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Abstract

The wiring of the central nervous system during development supports normal
physiological function and survival, and as such occurs in a tightly regulated manner.
The Rho family of small GTPases are key regulators of cytoskeletal dynamics that have
been implicated in neuronal development. Rho proteins are molecular switches, cycling
between an inactive GDP-bound and active GTP-bound state. Oversight of Rho
GTPase nucleotide cycling is performed by regulatory proteins: guanine nucleotide
exchange factors (GEFs) promote GTP-bound state, while GTP hydrolysis is catalyzed
by GTPase-activating proteins (GAPs). While Rho GTPase activities contribute to axon
outgrowth and guidance, little is known about the spatiotemporal regulation of their
cognate GEFs and GAPs. The Rac1 GEF, Trio and Rac1/Cdc42 GAP, CdGAP are
highly enriched in the developing mammalian brain. Although Trio is required for the
attractive axon guidance cue netrin-1 to induce axon pathfinding, the mechanisms
governing Trio function are unknown. In contrast to this, the function of CdGAP in the
mammalian brain is completely unknown. In this work we first explore the regulation of
Trio by tyrosine phosphorylation in embryonic rat cortical neurons. Using an in vitro
approach, we show that the Src-kinase Fyn phosphorylates Trio at tyrosine-2622, an
event that is required for netrin-1-induced Rac1 activation. Next, we show that the
molecular chaperone Hsc70 associates with Trio and the netrin-1 receptor DCC and
that Hsc70 chaperone activity is required for Rac1 activation by Trio. Finally, we
introduce a CdGAP-null mouse model and reveal a key role for CAGAP in vascular
system development and the cytoarchitecture of cortical neurons. Overall, these studies

highlight the importance of Rac1 and Cdc42 regulators during development.



Résumé

Le développement du systéme nerveux central est essentiel au bon
fonctionnement physiologique. Les petites protéines G de la famille Rho sont des
régulateurs clés du cytosquelette d’actine et des microtubules, lequel est impliqué dans
plusieurs aspects du développement neuronal. Les protéines de la famille Rho sont des
commutateurs moléculaires qui passent d’un état actif ou inactif par association avec le
GTP ou GDP, respectivement. Cet échange nucléotidique est contrélé par des
protéines régulatrices comme les facteurs d'échange de nucléotide (GEFs) qui
promouvoient le remplacement du GDP par le GTP ou les « GTPase-activating
proteins » (GAPs) qui catalysent I'hydrolyse du GTP en GDP. Bien que l'activation de
certaines GTPases Rho contribue a la croissance et au guidage axonale, nous en
savons toujours trés peu sur la régulation spatiotemporelle de leurs GEFs et GAPs. Trio
et CAGAP sont des régulateurs spécifiques de Rac1 et Cdc42, Trio étant une protéine
Rac1GEF et CdGAP, une protéine inhibitrice pour Rac1 et Cdc42. Ces protéines sont
hautement enrichies dans le cerveau des mammiféres en développement. Dans cette
thése, nous avons investigué premieérement la régulation de Trio par la phosphorylation
sur ses tyrosines dans le cortex embryonnaire chez le rat. Une approche in vitro a
révélé que la protéine Src-kinase Fyn phosphoryle Trio sur sa tyrosine-2622, et cette
modification est nécessaire pour l'activation de Rac1 en aval de nétrine-1. Ensuite, nous
avons démontré que le chaperone moléculaire Hsc70 associe avec Trio et le récepteur
DCC et que l'activité de la chaperone Hsc70 est nécessaire pour 'activation de Rac1
par Trio. Enfin, nous avons analysé des embryons de souris dépourvus de I'expression

de CdGAP et nous avons révélé un réle clé pour CAGAP dans le développement du
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systeme vasculaire et la cytoarchitecture des neurones corticaux. En résumé, ces
études demontrent I'importance des régulateurs de Rac1 et Cdc42 au cours du

développement.
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Chapter 1: Introduction and Literature Review



1.0 General Introduction

It was 1665 when the English physicist Robert Hooke coined the biological term
“cell”’. This term arose from his description of the discrete, porous units that constituted
the cork shaving that he viewed under a simple magnifying lens *. Not long thereafter, in
the 1670s, the development of magnifying lenses by Netherlander Antonie Van
Leeuwenhoek led to the first detailed descriptions of tiny, living “animalcules” (likely
protozoa) which were noted to be capable of propagating movement 2. It was these
founding observations that stoked preoccupation with microorganisms and inspired the
development of modern microscopes. Further developments in the 20" century,
including the ability to culture and observe living mammalian cells in vitro has birthed
the field of cell biology, and we have since then begun to unravel the inner workings of
this small unit of life.

We now know that mammalian cells are densely packed, lipid bilayer-bound
entities comprising various organelles and biomolecules, suspended in a cytoplasmic
matrix with the support of a cytoskeleton. The cell’s ability to propagate movement and
to respond to its extracellular environment is a feature that is conserved among both
prokaryotes and eukaryotes and in the latter, involves the dynamic modulation of the
actin cytoskeleton. The cell migration is a complex and tightly regulated process
necessary for survival and development of multicellular organisms. During
embryogenesis for example, the collective migration of cells and morphogenesis of
tissues underlies the developmental program. On the other hand, deregulation of cell
motility can lead to disastrous consequences. For example, enhanced motility and

invasion of transformed cells contributes to metastasis and cancer progression, while
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the inhibition of neurons to project axons following nerve injury can lead to neuronal
death, motor and/or cognitive deficits. Whether physiological or pathological, the
intracellular events that underlie cell migration are highly conserved. The Rho family of
small GTPases are master regulators of cell motility and cell migration, acting as
molecular switches to regulate the actin cytoskeleton. To date many regulators of Rho
GTPases have been identified, however the mechanisms of their spatiotemporal
modulation in either developmental or pathological contexts have been incompletely
characterized. In this work, | investigate the regulation of Rho GTPase modulators in the

developing mammalian brain: the Rac1 GEF, Trio and Rac1/Cdc42 GAP, CdGAP.

1.1 Overview of the Rho family of GTPases

The Rho family of GTPases are members of the Ras superfamily, which is
composed of small G protein enzymes that bind guanosine triphosphate (GTP) and
catalyze its hydrolysis to guanosine diphosphate (GDP). As was first determined with
Ras proteins, Rho GTPases have been identified as key components of molecular
signaling pathways induced by extracellular stimuli. The first Rho family member
identified was RhoA in 1985, which was cloned from a cDNA library from the sea
mollusc Aplysia and termed a Ras homologue °. Since then, 20 genes encoding
members of the Rho family have been discovered in mammals, and their gene products
have been found to function from the earliest stages of development, and throughout
the lifespan of multicellular organisms *. By the nature of their enzymatic activity, Rho
GTPases act as molecular switches, regulating downstream pathways via effector

proteins that preferentially associate with GTP-bound members ®. Rho proteins have



been sub-classified into various families based on sequence homology: Rac (Rac1-3,
RhoG), Rho (RhoA-C), Cdc42 (Cdc42, TC10, TCL), Wrch (Wrch-1, Chp/Wrch2), Rnd
(Rnd1-2, Rnd3/RhoE), RhoD (RhoD, Rif/RhoF), RhoBTB (RhoBTB1-2) and RhoH °.
Oversight of Rho GTPase nucleotide cycling is performed by regulatory proteins:
guanine nucleotide exchange factors (GEFs) enhance the GTP-bound state, while GTP
hydrolysis is catalyzed by GTPase-activating proteins (GAPs) 8. Additionally, guanine
nucleotide dissociation inhibitors (GDIs) bind to some Rho GTPases and restrict them in
an inactive state within the cytoplasm, preventing them from associating with their
downstream effectors °. The following section is a summary of the structure and
regulation of the Rho family of GTPases, providing insights into their function in

mammalian cells and tissues.

1.1.1 Rho GTPase structure and regulation

Similar to other GTP-binding proteins, Rho GTPases contain a G-domain fold
consisting of a six-stranded [-sheet, flanked by six a-helices on either side (Fig. 1.1A)
'°. Rho GTPases contain a 13 amino acid insert between the fifth B strand and fourth a-
helix termed the “Rho insert” thereby differentiating these proteins from their Ras family
cousins . Nucleotide binding and exchange activity of Rho GTPases is facilitated by
the dynamic “switch I” and “switch II” regions. Water-mediated contact of an Mg?* ion in
the phosphate-binding loop (P-loop) pocket between switch | and Il is critical for tight
nucleotide binding ' (Fig. 1.1B). GTP-binding to Rho proteins is stabilized by hydrogen
bonds between amide groups in switch | (threonine-35) and Il (glycine-60) regions and

the oxygen atoms of the y-phosphate group of GTP, in a manner that has been likened






Figure 1.1 — Crystal structure of Rac1 and nucleotide binding

(A) Left: Secondary structure of Rac1 reveals the characteristic G-domain fold with a
six-stranded [B-sheet (oriented outwards) surrounded by six a-helices, shared by Rho
family proteins. The P-loop domain (red), switch | (yellow) and switch Il (blue) are
indicated. Right: Surface mask demonstrating the electron density of Rac1 structure
binding a GTP analogue. This view demonstrates the nucleotide (green) binding pocket
provided by the P-loop, switch | and switch Il regions (generated from " using PyMOL
software). (B) Highlighted regions of the P-loop in close association with Mg®* (black),
Thr-35 of switch | and Gly-60 of switch Il coordinating the tight association with the y-
phosphate of GTP (“loaded spring”). Hydrolysis of GTP results in release of these tight
contacts and conformational change in Rac1 underlying its specificity for effector

13

proteins in the GTP-bound conformation (generated from using Cn3D software

[INCBI)).



to a “loaded spring” "' (Fig. 1.1B). Upon GTP hydrolysis, loss of these stabilizing
interactions results in a change in switch I/ll conformation of GDP-bound Rho GTPases,
and a resulting loss of association with downstream effector proteins due to unfavorable
sterics .

Whether targeted to the cytosol or to the membranes, the proper localization of
Rho GTPases is imperative for their biological functioning within the cell. Various
indispensible post-translational mechanisms have evolved that regulate Rho GTPase
localization, the first of which to be discussed is lipid modification. Before being released
into the cell, a lipid moiety is conjugated to the C-terminus of most newly synthesized
Rho family proteins, which serves to increase hydrophobicity and acts as a membrane
anchor. Prenylation of Rho GTPases occurs at the C-terminal CAAX motif (C-cysteine,
A-aliphatic residue, X-any amino acid) which is present on all Rho proteins except
Wrch-1/2, and RhoBTB1/2 '°. Targeted Rho GTPases undergo either farnesylation or
geranylgeranylation via irreversible covalent addition of the 15 carbon farnesyl- or 20
carbon geranylgeranyl-lipid groups to the C-terminal cysteine residues. Selection of
either farnesyl- or geranylgeranyl-transferases to target the CAAX motif of Rho
GTPases is mediated by the “X” residue following the targeted cysteine. Generally,
geranylgeranyltransferases are preferentially guided by non-polar, hydrophobic residues
such as a leucine, phenylalanine, isoleucine, or valine (ie: -CLVL of RhoA) '°.
Farnesyltransferases are directed by polar, uncharged residues such as a glycine,
cysteine, serine, threonine or alanine which flank the cysteine targeted for prenylation
(ie: -CLIT of TC10), with the exception of non-polar methionine, which directs both
farnesyl- and geranylgeranyltransferases 6. At this stage, the functional modification
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of target proteins remains incomplete. Following prenyl moiety addition, lipid-modified
Rho GTPases are translocated to the surface of the endoplasmic reticulum, where the
Ras-converting enzyme 1 endoprotease trims the C-terminal —AAX residues '8,
freeing the C-terminal cysteine to undergo methylation by isoprenylcysteine-O-carboxyl
methyltransferase '°. In addition to prenylation, some Rho GTPases are modified by the
reversible addition of a 16 carbon palmitoyl group to free cysteines at or near the C-
terminus. Notably, Wrch1/2 which lack a C-terminal CAAX motif, as well as Rac1,
RhoB, and TC10 are modified by palmitoylation, either alone or accompanying

isoprenylation .

For example, palmitoylation of Rac1 at cysteine-178 follows
prenylation, promoting its GTP-loading and targets Rac1 for stabilization at actin
cytoskeleton-linked membranes 2'.

