solution 1 supplemented with 0.0056% trypsin inhibitor, 0.008% DNAse and
0.03% MgS0O4

Solution 4: solution 1 plus 16% solution 3
Solution 5: solution 1 supplemented with 0.03% MgS0O4 and 0.0014% CaCl2

Krebs buffer: 120 mM NaCl, 4.8 mM KCI, 1.2 mM KH2PO4, 25 mM NaHCO3, 14.3 mM

Glucose

Complete Dulbecco’s Modified Eagle’s Medium (DMEM; Sigma Aldrich D5796)
supplemented with 10% FBS, 2 mM L-glutamine, 0.6% of glucose and 0.25 mg/ml of

penicillin/streptomycin. This medium was only used as plating media.

Neurobasal / B-27: Neurobasal medium (Gibco 211103.049) supplemented with B-27
(Invitrogen; 17504-044), 2 mM L-glutamine, 0.6% glucose and 0.25 mg/ml

penicillin/streptomycin. This medium was used for the maintenance of primary neurons.

PBG: PBS (1x) supplemented with 0.6% glucose and 0.25 mg/ml penicillin/streptomycin.

2.2.1. Pharmacological treatments

y-secretase inhibitor: N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester
(DAPT) (250 nM; Sigma #D5942) was added to the B27/glutamine-supplemented
Neurobasal medium at 0 DIV. DAPT treatment was renewed at 2 DIV, directly added over

the conditioned media.

(x)-Blebbistatin: active blebbistatin inhibitor (20 uM; Calbiochem #203390). Hippocampal

neurons were treated at 2 DIV, directly adding ()-Blebbistatin to the cultured medium.

(-)-Blebbistatin: Inactive blebbistatin inhibitior (20 uM; sigma #B0560). As a control,
hippocampal neurons were treated at 2 DIV, directly adding the (-)-Blebbistatin

enantiomer to the cultured medium.

rhNRG1: recombinant Human Neuregulin-1 (rhNRG1; 100 ng/ml). Hippocampal neurons
were treated at 6 DIV and 11 DIV directly adding to the cultured medium.
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2.2.2. Neuronal transfection

Primary hippocampal neurons were plated in 24-well dishes at density of 3-10* cells/well.
Transfection was performed 48 h after plating using the technique based on the formation
of liposomes (Lipofectamine 2000; Invitrogen 11668-019). The cDNA-liposome complexes
were formed by incubating cDNA with Lipofectamine 2000 (in a ratio of 1:0.7, that is for
each pg of DNA, 0.7 pg of Lipofectamine 2000) for 20 min at room temperature. In order
to preserve the viability of neurons, half of the conditioned medium was kept in a tube at
37°C, and neurons remained with half of conditioned medium plus half of OptiMEM
(Invitrogen, 31985-062) supplemented with glutamine (2 mM) during the incubation with
the DNA-liposome complexes. Transfection medium was maintained for 1:15 h, and then,
discarded. Cells were incubated with culture medium composed of 50% of conditioned
culture medium and 50% of fresh culture medium. Hippocampal neurons were fixed and

immunolabeled (Section 5.1 of Material and Methods).

2.2.3. Lentiviral transduction of neurons

Primary hippocampal neurons were transduced with lentivirus at 1 DIV (for axon growth
analysis experiments) or 2 DIV (for biochemical assays). At the moment of the viral
transduction, half of the conditioned medium was kept and the neurons were transduced
overnight using 2 infective particle/cell. Next day, the medium was replaced by half of the

conditioned medium plus fresh Complete Neurobassal medium.

2.2.4. Ephrin-A5-Fc treatment

In order to activate EphA3 receptor, we used the chimera protein ephrin-A5 Fc (R&D
Systems; 374-EA). Prior to the treatment, ephrin-A5 Fc ligands were clustered by the
incubation of the ligands with an antibody against the human Fc (Jackson
Immunoresearch; 109-001-008), following a 1:10 molar ratio (ligand:antibody) for 20 min
in agitation at room temperature. The ephrin-A5-IgG clusters were added directly to the

cells at 0.18 ng/mm? (Lawrenson et al., 2002) for 30 min prior to the cell lysis.

64



Materials and Methods

3. Biochemical methods
3.1.Immunoprecipitation and co-immunoprecipitation

For immunoprecipitation (IP) and co-immunoprecipitation (Co-IP) experiments from
embryonic brain, the tissue was homogenized in 10 volumes of CHAPS lysis buffer.
HEK293T cells were cultured in 100 mm plates (3,5:10* cells/cm?) and transfected with
EphA3 (4 ug / plate) 48 h before the lysis. Cells were washed twice with cold PBS in order
to remove the remnants of culture medium and mechanically lysed (Potter-Elvehjem
glass-Teflon) in CHAPS lysis buffer supplemented with protease and phosphatase
inhibitors (Roche). Finally, the pellet was discarded and the supernatant was transferred
into a clean tube. Protein concentration was determined with the Pierce™ BCA Protein
Assay Kit (Pierce #23225) and the Co-IP assays were performed on the same day, to
avoid the freezing of samples and losing protein interactions. The lysates (1.50 ug/ul in a
final volume of 500 pl) were incubated with the antibody of interest (1-3 ug) overnight at
4°C in rotation. Next day, the magnetic beads (Dynabeads Protein G) were washed in
CHAPS lysis buffer according to the manufacturer’s instructions (20 ul/sample). The
cleared beads were incubated with the mixture containing the sample plus antibody for 15
min in rotation at room temperature. Then, the tubes were placed in the magnet, the
supernatant was discarded and the magnetic bead-antibody-antigen complex was
washed (4x, 500 ul CHAPS lysis buffer). The last wash was done with only 100 ul of
CHAPS lysis buffer and the samples were transferred into a clean tube. Finally, samples

were eluted in 30 ul of sample buffer 2X and heated for 5 min at 95°C.

Reagents and Buffers:

CHAPS lysis buffer: HEPES 50 mM pH 7.4, NaCl 100 mM, EDTA 0.1 mM, 1% CHAPS

(supplemented with protease and phosphatase inhibitors, and PMSF).

Dynabeads Protein G: # 10004D; LifeTechnologies

3.2.Nuclear fractionation

Whole mouse cortex was washed with PBS in order to eliminate the blood and
mechanically homogenized (Dounce-glass) in 2 ml of Buffer A. To separate the cytosolic
and membrane fractions (supernatant) from the nuclear pellet, the homogenates were

centrifuged (3,000 x g, 15 min, 4°C). The pellet was resuspended and homogenised with
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the pippete in 400 pl of NHB. Nuclei were obtained by a sucrose gradient that was
prepared freshly from Gradient Buffer. The order of sucrose gradients was (from bottom to
top): 2mlof22M,2mlof 2 M, 2 ml 1.8 M, 2 ml of sample 1.6 M (adding 2.2 M sucrose
up to 2ml) and 2 ml of 1.4 M. The gradient was ultra-centrifuged (75,000 x g, 35 min, 4°C)
in a Beckman swing SW41 rotor in a Sorvall Discovery 90 ultracentrifuge. The sucrose
gradients were aspirated and the nuclear pellet was resuspended in 125 pl of lysis buffer.

Finally, the nuclei were sonicated (15 sec, 4°C) and stored at -80°C.

Buffers:

Buffer A: 10 mM Hepes pH 7.5, 1.5 mM MgCl,, 10 mM KCI, 0.5 mM PMSF, 1 mM NaVQ,,
200 mM Sucrose, 25 mM NaF (supplemented with protease inhibitor and PNT)

Gradient buffer (pH 7.4): 10 mM TEA, 10 nM Acetic acid, 1 mM MgCl,, 0.5 mM ZnCl,

Lysis buffer: 150 mM NaCl, 25 mM Tris HCI, 1% NP40, 10% Glycerol (supplemented with
1mM PMSF and protease inhibitor)

NHB: 250 mM Sucrose, 10 mM TEA, 10 nM Acetic acid, 1 mM MgCl,, 0.5 mM ZnCl,

(supplemented with protease inhibitor)

3.3.In vitro y-secretase assay

This protocol has been described elsewhere (Sastre et al.,, 2001). Prior to y-secretase
assay, HEK293T cells were cultured in 100 mm plates (3,5-10* cells/cm?) and transfected
using Lipofectamine 2000 with EphA3-HA cDNA (4 ug / plate) 48 h before the lysis in
hypotonic lysis buffer. Cells were washed twice with PBS and mechanically lysed (Dounce
Homogenizer) in hypotonic lysis buffer (500 ul / plate). Cell lysates were centrifuged
(1000 x g, 15 min, 4°C) and the pellets were discarded. Supernatants were centrifuged
(16.000 x g, 20 min, 4°C) and pellets (non-purified membrane fraction) were resuspended
in assay buffer. The membrane fraction, incubated with vehicle (DMSO) or DAPT (1 uM)
at 37°C for 0 — 2h in an Eppendorf ThermoMixer (500 rpm). Then, the tubes were ultra-
centrifuged (100,000 x g, 1h, 4°C) obtaining the soluble (supernatant, called S100) and

the non-soluble (pellet, P100) fractions.

Buffers:

Hypotonic lysis buffer: 10 mM MOPS pH 7.0, 10 mM KCI, supplemented with protease

inhibitors
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Assay buffer: 150 mM Sodium citrate pH 6.4, supplemented with protease inhibitors

3.4.Electrophoresis and Western blotting
3.4.1. Cell and brain lysis and protein quantification

Mice were euthanized by cervical dislocation and the brain was dissected on ice. For mice
embryo brains, embryos were extracted and the brain was obtained. Cortices, hippocampi
or whole brain were mechanically homogenized (Dounce-glass) in low-detergent lysis
buffer containing protease and phosphatase inhibitors. 1200 ul lysis buffer was used for
1/2 cortices, 400 ul lysis buffer was used for 1/2 hippocampi and 10 volumes of lysis
buffer to 1 brain weight for whole embryonic brain. Cells were washed twice with cold PBS
in order to remove the remnants of culture medium. Cells were mechanically lysed
(Potter-Elvehjem glass-Teflon) in low-detergent lysis buffer supplemented with protease
and phosphatase inhibitors (Roche). Cell lysates were incubated on ice for 30 min to
solubilize the proteins, and then pre-cleared by centrifugation (10,000 rpm, 10 min, 4°C).
Finally, the pellet was discarded and the supernatant was transferred into a clean tube.
Protein concentration was determined with the Pierce™ BCA Protein Assay Kit (Pierce
#23225). For ectoshedding studies, conditioned media was recollected after 48h of EphA3
transfection and treated with protease inhibitor PMSF (1 mM). Then, cells were removed
by centrifugation (1.000 rpm, 5 min, RT) and proteins were concentrated using Amicon®
Ultra 10K filters (EMD Millipore; #UFC501024), according to the manufacturer’s

instructions.

Buffers:
Lysis buffer: 50 mM Tris HCI, pH 7.4, 150 mM NaCl, 2 mM EDTA, 1% NP40, 1 mM PMSF
Protease inhibitor cocktail tablets: #11836145001; Roche

Phosphatase inhibitors: #04906837001; Roche

3.4.2. SDS-PAGE and Western blotting

Same amount of total protein was diluted in Laemmli loading buffer (3x) and heated at
95°C for 5 min and loaded to the polyacrylamide gels (PAGE) (8-12.5%). A molecular

weight marker was added in order to identify the proteins of interest. Electrophoresis was
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performed at room temperature (20 mA, maximum voltage) in Running buffer (1X) and
proteins were transferred into a PVDF membrane (Bio-Rad), previously activated with
methanol (110V, 500mA; Transfer buffer 1X). Lastly, membranes were stained with
Ponceau S (Fluka) to verify the presence of protein, which was eliminated with a few

washes of distilled water and Tris-buffered saline plus 0,1% Tween (TBS-T).

PVDF membranes were incubated with blocking buffer for 1 hour and washed with TBS-T
(3 x 10 min). Membranes were incubated with primary antibody diluted in antibody buffer
overnight at 4°C in orbital agitation. Membranes were washed with TBS-T (3 x 10 min)
and incubated with secondary antibody conjugated to horseradish peroxidase (HRP;
1:3,000; Pierce) diluted in BSA-blocking buffer (phosphorylated antibodies) or complete
blocking buffer (non-phosphorylated antibodies), at room temperature for 45 min and in
orbital agitation. Finally, membranes were washed three times for 10 min with TBS-T.
Proteins of interest were detected by Chemidoc (Bio-Rad) by a chemiluminescent reaction
using luminol (Sigma) and the signal was quantified by Image Lab software (Bio-Rad). If
necessary, membrane was stripped in stripping buffer at room temperature for 20 min,
washed in TBS-T (10 min x3), blocked in blocking buffer and re-blotted.

Reagents:

Antibodies: List of antibodies used (Table 4)

Antibody solution: TBS, 0.1% bovine serum albumin (BSA), 0.02% thimerosal
BSA-blocking buffer: TBS-T, 5% BSA

Complete blocking buffer: TBS-T, 5% skimmed milk powder, 0.1% BSA

Loading buffer (1x): 62.5 mM Tris HCI (pH 6.8), 10% glycerol, 2% SDS, 5% B-

mercaptoethanol, 0.01% bromophenol blue

Ponceau S solution: Sigma 81462

Protein Benchmark: 10748-010; Invitrogen

Precision Plus Protein All Blue Standards: 161-0373; Bio-Rad

Running buffer for SDS-PAGE (10x): 250 mM Tris base, 2 M glycine, 1% SDS, pH 8.3
Stripping solution: 0.1 M Glycine pH2.3

TBS (1X): 20 mM Tris base, 137 mM NaCl, pH7.4

Transfer buffer (20x): 200 mM Tris base, 2 M glycine, pH 8.3
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Table 4. Primary antibodies used for Western blotting (WB), immunoprecipitation (IP) and
immunofluorescence (ICC). - : Not tested.

Application and dilution

Antibody Company Ref
Alexa Fluor 488 Invitrogen A11039 | Chicken - - 1:300
A11031 Mouse
Alexa Fluor 568 Invitrogen - - 1:300
A11036 Rabbit
Alexa Fluor 594
Invitrogen A12381 F-actin - - 1:50
Phalloidin
A32728 Mouse
Alexa Fluor 647 Invitrogen - - 1:300
A32733 Rabbit
R-actin
Sigma A1978 Mouse 1:60,000 - -
(AC-15)
R-tubulin
Sigma T7816 Mouse 1:20,000 - -
(SAP.4G5)
ErbB4 PA5-
Invitrogen Rabbit 1:1000 - -
N terminal 14637
ErbB4 C-18 Sta. Cruz sc-283 Rabbit 1:1000 - -
EphA3 C19 Sta. Cruz sc-919 Rabbit 1:1000 - -
EphA3 L18 Sta. Cruz sc-920 Rabbit 1:1000 - -
EphA3 Receptor Invitrogen 37-3200 Mouse 1:1000 5ug -
Flag-Tag Abcam 125243 Mouse - 25 ug -
GAPDH Ambion Am4300 Mouse 1:100,000
1:100
GFP Abcam 13970 Chicken - - 0
HA-probe (F-7) Sta. Cruz sc-7392 Mouse 1:1000 - -
Cell All
HA-tag . . #2362 . 1:1000 - -
signaling species
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HA-Tag (Oct-A) Sta. Cruz Sc-807 Rabbit - - 1:50
HA-Tag Cell
#3956S Rabbit - 4.5 yl -
Sepharose signaling
1:100
Hoescht Invitrogen 34580 Nuclei - - 00
Cell
Myc-Tag _ _ 2276 Mouse 1:1000 2 ug -
signaling
MYH9 H-40 Sta. Cruz | sc-98978 | Rabbit 1:5000 - 1:100
Merck MABT16
MYH9 3F7.1 Mouse 1:1000 - -
Millipore 4
Nrg1 H-210 Sta. Cruz | sc-28916 | Rabbit 1:1000 - -
Nrg1 C-20 Sta. Cruz sc-348 Rabbit 1:1000 - -
Nrg1-C19 Sta. Cruz sc-1791 Goat
Cell
p-ErbB4 (Y1284) . . 4757 Rabbit 1:1250 - -
signaling
Cell
p-EphA3 (Y779) . . 8862 Rabbit 1:3000 - -
signaling
Merck
p-MYH9 (S1943) - AB2974 Rabbit 1:1000 - 1:100
Millipore
Cell
PSD95 3450 Rabbit - - 1:200
signaling
SMI-
SMI 312 Covance Mouse - - 1:500
312R
Synaptophysin Abcam SY38 Mouse - - 1:500
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3.5.Proteomic assays
3.5.1. MALDI-TOF MS

The proteomic identification of EphA3 ICD-interacting proteins is based on a previous
protocol (Free, Hazelwood, & Sibley, 2009). HEK293T cells were cultured in 100 mm
plates (7,1-10* cells/cm?) and transfected with pcDNA3.1-3xFlag or EphA3 ICD-3xFlag
(50 pg/plate) vector with a commercial CaCl, method (CalPhos Mammalian Transfection
kit). In order to increase the transfection efficiency, the culture medium was supplemented
with 25 pM Chloroquine prior to transfection. 48 h after transfection, cells were treated
with EBBS supplemented with 5 mM EDTA (10 min, 37°C, 5% CO,). Then, cells were
recollected and centrifuged (200 x g, 10 min) and the supernatant was discarded. Pellets
were resuspended in 1000 pl of lysis buffer supplemented with protease and phosphatase
inhibitors. In order to solubilize the proteins, the tubes were incubated (1h, 4°C) in an
orbital shaker and centrifuged (20,000 x g, 40 min, 4°C). The pellets containing cell debris
were discarded and the supernatant transferred into a clear tube. Then, the lysates were
immunoprecipitated using the antibody against the Flag-Tag (DYKDDDDK). In this case,
we pre-cleared the lysate before to add the antibody to the samples. The beads of
sepharose (100 ul/condition) were washed with 1000 ul of lysis buffer, centrifuged (1500 x
g, 1 min, 4°C), and resuspended again with 200 pl of lysis buffer. Then, the beads were
incubated with the samples for 3h at 4°C in rotation. After this, Protein G pellets were
discarded by centrifuging (2,000 x g, 5 min, 4°C) and the supernatant was transferred to a
clean tube, where the Flag-Tag antibody was added (25 ug). Then, 100 ul of Protein G
were washed once with lysis buffer and incubated with the sample for 3h at 4°C in
rotation. The bead-antibody-antigen complex was centrifuged (1500 x g, 5 min, 4°C) and
washed with washing buffer (3 x times). Finally, pellets were resuspended with 50 ul of
Sample Buffer 2X and heated at 95°C for 5 min.