In addition to lipid modification, some Rho GTPases are regulated by other
post-translational modifications including phosphoryation. Phosphorylation is the
mechanism by which a y-phosphate group of adenosine triphosphate (ATP) is
transferred to an amino acid via the activity of a protein kinase ?°. Although a reversible,
covalent phosphorylation event does little to alter the structure of the target Rho
GTPases, they generally alter the favourability of association with downstream effectors
and as such alter the biological activity of Rho GTPases. For example, RhoA becomes
phosphorylated at serine-188 by both cAMP-dependent protein kinase A (PKA) and
cGMP-dependent protein kinase G (PKG) #?*. Phosphorylation of RhoA at serine-188
results in an enhanced association with the Rho guanine-dissociation inhibitor (RhoGDI)
while in its GTP-bound conformation, resulting in its sequestration in the cytoplasm and

inactivation 2°. Similarly, while phosphorylation of Cdc42 by Src-family kinases at
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tyrosine-64 does not directly alter its nucleotide binding or association with effectors, it
leads to an enhanced interaction with the negative regulator RhoGDI, leading to its
cytoplasmic sequestration or differential subcellular targeting %°. The biological function
of Rho GTPase phosphorylation is less clear than with lipid modification. For example,
phosphorylation of Rac1 by Akt at serine-71 results in impaired GTP binding, but this
has no effect on its GTPase activity either in vitro or in cells 21,

Many Rho GTPases are also modified by covalent addition of polypeptides
including polyubiquitination or SUMOylation. Ubiquitination is the reversible process by
which covalent addition of 8 kilodalton (kDa) ubiquitin polypeptides are added to lysine
residues of particular eukaryotic proteins, resulting in the targeting of proteins to specific

8) " Protein

subcellular structures, or proteasome-mediated degradation (reviewed in
ubiquitination is highly conserved and requires the sequential contribution of activating,
conjugating and ligating enzymes (termed E1-3, respectively). Selective ubiquitination of
active Rac1 at lysine-147 occurs at the plasma membrane and precedes

29,30

downregulation of active Rac1 by the proteasome pathway . In epithelial cells,

ubiquitination of Rac1 occurs during cell scattering at the earliest stage of epithelial to
mesenchymal transition (EMT) and correlates with the loss of cell adhesions *.
Subsequent study revealed that ubiquitination of active Rac1 is mediated by the
ubiquitin E3-ligase HACE1, which negatively regulates Rac1 function in cultured
fibroblasts 2. In addition to Rac1, GTP-bound RhoA is also a target of ubiquitination,
which is carried out by the E3 ligase smad ubiquitin regulatory factor-1 (Smurf-1) 3.
Ubiquitination of RhoA induced by Smurf-1 in epithelial cells resulted in reduced stress-

fibre formation and an increase in dynamic protrusions, both indicative of reduced RhoA
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activation *. Subsequent study revealed a second E3 ligase Cullin-3 which also targets
RhoA for ubiquitination. Unlike Smurf-1, Cullin-3 preferentially targets GDP-bound RhoA
for polyubiquitination and proteasomal degradation, and does not ubiquitinate other Rho
GTPases including: RhoB, RhoC, Cdc42 or Rac1 4. Cullin-3 also associates with and
ubiquitinates the atypical Rho GTPase RhoBTB2, resulting in its downregulation in
various cell lines *°.

SUMQOylation is the reversible post-translational addition of the 11 kDa small
ubiquitin-like modifier (SUMO) to target lysine residues, and is well conserved
throughout all eukaryotes °. Similar to the ubiquin-conjugation cascade, SUMOylation
also requires three sequential enzymatic steps involving different classes of enzymes.
SUMOylation of target proteins contributes to protein stability, localization and activity *.
Although a core consensus motif has been identified: -wKxD/E- (where y is any large
hydrophobic residue, x is any residue) **, many sequences targeted for SUMOylation
lack a consensus motif altogether. Recently, Rac1 was revealed as a substrate for the
SUMO E3 ligase PIAS3, which preferentially SUMOylates Rac1 at a non-consensus
sequence preceding its C-terminal CAAX motif rich in polybasic residues (PBR) .
Intriguingly SUMOylation is not required for Rac1-GTP binding, but helped to stabilize
active Rac1 and promote lamellipodia induction 3.

In summary, many mechanisms of post-translational modification of Rho
GTPases have been described. These modifications directly regulate the subcellular

localization of Rho proteins, altering their affinity for both membranes and effectors,

independently of GEFs and GAPs.
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1.1.2 Rho GTPases and the actin cytoskeleton

Of the Rho GTPases identified, the best characterized are RhoA, Rac1, and
Cdc42. Early studies in murine fibroblasts in 2D culture highlighted the fundamental role
of these GTPases in mediating cytoskeletal rearrangements: stress fiber and focal
adhesion formation by RhoA, lamellipodia and membrane ruffles by Rac1, and filopodia
and actin microspikes by Cdc42 ***'. The following section is a summary of these major

subfamilies of Rho GTPases and their roles in regulating the actin cytoskeleton.

1.1.2.1 RhoA subfamily

RhoA is the founding member of the Rho GTPase family, and was cloned
alongside two additional subfamily members with high sequence homology, termed
RhoB and RhoC 3. All three RhoA subfamily members are ubiquitously expressed, and
carry out their functions by association with effector proteins, many of which are shared
42 Rho proteins were largely assumed to play redundant roles due to their overlapping
expression and similar abilities to induce stress fibre formation **. Despite sharing 85%
amino acid identity, subtle differences between Rho subfamily proteins have emerged,
thus alluding to divergent cellular functions. The majority of variance in sequence
homology among Rho subfamily members is enriched within 15 amino acids of the C-
terminus, including the region targeted for isoprenylation. Indeed each RhoA subfamily
member is targeted for lipid modification which promotes protein stability, and is
required for Rho-induced processes including cell proliferation and cytoskeletal
reorganization *“**°. While both RhoA and RhoC undergo only geranylgeranylation,
RhoB can become modified by palmitoylation and either farnesyl- or

geranylgeranylation *°. This correlates with studies showing that RhoA and RhoC are
11



similarly localized to either the plasma membrane or the cytoplasm associated with
RhoGDI, whereas RhoB is mainly targeted to late endosomes and lysosomes *"“¢. A
testament to the subtle importance of prenylation on protein localization is exemplified
by RhoB; farnesylated RhoB is specifically targeted to the plasma membrane versus
geranylgeranylated RhoB which localizes to late endosomes *°.

The biological importance of Rho subfamily proteins has been pursued
extensively. Notably upregulation of RhoA has been correlated with various cancers and

%051 "and as such extensive efforts have been made to determine

neurodegeneration
the downstream signaling pathways induced by Rho activation. The founding
observations implicating Rho GTPase activity in the regulation of cytoskeletal dynamics
were performed by introducing active GTPases into quiescent fibroblasts. Microinjection
of active RhoA resulted in the formation of stress fibres and focal adhesions 3°°%%.
Subsequent studies have further implicated Rho function in maintenance of cell shape,
polarity and migration due to regulation of actin polymerization, actomyosin contractility,
microtubule dynamics and cell adhesion **°°. Downstream of RhoA activation, the Rho-
kinase (ROCK) family of protein kinases are stimulated. ROCK1 and ROCK2 are
serine/threonine kinases that contribute to cytoskeletal rearrangements by promoting
the phosphorylation and activation of myosin light chain (MLC), and inactivation of MLC
phosphatase °®*’. This in turn stimulates myosin Il to associate with and move along
actin filaments, generating contractile forces within the cell °®. ROCK also contributes to
F-actin dynamics by phosphorylating Lin-11, Isl-1, and Mec-3 (LIM) domain-containing
kinases (LIMK), which phosphorylates and inactivates the actin depolymerisation factor

59,60

cofilin In addition to ROCKs, mammalian Diaphanous formin proteins (mDia) are
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effectors of RhoA that bind to and nucleate the elongation of pre-existing actin
filaments, while they also contribute to microtubule stabilization at the leading edge
during cell migration downstream of RhoA 1 The first formin to be identified as an
effector of RhoA, mDia1 was later confirmed to be a target of RhoB and RhoC ®%%.
Activation of Rho and its resulting association with mDia stimulates the actin-nucleating
and microtubule stabilizing functions of mbDia1 % This pathway is of particular
importance during cytokinesis when RhoA localizes to the cleavage furrow of dividing
cells, supporting furrow formation, ingression and stabilization via regulation of
microtubule stability ®°. While Rho proteins are able to activate mDia2 and mDia3, these
formins also can become activated by Rac1 and Cdc42 .

Modulation of the actin cytoskeleton by Rho is particularly important during cell
migration. RhoA activation is enriched at the trailing edge of a migrating cell where its
activation leads to local actomyosin-induced contractility, degradation of focal
adhesions, and resulting retraction of the trailing edge ®"°®. Indeed temporal activation
of RhoA occurs at the leading edge of the motile cell to drive cortical actin
polymerization and retrograde actin flow (reviewed in ®°). At the leading edge RhoA is
negatively regulated by the ubiquitin E3 ligase Smurf1, resulting in local proteasome-
mediated degradation of RhoA 3*7°. Upregulation of both RhoA and RhoC have been
associated with tumorigenesis and carcinoma invasion, notably by regulation of the
actin cytoskeleton and shape of tumour cells S0.71.72  Activation of Rho is associated with
the loss of focal adhesions occurring during EMT preceding tumour metastasis, and
depends on ROCK activity °®". Furthermore, studies of RhoC-null mice reveal a
particular requirement for RhoC in tumour metastasis .4 Generally, RhoB expression
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is reduced during tumour progression. This is further supported by studies of RhoB-null
mice where the loss of RhoB resulted in enhanced susceptibility to tumour formation,
cell adhesion and growth factor signaling in transformed cells ™.

Rho proteins have also been shown to contribute to cell proliferation and survival
independently of regulation of the actin cytoskeleton. RhoA has been implicated in the
regulation of gene expression by the c-fos serum response factor downstream of
mitogenic signaling pathways “°. Additionally, downstream of RhoA, nuclear NF-kB
becomes activated independently of Ras, thereby altering target gene transcription .
The differentially localized and less stable Rho protein, RhoB, has also been shown to
regulate cell cycle transition and survival "®. Loss of RhoB expression induces apoptosis
of primary endothelial cells during angiogenesis, via dephosphorylation and impaired
nuclear trafficking of kinase Akt "°. Furthermore, treatment of cells with growth factors
results in a vesicular localization of RhoB 8, which regulates the trafficking of signaling
molecules in non cancerous cells including the epidermal growth factor (EGF) receptor
8 and platelet-derived growth factor receptor ®'. In cancer cells, the loss of RhoB results

in an increase in surface localization of the EGFR, leading to enhanced Akt

phosphorylation and cell proliferation 2.

1.1.2.2 Rac subfamily

The Rac subfamily of Rho proteins consists of Rac1 and its splice variant
Rac1b, Rac2, Rac3 and RhoG. Originally identified as a Ras-related C3 botulinum toxin
substrate, Rac1 is the founding member of the Rac subfamily and is expressed
ubiquitously . The alternatively spliced variant of Rac1, Rac1b, is upregulated in

various tumours and is constitutively active ®. Rac2 which was cloned at the same
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time as Rac1, shares 92% amino acid sequence homology with Rac1 but its expression
is restricted to hematopoietic lineages ®. Rac3, which shares more than 90% of its
protein sequence with Rac1 is enriched in the developing mammalian CNS where its
expression overlaps substantially with Rac1 % RhoG is the most divergent Rac
subfamily member sharing 72% amino acid sequence identity with Rac1, and is
ubiquitously expressed . Of the Rac subfamily, Rac1 is the best characterized Rho

GTPase, being shown to function in divergent aspects of cell biology such as

40 88

reorganization of the actin cytoskeleton ™, reactive oxygen species generation *°,
oncogenic transformation °, cell cycle progression *® and neuronal axon guidance °'.
The identification of Rac1 as a regulator of the actin cytoskeleton resulted from
injection of active Rac1 into quiescent fibroblasts, which induced lamellipodia formation
and membrane ruffles *°. One of the first effector proteins of Rac1 identified is the
serine/threonine kinase family, p21 activated kinases (PAKs). Upon binding to active
Rac1 via its Cdc42 and Rac1 interactive binding domain (CRIB), PAK activity increases
more than 50 fold %, leading to modulation of the actin cytoskeleton by LIMKs, which
phosphorylate and inhibit the actin filament depolymerizing factor cofilin 9%,
Downstream of active Rac1, PAKs also phosphorylate and inactivate myosin light chain
kinase (MLCK), which leads to reduced phosphorylation and activity of the MLCK target
myosin |l regulatory light chain, a molecular motor involved in actin cytoskeletal
dynamics %% In addition to targeting LIMK and MLCK, PAKs also link Rac1 to various
signaling pathways including the mitogen-activated protein kinase (MAPK), the c-Jun-
NH2-terminal kinase (JNK) and p38 MAPK pathways %%"°  |mportant downstream

effectors of active Rac1, thereby linking these GTPases to actin polymerization, are the
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Wiskott-Aldrich-syndrome family scaffold proteins: Wiskott-Aldrich-syndrome Protein
(WASP), and WASP family VErprolin homologous (WAVE) proteins '®. WASP and
WAVE proteins associate with the actin cytoskeleton via the Arp 2/3 actin nucleation
complex. Direct association of GTP-Rac1 with N-WASP via its CRIB-domain results in
activation of N-WASP in vitro, and promotes association with the Arp2/3 complex which
nucleates new actin filaments "%, Downstream of Rac1 the activation of WAVE
occurs indirectly via the release of an inhibitory WAVE complex '®, thus promoting its
association with monomeric actin and Arp2/3, producing lamellipodia '**'%. Owing to its
ability to regulate the actin cytoskeleton, Rac1 is also a key regulator of cell migration.
The polarized localization and activation of Rac1 at the leading edge during chemotaxis
requires WAVE-mediated dendritic actin polymerization and lamellipodia formation "%
Rac1b, is characterized by a 19 amino acid insertion following the Switch II
domain, resulting in a decreased ability to hydrolyze GTP rendering it predominantly
active ®°. As with Rac1, Rac1b promotes the transcription of cyclin D1 and contributes to
oncogenic transformation by inactivation of the NF-kB inhibitor IkB, leading to

stimulation of NF-kB targets '%®

. In contrast to Rac1 however, Rac1b only poorly
activates PAKs or JNK %, but promotes survival and cell cycle progression despite
serum deprivation '°. As a result of these mechanistic findings it is not surprising that
Rac1b expression is upregulated in breast, colon and lung cancers 34107108,

Despite being highly homologous to Rac1, the C-terminus of Rac2 diverges
from Rac1 most notably in the PBR upstream of its CAAX motif. As a result, Rac2 does
not undergo palmitoylation like Rac1 21 and in such a manner is differentially regulated

in cells expressing both Rac1 and Rac2. For example, Rac2 has a lower affinity for PAK
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in @ manner that is dependent on its C-terminal sequence '%°. While Rac2 expression is

enhanced in some tumours '

, its restricted expression to hematopoetic lineages which
also express the highly homologous Rac1 implies a particular requirement for another
Rac protein. Rac2-null mice are fertile, and although they exhibit impaired
hematopoiesis, they have normal longevity " Although Rac2-deficient neutrophils
displayed impaired chemotaxis and superoxide formation in response to various stimuli
" Rac2 is not required for migration of macrophages 12

In contrast to Rac1-null mice, which die during early embryogenesis ', Rac3-
deficient mice survive embryogenesis and exhibit an enhanced motor coordination and
hyperactivity ®. Divergences in Rac3 sequence homology relative to Rac1 occurs at the
C-terminus and PBR, suggesting that Rac3 may have altered affinity for effector
proteins ''*. This is evidenced by Rac3 specific binding with Calmodulin- and integrin-
binding protein in a manner that requires and intact C-terminal tail, promoting integrin-
mediated adhesion and cell spreading "5 Despite its differences, Rac3 has been
shown to activate many similar downstream pathways to Rac1 including JNK and PAK
"4 and active Rac3 can transform fibroblasts and induce foci formation in a similar
manner to Rac1 "%,

RhoG was originally identified as a gene induced by serum-treatment in
fibroblasts ®”. Since then, it has been shown to function during neurite outgrowth '8,

120

cell proliferation '?°, cell survival ', as well as macropinocytosis'?. Despite sharing

only 72% sequence identity with Rac1, active RhoG similarly stimulates JNK activity
and can also associate with phosphatidylinositol 3-kinase (PI3K) to activate Akt, thereby

| 121

promoting cell surviva . Intriguingly, expression of constitutively activated RhoG
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elicits membrane ruffles and lamellipodia, and filopodia as active Rac1 and Cdc42,
respectively, in a manner that precludes direct binding with PAK or WASP 123 A partial
explanation for this was revealed when active RhoG was found to associate with the
DOCK180-binding protein ELMO, leading to Rac1 activation '**. In addition to its
effects on the actin cytoskeleton RhoG has also been shown to regulate the interferon-
gamma promoter and nuclear factor of activated T cells (NFAT) gene transcription in T-

cells 1%

. The finding that RhoG promotes neural progenitor proliferation in the
developing murine cerebral cortex suggests that RhoG also regulates G1 to S phase
transition via transcriptional targets in some cell types, as has been demonstrated with

other Rho proteins '%°.

1.1.2.3 Cdc42 subfamily

The Cdc42 subfamily of Rho GTPases consists of Cdc42 and its splice variant
Cdc42b, TC10/RhoQ and TCL/Rhod. Human Cell-division-cycle protein 42 (Cdc42a/
Cdc42Hs, herein Cdc42) was originally cloned in 1990 from a placental cDNA library,
and was found to have the highest conserved sequence identity to Saccharomyces
cerevisiae CDC42 '?°. At the same time, another CDC42-related protein termed G25K
(25 kDa GTP-binding protein) was identified from a human fetal brain cDNA library,
differing from Cdc42 in the C-terminal 10 amino acids '?"'?®, While Cdc42 is expressed
ubiquitously and is required for early embryonic development °>'?° Cdc42b is enriched
in the brain 2. TC10 shares roughly 67% amino acid sequence homology to Cdc42,
and was found to be expressed ubiquitously *°. TC10-like (TCL) shares 78% amino
acid similarity with Cdc42, and is expressed in various tissues including the heart, lung,

131132 \with a particular function in endothelial cells '*°.
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Since its identification, Cdc42 subfamily members have been implicated in

135

cancer development '* cell cycle progression '°, and regulation of the actin

cytoskeleton *'.

While the subcellular localization of Cdc42 is regulated by
geranylgeranylation at its C-terminus '°, Cdc42b is regulated by both isoprenylation and
palmitoylation % The subtlety of palmitoylation of Cdc42b is particularly important,
since depalmitoylation results in the dispersal of Cdc42b from the dendritic spine which
supports synapse function *”. Both TC10 and TCL are modified by farnesylation at their
C-termini, resulting in their proper perinuclear and endosomal localizations °.
Additionally, TC10 and not TCL undergoes palmitoylation, but the contribution of this
modification to increased membrane localization has remained elusive *°.

The first noted observation that Cdc42 acts as a regulator of the actin
cytoskeleton was made when constitutively active Cdc42 was microinjected into
fibroblasts. In these cells active Cdc42 induced the formation of filopodia and multi-
molecular focal complexes at the plasma membrane, rich in vinculin, paxillin and focal
adhesion kinase (FAK) *'. Intriguingly this study also reported that Cdc42 activation
occurs upstream of both Rac1 and Rho activation, suggesting that particular crosstalk
between disparate Rho GTPase signaling pathways occurs and underlies such
cytoskeletal changes within cultured cells *'. Exogenous expression of TC10 has also
been shown to induce filopodia and microspike formation similar to Cdc42 3%, While

TCL expression in fibroblasts supports filopodia formation '

and regulates early
endocytosis 139 a recent study has also implicated its function in the disassembly of

focal adhesions "%,
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One of the first effector proteins of active Cdc42 identified is the PAK family of
protein kinases. As with Rac1, binding of active Cdc42 to PAKs stimulate its kinase
activity %2 and regulates actin filament turnover via the LIMK/cofilin pathway 9394 As
described with Rac1, PAK activation also links Cdc42 regulation with diverse signaling
pathways within the cell including the MAPK and JNK pathways **%**°_ Cdc42 induces
filopodia formation via binding to and activating the WASP family of proteins '®. Direct
association of GTP-Cdc42 with WASP via its CRIB domain results in activation of
WASRP in vitro, and promotes association with the Arp2/3 complex which nucleates new
actin filaments '%. While both TC10 and TCL also associate with WASP and N-WASP,
the binding affinity to these effectors is much less than that of Cdc42 '*°. Cdc42 also
associates with and activates the formin family members mDia2 and mDia3, which
promote the polymerization of unbranched actin thus supporting filopodia formation
41142 The insulin receptor substrate p53 (IRSp53) has also been identified as a Cdc42
effector which contributes to filopodia by supporting actin filament bundling and
promoting membrane curvature '*.

Since its identification in yeast, Cdc42 has been implicated in the generation of

4 a process required for proper cell migration, development, and

cell polarity
differentiation. Cdc42 carries out this role in conjunction with the Par polarity complex,
consisting of polarity protein partitioning-defective-3 (PAR3), PAR6 and atypical protein
kinase C (aPKC), which is required to generate polarity induction in various cell types
%5 In epithelial cells which have a defined apical-basal polarity, Cdc42 is required for
the apical targeting of the PAR complex, thereby supporting the asymmetrical

distribution of proteins which underlies cell polarity '*®'*®. During chemotaxis, active
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Cdc42 recruits the PAR complex to the leading edge of the cell, stabilizing extending
microtubules and reorienting the microtubule-organizing centre to polarize the cell 149,
Simultaneously active Cdc42 induces Rac1 activation at the leading edge of the cell, via
the Rac1 GEF Tiam1 (T-cell lymphoma invasion and metastasis 1) leading to
synchronized regulation of the actin cytoskeleton by both Cdc42 and Rac1-dependent
mechanisms *91%0

In addition to its function in regulating the actin cytoskeleton and cell polarity,
Cdc42 is an important regulator of cell cycle regulation. As Rac1, activation of Cdc42
results in cell cycle progression through G1 and activation of the JNK pathway **'.
Furthermore, active Cdc42 and TC10 induce the transcription of the cyclin D1 promotor
independent of ERK activation, in part by activation of nuclear NF-kB ""'%2 An
additional mechanism by which Cdc42 regulates cell cycle progression is by the
regulation of chromosome segregation during mitosis. Cdc42-dependent activation of
mDia3 is required for the proper attachment of spindle microtubules to the kinetochores
of sister chromatids during mitosis '>*. This function of Cdc42 is further supported by the
observation of defective alignment of chromosomes during cell division and abundance
of multinucleated cells depleted of all Cdc42 subfamily members '**. Dysregulation of
cell cycle progression is a key driver of oncogenic transformation. While active Cdc42
and TC10 are sufficient to transform cells, they are also required for Ras-induced

1951% In vivo TCL-deficient mice have reduced tumour

oncogenic transformation
vascularisation and growth, further underscoring the importance of Cdc42 subfamily

members in tumorigenesis 3.
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1.2 Regulators of Rho GTPases

In addition to structural post-translational modifications, Rho GTPases are
differentially spatiotemporally regulated by various classes of enzymes. The localized
modulation of Rho GTPases in particular by GEFs, GAPs and GDIs, varies from cell
type to cell type and thus presents a complex network of regulatory mechanisms. Next
the major classes of enzymes regulating Rho GTPases will be discussed, with a general
emphasis placed on GEF and GAP structure and enzymatic function.

1.2.1 Rho guanine nucleotide exchange factors

Most of the RhoGEFs identified to date have been subdivided into two families:
the Dbl-homology domain-containing family and the Dedicator of cytokinesis (Dock)
family. GEFs of the former group generally contain a characteristic Dbl-homology (DH)
domain directly followed by a Plekstrin homology (PH) domain, which together interact
with GDP-bound substrates 8. The Dock family of GEFs have two characteristic Dock
homology regions (DHR) termed DHR1 and DHR2, which are involved in phospho-lipid
association and GEF activity, respectively '°’. Additionally, various atypical RhoGEFs
which lack either DH or DHR domains entirely have been identified. Despite lacking
general amino acid identity across families, RhoGEFs have evolved convergent

functions within mammals.

1.2.1.1 Dbl family of exchange factors
To date, more than 70 human Dbl domain-containing Rho GEFs have been
identified (Table 1.1)"®. Among family members, there is a considerable amount of

variation in the sequence identities of the namesake Dbl-homolog and PH-domain,
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Table 1.1 — Dbl family of guanine nucelotide exchange factor proteins in humans.
Classic DH-PH containing Rho GEFs

Symbol
FARP1

FARP2

ABR
ALS2

p115-
RHOGEF

GEF-H1
ARHGEF3

ASEF

ASEF2

EPHEXIN-3

a-PIX

B-PIX

NET1
ARHGEF9
ARHGEF10
GrinchGEF
PDZ-

RHOGEF
LARG

Name

FERM, RhoGEF (ARHGEF)
and pleckstrin domain protein
1 (chondrocyte-derived)
FERM, RhoGEF and pleckstrin
domain protein 2

Active BCR-related

Amyotrophic lateral sclerosis 2
(juvenile)

P115-rho guanine nucleotide
exchange factor (GEF)

Guanine nucleotide exchange
factor (GEF) H1

Rho guanine nucleotide
exchange factor (GEF) 3
APC-stimulated guanine
nucleotide exchange factor 1

Spermatogenesis associated
13

Eph-interacting exchange
protein 3

PAK-interacting exchange
factor alpha

Rho guanine nucleotide
exchange factor (GEF) 7

Neuroepithelial cell
transforming 1

Cdc42 guanine nucleotide
exchange factor (GEF) 9

Rho guanine nucleotide
exchange factor (GEF) 10
Rho guanine nucleotide
exchange factor (GEF) 10-like
PDZ-Rho guanine nucleotide
exchange factor (GEF)
Leukemia-associated RhoGEF
(LARG)

Synonyms

CDEP,
PLEKHC2

KIAA0793, FIR,

PLEKHCS,
FRG
MDB

Alsin

SUB1.5,
LBCL2,

ARHGEF1, Lsc

LFP40,

ARHGEF?2, Lfc

STA3, XPLN,
GEF3

STMS,
KIAA1112,
ARHGEF4
ARHGEF29,
Asef2

TIM, TIM1,
ARHGEF5

Cool-2, Cool2,

ARHGEF6

PIXB, COOLA1,

P85COOL1,
P50BP,
ARHGEF7
ARHGEFS8,
NET1A
KIAA0424,
hPEM-2
KIAA0294,
Gef10
ArhGEF10L,
KIAA1626
GTRAP48,
ARHGEF11
KIAA0382,
ARHGEF12