The co-immunoprecipitation result was resolved by an 8.5% SDS-PAGE gel, which was
stained by Colloidal Comassie reagent overnight. After, extensive washes, samples were
in-gel digested with trypsin automatically (DigestPro MS, Intavis). This involves reduction
with dithiothreitol (DTT), derivatization with iodoacetamide (IAA), and enzymatic digestion
with trypsin (37°C, 8h). The resulting peptide mixture was analysed by MALDI-TOF/TOF
mass spectrometer (Bruker Daltonics Ultraflex TOF/TOF; ProteoRed-ISCIII) and by the
database search (Mascot, Matrix Science) with a significance threshold of the MOWSE
score of P < 0.05. The results were manually validated. SwissProt database restricted to

Homo sapiens taxonomy was used for peptide identification.
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Reagents and buffers:

CalPhos Mammalian Transfection kit: #631312; Clontech

Cloroquine: #C6628; LifeTechnologies

Earle's Balanced Salt Solution (EBBS): #14155063; LifeTechnologies

Lysis buffer: 50 mM Tris HCI, pH 7.4, 150 mM NaCl, 2 mM EDTA, 1% NP40, 1 mM PMSF

supplemented with protease and phosphatase inhibitors

Washing buffer: 50 mM Tris HCI, pH 7.4, 300 mM NaCl, 2 mM EDTA, 1% NP40, 1 mM

PMSF supplemented with protease and phosphatase inhibitors

3.5.2. LC-MS/MS analysis

We first used bioinformatics tools to predict the potential cleavage site in EphA3 by
sequence alignment of EphA3 and known PS1/y-secretase substrates using the
ClustalW2-EMBL platform. To identify the exact PS/y-secretase-mediated cleavage site in
EphA3, we perform liquid chromatography-tandem mass spectrometry (LC-MS/MS)
analysis. The main limitation of this type of study is the amount of protein needed, which is
approximately 10 times of the amount required for protein detection by Western blotting.
For this reason, we perform 10 times the in vitro y-secretase assay described in the 3.3
section of Materials and Methods. The 10% of the soluble fractions (S100) were resolved
on 8.5% SDS-PAGE followed by Western blot analysis and serves as a control, and the
remaining 90% was also resolved on 8.5% SDS-PAGE but stained using silver staining.
Bands (~47-49 kDa) were excised and in-gel digested with trypsin automatically
(DigestPro MS, Intavis), and peptides were extracted in MeOH/H20 (2:1), 0.1% TFA.
Samples were evaporated and reconstituted in 5 pl of 5% MeOH, 0.5% TFA and loaded
into the chromatographic system. The LTQ XL Orbitrap was operated in the positive ion
mode with a spray voltage of 1.8 kV. The spectrometric analysis was performed in a data
dependent mode acquiring a full scan followed by 5 LC-MS/MS scans of the 5 most
intense signals from an inclusion list. The inclusion list included all the theoretical peptides
generated after MS-digestion (ProteinProspector) (Table 5). Moreover, we confirmed the
presence of EphA3 ICD in our sample, by looking for the most suitable (detectable)
peptides before (NILINSNLVcK) and after (QFAAVSITTNQAAPSPVLTIK) the PSl/y-
secretase predicted cleavage site in ESI-LC-MS/MS analysis by PeptideRank software
(http://wlab.ethz.ch/peptiderank/) (underlined in Fig. 17).
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Figure 17. VLIGR identified peptide. The full MS spectra of the trypsin-digested band (~47-49
kDa) (top spectra) and specific MS/MS spectra obtained for peptide VLIGR showing the
mass/charge (m/z) values (bottom spectra) are shown below. Detected signals corresponding with
theoretical ions are labelled with red asterisks.
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Table 5. Theoretical peptides generated from different secretase cleavage sites. For all these
peptides m/z was calculated taking into account charges +1, +2 and +3

Sequence z1 22 z3

VLIGR 5§67.377  279.1921 186.4638
YVLIGR 720.4403 360.7238 240.8183
IYVLIGR 833.5243 417.2658 278.513

VIYVLIGR 932.5928 466.8 311.5358
VVIYVLIGR 1031.661 516.3342 344.5586
TVVIYVLIGR 1132.709 566.8581 378.2411
LTVVIYVLIGR 1245.793 623.4001 415.9358
LLTVVIYVLIGR 1358.877 679.9421 453.6305
ILLTVVIYVLIGR 1471.961 736.4842 491.3252
IILLTVVIYVLIGR 1585.045 793.0262 529.0199
AlILLTVVIYVLIGR 1656.082 828.5447 552.6989
VAIILLTVVIYVLIGR 1755.151 878.079  585.7217
AVAIILLTVVIYVLIGR 1826.188 913.5975 609.4008
AAVAIILLTVVIYVLIGR 1897.225 949.1161 633.0798
SAAVAIILLTVVIYVLIGR 1984257 992.6321 662.0905
ISAAVAIILLTVVIYVLIGR 2097.341 1049.174 699.7852
AISAAVAIILLTVVIYVLIGR 2168.378 1084.693 723.4642
IAISAAVAIILLTVVIYVLIGR 2281.462 1141.235 761.1589
mIAISAAVAIILLTVVIYVLIGR 2428498 1214.753 810.1709
MIAISAAVAIILLTVVIYVLIGR 2412503 1206.755 804.8391
VmIAISAAVAIILLTVVIYVLIGR 2527.566 1264.287 843.1937
VMIAISAAVAIILLTVVIYVLIGR 2511.571 1256.289 837.8619
VVmIAISAAVAIILLTVVIYVLIGR 2626.635 1313.821 876.2165
VVMIAISAAVAIILLTVVIYVLIGR 2610.639 1305.823 870.8847
QVVmIAISAAVAIILLTVVIYVLIGR 2754693 1377.85  918.9027
QVVMIAISAAVAIILLTVVIYVLIGR 2738.698 1369.853 913.5709
SQVVmIAISAAVAIILLTVVIYVLIGR 2841.725 1421.366 947.9134
SQVVMIAISAAVAIILLTVVIYVLIGR 2825.73 1413.369 942.5815
SSQVVmIAISAAVAIILLTVVIYVLIGR 2928.758 1464.882 976.924

SSQVVMIAISAAVAIILLTVVIYVLIGR 2012.762 1456.885 971.5922
ESSQVVmIAISAAVAIILLTVVIYVLIGR 3057.8 1629.404 1019.938
ESSQVVMIAISAAVAIILLTVVIYVLIGR 3041.805 1521.406 1014.606

GESSQVVmIAISAAVAIILLTVVIYVLIGR 3114.822 1557.914 1038.945
GESSQVVMIAISAAVAIILLTVVIYVLIGR 3098.826 1549.917 1033.614
SGESSQVVmIAISAAVAIILLTVVIYVLIGR  3201.854 1601.43 1067.956
SGESSQVVMIAISAAVAIILLTVVIYVLIGR  3185.858 1593433 1062.624
ISGESSQVVmIAISAAVAIILLTVVIYVLIGR 3314.938 1657.972 1105.651
ISGESSQVVMIAISAAVAIILLTVVIYVLIGR 3298.942 1649.975 1100.319
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4. Molecular biology
4.1.DNA extraction and analysis
4.1.1. DNA amplification and purification
Bacterial transformation

Bacterial transformation allows introducing plasmid DNA into a bacterial cell using heat
shock. For each plasmid, 50 ul of DH5a Competent cells (Invitrogen) were thawed on ice
for 10 min. Then, 1 ug of purified plasmid DNA or 10 pl of ligation reaction (section 4.1.3.
of Materials and Methods) were incubated with the competent cells at 4°C for 15 min.
After this time, bacteria got a heat shock at 42°C for 45 s and immediately after, incubated
at 4°C for 5 min. Then, 950 ul of S.0.C. medium (Invitrogen) were added to the bacteria
and incubated at 37°C, 250 rpm for 1 h in agitation. The transformed bacteria were
seeded onto a LB agar plate containing 100 pg/ml of ampicillin (50 ug/ml, in the case of
ligations) and incubated overnight at 37°C. Next day, only those colonies that have
incorporate the plasmid will be resistant to ampicillin, and thus, they grow. We selected a
positive colony and added into 5 ml of LB medium containing ampicillin (100 pg/ml of

ampicillin) at 37°C in orbital agitation overnight.

Miniprep

Miniprep allows obtaining plasmid DNA at low quantities (up to 20 ug). We used Minipreps
for cloning (to perform digestions with restriction enzymes or to amplify by PCR). 3ml of
bacterial cultures were centrifuged (10,000 x g, 2 min, 4°C). Then, the pellet that contains
the plasmid DNA was isolated using the QIAprep Spin Miniprep Kit (Qiagen), according to
the manufacturer’s instructions. The Purified DNA was resuspended in sterile MilliQ H;0
or TE, and stored at -20°C.

Maxiprep

Maxiprep is aimed for large-scale DNA purifications, and allows obtaining high quantities
of plasmid DNA (~850 ug). In this case, 3 ml of bacterial culture were transferred into 250-
500 ml of LB medium containing ampicillin (or the indicated resistance) and allowed to
growth overnight at 37°C in agitation (250 rpm). Next day, bacterial cultures were
centrifuged (4000 x g for 10 minutes) and plasmid DNA was obtained using PureLink™

HiPure Plasmid Filter Maxiprep Kit, according to the manufacturer’s instructions.
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Depending on the future application, the purified DNA was resuspended in TE or PBS 1X.
Finally, an aliquot was stored at -20°C for short-term use, and the remaining volume was
stored at -80°C.

Material used in bacterial culture:
Luria Broth (LB): #12795027; Invitrogen

LB Agar: #22700025; Invitrogen

S.0.C. medium: #15544034; Invitrogen
QIAprep Spin Miniprep Kit. # 27104; Qiagen

PureLink™ HiPure Plasmid Filter Maxiprep Kit. #K210017; Invitrogen

4.1.2. Genotyping

For genomic DNA extraction, approximately 2 mm fragment of the tail was digested in
lysis buffer containing proteinase K (0.1 mg/ml; Roche) overnight at 56°C in orbital
agitation. Tubes were centrifuged (9250 x g, 15 min, 25°C) and the genomic DNA
(supernatant) was precipitated in 2-propanol (Baker) and centrifuged (9250 x g, 10 min,
25°C). Then, pellets were washed with 70% EtOH and centrifuged (15,000 x g, 10 min,
25°C). Finally, the precipitate was resuspended in TE buffer at 65°C for 2h.

The purified DNA was amplified by Polymerase Chain Reaction (PCR). The final volume
of the reaction was 25 ul and included 2 ul of purified genomic DNA, 2.5 ul of 10X PCR
buffer (Biotools), 0.5 pul dNTP (10 mM; Biotools), 0.5 ul MgCI2 (50 mM; Biotools), 0.2 ul
Taq DNA polymerase (5 U/ml; Biotools) and forward and reverse primers (0.5 uM; Life

Technologies).

During the amplification we checked the presence of PS71 and Cre (PCR 1), and PS2
(PCR 2) in two independent PCRs, as indicated in (Table 6). All sequences of the primers

used in these PCRs are shown in Table 6.

Reagents and buffer:
Lysis buffer. 100 mM Tris HCI pH 8.5, 5 mM EDTA, 0.2% SDS, 200 mM NaCl

TE buffer: 10 mM Tris HCI pH 8.5, 1 mM EDTA
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Table 6. Primers and PCR conditions used for mouse genotyping

Gene Primer Sequence (5-3’) PCR

P139 GGTTTCCCTCCATCTTGGTTG 94°C, 4 min
PS1 | P140 TCAACTCCTCCAGAGTCAGG 94°C, 1 min
P158 TGCCCCCTCTCCATTTTCTC 60°C, 1 min
40 cycles
156 GCCTGCATTACCGGTCGATGCAACG | 72°C, 1 min
A 72°C, 7 mi
Cre » £ min
157 GTGGCAGATGGCGCGGCAACACCA
TT
P162 CATCTACACGCCCTTCACGG 94°C, 4 min
P163 CACACAGAGAGGCTCAAGATC 94°C, 1 min
PS2 65°C, 1 min 35 cycles
P164 AAGGGCCAGCTCATTCCTCC 72°C, 1 min
72°C, 7 min
4.1.3. Cloning

EphA3 vectors

EphA3 ICD and EphA3 AICD cDNAs were subcloned into a pCAGIG vector using the
ligation procedure, which consists on joining two segments of DNA to generate a single
circular molecule (Fig. 18). The codifying sequence of EphA3 ICD was included in a
pCMV-HA vector between Kpnl and EcoRI restriction sites. Specific oligonucleotides were
designed to include a Xhol restriction site on 5’ to facilitate the insertion of DNA into the
pCAGIG vector. These oligonucleotides also contained a start codon (ATG) and the Myc-
tag sequence (CATGAGCAGAAGCTGATCAGCGAGGAAGATCTG). After sequential
digestion of EphA3 ICD (pCMV) with Apal and EcoRI enzymes (1.5 h each at 37°C), the
digested plasmid was checked by agarose gel electrophoresis and purified with QIAquick
Gel Extraction Kit. Then, the oligonucleotides (Table 7) were annealed in annealing buffer
(Reaction: 4 min at 90°C, 10 min at 70°C, and then 10°C) and ligated to the lineal
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digested plasmid. The ligation product was transformed into DH5a competent cells and
purified by Miniprep. The ligated-plasmid was digested with Xhol and Notl (1.5 h each, at
37°C), and then separated by agarose gel electrophoresis and purified as before. The
recipient plasmid (pCAGIG) was also sequentially digested with Xhol and Notl and
dephosphorylated with calf intestinal alkaline phosphatase (CIAP) (5 min, 50 °C). The
digestion was checked by agarose gel electrophoresis and purified as before. Finally, the
EphA3 ICD-pCAGIG vector was obtained by the ligation of the insert (oligonucleotides-
ICD) with the pCAGIG-opened vector with TAKARA kit, following the manufacturer’s
instructions. 10 pl of ligation product were transformed into DH5a competent cells and

from several positive colonies the insert was verified and purified with Maxiprep.

ICD-pCMV-HA
5041 nt

mycAC nsest

T

[LacO S00L_ 4971
M13-rev 4973 495

]

2184.2375 SV40 I
24412421 M1Y

(3076 Wl

AICD-pCAGIG
9095 nt

Figure 18. Maps from EphA3 cloning vectors
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Table 7. Oligonucleotides used for EphA3 ICD subcloning.
Primer Sequence (5-3’)

CCCGCTCGAGCGGATGTCACCAGGTCATGAGCAGAAGCTGATCAGCGA
GGAAGATCTGCG

Forward

AATTCGCAGATCTTCCTCGCTGATCAGCTTCTGCTCATGACCTGGTGACA
TCCGCTCGAGCGGGGGCC

Reverse

Underlined are indicated the Xhol restriction site, and in bold, the Myc-tag sequence.

In the case of EphA3 AICD, the sequence was included in a pEFBOS vector between
BstXl and Notl restriction sites. EphA3 AICD was sequential digested with EcoRI and Notl
enzymes (1.5 h each at 37°C), the digestion was checked by agarose gel electrophoresis
and the 3,200 bp fragment that corresponds to the digested plasmid, was purified with
QIAquick Gel Extraction Kit. Then, the EphA3 AICD insert was ligated to the previously
digested pCAGIG recipient plasmid (EcoRIl and Notl: 1.5 h each at 37°C) with TAKARA
kit, following the manufacturer’s instructions. 10 pl of ligation product were transformed
into DH5a competent cells and from several positive colonies the insert was verified and

purified with Maxiprep.

pWPI vector

For biochemical analysis of gene overexpression in primary neuron cultures, EphA3 ICD
(1500 bp) and ErbB4 cyt1A1 (4000 bp) sequences were cloned into the pWPI lentiviral
vector that contains an EGFP marker (Fig. 19). This procedure was performed using the

In-Fusion HD Cloning kit according to the manufacturer’s instructions.