23

Chrom.
13932.2

2g37.3

17p13
2q33-q35

19913.13

1921-922
3p14.3

2422

13912.13

7935

Xq26

1333.3

10p15
Xq11.1

8p23
1p36.13

1921

11g23.3

Rho
Target(s)
RhoA, Rac1

Cdc42, Rac1

RhoA, Raci1,
Rac2, Cdc42
Rac1

RhoA, RhoB,
RhoC

RhoA, Rac1
RhoA, RhoB

Rac1, Cdc42

Rac1, Cdc42

RhoA, RhoB,
RhoC, RhoG,
Rac1, Cdc42
Rac1, Cdc42,
RhoA
Rac1, Cdc42

RhoA, RhoB
Cdc42

RhoA, RhoB,
RhoC
RhoA, RhoB,
RhoC
RhoA, RhoB,
RhoC
RhoA, RhoB,
RhoC

Ref

159,160

161,162

163
164

165

166
167

168,169

170

171,172

173

173

174,175
176
177
178

179,180

180,181
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http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=443
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=682
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=683

AKAP13

DBS

EPHEXIN-5

EPHEXIN-4

TEM4

P114-
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nonetheless resulting in the modulation of common GTPases 2. In general, Dbl-family
GEFs carry out their enzymatic activity in an allosteric fashion. Sequence comparisons
and structural analysis have revealed three conserved alpha helical sequences (CR1-3)
within the DH domain of Rho GEFs responsible for GTPase association 2'%*?. Indeed
amino acid substitutions in the DH domain of some Rho GEFs interfering with these
alpha helices result in loss of exchange activity ?**. This is in part explained by the
finding that CR1 and 3 directly contact the switch | and Il regions of GTPases (Fig. 1.2
A, B), while CR2 acts to stabilize the engaged helices '®?*2. The DH domain helical
bundle association with the cognate GTPase results in reshaping of the switch | and Il
regions, resulting in a concomitant loss of Mg?* binding in the P-loop and nucleotide
binding '°. Nucleotide-free Rho protein intermediates in complex with Dbl-GEFs readily
bind GTP-Mg?*, since the GTP concentration in cells is much greater than that of GDP
and this results in dissolution of the GEF/GTPase complex **&.

Although the PH domain (located C-terminal to the DH domain of most Dbl
GEFs) has been shown to enhance nucleotide exchange activity of Dbl-family GEFs 2%,
the variable distance and orientation between DH and PH domains among Rho GEFs
complicates a general contribution of the PH domain to enzymatic activity. A direct
binding of the PH domain of some Rho GEFs to cognate GTPases has been
documented, such as with LARG-RhoA #*°, Trio-Rac1 #*® and Dbs-Cdc42 2%, but it does
not appear to be a universal mechanism %8 Since Rho GTPases are targeted to lipid
bilayers via C-terminal prenylation, it has been proposed that the PH domain contributes
to the membrane-recruitment of Rho GEFs '*®. Indeed, PH domains of various proteins
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have been documented to bind with phospholipids “*°, and in this way promote
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Figure 1.2 — Crystal structure of Rac1 in complex with Trio DH-PH domains

Tertiary structure of Rac1 crystalized with the DH-PH domain of the GEF Trio reveals
the Rho GTPase and Dbl GEF interface (nucleotide-free). (A) Switch | and Il regions of
Rac1 closely juxtapose the alpha helical sequences CR1 and CR3 of the DH domain,
respectively. (B) Surface mask demonstrating the electron density of the Rac1 (grey)
and Trio (green) interface. These direct interactions of the CR domains (magenta) with
Rac1 switch | (yellow) and switch Il (blue) regions favour the release of Mg?* from P-
loop binding (red) and loss of GDP association (Generated from 2*® using PyMOL

software).
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membrane localization of proteins. Although the PH domains of some Rho GEFs bind
phospholipids, the relatively low efficiency with which they bind suggests a more subtle
contribution of the PH domain to Rho GEF membrane localization ?*°. The PH domain
of Rho GEFs may effectively promote exchange activity by re-orienting the DH domain
toward membrane-localized Rho GTPases via engagement with phosphoinositides of
lipid bilayers '°. However the observation that some Rho GEFs lack a PH domain all
together would imply that the PH domain is more of an accessory to Rho GEF function
and is not solely responsible for Rho GEF activity. These GEFs include: Arhgef10L,

Arhgef33, and TUBA1-3 (Table 1.1).

1.2.1.2 Trio subfamily of Dbl GEFs

Trio along with its paralog, Kalirin, constitute this subfamily of Dbl Rho GEFs,
which contain two tandem DH-PH GEF domains (GEFDs). Trio was originally identified
by yeast two-hybrid screen, using the LAR transmembrane tyrosine phosphatase as
bait '%®. Trio, as its name implies, contains three enzymatic domains: two Dbl GEFDs
and a serine/threonine kinase domain, for which a substrate has yet to be identified.
Kalirin was identified shortly after Trio, as a protein associated with the secretory
pathway peptide processing enzyme, peptidylglycine alpha-amidating monooxygenase
240 Kalirin shares 60% of its protein sequence identity with Trio, including its highly

conserved tri-enzymatic domain structure 2.

Invertebrates express one protein
encoded by a single Trio-like gene: UNC-73 in the nematode Caenorhabditis elegans
(830% homologous), and D-Trio in Drosophila melanogaster (40% homologous). Thus it

is likely that the duplication of a common gene resulting in two Trio-like proteins is of

great biological significance in the function of higher organisms. Of this subfamily Trio is
30



the most widely distributed being expressed ubiquitously ?*? and it is also required for
late embryonic development in mice **>?*. Conversely, Kalirin is mainly enriched in the
central nervous system, and while Kalirin-null mice have neurological deficits, they are
viable and fertile *°. Due to the objectives of this thesis, the remainder of this section
will focus on the biological role of Trio in regulating Rho GTPases.

At nearly 350 kDa, Trio is a massive, multi-domain containing protein (Figure
1.3). In addition to the two DH-PH domains, Trio contains an N-terminal Sec14 domain,
various Spectrin-like repeats, SH3 domains following each GEFD, an immunoglobulin
(Ig)-like domain, and a serine/threonine kinase domain at the C-terminus. Although Trio
has two GEFDs, the first GEFD (GEFD1) appears to function as the dominant exchange
factor upon over-expression in cells 2*®. Trio has been shown to function as an
exchange factor for both RhoG and Rac1 via GEFD1, while the GEFD2 binds to and
activates RhoA in vitro 19%%¢247  As Kalirin, Trio is also abundant in the mammalian
brain where five Trio isoforms are generated by alternative-splicing, four containing the
GEFD1 (Trio-A-D) and a second consisting of the C-terminal portion of Trio containing
the GEFD2 and kinase domain (Trio-E; Table 1.3) ?*2. An additional isoform Tgat has
been isolated from adult-T cell leukemia patients, consisting of only the RhoA DH
domain with additional 15 C-terminal amino acids, and possesses transforming abilities
248 Trio-null mice die between embryonic day 15.5 (E15.5) and birth and display a
general impairment of commissural projections in the spinal cord and brain 24324,
Specifically in the brain Trio-null embryos lack anterior commissures, and commissural
projections crossing the corpus callosum and internal capsule are misguided, due to
defects in axon pathfinding governed by the guidance cue netrin-1 24 |n addition to
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Figure 1.3 — Trio domain structure and neural isoforms

Full length Trio (Trio-FL) contains a Rac1 and RhoG-specific DH-PH GEFD (GEFD1),
followed by the RhoA GEFD (GEFD2). Additional domains include a Sec14 domain and
Spectrin-like repeats N-terminal to GEFD1, SH3 domains following each GEFD, and an
immunoglobulin (Ig)-like domain and kinase domain at the C-terminus. The domain
structure of the neural Trio isoforms: Trio-A-E. This figure was based on previously

published reports 241242,
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neural defects, Trio-null embryos also exhibit underdeveloped skeletal muscles due to
impaired myoblast fusion, further contributing to the embryonic lethal phenotype 243

It has been reported that Rho GEFs can be differentially spatiotemporally
regulated by various mechanisms including: protein-protein interactions and
phosphorylation 7 and Trio is no exception to this. Trio regulates the actin cytoskeleton
via close association with various cytoskeleton-associated proteins. For example, the
PH domain of Trio GEFD1 binds to the actin cross-linking protein Filamin A, and in this
manner directly targets Trio to the cytoskeleton *°. Furthermore, the Trio-associated
repeat on actin (Tara) protein was identified by its direct interaction with Trio GEFD1 2*,
which localizes to adherens junctions with E-cadherin but negatively regulates Trio-

21 Trio function has also been implicated during cell

dependent Rac1 activation
adhesion induced by cadherins. For example, the importance of Trio-dependent Rac1
activation occurring downstream of M-cadherin during myoblast fusion in vitro 2 | is
underscored by the defects in myogenesis in Trio-null embryos 2*3. More recently, Trio
has been identified as the Rac1 GEF that regulates F-actin remodeling during
cytokinesis of Hela cells, a function which is impaired by the Rac1/Cdc42 GAP,
MgcRacGAP 2°3. In addition to regulating actin networks, Trio regulates microtubule
dynamics in extending neurites via its association with the microtubule plus-end-tracking
protein Navigator 1 (NAV1). Binding of Trio to NAV1 at the ends of dynamic
microtubules increases the association of Trio with Rac1 and RhoG, and stimulates its
Rac1 exchange activity 2°*.

It has been proposed that the Spectrin repeats N-terminal to the GEFD1 act to

impair Trio Rac1 GEF function by an intramolecular inhibition. In C. elegans Disrupted-
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in-schizophrenia 1 (DISC1) binds to the N-terminal Spectrin repeats of Trio, releasing
the GEFD1 and promoting Rac1 activation 2°°. Similarly, the integral membrane protein
Kidins220/ARMS associates with the N-terminus of Trio, thereby promoting its Rac GEF
activity 2% Since Trio Spectrin repeats are functionally required for Trio-induced neurite
outgrowth in PC12 cells "' it is more likely that the N-terminus of Trio serves as a
binding site for regulatory proteins required for its proper targeting and activation, than
an inhibitory module. In further support of this, Pak1 association with Trio occurs via the
Spectrin repeats, which is necessary for association of Trio with the receptor deleted in
colorectal cancer (DCC) during netrin-1-induced neurite outgrowth 2**. Since Trio is a
large protein, it is likely that it is regulated by association with additional proteins that
have yet to be identified, which will be explored in Chapter 3.

Trio was originally reported as serine phospho-protein '*®, but whether serine
phosphorylation regulates Trio function remains to be shown. As | will detail in Chapter
2, phosphorylation of Trio at tyrosine-2622 by the Src-family kinase Fyn is required for
Rac1-dependent axon outgrowth induced by the axon guidance cue netrin-1 in
embryonic cortical neurons #*”. Phosphorylation by Fyn promotes the association of Trio
with the receptor DCC, and Trio expression potentiates the surface enrichment of DCC

in cortical neuron growth cones 2°’.

In Drosophila, although Trio directly associates with
Abl tyrosine kinase during nervous system development, whether Trio is a direct
substrate of Abl kinase activity has yet to be determined 2°%2%°,

In addition to its physiological function in regulating neurite outgrowth, aberrant
Trio regulation has been reported in many different types of cancers. In general, high

| 260

Trio expression is often correlated with a poor degree of patient surviva . For
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example, Trio is highly upregulated in invasive glioblastomas, where it promotes tumour

invasion via dysregulation of Rac1 %"

1.2.1.3 Dock family of exchange factors

Despite being functionally similar to Dbl GEFs, Dock family Rho GEFs lack
sequence homology to Dbl proteins and are structurally distinct enzymes. To date, 11
Dock family Rho GEFs have been identified (Table 1.2) %2. Dock family GEFs have
been further sub-divided into four groups based on sequence homology/domain
structure: Group A (Dock1, 2 and 5), Group B (Dock 3 and 4), Group C (Dock 6, 7, and
8) and Group D (Dock9, 10, and 11) ?3. Unlike Dbl family GEFs, Dock proteins have
been reported to act only as exchange factors for either Rac1 or Cdc42 (Table 1.2).
Each Dock family member contains both DHR1 and DHR2 domains. The DHR1
domain, which lies N-terminal to the DHRZ2, is roughly 200 amino acids in length and
lacks intrinsic GEF activity. The DHR1 contributes to the enzymatic activity of Dock
GEFs by mediating binding to lipids, and promoting membrane localization. Particularly,
the DHR1 domain of Dock1 binds to phosphotidylinositol (3,4,5)-triphosphate
(PIP(3,4,5)P3) downstream of phosphatidylinositol 3-kinase (PI3K) which is required for

cell migration independently of Rac1 activation ’.

Structural analysis of the DHR1
domain of Dock1 has revealed positively charged lysine residues within the DHR1 that
are required for specific PI(3,4,5)P3 binding **. In contrast, the conserved sub-domain
within the DHR1 domain of dual specificity Dock-C GEFs was found to bear fewer
positively charged residues, and bound with both PI(4,5)P2 and PI(3,4,5)P3 %°. These

findings emphasize the importance of the spatiotemporal regulation of Rho GEFs and

the contribution of membrane composition and substrate specificity. Additionally, the
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Table 1.2 — Dock family and atypical Rho guanine nucleotide exchange factors

Dock family of GEFs

Rho
Symbol Name Synonyms Chrom. Target(s) I’Qfe‘f
DOCK1 Dedicator of cytokinesis 1 Dock180 10g26 Ract1 200
DOCK2  Dedicator of cytokinesis 2 KIAA0209 5q35.1 Rac1, <07,208
Rac2
DOCK3  Dedicator of cytokinesis 3 KIAA0299, 3p21.2 Rac1 209
MOCA, PBP
DOCK4  Dedicator of cytokinesis 4  KIAAQ716 7931.1 Rac1 210
DOCK5  Dedicator of cytokinesis 5 8p21.2 Rac1 n
DOCK6  Dedicator of cytokinesis 6 = AOS2, 19p13.2 Rac1, are
KIAA1395, ZIR1 Cdc42
DOCK7  Dedicator of cytokinesis 7 ZIR2, KIAA1771 1p31.3 Rac1, arsers
Rac3,
Cdc42
DOCK8  Dedicator of cytokinesis 8 MRD2, HEL-205, 9p24.3 Cdc42 2o
Zir8
DOCK9  Dedicator of cytokinesis 9 Zizimin1, ZIZ1, 13932.3 Cdc42 2re
KIAA1058
DOCK10  Dedicator of cytokinesis 10 = Zizimin3, ZIZ3, 2q36.2 Cdc42 2rt
KIAA0694,
DRIP2 '
DOCK11  Dedicator of cytokinesis 11 Zizimin2, ZIZ2 Xq24s Cdc42 218
Unclassified atypical Rho GEFs
Symbol Name Synonyms Chrom. D Ref
Target(s) '
SWAP-70 = switch-associated protein KIAA0640 11p15 Rac1 &9
70
DEF6 differentially expressed in IBP, SLAT, 6p21.33 RhoA, 280,281
FDCP 6 homolog SWAP70L Rac1,
Cdc42 o
SMGGDS SMG P21 stimulatory RAP1GDS1 4q23 RhoA, 282
GDP/GTP exchange protein RhoC -
PLD2 Phospholipase D2 PLD1C 17p13 Rac2, 69,284
RhoA
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DHR1 domain is required for the direct binding of WAVE proteins by Dock1-4, further
emphasizing the importance of DHR1 in modulating the actin cytoskeleton via Rac1
regulation %°.

The DHRZ2 domain is the minimal unit required to confer the GEF activity of Dock
proteins. Despite being selective for Rac1 and/or Cdc42, there is a high level of
divergence among the roughly 450 amino acid DHR2 sequences of Dock proteins 2%°.
The structures of Dock2 DHR2-Rac1 and Dock9 DHR2-Cdc42 have revealed both the
mechanism of exchange activity and also the selectivity of Dock proteins for their
respective substrates. Upon binding the DHR2, the switch | of either Rac1 or Cdc42
undergo conformational changes, thereby easing the association of phenylalanine-28
with the bound nucleotide ?*”. Furthermore, the projection of an aliphatic side chain of
valine residue of either DHR2 domain into the Mg?*-binding site displaces Mg?* from the
bound nucleotide resulting in loss of nucleotide binding ?*”. Ultimately, the substrate
specificity for the respective DHR2 is mediated by the P-loop of Cdc42 and Rac1 and
the differential changes in switch | conformation of either GTPase %*’. Notably, the
DHR2 domain of Dock1 binds Rac1, but it requires the cooperative binding of ELMO in
cells to induce its full GEF activity 2.

In addition to functioning as an exchange factor, the DHR2 of Dock proteins can
mediate protein dimerization. Both Dock2 and Dock9 have been reported to form
homodimers , and in the case of Dock2 homodimerazation is necessary for Rac1
activation 2°?%. Structurally the interface of homodimerization of the DHR2 of Dock2
and Dock9 were found to be similar, and it was suggested that other Dock proteins may
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form homodimers . Furthermore, the finding that Dock1 and Dock5 can form
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heterodimers %' implies that dimerization may be an intrinsic characteristic of Dock

family GEFs, pending further investigation.

1.2.1.4 Atypical Rho GEFs

Thus far, a few exchange factors for Rho proteins lacking the classical DH-PH
or DHR domains have been identified (Table 1.2). While SWAP-70 and DEF6 both lack
a DH domain, they each contain a “coiled coil” domain with 17% homology to the DH
domain of Dbl GEFs which coordinates nucleotide exchange of target Rho proteins in
conjunction with a PH domain 2*%°. The atypical GEF SmgGDS relies on a conserved
electronegative patch and binding pocket located on its surface to bind and activate its
substrates RhoA and RhoC 2%, Lastly, the atypical GEF PLD2 carries out its exchange
activity via a Phox (PX) domain sequence upstream of its PH domain 2%%. Although the
PX domain is sufficient to bind both Rac and Rho substrates, residues of the adjacent

CRIB motifs support nucleotide exchange by PLD2 22,

1.2.2 Rho GTPase activating proteins

As indicated by their name, Rho GTPase themselves are enzymes that bind to
GTP and catalyze its hydrolysis independently of modifying enzymes. Despite this fact,
Rho proteins are highly inefficient at hydrolyzing GTP and GAP proteins accelerate this
step by several orders of magnitude %°*. There are more than 70 RhoGAP proteins
encoded within the human genome, which are characterized by a trademark RhoGAP
domain (Table 1.3) 8 Generally, RhoGAPs bind to their cognate GTP-bound Rho

proteins and stabilize the switch | and switch |l conformation. Hydrolysis of GTP occurs
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Table 1.3 — Rho GTPase activating proteins expressed in human
RhoGAP Proteins

Symbol
ARHGAP1

CHN1

CHN2

ARHGAP4

ARHGAPS

ARHGAPG6

ARHGAPS

ARHGAP9

ARHGAP10

ARHGAP11A

ARHGAP11B

ARHGAP12

SRGAP1

SRGAP3

ARHGAP15

Name

Rho GTPase activating
protein 1

chimerin 1

chimerin 2

Rho GTPase activating
protein 4

Rho GTPase activating
protein 5

Rho GTPase activating
protein 6

Rho GTPase activating
protein 8

Rho GTPase activating
protein 9

Rho GTPase activating
protein 10

Rho GTPase activating
protein 11A

Rho GTPase activating
protein 11B

Rho GTPase activating
protein 12

SLIT-ROBO Rho GTPase
activating protein 1

SLIT-ROBO Rho GTPase
activating protein 3

Rho GTPase activating

Synonyms

RhoGAP,
p50Rh0GAP,
CDC42GAP,
Cdc42GAP

RhoGAP2,
ARHGAP2, n-
chimerin

ARHGAP3,
RhoGAP3

KIAA0131, C1, p115,
RhoGAP4, SrGAP4

RhoGAP5, p190-B,
p190BRhoGAP

rhoGAPX-1
FLJ20185, BPGAP1
MGC1295, 10C
FLJ20896, FLJ41791,

GRAF2; PSGAP

KIAA0013
B-T
FLJ20737, FLJ10971,

FLJ21785

KIAA1304,
ARHGAP13

KIAA0411, MEGAP,
WRP, ARHGAP14

BM046

40

Chrom

11p11.2

2g31-

g32.1

7p15.3

Xq28

14912

Xp22.3

22q13.3

12913.3

4G31.23

15q13.3

15q13.2

10p11.2

2

12913.1
3

3p25.3

2q22.2-

Rho
Target(s)
Cdc42

Rac1, Cdc42

Rac1, Cdc42
RhoA
Rac1, Cdc42,
RhoA
RhoA
Cdc42
Rac1, Cdc42
Cdc42, RhoA
RhoA
Unknown (not
RhoA)
Rac1
Cdc42

Rac1, Cdc42

Rac1

Ref

294,29

296

297

298

299,30

301,30

303

304

305

306

307

308

309

310

311



ARHGAP17

ARHGAP18

ARHGAP19

ARHGAP20

ARHGAP21

ARHGAP22

ARHGAP23

ARHGAP24

ARHGAP25

ARHGAP26

ARHGAP27

ARHGAP28

ARHGAP29

ARHGAP30

ARHGAP31

ARHGAP32

ARHGAP33

protein 15

Rho GTPase activating
protein 17

Rho GTPase activating
protein 18

Rho GTPase activating
protein 19

Rho GTPase activating
protein 20

Rho GTPase activating
protein 21

Rho GTPase activating
protein 22

Rho GTPase activating
protein 23

Rho GTPase activating
protein 24

Rho GTPase activating
protein 25

Rho GTPase activating
protein 26

Rho GTPase activating
protein 27

Rho GTPase activating
protein 28

Rho GTPase activating
protein 29

Rho GTPase activating
protein 30

Rho GTPase activating
protein 31

Rho GTPase activating
protein 32

Rho GTPase activating
protein 33

RICH1, FLJ10308,
NADRIN, FLJ13219

MacGAP,
bA307014.2

FLJO0194,
MGC14258

KIAA1391;
RARHOGAP

KIAA1424,
ARHGAP10

RhoGAP2

KIAA1501

DKFZP564B1162,
FLJ33877, FilGAP
KIAA0053

GRAF, KIAA0621,
OPHN1L, OPHN1L1

CAMGAP1,
FLJ43547, SH3P20

KIAA1314, FLJ10312

PARG1

FLJ00267

CDGAP

GRIT, KIAA0712,

RICS, GC-GAP

FLJ39019, TCGAP,
SNX26, NOMA-GAP

41

922.3

16p12.2
p12.1
6g23.1
10q24.2
11g23.2
10p12.3

1

10911.2
3
17912
4922.1
2p13.3
5q31
17921.3

1

18p11.2
3
1p22.1
123.3
3913.33

11q24.3

19q13.1
3

Rac1, Cdc42,

RhoA

RhoA

RhoA

unknown

RhoA, RhoC

Rac1

Unknown

Rac1, Cdc42

Rac1

RhoA, Cdc42

Rac1, Cdc42

RhoA

RhoA, Rac1,

Cdc42

RhoA, Rac1

Rac1, Cdc42

Cdc42, RhoA,

Rac1

Cdc42, TC10,

Rac1

312,31

314

315

316

317

318

320

321

322

323

324

325

326

327



SRGAP2

ARHGAP35

ARHGAP36

ARHGAP39

ARHGAP40

OPHN1

ARHGAP42

SH3BP1

ARHGAP44

HMHA1

GMIP

TAGAP

FAM13A

FAM13B

STARDS

DLC1

SLIT-ROBO Rho GTPase
activating protein 2

Rho GTPase activating
protein 35

Rho GTPase activating
protein 36

Rho GTPase activating
protein 39

Rho GTPase activating
protein 40

oligophrenin 1

Rho GTPase activating
protein 42

SH3-domain binding
protein 1

Rho GTPase activating
protein 44

histocompatibility (minor)
HA-1

GEM interacting protein

T-cell activation
RhoGTPase activating
protein

family with sequence
similarity 13, member A

family with sequence
similarity 13, member B

StAR-related lipid transfer
(START) domain
containing 8

DLC1 Rho GTPase
activating protein

KIAA0456,

ARHGAP34, FNBP2

GRF-1,

p190ARhoGAP,
P190A, p190RhoGAP

FLJ30058

KIAA1688, Vilse,

CrGAP

dJ1100H13.4; ;

C200rf95

OPN1, ARHGAP41

FLJ32810, GRAF3

ARHGAPA43; 3BP-1

KIAA0672, RICH-2,

RICH2

KIAA0223, HA-1,

ARHGAP45

ARHGAP46

FLJ32631, IDDM21,

ARHGAP47
KIAA0914,
ARHGAP48

N61, KHCHP,
ARHGAP49

ARHGAP38, DLC3,

STARTGAP3

HP, ARHGAP?7,
STARD12, DLC-1,
p122-RhoGAP

42

1932.1

19913.3
2

Xq26.1
8q24.3
20q11.2
3

Xq12

11922.1

22q13.1

17p12

19p13.3

19p13.1

1

6g25.3

4G22.1

5q31

Xq13.1

8p22

Rac1

Rac1, Cdc42,
RhoA

Unknown
(lacks R-
finger)
Rac1, Cdc42

Unknown

RhoA, Rac1,
Cdc42
RhoA

Rac1

Rac1, Cdc42

Rac1, RhoA

RhoA

Unknown

Unknown

Unknown

RhoA, Cdc42

RhoA, RhoB,
RhoC, Cdc42

328

329

330

331

332

333

334

313

335

336

337

338



STARD13

DEPDC1

RACGAP1

ARAP1

ARAP2

ARAP3

BCR

MYO9B

RALBP1

IQGAP1

IQGAP2

IQGAP3

PIK3R1

PIK3R2

INPP5B

OCRL

StAR-related lipid transfer
(START) domain
containing 13

DEP domain containing 1

MgcRacGAP

ArfGAP with RhoGAP
domain, Ankyrin repeat
and PH domain 1

ArfGAP with RhoGAP
domain, Ankyrin repeat
and PH domain 2

ArfGAP with RhoGAP
domain, Ankyrin repeat
and PH domain 3

Breakpoint Cluster Region

Myosin IXb

RalA binding protein 1

RasGAP-like with 1Q
motifs 1

RasGAP-like with 1Q
motifs 2

RasGAP-like with 1Q
motifs 3

Phosphoinositide-3-
Kinase, regulatory subunit
1 (alpha)