First, we designed oligonucleotides containing the sequence of interest flanked by 15 pb
before and after the Pmel restriction site of the recipient vector (pWPI) (Table 8). Then,
the inserts were amplified by PCR in a 50 pl of reaction that included: 10 ul of 5X SuperFi
Buffer, 10 pl of 5X SuperFi GC Enhancer, 1 ul dNTPs (10 mM; Biotools); 0.5 pl Platinum
SuperFi DNA Polymerase (5 U/ml; Invitrogen), 2.5 pl forward and reverse primers (10 uM)
(Table 8). The amplified inserts were check by agarose gel electrophoresis and purified
with QlAquick Gel Extraction Kit. Simultaneously, the recipient plasmid pWPIl was
digested with the restriction enzyme Pmel (1 h at 37°C) and 100 ng of PCR product were
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incubated with 50 ng of lineal vector and 2 ul of 5X In-Fusion HD Enzyme premix (15 min
at 50°C). Finally, 2.5 ul of the In-Fusion reaction mixture were transformed into Stellar
competent cells (Takara), and the insert was verified from several positive colonies and

purified with Maxiprep.

Then, the generation and titration of lentiviral particles was performed as in Section 4.1.4.
of Material and Methods.

$V40 int_10139_1015 \

(1436 i

T 11081 nt f —
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) eart 17901
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Figure 19. Maps of lentiviral vectors used to generate lentiviral particles
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Table 8. Oligonucleotides and PCR conditions used for lentiviral cloning. Capital letters
indicate the sequence of the gene and italics the 15 pb sequence before (ctagcctcgaggttt) and after
(tgcagcccgtagttt) the Pmel restriction site.

Primer Sequence (5-3’) PCR
94°C, 4 min
ICD ctagcctcgaggtttCTCGAGCGGATGTCA
Fw CCAGG 94°C, 15 sec
55°C, 30 sec
35 cycles
ICD | tgcagccegtagittGCGGCCGCGGGTAC | 68°C, 90 sec
Rv CCCTTA 4°C, ©
98°C, 30 sec
ErbB4 | ctagcctcgaggtttGCTAGCCAAAAATGA
Fw AGCTG 98°C, 10 sec
35 cycles
72°C, 60 sec
ErbB4 | tgcagceegtagtttGCGGCCGCCAGTGT | /2°C. 5 min
Rv GATGG 4°C,

Reagents and buffers:

Annealing buffer. 50 mM HEPES pH 7.4, 100 mM NaCl
CIAP: #18009027; Invitrogen

In-Fusion HD Cloning kit. # 121416; Takara

Platinum SuperFi DNA Polymerase: #12351010; Invitrogen
QIAquick Gel Extraction Kit. #28115; Qiagen

Stellar competent cells: # 636766; Takara
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Table 9. List of constructs used in this study

Construct Vector Resistance
EGFP C1 - - kanamycin Clontech
EphA3 WT H pEFBOS ampicillin Dr. M. Lackmann
EphA3 ICD H pCMV ampicillin Dr. S. Marco
EphA3 AICD H pEFBOS ampicillin Dr. M. Lackmann
EphA3 AICD-pCAGIG H pCAGIG ampicillin M. Javier
Myc-EphA3 ICD H pCAGIG ampicillin M. Javier
Myc-EphA3 ICD H pWPI ampicillin M. Javier
ErbB4 cyt1A1 H pIRES puro2 | ampicillin | Dr. G. Gambarotta
ErbB4 cyt1A1 H pWPI ampicillin M. Javier
NMIA WT R pEGFP-C3 ampicillin Dr. A.R. Bresnick
NMIIA S1943A R pEGFP-C3 ampicillin Dr. A.R. Bresnick
RhoA Q63L H pCEFL-HA ampicillin Dr. P. Crespo

H: Human, R: rat.

4.1.4. Generation of short-hairpin RNA

In order to inactivate non-muscle myosin IIA (NMIIA) gene expression, we design multiple
short-hairpin RNA (shRNA) molecules based on the RNA interference (RNAI) technology.
First of all, we design the sequence of RNAi trough the siDESIGN Center tool
(https://dharmacon.horizondiscovery.com/design-center/; Dharmacon). Four potential
siRNAs of mus musculus NMIIA gene (GenBank, NM_022410) of 19 nucleotides of length
were selected taking into account that the ORF was the region of interest and that the
minimum and the maximum of G/C percentage were 30% and 64%, respectively. We also
designed a negative control called “scrambled” that consists in a random nucleotide
sequence. After checking that the chosen sequences did not interfere with any other gene

in mus musculus, for each shRNA sequence a pair or primers (forward and reverse) were
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design adding the short-hairpin structure, specific restriction sites and a stop codon (Table
10).

The final recipient plasmid is the long-size pLVTHM vector (Fig.19). Since the shRNA are
very short fragments, the shRNA primers were annealed in annealing buffer (Reaction: 4
min at 90°C, 10 min at 70°C, and then 10°C) and inserted into the medium-size
pSuper.Retro.Puro vector (Fig. 19). To do that, the pSuper.Retro.Puro was sequentially
digested with Bglll and Hindlll restriction enzymes (1 h each at 37°C). After checking the
digestion and purifying the digested plasmid with the QIAquick Gel Extraction Kit, the
shRNA oligonucleotides and the digested pSuper vector were ligated using the T4 DNAse
ligase (Invitrogen). 10 pl of ligation product were transformed into DH5a competent cells
and from several positive colonies the insert was verified and purified with Miniprep.
Then, the shRNA-pSuper and the pLVTHM plasmids were sequentially digested with Clal
and EcoRI restriction enzymes (1.5 h each at 37°C). We checked the digestion of the
shRNA-pSuper vector and purified a band of 300 bp of length that corresponds to the
shRNA sequence bound to H1 promoter (300 bp). Then, the opened pLVTHM and the
shRNA+H1 promoter sequence were ligated with the T4 DNAse ligase (Invitrogen).
Finally, 10 ul of ligation product were transformed into DH5a competent cells and the

insert was verified from several positive colonies and purified with Maxiprep.

In order to generate the lentiviral particles, we transfected HEK293T cells using the
Calphos Mammalian Transfection Kit (Clontech) based on calcium phosphate
transfection, following the manufacturer’'s instructions. In summary, the DNA solution
including 30 ug of pLVTHM-shRNA, 15 ug of a plasmid containing the viral genes of
packaging (psPAX2) and 10 ug of a plasmid containing the viral genes of envelope
(pPM2D.G) were mixed with 250 mM CacCl, and H,O. Then, 1.5 ml of the DNA solution was
added to the HBS buffer (adding 1/8 each time), softly mixed and incubated for 20 min at
room temperature. During this time, the medium of HEK293T was replaced by transfection
medium. Then, 1 ml of the transfection mix was added to the HEK293T cells, which were
incubated for 7-8 h at 37°C in 5% CO,. HEK293T cells were washed with PBS 1X and
maintained in supplemented DMEM at 37°C in 5% CO,. After 48h, the culture medium
was recollected and centrifuged (100,000 x g, 4°C, 2h) and the pellet (containing the viral
particles) was resuspended in 100 pl of sterile PBS 1X in agitation overnight at 4°C.

Finally, the lentiviral particles were aliquot and stored at -80°C.

Since the pLVTHM-shRNA plasmid contain a GFP-expressing cassette, lentiviral particles
were tittered by flow cytometry. HEK293T cells were cultured in 24-well plates (1.5-10*
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cells/cm?) and 24h later, transduced with lentiviral particles (range of dilutions: 2 pl, 1 l,
0.5 pl, 0.25 pl, 0.125 pl, 0.062 pl and 0.031 ul) overnight in half of the culture medium.
Next day, we added 1 ml of culture medium, and HEK293T cells were maintained for 48 h
at 37°C in 5% CO.. Finally, cells were washed twice with PBS 1X, trypsinized, recollected
and centrifuged (10,000 rpm, 3 min). The pellet containing the cells, were washed twice
with PBS and the GFP fluorescence of 10,000 cells was measured in a flow cytometer
(Cytomics FC 500, Beckman Coulter). The final titer in infective particles i.p./ml was
calculated according to the following formula: (n°® of GFP-positive cells x 1000 x n° of cells

at the moment of transduction) / (100 x viral dilution).

Reagents and buffers:
Annealing buffer. 50 mM HEPES pH 7.4, 100 mM NaCl
Calphos Mammalian Transfection Kit. # 631312; Clontech

Supplemented DMEM: DMEM (Sigma Aldrich D5796) supplemented with 10% of fetal
bovine serum (FBS; Invitrogen-Gibco 10106-169) and penicillin/streptomycin (5000 U/mL,
Life Technologies 15070-063)

T4 DNAse ligase: #15224-017; Invitrogen

Transfection medium: DMEM supplemented with 25 uM of Chloroquine

Table 10. Oligonucleotides used in NMIIA silencing.

Primer Sequence (5-3’)
sh1 Fw GATCCCCGACAAAGGTTCGAGAGAAATTCAAGAGATTTCTCTCGAACCTTTGTCT
TTTT
sh1 Rv AGCTAAAAAGACAAAGGTTCGAGAGAAATCTCTTGAATTTCTCTCGAACCTTTGTCG
GG
sh2 Fw GATCCCCGAGCAGACGAAGCGGGTAATTCAAGAGATTACCCGCTTCGTCTGCTCT
TTTT
ho R AGCTAAAAAGAGCAGACGAAGCGGGTAATCTCTTGAATTACCCGCTTCGTCTGCT
s v
[6felele
sh3 Fw GATCCCCGTGCCAACATTGAGACTTATTCAAGAGATAAGTCTCAATGTTGGCACTTT
T
sh3 Rv | AccTAAAAAGTGCCAACATTGAGACTTATCTCTTGAATAAGTCTCAATGTTGGCACG
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GG

GATCCCCGGAGTAGGCACAAGAGTTT17cAAGAGAAAACTCTTGTGCCTACTCCTT
TTT

sh4 Fw

AGCTAAMMAAGGAGTAGGCACAAGAGTTT1cTeTTcAAAAACTCTTGTGCCTACTCC
GGG

sh4 Rv

GATCCCCGAACGAACGATAGAGATAGTTCAAGAGACTATCTCTATCGTTCGTTCTTT
T

sc Fw

AGCTAAAAAGAACGAACGATAGAGATAGTCcTCTTGAACTATCTCTATCGTTCGTTCG
GG

sc Rv

In bold are indicated Bglll (GATC) and Hindlll (AGCT) restriction sites; underlined, the RNAI
(sense) and RNA (reverse complementary) shRNA sequences; and in italics, the hairpin structure.
Fw: forward; Rv: reverse; Sc: Scramble; Sh: shRNA.

4.2.RNA extraction and analysis

4.2.1. RNA extraction and reverse transcription

Mouse hippocampal neurons were cultured for 7 DIV and the RNA isolated using the
PureLink RNA Mini Kit according to the manufacturer's instructions (Ambion, Life
Technologies, USA). Once RNA was obtained, the RNA Integrity Number (RIN) was
measured with the Agilent RNA 6000 Nano Kit in a 2100 Bioanalyzer instrument (Agilent
Technologies, USA).

Purified RNA (500 ng; RIN 9.0) was reverse-transcribed (RT-PCR) in 50 pl of a mix
containing 1 uM Oligo(dT) primers, 1 yM random hexamers, 0.5 mM dNTPs, 0.45 mM
DTT, 10 units of RNaseOut and 200 units of SuperScript™ Il reverse transcriptase.

PCR program: 25°C for 10 min — 42°C for 60 min — 72°C for 10 min

Reagents and buffers:

dNTPs: REF; Life technologies

DTT: REF; Life technologies

Oligo(dT) primers: REF; Life technologies

PureLink RNA Mini Kit. # 12183018A; Ambion, Life Technologies, USA

Random hexamers: REF; Life technologies
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RNAseOut. REF; Life technologies

SuperScript™ Il reverse transcriptase: REF; Life technologies

4.2.2. RNA analysis by quantitative real time qPCR

The cDNA obtained by RT-PCR was amplified and analysed by quantitative real-time
PCR (qPCR) according to (Bustin et al., 2009), using the Power SYBR Green PCR Master
Mix (LifeTechnologies) in the Applied Biosystems 7500 Fast system. gPCR reactions
were performed in duplicate using 2.5 pl of 1:100 pre-diluted cDNA and 7.5 ul of a mix
containing custom designed primers (400 nM; Table 11) and SYBR Power SYBR Green
Master Mix. Prior to the real analysis, the specificity of the primers was verified by
detecting a single melting point in the melt curve. Amplification data was acquired using
the 7500 Software v2.0.6 (Applied Biosystems) and the analysis of data was performed by
the comparative ACt method using the Ct values and the average value of PCR
efficiencies obtained from LinRegPCR software (Ruijter et al.,, 2009). For each
experiment, the stability of Glyceraldehyde 3-phosphate dehydrogenase (Gapdh),
hypoxanthine guanine phosphoribosy! transferase-1 (Hprt1), peptidylprolyl isomerase A
(Ppia), b-actin (Actb) and TATA box binding protein (Tbp) genes was evaluated by the
NormFinder algorithm (Andersen, Jensen, & drntoft, 2004) and gene expression was

normalized using the geometric mean of the most stable genes.

Reagents:

Power SYBR Green PCR Master Mix: #4367659; Invitrogen

Table 11. List of used primers in g-PCR and their sequences.

Gene Sequence (5’-3’)
Forward CACCAGTTTCCAGAAGCCTG
EphA1
Reverse | CATAAATCCCGATCAGCAGAGC
Forward TCCAAGTCAGAACAACTAAAGC
EphA2

Reverse GGTCTTCGTAAGTGTGAGGA
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Forward CTAGCCCAGACTCTTTCTCC
EphA3

Reverse | CGGAAATAGCAATCATCACCA

Forward | GAGAGTTCCAGACCAAACAC
EphA4

Reverse | ACTACAGCAGAGAATTCAGGG

Forward | TCCGCACACTTATGAAGATCC
EphA5

Reverse TCACCAAATTCACCTGCTCC

Forward | TGATCCAGACACCTATGAAGAC
EphA6

Reverse | CAAATTCACCTGCTCCAATCAC

Forward GCATTTCTCAGGAAACACGA
EphA7

Reverse ACCTCTCAACATTCCTACCA

Forward TCTAGCCTATGGTGAACGAC
EphA8

Reverse | CTGATGACATCCTGGTTGGT

Forward | TCCTGAGACTCTACAGTTTGG
EphA10

Reverse | GCCTTGATTACATCTTGTCCAG

5. Cellular biology

5.1.Immunofluorescence of cultured neurons

Materials and Methods

Hippocampal neurons were seeded (30,000 cells/well) in 24-wells plates containing

coverslips previously treated with poly-D-lysine. Cells at 4-16 DIV were washed twice with
PBS and fixed with 4% of paraformaldehyde solution (PFA) diluted in PBS (Electron

Microscopy Sciences) for 15 min at room temperature.

Depending on the protein of interest, we used two different immunofluorescence protocols

based on the type of detergent used for permeabilising the cells: the first, use Saponin

that does not permeabilize the nuclear membrane, and the second use Triton, which

permeabilizes all lipid bilayers. Briefly, both consist in: permeabilization, blockage,

incubation with primary antibody, incubation with secondary antibodies, nuclear staining
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and coverslip mounting using FluorSave Reagent (Calbiochem) (see in detail in Table
12).

Table 12. Comparison of saponin and triton-based immunofluorescence staining protocols.

Saponin Triton
Washing 3 x PBS (10 min, 25°C in agitation)
SOL. 1: 0.02% saponin, PBS 1X (7 min,
Permeabilization
25°C)
SOL. 2: 0.01% saponin, 10 mM Glycine, 2% NGS, 0.2% Tx-100,
PBS 1X (15 min, 25°C) PBS 1X (30 min, 25°C)
Blocking
SOL. 3: 0.01% saponin, 10 mM Glycine,
5% BSA, PBS 1X (30 min, 25°C)
. . . . Diluted in 1.5% NGS,
Primary Diluted in SOL. 4: 0.01% saponin, 1% of
0.1% Tx-100, PBS 1X
antibody NGS, PBS 1X (overnight, 4°C) .
(overnight, 4°C)
Washing 3 x PBS (10 min, 25°C in agitation)

Secondary Diluted in SOL. 4: 0.01% saponin, 1% of Diluted in PBS 1X
antibody NGS, PBS 1X (overnight, 4°C) (45 min, 25°C)
Washing 3 x PBS (10 min, 25°C in agitation)

Nuclear Staining Hoechst (1 ug/ml) diluted in PBS
(Hoechst) (10 min, 25°C in agitation)
Washing 3 x PBS (10 min, 25°C in agitation)

Mounting of _

) 5 ul of FluorSave Reagent / coverslip
coverslips

In all cases, when the protein of interest was phosphorylated, the PBS 1X was replaced
by TBS 1X. BSA: bovine serum albumin, NGS: normal goat serum, Tx-100: Triton X-100.

Reagents:
FluorSave: REF; Calbiochem

Hoechst 33258: REF; LifeTechnologies
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5.1.1. Analysis of axon growth

Hippocampal neurons were fixed at 4 DIV and stained (saponin-based protocol) with
mouse anti-SMI312, chicken anti-GFP, phalloidin-Alexa594 and Hoechst 33258. Images
were captured with a Zeiss LSM700 laser-scanning microscope and analyzed with
FilamentTracer tool from Imaris 8.1 Software (Bitplane, South Windsor, CT, USA).
Neurons were traced using semi-automated FilamentTracer tool. After defining the
starting point, the filaments were defined by moving the mouse over the axon until the

end.