Phosphoinositide-3-
Kinase, regulatory subunit
2 (beta)

Inositol polyphosphate-5-
phosphatase, 75-KD

Oculocerebrorenal
syndrome of Lowe

GT650, DLC2,
ARHGAP37

DEP.8; SDP35

CYK4; HsCYK-4;
KIAA1478

CENTD1; KIAA0782

CENTD2; KIAA0580

CENTDS3, DRAG1

BCRT;

MYRS; CELIAC4

RIP1; RLIP1

P195; SART;
KIAA0051

GRB1; p85-alpha

P85; p85-beta

5PTase; 75-KD

OCRL1

43

139q13.1  RhoA, Cdc42

1p31.2 Unknown

12q13.1  Rac1, Cdc42
2

11913.4 RhoA, Cdc42

4p14 RhoA (no
hydrolysis;
lacks R finger)
5931.3 RhoA
22911.2 | RhoA, Rac1
3 and Cdc42
19p13.1 RhoA
18p11.2 Rac1, Cdc42
2
15926.1 Cdc42, Rac1
(no
hydrolysis)
5913.3 = Rac1, Cdc42
(no
hydrolysis)
1921.3 = Rac1, Cdc42
(no
hydrolysis)
5913.1 Unknown
19p13.1 Unknown
1
1p34 Unknown
Xq25 Rac1

339

340

341

342

343

163,34
4

345

346

347,34

349

350

351



as a result of an in-line nucleophilic attack of the y-phosphate of GTP by a water
molecule, which is oriented by glutamine-61 in the switch Il region by the GAP

protein >*2. Subsequently, an arginine residue of the RhoGAP (termed “arginine finger”)
becomes inserted into the phosphate-binding site to stabilize the transition state of the
GTPase by neutralizing the negative charge of the y-phosphate %2 There are a few
exceptional RhoGAP domain-containing proteins, including ARHGAP36 and ARAPZ2,
which lack an arginine finger required for stabilizing the GTPase/GAP interface to
induce GTP-hydrolysis (Table 1.3). As a result these proteins likely function in a GAP-
independent manner.

Since nearly all RhoGAP proteins contain additional signaling motifs and
domains, it is widely accepted that they also serve as signaling modules or hubs that
integrate various inputs via intermolecular associations **°. These additional domains
may also act to properly position RhoGAPs within the cell, thereby regulating the

particular biological outputs of each protein complex.

1.2.2.1 ARHGAP31/ Cdc42 GTPase-activating protein

ARHGAP31 or Cdc42 GTPase-activating protein (CAdGAP) is a RhoGAP protein
with activity directed towards Rac1 and Cdc42 ***. CdGAP was originally identified in a
yeast two-hybrid screen, using the Q61L/Y40C mutant Cdc42 as bait ***. CdGAP is
composed of a PBR and a GAP domain at the N-terminal region, a basic-rich (BR)
stretch in the central region, a proline rich domain (PRD) and a C-terminal region >*°. In
the mouse, CAGAP is expressed ubiquitously with an enrichment in the lungs, brain and

liver tissues °°. CdGAP over-expression in diverse cell lines has been shown to reduce

cell spreading and lamellipodia formation, due to the disruption of cortical actin and loss
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of focal adhesions ®®*’. In U20S osteoblasts CdGAP is reported to be localized at
focal adhesions, and overexpression of CdGAP results in impaired cell polarity and
random migration °®. Localization of CdGAP to focal adhesions occurs via actopaxin,
through its interaction with the GAP and BR regions of CAdGAP ¢

Earlier studies have noted that CdGAP expression is readily upregulated

downstream of growth factor treatment 3*°

, suggesting that CAGAP may function during
cell proliferation or migration. While enhanced expression of a Cdc42 and Rac1 GAP
should result in impaired cell migration and invasion, studies have revealed the inverse
is true. In fact, CAGAP is required for TGFB and Neu/ErbB2-mediated breast cancer cell
migration and invasion, and does so in a GAP-independent manner **°. Downregulation
of CAGAP induces the expression of E-cadherin in Neu/ErbB2-expressing breast cancer
cells, but the precise mechanism of this GAP-independent function for CdGAP has not
yet been reported.

CdGAP is highly phosphorylated on serine and threonine residues®°. While
phosphorylation of the PRD of CAGAP at threonine-776 by ERK1/2 and GSK-3 results

in reduced GAP activity %*>%

, Whether it regulates CdGAP subcellular localization has
not been investigated. CAGAP has been reported to associate with the neural-enriched
Cdc42 GEF and endocytic scaffolding protein, Intersectin *°. Association occurs via an
atypical xKx(K/R) motif (x-any amino acid, K- lysine, R- arginine) within the BR domain
of CdGAP and the SH3D domain of Intersectin, thereby inhibiting CAGAP Rac1 GAP
activity 3°43%2, CdGAP localization is part regulated by binding to lipids in the plasma

membrane. CdGAP was found to be preferentially associated with phosphatidylinositol
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3,4,5-trisphosphate via a stretch of N-terminal polybasic residues, resulting in its
membrane recruitment downstream of PDGF %,

Human CdGAP, ARHGAP31, has recently been identified as an inherited factor
associated with a rare developmental disorder, Adams-Oliver Syndrome (AOS)
characterized by the combination of aplasia cutis congenita and terminal transverse
limb defects **%%°. AOS-causing CdGAP mutants have C-terminal truncations, exhibit
enhanced in vitro GAP activity which result in enhanced cell rounding 3. Some patients
with AOS also present with vascular anomalies including cutis marmorata, cardiac and
vascular defects **’. Since ARHGAP31 was also reported to be among the 17
RhoGAPs most highly expressed in human umbilical vein endothelial cells (HUVECSs)
%8 it may be possible that ARHGAP31/CdGAP contributes to vascular homeostasis or
angiogenesis. This possibility will be discussed in chapter 4.

1.2.3 Rho guanine dissociation inhibitors

The final class of proteins that are well documented as regulators of Rho
GTPases are the RhoGDlIs. Generally, RhoGDIs act by sequestering the hydrophobic
tail of lipid-modified Rho GTPases, thereby retaining them in the cytosol out of the reach
of effector proteins *®. Whereas RhoGEFs and GAPs are composed of numerous
members, only three genes encode Rho GDIs in humans (RhoGDI1-3) **°. RhoGDI1 is
ubiquitously expressed and has broad association with many geranylgeranylated Rho
GTPases including: RhoA, RhoC, Rac1, Rac2 and Cdc42 %3 Of note, RhoGDI1
does not associate with Rho GTPases that undergo farnesylation, palmitoylation or lack
prenylation %°. RhoGDI2 is enriched in haematopoetic cells, and has been shown to
regulate various Rho GTPases in vitro **3"2. RhoGDI3 is the most divergent RhoGDI,
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mainly targeted to the Golgi *"® and associated most notably with RhoG and RhoB *"*.
Traditionally, RhoGDI proteins are classified as negative regulators of Rho GTPase
signaling, however, this view is over simplified. Rho GDI activity is credited with
chaperoning newly synthesized Rho GTPases from the ER to the plasma membrane,
guarding Rho GTPases from proteasome-mediated degradation, and creating a pool of

inactive proteins primed for activation by extracellular stimuli (reviewed in *8).

1.3 Neuronal development and Rho GTPases

The mammalian nervous system is composed of billions of neurons and supports
normal physiological function and survival. The wiring of the central nervous system
during mammalian development occurs in a tightly regulated and precise manner.
Following their specification, neurons migrate in vivo, undergo a polarization program
and project axons toward their often distant targets. Although the mechanisms of
neuronal development are only beginning to be revealed, many Rho family proteins
have been found to regulate some aspects of neuronal development, including: axon
specification, axon outgrowth and guidance, synaptogenesis and synaptic plasticity "°.
The following section will focus on the general mechanisms of axon polarization and
outgrowth, and the contribution of Rho GTPases to these processes.

1.3.1 Neuronal polarization

Following differentiation, neurons become highly polarized with domains that

either receive inputs (dendrites) or transmit electrochemical impulses (axon). Before

neurons can form mature connections, they must first transform identical primary

processes into functionally distinct, polarized units. Neuronal polarization is dependent
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on an internal program that is regulated by factors including: kinases, lipids, small
GTPases, and Par polarity proteins 3®*’®. Since cultured neurons are able to polarize
without the addition of extracellular cues, it was originally assumed that an intrinsic
program is sufficient to induce axon formation 39 In recent years however, extracellular
molecules such as Wnts *°, netrin-1 *', Semaphorin 3A (Sema3A) **2383  |aminin and
neuron-glia cell adhesion molecule (NgCAM) *** have been shown to influence which
neurite becomes an axon, thus suggesting a more complex mechanism of axon
specification in vivo.

During the intrinsic program of neuronal polarization, the Par polarity complex
has been shown to play a crucial role "*3%°_ Par3 and Par6 localize to the tips of axons
with Cdc42 in primary hippocampal neurons in a PI3K-dependent process '°%378,
Notably, the expression of constitutively active Cdc42 or the Rac1 GEF Tiam1 induces

multiple immature axon-like neurites '°

, suggesting that the physiological cycling of
Cdc42 and Rac1 at the neurite tips is required for both neuronal polarization and
maturation °°%_The activation of Pl 3-kinase (PI3K) activity and production of its lipid
product PI(3,4,5)P; is a key feature during the initiation of axon specification. A
signaling cascade by which PI3K acts on Akt/GSK3[3 has been shown to influence cell
polarity in various cell types, including neurons **">%_|n brief, PI3K stimulates the Akt-
mediated inactivation of GSK3p at the plasma membrane, stimulating the formation of
multiple axons by Collapsin response mediator protein (CRMP)-2 3738  CRMP-2

accumulates at the distal portion of a growing axon 3%

and promotes microtubule
assembly and actin filament stability in a non-phosphorylated state 38 Furthermore, the
ability of GSK3B to phosphorylate and inhibit the microtubule-associated proteins
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(MAPs) MAP1B and APC suggests a function of GSK3 in regulating neuronal polarity
by modulating cytoskeletal dynamics 3%.

Another kinase that has been shown to regulate neuronal polarity in vivo is the
serine/threonine specific liver kinase B1 (LKB1) **'. The C. elegans homolog of LKB1,
Par4 is a member of the Par polarity family and regulates embryonic polarity %2
Expression of LKB1 is required for axon initiation in vivo, while the ectopic stimulation of
LKB1 by its co-activator Strada induces the formation of multiple axons in cortical
neurons *'. LKB1 activation by PKA, leads to its accumulation in the neurite which is to
be the prospective axon %*. Downstream of LKB1, Synapses of the amphid defective
(SAD) kinases are activated and phosphorylate Tau and potentially other MAPs,
resulting in modulation of microtubule dynamics within the neurite **'. Axon specification
induced by brain derived neurotrophic factor (BDNF) also requires the PKA-dependent

phosphorylation of LKB13%

, and thus is a crucial step during early axon specification.

In addition to BDNF, it has been shown that other extracellular cues may lead to
axon specification during neuronal development. UNC-6/netrin, a well defined axon
guidance cue, is involved in the initial break in neuronal symmetry which precedes

31 Netrin causes MIG10/lamellipodin to become restricted to the

axonal extension
leading edge of the neurite in a mechanism dependent on PI3K/PI3K phosphatase
(PTEN) lipid signaling ***. In addition to netrin, both Wnts and Sema3A signaling have

been implicated in neuronal polarization in C. elegans and mice, suggesting that

additional extracellular cues that induce neuronal polarization in vivo exist (reviewed in

395
)-
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1.3.2 Axon outgrowth and guidance

During development, the extension and pathfinding of neurons of the CNS is
governed in part by environmental guidance cues, namely: netrins, semaphorins, slits
and ephrins %% Guidance cues act as either short range (membrane-bound) or long
range (diffusible) signals, the both of which are transduced intracellularly by means of
conserved receptors expressed at the distal axon growth cone **. The growth cone
emanating from the axon tip is a highly dynamic area, where drastic rearrangements of
actin filaments, microtubules and adhesions complex turnover occur during neurite
elongation “°°“°". The growth cone can be subdivided into two functional regions: the
peripheral domain which is rich in actin structures, namely filopodia and lamellipodia,

402 In addition to actin

and the microtubule and organelle-rich central domain
cytoskeleton remodelling, axonal transport of cargo by molecular motors, and local
protein translation within the growth cone occur during neurite extension, branching and

403,404

guidance In the presence of attractive guidance cues, the asymmetrical

enrichment of actin and the formation of filopodia and lamellipodia in the direction of
attraction occur in a manner which is dependent on Rho GTPase activity *°'.
Simultaneously, microtubule polymerization into the growth cone periphery, delivery of
plasma membrane at the leading edge, and collapse of the lagging growth cone around
the axon propels the growth cone forward 4°14%.