5.1.2. Analysis of colocalization

Hippocampal neurons (4 DIV) were fixed and stained (saponin-based protocol) with rabbit
polyclonal anti-pNMIIA and chicken polyclonal anti-GFP antibodies, phalloidin-Alexa594
and Hoechst 33258. For synaptogenesis experiments, hippocampal neurons (16 DIV)
were fixed and stained (triton-based protocol) with mouse monoclonal anti-synaptophysin,
rabbit polyclonal PSD95 and chicken polyclonal anti-GFP antibodies and Hoechst 33258.
Images were captured with a Zeiss LSM700 laser-scanning microscope and colocalization
between pNMIIA and F-actin was determined using the tool ImarisColoc from Imaris 8.1
Software (Bitplane, South Windsor, CT, USA). Results are expressed as percentage of
colocalized spots relative to total spots. Quantitative immunofluorescence of pNMIIA of
the axon was measured by ImagedJ software (Institute Jacques Monod, Service Imagerie,

France) and expressed as area integrated intensity.

5.1.3. Analysis of growth cone morphology

Hippocampal neurons (4 DIV) were fixed and stained (saponin-based protocol) with rabbit
polyclonal pNMIIA, chicken polyclonal anti-GFP, phalloidin-Alexa594 and Hoechst 33258.
Images were captured with a Zeiss LSM700 laser-scanning microscope and axon growth
cones were manually classified as collapsed, those that have no lamellipodia and no more
than 2 filopodia or as non-collapsed (the remaining) (Fig. 20) (Chitsaz, Morales, Law, &
Kania, 2015).
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Collapsed Non-collapsed

Phalloidin

Figure 20. Morphological classification of axon growth cones. Arrowheads Indicate individual
filopodia. Adapted from (Chitsaz et al., 2015).

5.2. Fluorescent Immunohistochemistry staining
5.2.1. Intracardial perfusion and tissue processing

Mouse embryos (E15.5) were perfused intracardially with 4% PFA (pH 6.9 Histology
grade, Merck) solution. Next, whole heads were submerged in 5ml of 4% PFA overnight at
4°C, washed in PBS and maintained in 70% ethanol before inclusion. Before the paraffin
embedding, heads were dehydrated in graded series of ethanol and xylene. Coronal
sections (5 um) were cut in a microtome (Leica RM 2255) and mounted on microscope

glass slides (Fisher Superfrost).

5.2.2. Fluorescent immunohistochemistry

Coronal sections (5 um) were cut in a microtome (Leica RM 2255) and mounted on
microscope glass slides (Fisher Superfrost). Sections were heated at 60°C for 2 h, further
deparaffinised with two incubations with xylol (5 min) and rehydrated with graded series of
ethanol of 3 min: 100%, 100%, 96%, 70% and 50%. For antigen retrieval, sections were
microwave-heated with citrate buffer for 8 min. Then, the slices were washed with TBS (3
x 5 min) in orbital agitation and blocked in blocking buffer for 30 min at room temperature.
Sections were incubated with antibodies against neurofilament (SMI1312) overnight at 4°C.
Next day, the sections were washed in TBS and incubated with the secondary AlexaFluor-
488-conjugated goat IgGs antibody diluted in TBS for 2 h at room temperature. Then, the

sections were washed again in TBS (3 x 5 min) and the nuclei were stained with Hoechst
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(30 min, room temperature). Finally, the slides were mounted with FluorSave Reagent.

Images were examined with a Zeiss LSM700 laser-scanning microscope (20x).

For axonal quantification in tissue, a 3D reconstruction picture of ventricular zone was
generated from multiple stacks of each section. Axons were semi automatically tracked
using Filament Tracer tool from Imaris Software (Bitplane Inc). In total, 5 axons of each

section (10-15 sections/animal) were quantified from 3-4 animals/genotype.

Reagents and buffers:
Blocking buffer: 1% BSA, 0.1% Tx-100, TBS 1X.

Citrate buffer pH 6: 10 mM sodium citrate (#71405; Sigma), 0.1% Tween-20, TBS 1X.

6. Contextual Fear Conditioning (CFC)

Before starting CFC experiments, mice were handled individually during 3 consecutive
days before. Mice were placed in the conditioning chamber (15.9 cm x 14 cm x 12.7 cm;
Med Associates Inc.) for 3 min allowing them to develop a representation of the context by
exploration before the onset of the unconditioned stimulus (footshock, 1s/1mA). Mice were
maintained in the chamber for 2 additional minutes, allowing the association of the context
with the shock. The conditioning chamber was cleaned using 70% ethanol before each
animal. Contextual fear memory was tested 2 h after training (short-term memory test),
when mice were re-exposed to the same chamber. For biochemical analysis, mice were
sacrified by cervical dislocation 2 h after training. Conditioning was tested by freezing
response, which was automatically measured using the Video Freeze Software (Med

Associates Inc.). The CFC experiments were performed by Meng Chen.

7. Statistical analysis

Statistical analysis was performed essentially by one- or two-way analysis of variance
(ANOVA) followed by Bonferroni post hoc test using GraphPad Prism (GraphPad
Software, La Jolla, USA). Values identified as outliers by Grubbs’ test were not included in
the analysis (p < 0.05). Each experiment was performed using, at least, three independent
experiments. Values represent mean + SD or SEM. Value differences were considered

significant when p < 0.05.
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Results: PS/y-secretase regulates EphA3 processing

CHAPTER 1: PS1/y-SECRETASE REGULATES EPHA3 PROCESSING

1. EphA expression during neuronal polarization

EphA comprises a large family of ephrin receptors involved in axon differentiation and
growth (Hu et al.,, 2009; Shu et al., 2014; Son, Hashimoto-Torii, Rakic, Levitt, & Torii,
2016).To better understand the role of EphA receptors in neuronal polarization we first
examined the transcript levels of EphA71-8 in cultured hippocampal neurons from mouse
embryos (E15.5). Neurons were cultured at 2, 4 and 7 DIV and mRNA was extracted and
quantified by RT-qPCR. Quantitative analysis of mMRNAs showed that EphA1, -A3, -A4, -A7
and -A8 are expressed in cultured neurons at 2 DIV and then are significantly reduced as
neuronal differentiation progresses. By contrast, levels of EphA2, -A5, -A6 and -A10
mRNAs do not change during differentiation stages. Interestingly, levels of EphA3, -A4, —A7
and —A8 decline progressively between 2 DIV and 4-7 DIV suggesting a potential role of
these receptors in the initial stages of neuronal polarization, that is when neurite extension

and axon growth occur (Fig. 21).
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Figure 21. Analysis of EphA levels at different stages of neuronal polarization. Cultured
hippocampal neurons from WT mice (E15.5) were seeded at high density (62,500 cells/cm?)
in p35 dishes for 2-7 DIV. RNA was extracted and analysed by RT-qPCR. 2-, 4- and 7 DIV
mRNA levels were normalized to GAPDH and HPRT1 at the same DIV. Values represent mean *
SEM of 4 independent experiments (n= 4 independent cultures). *p < 0.05, **p < 0.01, ***p < 0.001,
compared to 2 DIV as determined by one-way ANOVA followed by Bonferroni post hoc test.

Since EphA3 signaling regulates axon growth in callosal axons (Nishikimi, Oishi, Tabata,
Torii, & Nakajima, 2011), we next examined EphA3 protein levels in hippocampal

neurons. Western blot results show high levels of EphA3 at 2 DIV and then progressively
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declines at 4 and 7 DIV in cultured hippocampal neurons (Fig. 22). These results suggest
that EphA3 receptor is highly expressed at early differentiation stages (2 DIV) and then

progressively declines as axon elongation ends.
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Figure 22. EphA3 protein levels at different stages of neuronal polarization. Biochemical
analysis of EphA3 in cultured hippocampal neurons at 2, 4 and 7 DIV. Western blot of hippocampal
neuron lysates at 2, 4 and 7 DIV using a C-terminal EphA3 antibody (5E11F2). Data represent
mean = SEM (n= 4 experiments). *p < 0.05, normalized to 2 DIV, as determined by one-way
ANOVA followed by Bonferroni post hoc test.

2. PS1 regulates EphA3 processing
2.1. PSly-secretase-dependent EphA3 processing

Previous results from our lab showed that EphA3 and PS1 colocalize in axons and in
growth cones of hippocampal neurons, and they interact in HEK 293T cells overexpressing
EphA3, suggesting that EphA3 could be a binding protein and a substrate of PS/y-secretase
complex (Martin, 2013). To examine whether EphA3 is a bona fide PS/y-secretase
substrate we analyzed EphA3 C-terminal derived fragments (CTFs) accumulation in PS/y-
secretase-deficient cells. For typical PS/y-secretase substrates, the metalloprotease-
mediated ectodomain shedding of the substrate generates soluble NTF, membrane-
attached CTFs, which are then cleaved by y-secretase. The accumulation of CTF fragments
indicates that the PS/y-secretase is not able to cleave it to generate the ICD fragments,
resulting in the accumulation of CTFs. We first tested this idea in PS1” mouse embryos
(Shen et al., 1997). Using a specific anti-EphA3 C-terminal antibody (C-19), we detected the
presence of an EphA3 CTF-derived specie of ~49 kDa in brain homogenates from PS1™
embryos (Fig. 23A). The accumulation of EphA3 CTF is significantly higher in PS17 (2 fold)

+/+ (

compared to PS17" (1 fold) embryos. To investigate whether inhibition of y-secretase was

responsible for the accumulation of EphA3 CTF, we analysed EphA3 processing in human
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EphA3-transfected HEK293T cells, a cell line that do not express endogenous EphA3. 24
hours after transfection, cells were incubated with the reversible pharmacological y-
secretase inhibitor DAPT for an additional 24 h, before lysis and analysis by Western blot
using a monoclonal CTF antibody (5E11F2). The results show a band of a ~110 kDa
corresponding to exogenous hEphA3 and an additional ~49 kDa band, likely corresponding
to EphA3 CTF since it was significantly increased after DAPT treatment (Fig. 3B). These

results demonstrate that EphA3 could be a substrate of PS/y-secretase.
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Figure 23. PS1/y-secretase is required for EphA3 CTF processing in mammalian cells A)
Biochemical analysis of brain lysates from PS1™ and PS1" mouse embryos (E15.5) show the
accumulation of EphA3 CTF in mouse brains lacking PS1 (C-19 antibody). B) EphA3 CTF
accumulates in HEK293T cells overexpressing human EphA3 and treated with the y-secretase
inhibitor DAPT (5E11F2 antibody). Values represent mean + SEM (n= 4 brains and n= 3
independent experiments); Unpaired two-tailed Student’s t test: *p < 0.05, **p < 0.01.

We next study the possible metalloproteinase involved in the processing of EphA3. We
tested the effect on EphA3 CTFs processing by incubating hEphA3-transfected HEK293T
with several y-secretase and metalloprotease inhibitors (48 h). Biochemical analysis
showed that two potent y-secretase inhibitors (DAPT and L-685,458) induced the
accumulation of EphA3 CTFs. Treatment of cells with DAPT plus GM-6001 (MMPs: 1, 2,
3,7,8,9, 12, 14, 26) did not affected CTFs accumulation. Thus, treatment of cells with
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DAPT plus EGCG (B-secretase), SB-3CT (MMP-1, 3, 7 and 9), 1,10-PNT (ADAMs: 10, 12
and 28) or Marimastat (MMPs: 1, 2, 7, 9 and 14) increases the accumulation of EphA3
CTFs subtly. By contrast, inhibitor MMP9/13, which is specific for MMP-1, 3, 7, 9 and 13,
reduced significantly EphA3 CTFs (Fig. 24). This result show that the metalloproteinases
involved in the EphA3 cleavage prior to PS/y-secretase could be MMP-1, 3, 7, 9 and 13.
(Fig. 24). Compared with the rest of inhibitors, and considering that MMP9/13 is the only
that inhibits MMP13, it is likely that MMP13 could be the metalloproteinase involved in the
EphA3 cleavage prior to PS/y-secretase.
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Figure 24. The ADAM/metalloprotease inhibitor MMP9/13 abrogated EphA3 CTF
accumulation caused by DAPT in HEK293T cells. HEK 293T cells were transiently transfected
with EphA3 for 48 h and treated with several y-secretase and metalloprotease inhibitors. Western
blot analysis (5E11F2 antibody) reveals a reduction in EphA3 CTF accumulation after the
combined treatment of DAPT and MMP9/13. Data are mean + SEM (n=6 independent
experiments). One-way ANOVA followed by Bonferroni post hoc test: *p < 0.05, ***p < 0.0001,
compared to DAPT treatment.

The inhibition of the metalloproteinase cleavage of EphA3 combined with the inhibition of
the y-secretase scission should reduce the release of the NTF into the extracellular

medium. To analyse the presence of soluble EphA3 NTF in the extracellular medium,

98



Results: PS/y-secretase regulates EphA3 processing

HEK293T cells were transfected with hEphA3 and 24h after they were treated with
MMP9/13 (10 yM) and DAPT (1 uM), or only treated with DAPT (5 uM). They were
maintained in serum-free medium to avoid the interference of albumin in the detection of
the NTF 48h after transfection. As above, DAPT treatment causes the accumulation of the
EphA3 CTF fragment, whereas MMP9/13 inhibitor abrogated the accumulation of EphA3
CTFs (5E11F2 antibody; Fig. 25A). To analyse the release of EphA3 NTFs, the cultured
mediums were filtered and concentrated. Western blot analysis (anti N-terminal EphA3 L-
18 antibody) revealed a band of ~75 kDa corresponding to a soluble EphA3 NTF
fragment. The released of this NTF is reduced with treatment with MMP9/13 inhibitor,
indicating that MMP13 cleaves first EphA3 to generate a NTF (~75 kDa) and a CTFs (~49
kDa) that is then processed by PS/y-secretase (Fig. 25B).
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Figure 25. MMP9/13 treatment inhibits the ectoshedding of EphA3 in HEK293 cells. MMP9/13
reduces significantly EphA3 CTF accumulation induced by DAPT in lysates (5E11F2 antibody;
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panel A) and EphA3 NTF in conditioned medium (L-18 antibody; panel B) of EphA3-
overexpressing HEK293T cells. Data are mean + SD (n= 5 experiments). Statistics was tested by
one-way ANOVA followed by Bonferroni post hoc test: *p < 0.05, **p < 0.01, compared to vehicle
or control or the indicated group. C) Cell-free y-secretase assay showing generation of EphA3 ICD
(arrowheads) in soluble fractions (S100) of EphA3-expressing HEK293 cells using a HA antibody.
Data are mean + SEM (n= 3 experiments). Statistics was tested by one-way ANOVA followed by
Bonferroni post hoc test: **p < 0.01, ***p < 0.001, compared to control or the indicated group.
*Indicates a reduction of ICD generation due to DAPT treatment.

PS/y-secretase-mediated cleavage of CTF generates an intracellular domain (ICD)
fragment that in most cases has independent functions from the non-processed receptor
(Haapasalo & Kovacs, 2011). To further characterize the y-secretase cleavage of EphA3,
we examined the presence of an EphA3 ICD by an in vitro y-secretase assay (Sastre et
al., 2001). HEK293T were transiently transfected with EphA3-HA and 48 h later
membrane fractions were purified. Membrane fractions were incubated with vehicle
(DMSOQO) or DAPT at 37°C for 2h and ultracentrifuged for 1h at 100,000 x g. Finally, the
soluble fractions (supernatant) were analysed by Western blotting using C-terminal EphA3
(C-19) antibody. The results show that incubation of membrane fractions at 37°C causes
the generation of a fragment of ~45 kDa, most likely corresponding to EphA3 ICD.
Moreover, the inhibition of PS/y-secretase by DAPT abrogated EphA3 ICD generation,
indicating that the presence of this ICD fragment depends on PS/y-secretase (Fig. 25C).

2.2. PSly-secretase cleaves EphA3 at Y560

The cleavage of PS/y-secretase usually occurs in the transmembrane domains of the type |
protein. The transmembrane domain of EphA3 comprises amino acids 542-564, and the
alignment by ClustalWW of EphA3 with EphB2, a PS/y-secretase substrate, predicted the
EphA3 cleavage site at residues 1559 and Y560 (Fig. 26) (Litterst et al., 2007; Martin,
2013).
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Figure 26. Potential cleaved sites in EphA3. Upper panel, alignment of EphA3 and EphB2
sequences by ClustalW. Lower panel, cleavage sites by MMP (in blue) and PS/g-secretase (in red)
are indicated in the human EphA3 protein sequence. Trypsin cleavages at lysines (K; yellow) and
arginines (R; green) are also shown. Underlined the sequences checked by mass spectrometry.

To confirm the predicted PS/y-secretase cleavage site in EphA3 we used a proteomic
approach based on sequential in vitro y-secretase and anti-HA immunoprecipitation assays
in EphA3-HA expressing HEK293T cells. Soluble fractions (S100) from the purified
membranes were obtained and then immunoprecipitated proteins (anti-HA antibody) of
each condition were split into 10% and 90% of the total of the volume. The
immunoprecipitated proteins were resolved on 8.5% SDS-PAGE and analyzed in parallel:
the 10% fraction was analyzed by Western blot and served as intern control of EphA3 ICD
generation, whereas the remaining 90% was stained using silver staining and analysed
using liquid chromatography-tandem mass spectrometry (LC-MS/MS). As, we could not
identify a unique band around 45 kDa, the region of interest was excised and in-gel digested
with trypsin. Finally, we could confirm the presence of EphA3 in the sample. We focused on
the two most suitable (detectable) peptides prior (QFAAVSITTNQAAPSPVLTIK) and after
(NILINSNLVCK) the predicted PS/y-secretase cleavage site in LC-MS/MS analysis by using
PeptideRank software (http://wlab.ethz.ch/peptiderank/). Interestingly, the detection of the
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NILINSNLVCK peptide but the lack of detection of QFAAVSITTNQAAPSPVLTIK peptide
confirmed the presence of a C-terminal fragment likely comprising EphA3 ICD (Fig. 27).
Indeed, if PS/y-secretase cleavages EphA3 at 1559-Y560, we should detect a peptide from
the expected cleavage site Y560 to R565 (the Arg where trypsin cleaves). Interestingly, the
spectrometric analysis identifies the peptide VLIGR, confirming that PS/y-secretase
cleavages EphA3 at Y560 (Figs. 26 and 27).
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Figure 27. Identification of the PS/y-secretase cleavage site in EphA3. A) Immunoprecipitated
proteins were resolved on 8.5% SDS-PAGE (left). Western blot detecting EphA3 ICD after y-
secretase and immunoprecipitation assays (right). The white box indicates the in gel digested region.
B) The full MS spectra of the trypsin-digested band of the gel region indicated in A (~47-49 kDa) (top
spectra) and specific MS/MS spectra obtained for peptide VLIGR showing the mass/charge (m/z)

values (bottom spectra). Detected signals corresponding with theoretical ions are labelled with red
asterisks.
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Taken together, these results demonstrate that EphA3 is a substrate of PS/y-secretase.
According to our results, EphA3 is first processed by the metalloprotease MMP13 causing
the release of the soluble ectodomain EphA3 NTF to the extracellular space and
generation of the EphA3 CTF that remains anchored to the membrane. EphA3 CTF is
then cleaved at Y560 by PS/y-secretase, leading to the generation of an EphA3 ICD (Fig.
28).
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Figure 28. Proposed schematic model of EphA3 processing by PS/y-secretase. A) EphA3
structural domains (colored boxes) and epitopes detected by antibodies used in this study are
indicated. B) Schematic representation of PS/y-secretase cleavage site of EphA3. LBD, ligand
binding domain; CRD, cysteine-rich domain; FN, fibronectin repeats; JM, juxtamembrane domain;
K, kinase domain; SAM, Sterile alpha motif, PDZ, PDZ-binding domain; MMP, matrix
metalloproteinase protein; CTF, C- terminal fragment; ICD, Intracellular domain.

104



Results: PS/y-secretase regulates EphA3 processing

2.3.Ligand-independent EphA3 processing by PS/y-secretase

The classical activation of tyrosine kinase receptors occurs through the binding to their
ligands. However, growing evidences show that ligand-independent signaling can also
occur (Boyd & Lackmann, 2001; Inoue et al., 2009). To examine whether PS/y-secretase-
dependent EphA3 cleavage was dependent on ligand binding, we cultured cortical neurons
3 h after seeding with vehicle or DAPT (250 nM). At 5 DIV, cells were incubated (30 min)
with clustered ephrin-A5, a high affinity ligand (Janes et al., 2005). As expected from
previous studies (Lawrenson et al., 2002), ephrin-A5 treatment enhanced EphA3
phosphorylation at Tyr 779. Interestingly, DAPT treatment did not affect EphA3
phosphorylation induced by ephrin-A5, and it did not change apparently the levels of EphA3
CTFs in cortical neurons (Fig. 29). This result suggests that EphA3 processing by PS/y-

secretase seems to occur independently of ligand binding.

ephrin-A5 (min) : 0 30

0.81 3 vehicle
DAPT: - + - + *x Il DAPT
™
15 - o-cohA3 (Ty779) < T 067 ##
Q.
15 - [ = S 2
Lysate e G 04
a8
37- B ~10.24
SR -ca T
0 30

ephrin-A5 (min)

Figure 29. Inhibition of PS1/y-secretase does not affect EphA3 phosphorylation. Biochemical
analysis of total and phosphorylated (Tyr779) EphA3 and EphA3 CTFs in cortical cultured
neurons (5 DIV) treated with vehicle (-) or the y-secretase inhibitor DAPT (+) in the absence or
presence of clustered ephrin-A5 (normalized to GAPDH). Data are mean + SEM (n= 3-5
independent experiments). Two-way ANOVA followed by Bonferroni post hoc test: **p < 0.01,
compared with control (non-stimulated) and, ##p < 0.01, compared to DAPT (non-stimulated).

To further confirm the previous results, we next studied the PS/y-secretase-dependent
processing of truncated EphA3 mutants. We used EphA3 WT (control), EphA3 lacking the
ligand-binding domain (EphA3-ALBD) and EphA3 lacking the PDZ-binding domain (EphA3-
APDZ). HEK293T cells were transiently transfected with EphA3 constructs and treated with
vehicle or DAPT for 48h. Western blotting using EphA3 C-19 antibody revealed the
accumulation of EphA3 CTFs in all DAPT treated cells. The accumulation of EphA3 CTFs in
cells expressing the EphA3 LBD mutant indicates that this domain is dispensable for PS/y-
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secretase-mediated cleavage, and that the binding of ligand is not required for
metalloprotease and y-secretase cleavages. Similarly, the absence of PDZ binding domain

does not affect the PS/y-secretase-mediated EphA3 processing (Fig. 30).
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Figure 30. PS/y-secretase processing of EphA3 truncated mutants. A) Schematic structure of
EphA3 WT and truncated mutants. B) The deletion of ALBD and APDZ does not affect EphA3 CTF
accumulation induced by DAPT in HEK293T cells (5E11F2 antibody). ALB: EphA3 lacking ligand-
binding domain; APDZ: EphA3 lacking PDZ domain.

3. PSly-secretase-dependent EphA3 processing regulates axon growth and

axon growth collapse

3.1.PS1/y-secretase is required for axon length in vitro and in vivo

Expression of PS1 is essential during the development of CNS. Among their several
reported functions is the regulation of neuronal migration and morphogenesis (Louvi, 2004;
Shen et al., 1997). Here, we investigated if the processing of EphA3 by PS/y-secretase is

involved in axonal growth, which is critical event during the formation of neuronal
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connections in the developing nervous system. We first performed an immunohistochemical
analysis of the axon length of control (PS1"*) and PS1” embryonic mouse brains (E15.5)
using the mouse anti-SMI312 antibody. This antibody provides a specific marker for axons
since it recognizes phosphorylated axonal epitopes on neurofilaments of medium and high
molecular weights. Confocal microscope images revealed regular axon morphology
extending to the outer layer of the hippocampal formation and ventricular zone in PS1**
embryos (Fig. 31). Notably, the intensity and length of SMI312-stained axons are
apparently reduced in PS1” embryos. Quantitative Imaris analyses show that axon length is
reduced in PS17 brains compared to controls (*p < 0.05) (Fig. 31). In agreement to this,
similar axon length defects are observed in 4 DIV cultured hippocampal neurons treated
with y-secretase inhibitor DAPT (Fig. 33A, C), suggesting that PS/y-secretase activity is

required for axon growth in hippocampal neurons.
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Figure 31. Reduced axon length in embryonic PS1™ brains. Confocal microscope images (left)
and quantitative analysis (right) showing reduced axon length in the ventricular zone of PS17
mouse brains (E15.5). Axons (green) are labeled with neurofilament (SM312 staining) and hoechst
staining is shown in blue. Insets show magnified regions marked by dotted lines. Multiple
neurofilament stained-axons (n=5 axons/section; 10-15 sections/embryo) were analyzed and
quantified. Scale bar, 50 pym. Data are mean + SEM (n=3-4 embryos/genotype). Unpaired two-

+/+

tailed Student’s t test: *p < 0.05, compared to PS17".
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We next investigated the role of PS/y-secretase-dependent EphA3 processing on axon
elongation. We generated an EphA3 ICD mutant, which comprises aminoacids 561-983
plus a HA-tag, and AICD, which contains a stop codon at Y570 (Fig. 32A). Western blot
results using the C-terminal EphA3 (C19) and the N-terminal EphA3 (L18) antibodies
show the correct expression of EphA3 ICD (~47 kDa) and EphA3 AICD (~75 kDa) bands,
respectively (Fig. 32B).
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Figure 32. Expression of EphA3 mutants in HEK293T cells. A) Schematic representation of the
generated EphA3 ICD and AICD constructs. B) HEK 293T cells were transiently transfected with
EphA3 ICD and AICD for 48 h. Biochemical analysis by Western blotting shows exogenous EphA3
ICD (C-19 antibody) and AICD (L-18 antibody).

Previous results from our lab showed that the EphA3 ICD rescued the axonal length
defects caused by y-secretase inhibition in cultured neurons (Martin, 2013) (Fig. 33A,C).
To further characterise the EphA3 structural domains involved in axon growth, we
examined the effect of overexpressing the EphA3 ICD and the EphA3 AICD, which lacks
the entire intracellular domain. Immunofluorescence analysis using the monoclonal anti-
SMI312 antibody shows that EphA3 ICD efficiently reversed axon deficits in DAPT-treated
neurons (Fig. 33A, B). By contrast, the EphA3 fl and EphA3 AICD are not able to reverse
the axon length defects in DAPT-treated hippocampal neurons (Fig. 33B, C). These
results indicate that the EphA3 ICD generated by PS/y-secretase-dependent EphA3

processing mediates axon elongation in hippocampal neurons.

108



Results: PS/y-secretase regulates EphA3 processing

Vehicle DAPT

EphA3 WT EphA3-ICD Vector

B Vehicle DAPT
8
g -
&
C * [ vehicle

4001 Ml DAPT

axon length (um)
— n w
o o o
Q.o 9 o
*1
*
;H

Vector  EphA3 ICD EphA3 WT EphA3 AICD

Figure 33. EphA3 ICD reverses axon defects in neurons lacking PS/y-secretase. A-B) EphA3
ICD (GFP, green) reverses axon defects in PS/y-secretase-deficient neurons, but not EphA3 WT or
AICD (GFP, green). Axons were stained with SMI312 (red) and arrowheads indicate axon length.
Scale bar, 50 ym. Panel A) has been obtained from (Martin, 2013). C) Quantitative analysis. Data
represent mean + SEM of at least three independent experiments (n = 3-6 coverslips, n= 30
neurons/coverslip). Two-way ANOVA followed by Bonferroni post hoc test: *p < 0.05, compared to
vector (control) or the indicated group.

3.2. PSly-secretase regulates axon growth through RhoA

EphA-ligand dependent signaling induces the growth cone collapse in a RhoA/ROCK-
dependent manner, although the mechanisms of RhoA activation remains unknown (Noren
& Pasquale, 2004; Shamah et al., 2001). We hypothesized that one possible mechanism
underlying the control of axon elongation by PS/y-secretase-dependent cleavage of EphA3,
could be through the negative regulation of RhoA signaling. Previous experiments from our

lab showed that the inhibition of RhoA efficiently reduced axon length defects in PS1-
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deficient neurons and that the presence of EphA3 ICD significant reduced RhoA activity in
neuronal cells (Martin, 2013). To further confirm that EphA3 ICD acts upstream of RhoA,
we investigated the role of EphA3 ICD under conditions of RhoA signaling activation. We
used a constitutive active RhoA mutant that contains a glutamine to leucine substitution at
residue 63 (RhoA Q63L). Axon length imaging analysis shows that the overexpression of
RhoA Q63L avoided the axon growth in control and DAPT-treated hippocampal neurons
(Fig. 34). Thus, the constitutive activation of RhoA prevents the rescue effect of EphA3 ICD
on axon length in DAPT-treated hippocampal neurons (Fig. 34). Taken together, these
results confirm that EphA3 cleavage mediates axon elongation by regulating negatively

RhoA signaling.
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Figure 34. RhoA inhibits axon growth in hippocampal neurons. Immunofluorescence images
(top) stained for GFP (green) and neurofilament (SMI312, red) and quantitative analysis of axon
length (bottom). Neurons were transfected with GFP (vector), EphA3-ICD and/or a RhoA
constitutive active (CA) mutant (RhoA Q63L) and treated with vehicle or DAPT at 2 DIV and fixed
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and analyzed at 4 DIV. Scale bar, 50 ym. Data are mean + SEM of three independent experiments
(n=40-80 total neurons/group). *p < 0.05, **p < 0.01, ****p < 0.0001.

3.3.EphA3 ICD regulates growth cone collapse

Another measure to evaluate the effect of EphA3 ICD in axon growth is the rate of axon
growth collapse. It is widely accepted that growth cone collapse is a motility-inhibiting
mechanism underlying repulsive axon guidance (Luo, Raible, & Raper, 1993). On the
contrary, growth cones with a non-collapsed morphology are active motile and related to
axon elongation. We then examined the effect of EphA3 ICD in axon growth cone
morphology in PS1"* (control) and PS1™” cultured hippocampal neurons. Hippocampal
neurons were immunolabeled with chicken anti-GFP (green) and phalloidin-Alexa594
(white) and axon growth cones were manually classified as: collapsed, those that have no
lamellipodia and no more than two filopodia, and the remaining axons were classified as
non-collapsed. Interestingly, immunofluorescence analysis shows that the percentage of
collapsed growth cones is significantly different between genotypes (****p < 0.0001).
Indeed, there is an interaction effect between genotypes and EphA3 ICD expression (***p <
0.001) (Fig. 35). PS1” neurons show a percentage of collapsing growth cones similar to
PS1** (Fig. 35). The presence of EphA3 ICD in PS1” neurons induces a decrease on the
rate of collapsing growth cones, indicating that, in the absence of PS, EphA3 ICD promotes
non-collapsed axon morphology (*p < 0.05). In contrast, EphA3 ICD does not affect the

+/+

percentage of collapsed growth cones in PS1™" (Fig. 35). These results are in agreement

with the fact that EphA3 ICD induces axon elongation in PS1” hippocampal neurons.
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Figure 35. EphA3 ICD regulates growth cone collapse. Hippocampal neurons from PS1
(control) and PS1” embryo mice (E15.5) were transfected with vector (pWPI-GFP) or EphA3 ICD-
GFP (green) at 2 DIV. Cultured neurons were fixed and stained with GFP (green) and F-actin (white)
at 4 DIV. The two-way ANOVA analysis showed a genotype-dependent and an interaction effect
between the two factors (genotype and ICD expression) ****p < 0.0001 and ***p < 0.001,
respectively. N=26-33 neurons/group. The specific differences among groups were determined by
Bonferroni post hoc test. *p < 0.05, **p <0.01, ****p <0.0001, compared to controls (PS1+/+, vector)

or to the indicated group. Scale bar, 50 um.
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CHAPTER 2: EPHA3 ICD REGULATES AXONAL GROWTH THROUGH NON-
MUSCLE MYOSIN IIA

The above results show that PS/y-secretase-dependent cleavage of EphA3 modulates axon
elongation and growth cone collapse in hippocampal neurons. At that point, we wonder if this
modulation of axon dynamics could also be explained through the interaction of EphA3 ICD

with actin cytoskeleton proteins.

1. EphA3 ICD interacts with NMIIA

To identify EphA3 ICD interacting proteins that could be relevant for axon outgrowth, we
performed co-immunoprecipitation assays in HEK 293T cells overexpressing vector-Flag or
EphA3 ICD-Flag followed by a proteomic analysis of immunoprecipitated proteins (Free,
Hazelwood, & Sibley, 2009). Immunoprecipitated proteins were resolved on 8% acrylamide gel
and stained with colloidal comassie. Three prominent protein bands of ~85 (band 3), ~200
(band 2) and ~250 kDa (band 1) were specifically present in the ICD-Flag immunoprecipitates
compared with control immunoprecipitations (Fig. 36A). The three bands were excised and in-
gel digested with trypsin and identified by Peptide Mass Fingerprinting (MALDI-TOF) as: heat
shock protein (HSP), clathrin heavy chain 1 and non-muscle myosin IIA heavy chain (NMIIA)
(Table 13).
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Figure 36. Proteomic analysis of EphA3 binding proteins. A) HEK293T cells transfected with
vector (Flag) or EphA3 ICD-Flag (ICD-Flag) were immunoprecipitated with anti-Flag antibody. Proteins
were resolved by SDS-PAGE and stained with colloidal comassie. Specific proteins corresponding to
bands 1, 2 and 3 were identified by MALDI-TOF/TOF mass spectrometry. Band 1 corresponds to
NMIIA. B) Binding of myc-EphA3 ICD to NMIIA. Coimmunoprecipitation (IP) of endogenous NMIIA and
overexpressed myc-EphA3 ICD in HEK293T cells. Data are mean + SEM of three independent
immunoprecipitations. Unpaired two-tailed Student’s t test: **p < 0.01. C) Non-processed EphA3 does
not bind to NMIIA. Coimmunoprecipitation (IP) of endogenous NMIIA and EphA3 in embryo brain
homogenates (left panel) and detection of EphA3 by Western blot as a control that IP worked well
(right panel). N = 2 independent experiments.
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Table 13. List of EphA3 binding proteins identified by MALDI-TOF. Protein score is -10*Log(P),
where P is the probability that the observed match is a random event. Protein scores > 56 are
significant (p < 0.05).