Rho GTPases are important signaling elements during neurite outgrowth and

axon guidance, with Cdc42 and Rac1 “%®

acting to induce neurite extension, while net
RhoA activation stimulates neurite retraction or failure to extend neurites 3°*%". The
latter finding is of particular importance, since RhoA activation is elevated during nerve
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injury and in various neurodegenerative diseases °'. Although they are studied less
extensively, other Rho GTPases have been found to support neurite outgrowth and
axon guidance, including: Rnd3 *®®, RhoG "°, TC10 and TCL ™.

Many regulators of Rho GTPases have been implicated in neurite outgrowth
mechanisms. In particular, many Rac1 and/or Cdc42 GEFs are expressed in the brain
and contribute to neurite outgrowth pathways including: Tiam1 °°, Tiam2 *'°, Trio 2%,
BPIX “M' GEFT *'2, vav2/3 **, RasGRF1*", Alsin #'°, Intersectin1 *'®, Dock1 '?*, Dock3
285 Dock4 *', Dock6 2’%, and Dock7 %”. Although IQGAP3 is a Rac1/Cdc42-binding
GAP protein, its lack of arginine finger renders it GAP-dead and it acts instead as an
effector protein, promoting neurite outgrowth of PC12 cells *°. Also, though a2-

chimaerin is a Rac/Cdc42 GAP that has been implicated in Eph4A-dependent growth

418 h 419

cone collapse "', its expression in neuroblastoma cells promotes neurite outgrowt
and promotes neuronal migration in vivo *?°. These results suggest that a2-chimaerin
has both GAP dependent and independent functions in neurons. In addition to inducing
neurite outgrowth via Rac1 activation, Trio has also been shown to induce NGF-

118

mediated neuritogenesis in PC12 cells via RhoG activation "°. Similarly, Kalirin-

expressing primary sympathetic neurons extended axons in a RhoG-dependent manner
% Since activation of RhoA or its effectors counters neurite outgrowth*?, it is not
surprising that several RhoA GAPs have been shown to promote neurite extension,
including: Nadrin *??, p190RhoGAP “#, GRIT *** and p200RhoGAP *% .

Downstream of Rac1 and Cdc42, induced neurite outgrowth is mediated in part
by the Pak-induced signaling pathways. The membrane targeting of Pak1 is sufficient to

stimulate neurite outgrowth in PC12 cells, indicating that Pak1 acts downstream of Rac
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and Cdc42 in polarized neurites “%*. Neural-expressed Pak5, which also contains a
CRIB binding maotif, induces the formation of filopodia and neurites in neuroblastoma
cells, via activation of the JNK pathway and antagonizing Rho signaling “*%’.
Downstream of Cdc42 the WASP family member, N-WASP is required for induced
neurite outgrowth 2. Additionally, the brain-enriched myotonic dystrophy kinase-related
Cdc42-binding kinases (MRCKSs) were identified as effectors of Cdc42 and also play a
key role in neurite outgrowth. Although the kinase domain of MRCKs resembles ROCK
and phosphorylates non-muscle MLC to promote myosin contractility in non-neuronal
cells, MRCK is required for neurite outgrowth induced by NGF via the activity of Cdc42
429.

Despite their function in regulating the actin cytoskeleton being well defined, a
recent study has shed light on an alternative role for Rho GTPases during neurite
outgrowth. Fujita and colleagues revealed that the Cdc42-related TC10 promotes
neurite outgrowth via regulating exocytic fusion at growth cone tips “*. TC10 was
localized to Rab11-labelled vesicles, and its activation induced the translocation of the
exocyst component Exo70 to the plasma membrane at the extending growth cone tip
430 Although the association of TC10 with Exo70 impaired local WASP activity, Exo70
may regulate actin dynamics by its own association with Arp2/3 **'. Considering other
Rho proteins are brain-localized and have alternate functions in cultured cells, it is

probable that future study will link these components to neuronal function in some

manner.
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1.3.2.1 Netrin-1 induced axon growth and guidance

Netrins constitute a family of axon guidance cues that are required for proper
neural specification **2. The first netrins, named from the Sanskrit “Netr” for ‘guide’,
(netrin-1 and netrin-2) were identified from the embryonic chick brain and found to be
homologous with UNC-6 in C. elegans ******. Netrins are laminin-related extracellular

4, of which three are secreted: netrin-1, -3, -4, and two are

matrix-binding proteins **
membrane-anchored: netrin -G1 and -G2 **°. The secreted netrin proteins can act as bi-
functional chemotropic cues**®, promoting either the attraction or repulsion of various
cell types ***. To date, netrin-1 signals through at least four distinct families of
transmembrane receptors: Down’s syndrome cell adhesion molecule (DSCAM), the
UNC-5 family (UNC5A-D), amyloid precursor protein (APP) and the DCC family (DCC

437-442

and neogenin) . In vertebrates, netrin-1 was first demonstrated to promote the

443

outgrowth of commissural axons of embryonic spinal cord explants **°, a function that is

mediated by DCC **®, In mammals, netrin-1 is secreted by the ventral floor plate of the

developing spinal cord **

, and facilitates midline attraction of DCC and neogenin-
expressing commissural projection neurons *44**_ Netrin-1 is also required for forebrain
commissure formation in mammals ****’_ The remainder of this section will focus on
netrin-1-mediated signaling pathways in axon outgrowth and guidance.

In neurons, netrin-1 can promote either growth cone attraction or repulsion *°.
This bifunctional response is generally thought to be dependent on the composition of
receptor complexes induced by netrin-1: DCC homodimers mediate attraction 448 while
UNC-5/DCC heterodimers or UNC-5 homodimers induce repulsion **°. DCC is a

transmembrane receptor, with an extracellular domain comprised of four Ig-like domains
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and six fibronectin type Ill repeats (FN) **°. Recent structural studies have revealed that
netrin-1 binding to DCC is accommodated by FN-5 and -6 1 The intracellular portion
of DCC contains three well conserved regions, termed P1-3, which are important for
initiating molecular signaling events downstream of netrin-1 *°2. DCC acts as a
dependence receptor, and was identified originally as a putative tumor suppressor

based on its deletion in colorectal cancer cells **34%*

. UNC-5 receptors are also
transmembrane proteins, containing an extracellular domain with two Ig motifs and two
thrombospondin type-l1 domains **°. Binding of netrin-1 to UNC-5 is mediated by the Ig-
like repeats **°, but the molecular mechanisms occurring downstream of UNC-5 are
much less characterized relative to DCC. In humans, mutations of the DCC gene have
been associated with congenital mirror movements “*°, and small nucleotide
polymorphisms within the genes encoding DCC and netrin-1 have been associated with
schizophrenia **’, Parkinson’s disease and amyotrophic lateral sclerosis **®*°. As a
result, considerable efforts have been made to understand the signaling mechanisms
downstream of DCC.

DCC is a tyrosine kinase-associated receptor, and upon netrin-1 stimulation,
DCC becomes highly phosphorylated on serine, threonine and tyrosine residues *°. In
particular, specific phosphorylation of rat DCC at tyrosine-1418 by Src family kinases is
required for netrin-1-mediated axon outgrowth and guidance in vertebrates 462
Furthermore, downstream of netrin-1 treatment, phosphorylation and activation of focal
adhesion kinase (FAK) *' and ERK 1/2 ** occur, and although inhibitors of these
kinases block axon extension in response to netrin-1, the precise targets of these

kinases have not been fully explored. ERK2 associates with the C-terminus of DCC,
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and is reported to phosphorylate DCC at consensus ERK phosphorylation sites in vitro,
but whether this occurs in cells or has a biological function remains to be demonstrated
464 Since netrin-1-induced activation of ERK1/2 occurs despite Src-kinase inhibition,
which functionally impairs neurite outgrowth, it is probable that the receptor proximal
activation of ERK is secondary to its function during neurite outgrowth 257

As described earlier, Rho family GTPases are key components of neurite
outgrowth. Downstream of netrin-1/DCC, Rac1 becomes activated in neurons and
drives axonal extension, while RhoA activity is inhibited 2444>¢7 Although activation of
RhoA in neurons is most commonly correlated with growth cone collapse and RhoA
inactivation increases the attractive turning response of axons to netrin-1 *¢’, transient
RhoA activation indeed occurs downstream of netrin-1/DCC *®® . Specifically RhoA/Rho
kinase and Src kinases induce ezrin-radixin-moesin (ERM) protein phosphorylation
downstream of netrin-1-treatment, which is necessary for induced cortical axon
outgrowth *¢74%° Ezrin becomes activated and associates with the C-terminal tail of
DCC via phosphorylated tyrosine-1418, thus linking DCC to the actin cytoskeleton
during axon outgrowth “°. It is probable that novel SH2-domain containing proteins will
be identified that preferentially associate with tyrosine-phosphorylated DCC in neurons.

Downstream of netrin-1-treatment a DCC signaling complex of proteins forms to
mediate intracellular signaling. The SH2-SH3 domain containing adaptor protein Nck1
associates with the C-terminus of DCC, and is required for Rac1 activation and DCC-
induced neurite outgrowth in N1E-115 neuroblastoma cells *’°. Subsequently, Pak1 and
the Rac1 GEF Trio were identified as members of the DCC signaling complex required
for Rac1 activation by netrin-1 ?*. Studies of Trio-null mice revealed that Trio is required
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for the netrin-1-dependent Rac1 activation and projection of commissural neurons in the
spinal cord and forebrain ?**. But, since the commissural neurons in the spinal cord of
Trio-null mice still projected axons somewhat toward the ventral floor plate, it is certainly
likely that other Rac GEFs are involved in this process. Indeed, the Rac1 GEF Dock1
was reported to be involved in netrin-1-induced Rac1 activation *’'. Although
downregulation of Dock1 in the developing chick spinal cord impaired commissural
projections, the lack of DCC expression in the chick model and unreported CNS defects
in Dock1-null mice (to date) complicate the importance of Dock1 in vivo.

The long range efficacy of netrin-1-induced axon outgrowth depends on the
regulation of DCC levels at the plasma membrane of the extending growth cone. In
commissural neurons, netrin-1 treatment mobilizes DCC from intracellular pools to the
plasma membrane by exocytosis in a process that is enhanced by cAMP-dependent
protein kinase (PKA) activation 4z, Recently, PKA was shown to bind DCC via ERM
proteins, which are required for netrin-1-induced PKA activation and downstream
activation of Mena/VASP (vasodilator-stimulated phosphoprotein) proteins 43 This
finding highlights a feedback loop by which netrin-1 stimulates receptor proximal
modulations of the actin cytoskeleton, and enhances delivery of surface DCC for long-
range signaling. In support of this, Trio expression in cortical neurons drives the growth
cone enrichment of surface DCC further implicating Rac1 activation in DCC surface
dynamics %',

In addition to DCC dynamics, the general delivery of plasma membrane to the
leading edge of extending growth cones is imperative for netrin-1-dependent axon
guidance. The phenomenon of membrane delivery downstream of netrin-1 requires
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local exocytosis of vesicles “*>*"* Local exocytosis and membrane fusion are mediated
by the SNARE complex comprising a v-SNARE such as VAMP-2 (vesicle-associated
membrane protein 2) and plasma membrane t-SNAREs, SNAP25 (synaptosomal-
associated protein 25) and syntaxin-1 *’°>. DCC forms a complex with syntaxin-1
downstream of netrin-1, and in this way induces the local exocytosis of VAMP-2-
expressing vesicles during axon outgrowth “®°. Furthermore, the E3 ubiquitin ligase
TRIM9 associates directly with both SNAP-25 and DCC, and promotes netrin-1-
dependent axon branching in cortical neurons *’*. Taken together, netrin-1-induced
axon outgrowth and guidance in neurons requires tight regulation of the actin
cytoskeleton, receptor and membrane dynamics, and regulation of Rho GTPase activity

has proven to be instrumental in these processes.

1.4 Rho GTPases in nerve injury

Whether in response to an intrinsic program or a traumatic injury, the loss of
functional connections within the nervous system can lead to severe detrimental
consequences. Loss of active neural connections and induction of axon degeneration
are characteristic of many incapacitating neurodegenerative diseases. Though the
mechanisms of neurodegeneration are not fully understood, recent findings indicate that
Rho GTPases are key components of neuronal cell degeneration pathways, including
during: Amyotrophic lateral sclerosis, Alzheimer's disease, Huntington’s disease,
Parkinson’s disease, Glaucoma and Charcot-Marie-Tooth disease (reviewed in °'; See
Neurodegeneration Review in Appendix). Next, the mechanisms of nerve injury and

dysregulation of Rho protein signaling pathways will be briefly discussed.