Protein Protein Mass
Protein identified Protein description
Score (Da)
P35579 Myosin-9 OS=Homo sapiens
MYH9_HUMAN GN=MYH9 PE=1 SV=4 8 227646
Clathrin heavy chain 1
Q00610 _ .
CLH1_HUMAN OS=Homo sapiens 76 193260

GN=CLTC PE=1 SV=5

Heat shock protein HSP 90-alpha
OS=Homo sapiens 134 85006
GN=HSP90AA1 PE=1 SV=5

P07900
HS90A_HUMAN

Heat shock protein HSP 90-beta
OS=Homo sapiens 96 83554
GN=HSP90AB1 PE=1 SV=4

P08238
HS90B_HUMAN

The MALDI-TOF spectra obtained for each protein were interpreted by database search
(Mascot, Matrix Science). Then, all the identified peptides were manually validated by the
SwissProt Database restricted to Homo sapiens taxonomy (Table 14). We focused further on
NMIIA/MYHS9 since is a protein that regulates contractile activities through its interaction with
cytoskeleton actin filaments and is involved in the regulation of neurite retraction (Gallo, 2006;
Pecci, Ma, Savoia, & Adelstein, 2018). The Mascot score of NMIIA was 78.

Table 14. Identified peptides from NMIIA protein. *ppm is the deviation of the measured mass from
the theoretical mass of the peptide

Molecular Mass

Start - End Sequence (Observed) Error (ppm®*)
144 - 165 HEMPPHIYAITDTAYRSMMQDR 2663.2180 0.63
187 - 199 VIQYLAYVASSHK 1478.7799 -13.7
273 - 289 TFHIFYYLLSGAGEHLK 1996.0469 713
290 -301 TDLLLEPYNKYR 1524.7963 -6.13
328 - 341 IMGIPEEEQMGLLR 1615.8153 -1.76
374 — 387 VSHLLGINVTDFTR 1571.8421 -7.58
541 - 555 SFVEKVMQEQGTHPK 1744.9110 243
566 - 580 ADFCIIHYAGKVDYK 1799.9290 28.1
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618 — 637 IGLDQVAGMSETALPGAFK 2034.0428 -7.26
663 -678 NTNPNFVRCIIPNHEK 1953.0276 26.5
746 — 755 ALELDSNLYR 1193.6135 -2.10
1175 - 1181 TLEEEAK 819.4100 0.72
1393 - 1404 DLEGLSQRHEEK 1440.7017 -4.15
1755 -1770 ANLQIDQINTDLNLER 1869.9816 8.09
1816 — 1830 IAQLEEQLDNETKER 1815.9179 5-31
1899 — 1912 ELEDATETADAMNR 1565.7169 26.9
1924 - 1933 GDLPFVVPRR 1155.6697 5.54

After the identification of NMIIA as a possible EphA3-ICD binding protein, we next validated
this interaction by co-immunoprecipitation assays using the anti-myc antibody (9B11; Cell
Signaling) in vector- and myc-EphA3 ICD expressing HEK293T cells. Immunoprecipitated
proteins were analyzed by Western blot using an anti-NMIIA antibody (H-40). Biochemical
results show the EphA3 ICD interacts physically with endogenous NMIIA in HEK293T cells
(**p<0.01) (Fig. 36B).

We next wondered whether PS/y-secretase-dependent processing of EphA3 was required for
the interaction with NMIIA or, on the contrary, the non-processed EphA3 receptor could bind to
NMIIA. To answer this question, we decided to change our study model since the endogenous
levels of EphA3 in HEK293T are not detectable by Western blot. On contrary, in embryo brain
lysates the amount of EphA3 as well as NMIIA are very high and easily detectable by Western
blot. Embryonic brain homogenates were co-immunoprecipited using mouse anti-EphA3
antibody (5E11F2) and immunoprecipitated proteins were detected by Western blot using
rabbit anti-NMIIA antibody (H-40). Biochemical results show no detection of binding of
endogenous EphA3 to NMIIA in embryonic brains. Moreover, the presence of EphA3 FL band
after re-blotting the membrane using an anti-rabbit EphA3 antibody (C-19), demonstrates
efficient EphA3 immunoprecipitation (Fig. 36C). Taken together, these results indicate that the

cleavage of EphA3 by PS/y-secretase-dependent seems necessary for binding to NMIIA.
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2. EphA3 ICD increases NMIIA phosphorylation at Ser1943

Next, we hypothesized that the effect of EphA3 ICD mediating the axonal growth occurs at
least in part, by its interaction with NMIIA, preventing its binding to actin and allowing axon
elongation. To test whether EphA3 ICD also induces changes in NMIIA activity, we analyzed
levels of NMIIA phosphorylation (Ser1943), which is mediated by casein kinase Il (CKII).
Notably, Ser1943 phosphorylation inhibits NMIIA assembly and promotes disassembly of
myosin/F-actin/microtubule filaments (Dulyaninova, House, Betapudi, & Bresnick, 2007), but

the physiological role of this phosphorylation in neurons is still unknown

To investigate whether the EphA3 ICD affects the phosphorylation of NMIIA at S1943. We
generated lentiviruses containing EphA3 ICD sequence (myc-EphA3 ICD pWPI) in order to
express EphA3 ICD into cortical neurons. Virus transduction method avoids the low efficiency
rates due to transfection problems in cortical neurons. Western blot analysis of cultured cortical
neurons transduced with lenti-vector or -EphA3 ICD shows that the levels of pNMIIA (S1943)
are higher in the presence of EphA3 ICD (p <0.05) (Fig. 37), suggesting that EphA3 ICD
expression increases pNMIIA levels and likely myosin/F-actin/microtubule filament

dissasembly.
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Figure 37. EphA3 ICD increases the phosphorylation levels of NMIIA. Cortical neurons were
transduced with empty (pWPI) or EphA3 ICD (myc-EphA3 ICD pWPI) lentiviral vectors at 2 DIV and
analysed by Western blotting at 4 DIV. Biochemical analysis show that EphA3 ICD increases pNMIIA
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(S1943) levels. Data are mean + SEM of three independent neuronal cultures. Statistics were tested
by one-way ANOVA (*p = 0.05), followed by Bonferroni post hoc test. * p < 0.05, compared with
control neurons.

Since EphA3 ICD generation depends on PS/y-secretase activity, we next examined if PS
expression could affect phosphorylated NMIIA. Cultured hippocampal neurons expressing
vector or EphA ICD from PS1*"* (controls) and PS1” embryo mice at E15.5 were stained using
chicken anti-GFP (Ab13970) and with rabbit anti-pNMIIA (Ser1943) (Ab2974). Images
captured by confocal microscopy were analyzed by ImagedJ software. Immuncytochemical
analysis indicates that the intensity of pNMIIA (S1943) is reduced in the PS1” neurons,
although this reduction is only significant compared to PS1** neurons expressing EphA3 ICD
(p<0.01). Interestingly, EphA3 ICD increases significantly the levels of pNMIIA (S1943) in
PS1" neurons, which were similar to the levels in PS1"" neurons (Fig. 38). This result

+/+

suggests that EphA3 ICD recovers the phosphorylated NMIIA levels in PS1™" neurons.
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Figure 38. Reduced pNMIIA in axons of PS1-deficient neurons. Immunofluorescence staining (top)
and quantitative analysis (bottom) of phosphorylated NMIIA heavy chain (S1943) (in red) in axons of
PS1*"* and PS1" neurons. Cultured hippocampal neurons (E15.5) from PS1** (controls) and PS1”
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embryos were transduced with control (pWPI) or EphA ICD (myc-EphA3 ICD pWPI) lentivirus at 1 DIV
and analysed at 4 DIV. PS1-lacking neurons show reduced axonal pNMIIA intensity that is reversed
by expressing EphA3 ICD (GFP, green) Scale bar, 50 um. Data are mean + SEM of three independent
experiments (n=25-33 total neurons/group). Two-way ANOVA indicates a significant genotype- and
ICD-transduction effect (*p < 0.05). Bonferroni post hoc test indicates the intergroup differences **p <

0.01.

3. PS1/y-secretase regulates NMIIA phosphorylation and NMIIA/actin

colocalization

We next examined the levels of phosphorylated NMIIA in cortical neurons treated with the y-
secretase inhibitor DAPT. Biochemical analysis of protein lysates with the rabbit anti-NMIIA
antibody (H-40; Sta. Cruz), allows the detection of two bands that probably correspond to
insoluble (upper band) and soluble (lower band) forms of NMIIA. Interestingly, DAPT
treatment causes an increase of insoluble NMIIA whereas the soluble forms are reduced.
However, the levels of total NMIIA, considered as soluble plus insoluble forms, remain
unchanged (Fig. 39). Moreover, DAPT decreased significantly pNMIIA (S1943) levels

compared to vehicle-treated neurons (Fig. 39).
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Figure 39. Inhibition of PS/y-secretase activity reduces phosphorylated NMIIA levels. Cultured
cortical neurons were treated with DAPT from 0 DIV and analysed at 4 DIV. Western blot results show
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that DAPT treated cortical neurons show reduced pNMIIA (S1943) and soluble NMIIA (*), increased
insoluble/aggregated NMIIA (#) and unchanged total NMIIA. Multiple independent cultures are shown.
Data are mean + SEM of four independent neuronal cultures. Unpaired two-tailed Student’s f test: ***p
= 0.001.

These results indicate that PS1/y-secretase-dependent EphA3 processing maintains active
phosphorylated NMIIA. Since phosphorylation of NMIIA at S1943 increases cytoskeleton
filament assembly, we next studied whether y-secretase activity could modulate actin
cytoskeleton rearrangement by regulating NMIIA/actin interaction in growth cones.
Hippocampal neurons transduced with empty or EphA3 ICD GFP lentiviral vectors were
stained with chicken anti-GFP (Ab13970; Abcam) to detect transduced neurons, rabbit anti-
pNMIIA (S1943) (Ab2974; MerckMillipore) and phalloidin-Alexa594 (Invitrogen). Colocalization
of pNMIIA and F-actin was analysed in confocal microscopy images using the tool ImarisColoc
from Imaris 8.1 Software. Immunocytochemical analysis show that the percentage of
actin/phosphorylated NMIIA colocalization is decreased in axon growth cones of PS1-
deficient hippocampal neurons (genotype-dependent effect, p<0.05) (Fig. 40). In addition,
EphA3 ICD has no effect in control neurons but it increases significantly actin/pNMIIA
colocalization and the percentage of colocalizing actin/pNMIIA spots to control levels in PS1™
neurons (EphA3 ICD transduction-dependent effect, p<0.01) (Fig. 40). Otherwise, taking into
account all the colocalizing spots (that is actin spots colocalized with pNMIIA together with
pNMIIA spots colocalized with actin), the genotype-dependent effect is lost, whereas the
EphA3 ICD transduction-dependent effect is maintained, p<0.01 (Fig. 40). Taken together,
these results strongly suggest that PS1/y-secretase-mediated EphA3 cleavage generates an
EphA3 ICD peptide that maintains active phosphorylated NMIIA to inhibit assembly or to

promote disassembly of cytoskeleton filaments at the growth cone.
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Figure 40. Colocalization of pNMIIA and F-actin at growth cones. Cultured hippocampal neurons
from PS1™" or PS1” were transduced with control (pPWPI) or EphA ICD (myc-EphA3 ICD pWHPI) viral
vectors at 1 DIV and analysed at 4 DIV. The presence of EphA3 ICD increases the percentage of
pNMIIA spots colocalized with F-actin at growth cones. Statistics was tested by two-way ANOVA
followed by Bonferroni post hoc test. ** p < 0.01, as indicated and compared with vector transfected
PS17 neurons. Data are mean + SEM of 3 experiments (n=26-33 neurons/group). Scale bar, 50 ym.

4. NMIIA activity regulates axon growth

When NMIIA is active (ADP bound state), the head can interact strongly with actin, whereas
when ADP-Pi binds to the catalytic domain, the affinity between myosin and actin is extremely
low. Interestingly, the pharmacological inhibitor blebbistatin, binds to the myosin-ADP-Pi

complex maintaining NMII in an actin-detached state (Kovacs, Téth, Hetényi, Malnasi-
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Csizmadia, & Sellers, 2004).The previous results suggest that PS/y-secretase and EphA3 ICD
could modulate NMIIA activity by regulating NMIIA phosphorylation. Our hypothesis was that
NMIIA acts as downstream effector of PS/y-secretase/EphA3 ICD-mediated axon growth.
Interestingly, we found that the pharmacological inhibition of NMII by blebbistatin increased
axon length in DAPT-treated hippocampal neurons, mimicking the effect of EphA3 ICD (Fig.
41). This effect was not observed when using the inactive blebbistatin enantiomer. Taken
together, the results show that EphA3 ICD interacts with NMIIA and regulates its
phosphorylation, that PS1/y-secretase activity regulates NMIIA phosphorylation and
NMIIA/actin colocalization and that NMIIA activity regulates axon growth, indicating that the

effect of PS/y-secretase on axon growth is mediated through NMII activation.
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Figure 41. Pharmacological inhibition of NMIl rescues the defects in axon length in DAPT-
treated neurons. Cultured hippocampal neurons were transduced with control or EphA3 ICD lentiviral
vectors at 1 DIV, and treated with active or inactive blebbistatin (20 uM; Calbiochem) at 2 DIV.
Immunofluorescence images of hippocampal neurons stained for GFP (EphA3-ICD or vector-positive
neurons; green) and neurofilament (SMI312, red). Scale bar, 50 ym. Data are mean + SEM of 3
experiments (n=44-56 neurons/group). Two-way ANOVA indicates a significant DAPT treatment x

124



Results: EphA3 ICD regulates axon growth through NMIIA

ICD/ blebbistatin interaction (**p < 0.01). Bonferroni post hoc test shows differences among groups. *p
< 0.05, **p < 0.001 as indicated and compared to vector non-treated neurons.

One of the limitations of blebbistatin is that besides NMIIA can inhibit other myosin isoforms.
To try to overcome this, we designed two interference RNA sequences of NMIIA inserted in a
short-hairpin (shRNA) structure and a non-interference control sequence (scramble), which
was used as a control of the lentivirus transduction. We tested the efficacy of shRNA NMIIA
in cultured cortical neurons transduced from 0 DIV to 4 DIV. The RT-gPCR results show that
sh3-NMIIA reduces the expression of NMIIA mRNA around 50% (Fig. 42A). Likewise, the
infection with the same shRNA, decreases the amounts of NMIIA protein more than 50%
(Fig. 42B). Therefore, for the next experiment we used the scramble and sh3-NMIIA lentiviral

particles.

Next, we analyzed the effect of silencing NMIIA in axon growth. Immunochemical analysis of
cultured hippocampal neurons transduced with scramble and sh3-NMIIA show that the
silencing of NMIIA has not any effect on axon growth (Fig. 42C). However, since NMIIA is a
very abundant in neurons, we cannot exclude the possibility that ~50% NMIIA silencing of is
not enough to produce any effect. Another possibility could be that since NMIIA is part of the
actin cytoskeleton, its function could be compensated by other cytoskeleton proteins

including other myosin isoforms.
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Figure 42. NMIIA silencing does not affect axon length in cultured hippocampal neurons.
Cortical neurons were transduced at 0 DIV with scramble or shRNA against NMIIA and analysed at 4
DIV. A) Analysis by RT-gPCR shows a reduction in NMIIA expression in neurons infected with NMIIA-
shRNA3 (Sh3) or NMIIA-shRNA1 (sh1), but not with scramble (Scr). B) Western blot results show a
reduction in EphA3 protein levels in in neurons infected with NMIIA-shRNA3 (Sh3), but not with
NMIIA-shRNA1 (sh1) neither scramble. C) NMIIA shRNA3 does not alter axon length of cultured
hippocampal neurons.

To try to decipher the effect of myosin IlA in axon growth, we move to an overexpression
strategy. We test the effect of a construct containing the NMIIA sequence (NMIIA WT) and a
non-phosphorylated S1943A NMIIA mutant (NMIIA S193A) containing a GFP tag in cultured
hippocampal neurons. Interestingly, immunocytochemical analysis shows that both NMIIA
and NMIIA S1943A mutant cause a drastic reduction in axon length compared to vector-
transfected control neurons (Fig. 43). This result shows that NMIIA is critically involved in
the regulation of axon retraction. Indeed, this result agrees with the reduction of
phosphorylated NMIIA founded in PS1” neurons (Fig. 38). Taken together, our results
strongly suggest that EphA3 acts upstream of NMIIA either promoting disassembly or

preventing assembly of NMIIA/actin filaments in axons.
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Figure 43. NMIIA and NMIIA S1943A induce axon retraction in hippocampal neurons.
Hippocampal neurons were transfected with empty vector, NMIIA-GFP and NMIIA S1943A-GFP
vectors at 2 DIV, treated with vehicle or DAPT and fixed at 4 DIV. Immunofluorescence analysis with
GFP (green) and neurofilament (SMI312, red) show that NMIIA and NMIIA S1943A cause a reduction
in axon length. Scale bar, 50 um. Statistical analysis, tested by two-way ANOVA, indicates a
significant NMIIA effect and DAPT treatment x NMIIA interaction. Data are mean + SEM of 3
experiments (n=24-41 neurons/group). Bonferroni post hoc test shows differences among groups.
****p <0.0001 as indicated
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CHAPTER 3: NRG1-ERBB4 SIGNALING IS ALTERED IN PRESENILIN-
DEFICIENT MICE

1. Nrg1/ErbB4 signaling is disrupted in PS cDKO mice

PS/y-secretase participates in the proteolysis of signaling molecules involved in the
development of the nervous system, suggesting that alteration of these signaling
pathways may also contribute to neurodegeneration (Crone & Kuo-Fen, 2002; Crone &
Lee, 2002). Since disruption of Nrg1/ErbB4 signaling has been related to multiple
neurodegenerative disorders, we decided to study whether PS contributes to
neurodegeneration by affecting this signaling pathway. To do that, we used the forebrain-
specific PS conditional double knockout (PS cDKO) mice model (Saura et al., 2004) since
they present age-dependent neurodegeneration that leads to memory impairments and

synaptic plasticity.

To address the role of Nrg1/ErbB4 processing and signaling, we first examined the
transcript levels of Nrg1 in the cortex of PS ¢cDKO mice at 6, 9 and 12 months of age.
Expression analyses by RT-gPCR show a significant reduction of Nrg1 type | mRNA during
aging (***p < 0.001) although no significant differences were found between genotypes. In
contrast, Nrg1 type Il mMRNA was significant reduced in frontal cortex of PS cKO mice
compared to control at 6-12 months (*p < 0.05) (Fig. 44). These results suggest that PS can
regulate the expression of Nrg1 type Il during aging.
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Figure 44. Expression levels of Nrg1 type | and lll isoforms. A) Analysis by RT-qPCR of Nrg1
type | in frontal cortex of control (WT) and PS cDKO mice at 6-12 months of age, shows that Nrg1
type | levels decrease with aging (***p < 0.001). B) Analysis by RT-qgPCR of Nrg7 type Ill in frontal
cortex of control (WT) and PS cDKO mice at 6-12 months of age, reveals reduced Nrg1 type lll
mRNA levels in PS cDKO mice compared to WT, showing a genotype-dependent effect (*p <
0.05). Levels of mRNA were normalized to Gapdh. Values represent mean SEM (n=3-4
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mice/group). Statistics was tested by two-way ANOVA followed by Bonferroni post-hoc test; *p <
0.05 as indicated.

1.1.Nrg1 type lll and ErbB4 processing are regulated by PS/y-secretase

We next studied if changes in Nrg1 type | and type Il mMRNAs correlated with protein
levels. Western blot analysis showed similar levels of Nrg1 type | protein (115 kDa) in the
cortex of control and PS cDKO mice (Fig. 45A, B). By contrast, the amount of a ~75 kDa
band, likely corresponding to Nrg1 type lll protein was reduced in PS ¢cDKO mice at 6-12
months (***p < 0.001) (Fig. 45A,C). During the maturation, Nrg1 type lll is processed first
by metalloproteases generating NTFs and a CTF that in turn is proteolyzed by PS/y-
secretase. Interestingly, biochemical results showed the accumulation of a C-terminal-
derived Nrg1 type Il fragment (Nrg1 CTFs; ~65 kDa) in PS cKO mice at 6-12 months of
age (genotype effect: ****p < 0.0001; Fig. 45A,C-D). These results indicate that Nrg1 type

Il is a substrate of PS/y-secretase.
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Figure 45. PS/y-secretase activity is responsible of Nrg1 proteolysis. A) Biochemical analysis
of cortical lysates of PS cDKO mice at 6-12 months of age. B) Quantification of Nrg1 type | show
non-significant changes in total protein levels of full-length Nrg1 type | (115 kDa) relative to 3-actin.
C) Quantification of Nrg1 type Ill (75 kDa) relative to R-actin show a genotype-dependent effect
(***p < 0.001). D) By contrast, Nrg1 CTFs (~65 kDa) are increased in the cortex of PS cDKO mice

(genotype effect: ****p < 0.0001). Values represent mean SEM (n= 3-4 mice/group). Statistics was
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tested by two-way ANOVA followed by Bonferroni post hoc test. *p < 0.05 compared to WT mice at

the indicated age.

Similarly, the PS/y-secretase-dependent processing of ErbB4 results in the generation of
ErbB4 ICD that translocates to the nucleus and regulates the transcription of genes involved
in neuronal development (Lee et al., 2002). Accordingly, biochemical analyses revealed
unchanged ErbB4/B-actin levels during aging in PS cDKO mice (Fig. 46A,B). We also found
the presence of an ErbB4 CTF of ~75 kDa (CTF) and ~40 kDa (ICD) in both WT and PS
cDKO cortical lysates (Fig. 46A,C). Interestingly, levels of ICD, with a molecular weight
likely corresponding to the ErbB4 intracellular domain, were significantly reduced in cortical

lysates of PS cDKO mice at all ages (genotype effect; ****p < 0.0001; Fig. 46A,D).
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Figure 46. ErbB4 processing is altered in PS ¢cDKO mice A) Biochemical analysis of ErbB4
receptor of cortical lysates of PS cDKO mice at 6-12 months of age. B) Quantification of ErbB4/[3-
actin levels remains unchanged in WT and PS ¢cDKO mice at all analyzed ages. C) Quantification
of ErbB4 CTF accumulation (CTF/FL) show no statistical differences between aging nor genotypes.
D) By contrast, quantification of ErbB4 ICD generation (ICD/FL) is reduced decrease in PS cDKO
mice (*** p < 0.001). Values represent mean SEM (n= 3-4 mice/group). Statistics was tested by
two-way ANOVA followed by Bonferroni post hoc test. **p < 0.01 as indicated.
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1.2. ErbB4 phosphorylation at Y1284 is altered in PS cDKO mice

Binding of Nrg1 to ErbB4 leads the dimerization resulting in the autophosphorylation and
activation of the receptor (Carpenter, 2003). Specifically, the activated ErbB4 Y1284
interacts with Shc leading to MAPK activation (Cohen, Green, & Fell, H. P, 1996). Since
expression and/or processing of Nrg1 type Ill and its receptor ErbB4 are regulated by
PS/y-secretase, it is possible that Nrg1-ErbB4 signaling could be also regulated by PS.
Interestingly, Western blot analysis revealed the accumulation of a ~50 kDa (**p < 0.01)
and reduced ~75 kDa phosphorylated (Y1284) ErbB4 fragments (*p < 0.05) in the cortex
of PS cDKO mice (Fig. 47). This result suggests that PS regulates Nrg1-ErbB4 signaling.
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Figure 47. ErbB4 phosphorylation is altered in PS ¢cDKO mice. A) Western blot analysis of
ErbB4 phosphorylation in cortical lysates of PS cDKO mice at 6-12 months. B) Phosphorylated
(Y1284) ErbB4 CTF (~75 kDa) levels are significant reduced in PS cDKO mice (**p < 0.01). C)
Quantification of pErbB4-CTF-50 reveals a statistical significant accumulation in PS cDKO mice (*p
< 0.05). Values represent mean SEM (n= 3-4 mice/group). Statistics was tested by two-way
ANOVA.
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Next, we examined the nuclear localization of the ErbB4 fragments. Western blot analysis of
cortical homogenates and nuclear fractions from WT and PS cDKO mice revealed the
presence of several ErbB4 protein bands. Interestingly, biochemical analysis of the nuclear
fraction confirmed the accumulation of the 50 kDa phosphorylated ErbB4 in PS cDKO mice
of 6 months of age (Fig. 48). The results also show the presence of a ~60 and ~70 kDa
phosphorylated ErbB4 bands that remained unchanged. Thus, we also observed an
abundant ~75 kDa band of ErbB4 in the nuclear fraction that seems to reduced in PS
cDKO mice compared to controls, although the differences are not statistically significant.
This result suggests that the processing of ErbB4 by PS/y-secretase decreases the
accumulation of a phosphorylated ErbB4 fragment in the nucleus, although its

physiological role is unclear.
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Figure 48. Effect of PS inactivation in nuclear phosphorylated ErbB4 fragment levels.
Detection of ErbB4 phosphorylated fragments in homogenate and nuclear fractions in the cortex of
PS cKO mice at 6 months (above). Western blot quantification (below) shows that of ErbB4 protein
levels remain unchanged both in homogenate and nuclear fractions of PS cKO mice at 6 months,
whereas a phosphorylated fragment of ~50 kDa CTF in the nuclear fraction is increased in PS
cDKO mice (*p < 0.05). Values represent mean SEM (n= 4 mice/group).
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2. Role of Nrg1 in synaptogenesis of glutamatergic neurons

2.1. Neuronal activity alters ErbB4 phosphorylated protein levels in cortical

neurons

Previous studies showed that neuronal activity regulates differentially the expression of
some Nrg1 isoforms, as in the case of Nrg1 type I, which expression results increased
(Liu et al., 2011). First, we examined if those changes in Nrg1 type | expression were also
maintained after mMRNA transcription. Analysis by Western blotting showed that that
neuronal activity triggered by KCI depolarization increases Nrg1 type | protein amounts in
cortical neurons although the quantification is not statistical significant (Fig. 49A). We also
analysed the phosphorylated and total ErbB4 levels after induction of neuronal activity by
KCl-depolarization. Interestingly, biochemical analysis shows that protein amount of
phospho-ErbB4 are reduced after KCl-depolarization, whereas total ErbB4 and their
derived fragments remained unchanged (Fig. 50B). Taken together, these results suggest

that Nrg1/ErbB4 signaling is altered by neuronal activity.
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Figure 49. Neuronal activity regulates ErbB4 phosphorylation in cultured neurons. Cortical
neurons were cultured for 12 DIV and treated with KCI (50 mM) 6 h before cell lysis. A) Western
blot analysis showing the effect KCI depolarization over Nrg1 protein levels. Although qualitative
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analysis indicated that Nrg1 protein levels are increased by KCI treatment (A), quantitative analysis
show that differences are not statistical significant (p = 0.7277). Nrg1 type Ill and Nrg1 type lll CTF
protein levels remain unchanged. Values represent mean + SEM (n=4). B) Western blot analysis
showing the effect KCl depolarization over total and phosphorylated ErbB4 protein levels.
Quantitative analysis (below) shows that protein levels of phosphorylated ErbB4 are reduced by
KCI treatment (50 mM). Protein levels of ErbB4 and CTF-derived fragments remain unchanged.
Values represent mean + SEM (n=4 experiments); Unpaired two-tailed Student’s ¢ test; *p < 0.05
as indicated.

2.2. Contextual learning induces changes in ErbB4 protein levels in PS
cDKO mice

So far, we have found that Nrg1/ErbB4 signaling is disrupted in PS cDKO mice and that
neuronal activity also affects this signaling. Next, we decided to test if neuronal activity

underlying memory encoding could modify the Nrg1/ErbB4 signaling in PS cDKO mice.

The contextual fear-conditioning (CFC) test associates an aversive stimulus (electric foot-
shock) with the context allowing the investigation of long-term memory encoding events.
In this case, rodents were subjected to the aversive unconditioned stimulus (US) after
exposure of a conditioning chamber and the amount of freezing behaviour was quantified
after the re-exposure to the context 2h hours later. Western blot results show that the WT
trained mice have reduced protein amounts of Nrg1 type lll CTF compared to non-trained
mice whereas the levels of pro-Nrg1, Nrg1 type | and Nrg1 type Il remained unchanged
(Fig. 50A). On the other hand, we also examined total and phosphorylated ErbB4 protein
levels. We did not found any differences in phosphor-ErbB4, total ErbB4 neither ErbB4-

derived fragments between trained and non-trained WT mice (Fig. 50B).
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Figure 50. Neuronal activity regulates Nrg1 protein levels in WT mice. A) Biochemical

analyses of Nrg1 and their derived-fragments in cortex of

naive and trained WT mice. B)

Biochemical analyses of phosphor-ErbB4, total ErbB4 and their derived-fragments in cortex of
naive and trained WT mice. Values represent mean of fold changes + SEM (n=4 animals/group).
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Statistics was tested by two-way ANOVA followed by Bonferroni post hoc test. *p < 0.05, as
indicated.

Then, we tested whether the inactivation of PS1 and PS2 could modify the amounts of
protein of Nrg1 and ErbB4 in naive or CTF-trained mice. Western blot results show that
Nrg1 protein levels remained unchanged in WT trained, PS1 cKO trained and PS cDKO
trained mice, compared to WT non-trained mice (Fig. 51A). We were not able to detect
the reduction in the Nrg1 type lll CTF protein levels in WT trained mice compared to the
naive (Fig. 51A), probably due to the variability among the animals. Similarly, the amount
of phosphorylated ErbB4 neither total ErbB4 did change between trained mice (Fig. 51B).
Interestingly, the amount of ErbB4 ICD fragment, resulting from ErbB4 PS/y-secretase
processing was reduced in trained PS cDKO mice compared to WT naive mice (Fig.
12B). However, this reduction in the amount of ErbB4 ICD is the same reduction as the
observed in non-trained mice (Fig. 46). In order to postulate that the neuronal activity may
alter the PS/y-secretase-dependent processing of ErbB4 in PS ¢cDKO mice, we should

include a non-trained mice group in this experiment.
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Figure 51. Neuronal activity disrupt ErbB4 processing in PS cDKO mice. Biochemical
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fragments in cortex of naive and trained control (WT) and PS cDKO mice. Values represent mean
of fold changes + SEM (n=4 animals/group). Statistics was tested by two-way ANOVA followed by
Bonferroni post hoc test. *p < 0.05 compared with WT naive mice.

2.3. Differential regulation of synaptogenesis by Nrg1 in physiological and

pathological conditions

Next, we studied the potential role of Nrg1/ErbB4 signaling in synaptogenesis in in
cultured neurons in a neurodegenerative context (i.e. PS1 inactivation).
Immunocytochemical analysis shows that PS1” neurons have no reduction in the number
of functional synapses (considered as the overlapping of synaptophysin and PSD95
stainings) (Fig. 52A,B). Interestingly, we found an increased density of both post-synaptic
(PSD95) and pre-synaptic (synaptophysin) markers in PS1” neurons (*p < 0.05 and **p <
0.01, respectively) (Fig. 52A,C). Moreover, the activation of Nrg1/ErbB4 signaling by
rhNRG1 treatment induces a reduction in the synaptophysin density in PS1** (ACre-
transduced) neurons whereas in the PS1” (Cre-transduced) neurons remained
unchanged (Fig. 52A,C). These results suggest that Nrg1 could be playing an opposite

role in physiological and pathological conditions.
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Figure 52. Nrg1 treatment increases the density of synaptophysin in PS1-lacking neurons.
Cultured hippocampal neurons were transduced with ACre (control) or Cre-containing lentivirus at
5 DIV. Neurons were treated at 6 DIV and 11 DIV with rhNRG1 (100 ng/ml). A) Cultured neurons
were fixed and stained with GFP (green), Synaptophysin (blue) and PSD-95 (red) at 16 DIV. B)
Colocalization analysis show neither the rhNRG1 treatment or lentivirus transduction reduces the
number of functional synapses. C) Quantitative analyses show that PS1-deficient neurons
(previously transduced with Cre lentivirus) have an increased density of the post-synaptic marker
PSD95 (*p < 0.05; Cre-transduction effect) and the presynaptic marker Synaptophysin (**p < 0.01;
Cre-transduction effect). Thus, Nrg1 treatment has a negative impact on Synaptophysin density in
WT neurons (ACre transduction). Values represent mean SEM (n= 29-40 neurons/condition; two

141



Results: Nrg1-ErbB4 signaling is altered in PS-deficient mice

independent experiments). Statistics was tested by two-way ANOVA followed by Tukey post hoc
test. *p < 0.05, **p < 0.01 and ***p < 0.001 as indicated.
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Presenilins are the catalytic subunits of y-secretase, an enzymatic complex that cleaves
type | proteins within the transmembrane domain. The cleavage by PS/y-secretase
requires an initial shedding by a metalloprotease that generates a C-terminal fragment
(CTF) that once proteolyzed by PS/y-secretase releases a soluble intracellular domain
fragment (ICD). The function of the generated ICD of the majority of substrates is in most
cases unknown. Recent evidence indicates that autosomal dominant mutations in the PS
genes linked to FAD cause a reduction of the y-secretase cleavage of multiple substrates,
suggesting a loss-of-function PS mechanism in the pathology of FAD (De Strooper, 2007;
Shen & Kelleher, 2007). In support of this idea, genetic inactivation of both PS in the brain
of mice causes defects in synaptic plasticity and memory and neurodegeneration (Saura
et al., 2004). In addition, genetic inactivation of PS7 during embryogenesis leads to brain
and skeletal morphological defects although the underlying molecular mechanisms
involved are still unknown (Handler, Yang, & Shen, 2000). In this line, our study provides
the first evidence for a novel PS/y-secretase-regulated mechanism involved in axon
growth of hippocampal neurons in the developing brain. According to our results, PS/y-
secretase promotes axon growth by mediating the intramembrane processing of EphA3
independently of the classical ephrin/EphA3 signaling (Fig. 30). Second, our results
indicate that PS/y-secretase is required for Nrg1 type Il expression, mediates Nrg1 type
Il and ErbB4 processing and regulates negatively synaptogenesis through Nrg1.
Together, the results of this doctoral thesis indicate that PS participate in the proteolysis of
signaling molecules, including EphA3 and ErbB4, involved in key mechanisms of nervous
system development and neurodegeneration, suggesting that these novel signaling

mechanisms may contribute to neurodegenerative diseases.

PS/y-secretase regulates axon growth by regulating actin-myosin filaments

It is well established that PS1 regulates brain development during embryogenesis.
PS1” embryos develop deficits in axonal length, neuronal migration and cortical
lamination during brain development [(Handler et al., 2000); this study].
Specifically, axon guidance defects have been attributed to the truncation of PS-
dependent processing of DCC that results in the alteration of Netrin/DCC and
Slit/Robo signaling (Bai et al., 2011). In agreement, loss-of-function mutations in
PS genes disrupt Notch signaling leading to neurite morphology defects in C.
elegans (Wittenburg et al., 2000). Of interest, our results indicate that PS/y-

secretase activity regulates axon length in vivo and in vitro (Figs. 28, 30). Indeed,
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PS1” embryos show a reduction in axon length compared to controls (Fig. 28).
Interestingly, a recent study showed that familial-AD linked PS1 mutations
promote neurite outgrowth by increasing APP intracellular fragments and
activating CREB signaling (Carole Deyts et al., 2016). In earlier studies they also
show that pharmacological inhibition of y-secretase produces the accumulation of
APP CTFs leading to neurite outgrowth (C. Deyts et al., 2012). Despite the
involvement of PS/y-secretase in neurite outgrowth, the PS1/y-secretase-
dependent mechanisms affecting cytoskeleton rearrangement during axon growth
are still unknown. Our results suggest that PS/y-secretase activity stimulates the
phosphorylation of non-muscle myosin IIA (Fig. 35) and actin/NMIIA colocalization
(Fig. 37). Indeed, PS1/y-secretase mediates axon elongation through the
processing of EphA3 that results in the generation of an ICD fragment that: 1)
regulates negatively RhoA, 2) interact with NMIIA, and 3) increases the
phosphorylation (S1943) of NMIIA. All these mechanisms seem to converge to
regulate filament disassembly leading to axon growth (Fig. 50). In support of this
idea, PS1/y-secretase-deficient neurons show: reduced EphA3 ICD levels,
increased RhoA activity, which is reduced by EphA3 ICD, and reduced
phosphorylated (S1943) NMIIA resulting in axon elongation deficits.

One of our first key result is the finding that EphAS3 is a novel PS/y-secretase substrate, as
demonstrated by the accumulation of EphA3 CTFs in HEK293T cells treated with the y-
secretase inhibitor DAPT and in PS1™ brains (Fig. 19). This is in agreement with the
accumulation of CTF-derived fragments due to the inhibition of y-secretase complex in
multiple PS/y-secretase substrates as APP, EphB2, N-cadherin, Notch, p75-NTR (Litterst
et al., 2007; Saura, 2011). We also detected the generation of NTF and the ICD resulting
from the cleavage of EphA3 FL and CTF by PS/y-secretase, respectively (Figs. 21, 22).
We used proteomic approaches to verify that PS/y-secretase-dependent EphA3 cleavage
occurs at one specific cleavage site in EphA3, that is aminoacid Tyr560 (Fig. 24). Despite
there is no consensus cleavage sequence between the substrates of y-secretase
complex, bioinformatics analysis reveals that EphA3 cleavage site was analogous to the
EphB2 (Fig. 23) (Litterst et al., 2007). In both cases, these cleavage sites are in
agreement to the e-cleavage sites found in several PS/y-secretase substrates (Sastre et
al., 2001; Weidemann et al., 2002; Wolfe, 2006). Interestingly, biochemical analysis
indicated that EphA3 processing is not apparently affected by ephrin-A5 ligand or deletion
of the EphA3 ligand binding domain (Figs. 26 and 27), suggesting that this cleavage is
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not dependent on ligand binding. Indeed, this domain, which is not processed by PS1, is
supposed to be localized at the intracellular side being responsible of receptor-receptor
interactions and auto-phosphorylation. In support of this, ephrin-A5 does not affect the
accumulation of EphA3 CTF caused by the pharmacological inhibition of y-secretase (Fig.
26). Moreover, the EphA3 phosphorylation induced by ephrin-A5 is not affected by DAPT
treatment (Fig. 26). These results strongly indicate that PS1/y-secretase-dependent
processing of EphA3 is ligand-independent. In contrast to these results, the PS1/y-
secretase-dependent processing of other known substrates (i.e. EphB2 and EphA4)
depends on ligand binding and neuronal activity (Inoue et al., 2009; Litterst et al., 2007).
The implications of a ligand-independent EphA3 signaling mechanism may have
enormous cellular implications. Many EphA3 cancer mutations disrupt ephrin binding
indicating that ephrin/EphA3 signaling may play a role as a tumour suppressor (Forse et
al.,, 2015) (Lisabeth, Fernandez, & Pasquale, 2012). Moreover, the presence of some
EphA3 mutations, as S46F or G187R, may affect the membrane localization of the
receptor, causing defects in EphA3 endocytosis and/or turnover (Lisabeth et al., 2012).
Therefore, the discovery of a ligand-independent EphA3 signaling may enable new
insights in the mechanisms underlying development of several cancers and their
therapies. Although the role of specific EphA3 structural domains on regulation of axon
growth is still unclear, it would be interesting to study how these genetic mutations affect

ligand-independent EphA3 signaling.

The PS1/y-secretase-dependent cleavage of EphA3 generates an ICD fragment
that mediates prevention of growth cone collapse and axon elongation. A previous
study showed that the inactivation of EphA3 reduces the number and projections
of callosal axons without affecting their growth (Nishikimi, Oishi, Tabata, Torii, &
Nakajima, 2011). In contrast, genetic EphA3 inactivation reduces axon growth in
cultured hippocampal neurons (Martin, 2013). Indeed, EphA3 ICD rescues axon
length defects in PS1/y-secretase-deficient neurons, whereas expression of the
full-length receptor and removal of intracellular domain (EphA3 AICD) impair
recovery of axon length in these neurons (Fig. 30), suggesting that EphA3
cleavage would occur in vivo. Indeed, we were able to detect the presence of
EphA3 CTFs in PS17 cultured neurons and embryonic brain, indicating that EphA3
is processed by endogenous PS1/y-secretase. Interestingly, the generation of
EphA3 ICD promotes the non-collapsed morphology of growth cones (Fig. 32).

This ‘active motile’ morphology corresponds with a higher ability of growth cones
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to search for substrates and to grow. In contrast, when the axon has already
elongated, the growth cone collapses. Our results suggest that PS1/y-secretase
mediates axon elongation by avoiding growth cone collapsed through EphA3 ICD.
Several compounds targeting y-secretase complex are currently in clinical trial
since they have demonstrated efficacy reducing AR plaques (Kumar et al., 2018).
However, our results should be considered when evaluating the side effects of

these y-secretase inhibitors treatments.

The family of Rho GTPases play an essential role in the regulation of axon growth.
Inhibition of the Rho-associated kinase ROCK promotes axon growth (Borisoff et
al., 2003; Fournier, Takizawa, & Strittmatter, 2003; Martin, 2013; Moore et al., 2008).
Ligand dependent ephrin-A5/EphA3 signaling mediates growth cone collapse
through a mechanism involving the activation of RhoA signaling (Lawrenson et al.,
2002; Wahl, Barth, Ciossek, Aktories, & Mueller, 2000). In contrast, a constitutive
active RhoA mutant prevents EphA3 ICD-mediated recovery of axon growth,
suggesting that EphA ICD regulates negatively RhoA (Fig. 31). Indeed, previous
studies in our lab demonstrated that pharmacological RhoA inhibition reverses
axon growth deficits in PS1” neurons (unpublished). Although the potential
interactions between EphA3 and cytoskeletal proteins are largely unclear, some
studies suggest that they are related to actomyosin polymerisation events (Krupke
& Burke, 2014). Of interest, we found that PS/y-secretase/EphA3-dependent axon
elongation may involve the rearrangement of the cytoskeleton through the physical
interaction between EphA3 ICD and NMIIA heavy chain. Proteomic and
biochemical assays revealed that EphA3 ICD interacts with NMIIA heavy chain
(Table 3-4; Fig. 33). NMIIA is a cytoskeleton protein that acts downstream of
RhoA and mediates neurite retraction (Gallo, 2006; Kubo et al., 2008; Wylie &
Chantler, 2003). Noteworthy, CKIl-mediated phosphorylation of NMIIA (S1943)
stimulates cell migration by mediating the dissociation of NMIIA filaments into
monomers or preventing filament assembly (Breckenridge, Dulyaninova, &
Egelhoff, 2009; Dulyaninova & Bresnick, 2013; Dulyaninova, House, Betapudi, &
Bresnick, 2007). Interestingly, genetic and pharmacologic inactivation of PS1/y-
secretase causes a reduction of NMIIA phosphorylation (Ser1943), which

presumably would result in filament assembly in neurons (Figs. 35-36). By
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contrast EphA3 ICD increases phosphorylation of NMIIA heavy chain and
enhances NMIIA/actin colocalization in PS-deficient axons (Figs. 34-35, 37). This
result indicates that EphA3 ICD/NMIIA interaction promotes disassembly or
inhibits assembly of NMIIA/actin filaments, resulting in axon growth. Proteomic
results also show a possible interaction between EphA3 ICD and clathrin,
suggesting the endocytosis of EphA3. Accordingly, the endocytosis of other
ephrin/Eph molecules has been related to clathrin-mediated vesicles (Parker et al.,
2004; Yoo, Shin, & Park, 2010).

These results suggest that PS1/y-secretase may regulate the filament turnover
(depolymerization/depolymerization) of NMIIA, inhibiting the formation of stable
filaments that interact with F-actin and would lead to axon growth and elongation.
Indeed, a positive effect on extension of filopodia due to the attenuation of
retrograde F-actin flow has been previously reported (Lin, Espreafico, Mooseker, &
Forscher, 1996). According to this idea, inactivation of NMIIA and the
phosphorylation in its heavy chain (S1943) have similar effects on axon growth.
Indeed, pharmacological inhibition of NMII by blebbistatin, which maintains NMII in
an actin-detached state (Yu, Santiago, Katagiri, & Geller, 2012), reverses axon
growth defects in PS/y-secretase-deficient neurons, without causing additional
effects in the presence of EphA3 ICD (Fig. 38). In support of this idea, all identified
myosin-1l binding partners also promote unassembled NMII forms (Dulyaninova &
Bresnick, 2013). Since the axon growth effects caused by blebbistatin are not
specific of NMIIA, we cannot rule out the possibility that other NMIl isoforms
participate in the regulation of axon elongation. The discovery that NMIIA is
regulated by PS/y-secretase-dependent cleavage of EphA3 may have tremendous
impact in human diseases. Indeed, actomyosin contractibility is strongly regulated
during cell division and migration. Since, EphA3 ICD deregulates the formation of
NMIIA/actin filaments it may be involved in the acquisition of an invasive
phenotype cells during cancer development. In conclusion, we report here a novel
EphA3 mechanism independent of ligand and dependent of PS1/y-secretase that
mediates axon growth through the disassociation and/or prevention of assembly of

NMIIA/actin filaments in axons (Figure 50).
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Figure 50. Proposed model of ephrin-dependent and -independent EphA3 signaling
regulating axon growth in neurons. Left: Classical ligand-dependent EphA3 signaling inhibiting
axon growth. Ephrin-A5 binding to EphA3 receptor results in EphA3 phosphorylation (Y779) and
binding of Crkll and activation of RhoA signaling, inducing axon retraction by promoting
actin/NMIIA filament assembly in hippocampal neurons. Right: Novel ligand-independent EphA3
signaling promoting axon growth. PS/y-secretase dependent processing of EphA3 results in
generation of an EphA3 intracellular domain fragment that inhibits RhoA and increases the
phosphorylation (S1943) of NMIIA heavy chain, leading to actin/NMIIA filament disassembly and

axon growth.

PS/y-secretase regulates Nrg1/ErbB4 signaling in the adult brain

Several studies demonstrate that PS/y-secretase regulates Nrg1/ErbB4 signaling
by mediating the processing of Nrg1 and its receptor ErbB4 (Fleck et al., 2013;
Willem, 2016). Of interest, BACE1-dependent proteolysis of Nrg1, which occurs
before the y-secretase cleavage, is critical for signaling functions during synaptic
plasticity (Hu, Fan, Hou, & Yan, 2016). Since Nrg1/ErbB4 signaling regulates
neuronal development and synaptogenesis, alterations in this signaling pathway
are thought to contribute to neuron development and degeneration (Chaudhury et

al., 2003). Importantly, some Nrg1 SNPs increase the risk of psychosis in AD (Go
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et al., 2005), whereas Nrg1 protects against synapse loss in an AD mouse model
(Xu et al., 2016). Moreover, the amount and the distribution of ErbB4 are altered in
AD brains compared to controls (Chaudhury et al., 2003; Woo, Lee, Yu, Song, &
Baik, 2011). At the beginning of this doctoral thesis the mechanisms by which
PS/y-secretase regulates Nrg1/ErbB4 signaling during neurodegeneration were
unknown. To investigate this issue, we first examined Nrg1/ErbB4 signaling in PS
cDKO mice of 6-12 months of age. PS cDKO mice, in which inactivation of both
PS is restricted to excitatory neurons of the postnatal forebrain, develop memory
and synaptic plasticity impairments followed by age dependent neurodegeneration
(Saura et al., 2004).

First, our expression analysis indicate that mRNA levels of Nrg1 type | are
unchanged, whereas Nrg1 type Ill, which mediates glutamatergic synaptic
transmission (Jiang, Emmetsberger, Talmage, & Role, 2013; Zhong et al., 2008),
was significantly reduced in the frontal cortex of PS cDKO (Fig. 41). These results
suggest that PS are required for basal Nrg1 type Il neuronal expression.
Biochemical analysis showed that Nrg1 type Ill FL is reduced and the Nrg1 C-
terminal fragment derived from the y-secretase processing is increased in the
cortex of PS cDKO mice (Fig. 42). The biochemical assays also revealed that the
amount of ErbB4 protein and the C-terminal derived fragment (ErbB4 CTF; ~78
kDa) remained unchanged in PS cDKO mice compared to controls, whereas the
generation of a possible intracellular fragment (ErbB4 ICD; ~50 kDa) is reduced
(Fig. 43). Interestingly, Western blot analysis also shows that PS1 inactivation
increases the accumulation of ~50 kDa phosphorylated ErbB4 fragment whereas
reduces a ~75 kDa phospho-ErbB4 fragment (Y1284) (Fig. 44). This
phosphorylation results from the binding of Nrg1 to ErbB4 that leads to the
dimerization and autophosphorylation of the receptor, which is essential for signal
transduction (Carpenter, 2003). Interestingly, a cellular fractionation assay
indicates that the ~50 kDa phosphorylated ErbB4 fragment that accumulates in the
cortex of PS cDKO mice was localized in the nucleus (Fig. 45). Taken together,
these results indicate that Nrg1/ErbB4 processing and signaling are impaired in

the cortex of PS cDKO mice during aging.
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Importantly, recent evidences indicate that the expression of some Nrg1 isoforms
is regulated by neuronal activity (Liu et al., 2011). In agreement, KCl-induced
neuronal activity increases specifically protein levels of Nrg1 type | but not type llI,
and reduces phosphorylated ErbB4 receptor without affecting total ErbB4 and
CTFs in cultured neurons (Fig. 46). In vivo, we found a reduction in ErbB4 ICD in
CFC trained PS cDKO mice compared to WT naive mice, 2 h after CFC (Fig. 48).
Since, PS cDKO show hippocampal-dependent memory deficits in the CFC (Saura
et al., 2004), these results suggest that the Nrg1/ErbB4 signalling pathway can
contribute to the neurodegeneration process observed in PS cDKO mice. However,
this reduction in ErbB4 ICD was also present in non-trained PS cDKO (Fig. 27).
To postulate whether this reduction is caused by neuronal activity, it would be
interesting to include a non-trained PS cDKO mice group to see whether the
alteration in the PS/y-secretase-dependent processing of ErbB4 is due to the

memory training or the genotype.

The alteration of Nrg1/ErbB4 and memory deficits present in PS cDKO mice,
suggest that PS/y-secretase may regulate Nrg1/ErbB4 signaling during
neurodegeneration. To test this hypothesis, cultured hippocampal neurons from
PS1 floxed/floxed embryos were transduced with lentivirus containing Cre-
recombinase or ACre-recombinase to inactivate or not PS1, respectively, and then
treated with recombinant Nrg1 (rhNRG1). Interestingly, our results indicate that
activation of Nrg1/ErbB4 signaling by rhNRG1 treatment reduced the number of
pre-synaptic buttons in cultured control neurons but not in PS1-deficient neurons
(Fig. 49). It seems that PS1 promotes Nrg-1-mediated loss of synapses, whereas
the absence of PS1 abolish the negative effect of Nrg-1 in synapse loss.
Therefore, it seems that synaptogenesis can be differentially regulated by the

presence or absence of PS1.

Taken together our results show that PS/y-secretase regulates axon growth and
synaptogenesis by regulating non-classical EphA3 signalling and Nrg1/ErbB4
processing/signalling. These findings pave the way for exploring new relationships
between neurodevelopment and neurodegeneration that can be useful potential targets in

clinical therapies for nerve regeneration and to combat neurodegeneration and cancer.
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Conclusions

The experimental work of this doctoral thesis allowed us to reach the following

conclusions:

PS/y-secretase is required for axon growth in vitro and in vivo
PS/y-secretase cleaves EphA3 at Tyr560 independently of ephrin ligands

PS/y-secretase mediates through EphA3 axon growth and growth cone

collapse

EphA3 mediates PS/y-secretase-dependent axon growth by interacting with

non-muscle myosin 1A

EphA3 ICD interacts with non-muscle myosin IIA and regulates its

phosphorylation, causing a reorganization of the actin cytoskeleton

PS-dependent Nrg1/ErbB4 signaling affects synaptogenesis and is altered

in neurodegenerative conditions in the adult brain
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