57



In the injured CNS, regeneration of neural tracts is impeded by formation of
astroglial scars and the expression of inhibitory myelin-associated molecules: Nogo,
myelin-associated glycoprotein (MAG), and oligodendrocyte-myelin glycoprotein
(OMgp). Nogo, MAG and OMpg bind to and signal through the neuronal Nogo family
receptors (NgR) or the paired Ig receptor B *"°4’”_ Additionally, NgR-mediated signaling
by myelin-associated molecules occurs via the partnering with either p75 neurotrophin
receptor (p75NTR) or the orphan receptor TROY 476-478 p75NTR has been previously
implicated in local neurodegeneration, where under physiological conditions p75NTR-
expressing sympathetic neurons undergo a neurotrophin-dependent myelin-mediated
degeneration program 479 In this context, p75NTR binds to and sequesters RhoGDI
downstream of BDNF during axon pruning, leading to elevation of active RhoA 480481 |n
addition, the Rac1 and RhoA GEF Kalirin 9 competes with RhoGDI for binding to
p75NTR in cerebellar granule neurons downstream of MAG, suggesting an interplay
between these GTPase regulators underlies the RhoA-mediated inhibitory functions of
myelin-associated molecules downstream of p75NTR “®2. Further evidence showing that
Nogo-A-mediated activation of RhoA antagonizes Rac1 activity during neurite growth
inhibition indicates cross-talk between GTPase signaling pathways occurs during
inhibition of nerve growth due to injury 3.

In accordance with the finding that RhoA is activated during local axon pruning
and degeneration, inhibition of the RhoA effector ROCK has been shown to promote
neuronal growth on inhibitory substrates in culture and promote nerve regeneration and
locomotor recovery in vivo ***4®_In addition to its role in nerve growth, RhoA regulation
is also important in peripheral nerve axon integrity. In a recent study, Schulz and
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colleagues identified that RhoA/ROCK act downstream of the cytoskeletal protein merlin
isoform 2 (merlin-iso2), which was required for the maintenance of peripheral axon
integrity *®°. Axonal merlin-iso2, which is closely associated with neurofilaments, acts as
a scaffold, tethering both p190RhoGAP and RhoGDl, leading to local RhoA regulation
88 Intriguingly, a patient-derived mutation of merlin at C784T resulted in impaired
sequestering of RhoGDI resulting in reduced RhoA activity and programmed axonal
atrophy, clinically manifesting as severe neuropathy 486

In response to axonal transection, molecular mechanisms within the proximal
axon are stimulated by the extracellular environment, the sum of which lead to
demyelination, axonal die-back and distal axonal clearance typical of Wallerian type
degeneration. During peripheral nerve injury a subtype of activated macrophages
synthesize de novo NgR1 and NgR2, which promotes the clearance of macrophages
and signals termination of inflammation via myelin-dependent RhoA activation and
repulsion *®’. Furthermore during demyelination, myelin undergoes fragmentation as
Schwann cells dedifferentiate. The injury-induced demyelination leads to Rac1-
dependent modulation of actin dynamics within the Schwann cell *®8. Together these

few examples demonstrate the implication of Rho GTPase signaling in response to

nerve injury.
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1.5 Rationale & Objectives

While the modulation of Rac1, Cdc42 and RhoA activities support neuronal
development, the regulatory mechanisms of their cognate GEFs and GAPs are much
less understood. The Rac1 GEF activity of Trio is required for the attractive axon
guidance cue netrin-1 to induced axon pathfinding; and while the Cdc42/Rac1 GAP,
CdGAP, is enriched in the mammalian brain, whether it contributes to neuronal
development is completely unknown. The objectives of my thesis are to investigate the
molecular mechanisms of Trio regulation and to characterize CdGAP function in the
developing brain. More specifically:

1) To investigate the regulation of Trio by phosphorylation during netrin-1/DCC-
mediated axon outgrowth. The first project will investigate the role of Trio tyrosine
phosphorylation during netrin-1/DCC-mediated signalling. Serine phosphorylation
of Trio downstream of netrin-1/DCC in the embryonic rat brain will also be

investigated.

2) To identify novel Trio interacting proteins that may regulate Trio and/or DCC

during netrin-1/DCC-mediated axon outgrowth.

3) To characterize CdGAP expression in the developing brain and determine

whether CdGAP is required for normal neuronal development.
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Chapter 2: Tyrosine phosphorylation of the RhoGEF Trio
regulates netrin-1/DCC-mediated cortical axon outgrowth

Jonathan DeGeer, Jérbme Boudeau, Susanne Schmidt, Fiona Bedford, Nathalie
Lamarche-Vane, and Anne Debant. (2013). Molecular and Cellular Biology. 33(4)
739-751.
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Preface to Chapter 2

It has been documented that Rho GEFs can be regulated by several molecular
mechanisms including phosphorylation. Indeed, Trio has been shown to be highly
phosphorylated on serine residues, and was originally identified via direct association
with a tyrosine phosphatase. Despite the association, no evidence has indicated that
Trio may be directly regulated by tyrosine phosphorylation within the cell. We
hypothesized that the direct association of Trio with a tyrosine phosphatase may mask
Trio tyrosine phosphorylation. In order to determine whether Trio is regulated by
tyrosine phosphorylation during netrin-1/DCC-induced cortical axon outgrowth, we
applied inhibitors of tyrosine phosphatases and assessed by classical biochemical
techniques the phosphorylation status of Trio. In this way we demonstrate that
endogenous neuronal Trio isoforms become tyrosine phosphorylated. Using various cell
culture lines, we show that Trio is a substrate of the Src-kinase Fyn and map the site at
which Fyn phosphorylates Trio in vitro. Furthermore we go on to characterize the
function of Trio tyrosine phosphorylation during neurite outgrowth downstream of netrin-

1 at the sub-cellular level.
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Abstract

The chemotropic guidance cue netrin-1 mediates attraction of migrating axons
during central nervous system development through the receptor Deleted in Colorectal
Cancer (DCC). Downstream of netrin-1, activated Rho GTPases Rac1 and Cdc42
induce cytoskeletal rearrangements within the growth cone. The Rho guanine
nucleotide exchange factor (GEF) Trio is essential for Rac1 activation downstream of
netrin-1/DCC, but the molecular mechanisms governing Trio activity remain elusive.
Here, we demonstrate that Trio is phosphorylated by Src-family kinases in the
embryonic rat cortex in response to netrin-1. /n vitro, Trio was predominantly
phosphorylated at Tyr*®?? by the Src-kinase Fyn. Though the phospho-null mutant

Y2622F

Trio retained GEF activity towards Rac1, its expression impaired netrin-1-induced

Rac1 activation and DCC-mediated neurite outgrowth in N1E-115 neuroblastoma cells.

Tri OY2622F

impaired netrin-1-induced axonal extension in cultured cortical neurons, and
was unable to colocalize with DCC in growth cones, in contrast to wild type Trio.
Furthermore, depletion of Trio in cortical neurons reduced the level of cell surface DCC

in growth cones, which could be restored by expression of wild type Trio but not

Y2622F Y2622

Trio . Together, these findings demonstrate that Trio phosphorylation is
essential for the regulation of the DCC/Trio signalling complex in cortical neurons during

netrin-1-mediated axon outgrowth.
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Introduction

During central nervous system development, neurons extend axons across great
distances toward their associated targets. The process of axon extension and path-
finding is mediated by the growth cone, a structure which emanates from the distal
axon, composed of F-actin and microtubule networks %°*%_ The growth cone is able to
sense and integrate a diverse range of extracellular guidance cues (secreted or
membrane-bound), which in turn trigger signalling pathways downstream of conserved
receptors 3%7*% The netrin family of guidance cues are vital in neural development of
both vertebrates and invertebrates **2. Netrin-1 has been shown to interact with at least
four distinct families of transmembrane receptors: the Deleted in Colorectal Cancer
(DCC) family, including DCC and its paralog neogenin, as well as DSCAM, the UNC-5
family, and more recently the amyloid precursor protein *****2. Netrin-1 acts as a bi-
functional guidance cue, promoting either attraction or repulsion of extending growth
cones of various classes of neurons by signalling through its receptors and co-receptors
3% |n the developing spinal cord and cerebral cortex of vertebrates, netrin-1 exerts its
attractive functions through the receptor DCC #3443447 The significance of this pathway
during neural development is underscored by the absence of spinal and cerebral
commissures when expression of netrin-1 or DCC is disrupted ****%°. Considerable
efforts have been made to elucidate the molecular pathways downstream of the netrin-
1/DCC interaction. Upon netrin-1 stimulation, DCC becomes highly phosphorylated on

serine, threonine and tyrosine residues “®°. Phosphorylation of DCC at Tyr''® by the
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Src-kinase Fyn occurs downstream of netrin-1 stimulation and is required for axon

outgrowth and guidance 460462465

Rho GTPases are molecular switches that regulate multiple intracellular
processes, including actin remodelling, by cycling between an inactive GDP-bound and
active GTP-bound state >'°®. During axon outgrowth and guidance, the recruitment and
localized regulation of the Rho GTPases Rac1, Cdc42, and RhoA, is fundamental for
translating extracellular cues into cytoskeletal rearrangements within the growth cone
375,397.401.489.4%0  pownstream of netrin-1/DCC, both Rac1 and Cdc42 become activated
and drive axonal extension, while RhoA activation occurs most prominently during
growth cone collapse “¢>*’. More recently, we have shown that RhoA/Rho kinase and
Src kinases induce ezrin-radixin-moesin (ERM) protein phosphorylation, which is
required to mediate netrin-1/DCC-induced cortical axon outgrowth “®°. Rho GTPases
are activated by guanine nucleotide exchange factors (GEFs), a family of proteins that
stimulate GDP/GTP exchange ’. Recent studies have identified two mammalian GEFs
mediating Rac1 activation downstream of netrin-1/DCC: DOCK180 and Trio 2***"*. Trio
is the founding member of a family of GEFs, which contain two Dbl-homology/pleckstrin-
homology (DH-PH) GEF domains (GEFDs). Trio has activity towards both RhoG and
Rac1 by its first GEFD (GEFD1), while the second GEFD (GEFD2) activates RhoA in
vitro 193246247491 " Although its expression is ubiquitous, Trio is enriched in the brain
where it is present in 5 isoforms generated by alternative-splicing 242 The genetic
ablation of Trio in the mouse is lethal between embryonic day 15.5 (E15.5) and birth 2*°,
with embryos presenting disorganization of neuronal projections in the developing spinal

cord and brain %**. Although we have shown that Trio interacts in a signalling complex
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with DCC, the SH2/SH3 adaptor protein Nck-1 and p21-activated kinase (Pak1) in vitro
244 the mechanisms governing Trio localization and activity within the growth cone
remain unknown. GEFs can be regulated by several molecular mechanisms, including
phosphorylation, inter- and intra-molecular interactions and lipid binding ’. Here we
demonstrate that Trio is a substrate of Src-kinases downstream of netrin-1/DCC in the
embryonic rat cortex. Concomitantly, netrin-1 stimulation enhanced Trio interaction with
DCC in the developing cortex. We show that Trio is phosphorylated by the Src-kinase
Fyn at Tyr®®??, and phosphorylation of this site is potentiated by co-expression of DCC
in cultured cells. Although point mutation at Tyr*®?? did not affect the in vitro GEF
activity of Trio, it impaired netrin-1-induced Rac1 activation. Expression of phospho-null

Tri OY2622F

mutant resulted in impaired DCC-mediated neurite outgrowth in N1E-115
neuroblastoma cells, and inhibited axonal responsiveness to netrin-1 in cultured cortical
neurons. Furthermore, Trio"?°*?" blocked netrin-1-mediated Trio/DCC interaction in the
growth cone of cortical neurons and depletion of Trio in cortical neurons reduced the
level of cell surface DCC in growth cones, which could be restored by expression of wild
type Trio but not Trio"2??". In addition, Trio participates in the dynamics of DCC surface
localization in response to netrin-1. Together, these data suggest a novel regulatory

mechanism wherein Trio, in addition to regulating Rac1, also modulates the function of

DCC via its Tyr*®?? phosphorylation site during netrin-1-induced axon extension.
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Materials and methods

DNA constructs and antibodies. pGEX-5X constructs encoding Trio protein fragments
#1 to #8 were cloned using standard cloning procedures (cloning details can be
obtained upon request). Fragment #1 corresponds to Trio amino acids 1-232, fragment
#2: 1-702, fragment #2a: 1-485, fragment #2b: 464-699, fragment #3: 700-1157,
fragment #4: 1157-1203, fragment #5: 1204-1701, fragment #6: 1848-2298, fragment
#7: 2299-2627, and fragment #8 : 2627-3038. Green fluorescent protein (GFP)-Trio
single and double point mutants were derived from the wild type form of GFP-Trio "'
using the QuickChange Site-Directed Mutagenesis Kit (Stratagene), according to the
manufacturer’s instructions. pRK5-Fyn and pRK5-DCC constructs have been described
previously 18460492 Al constructs were verified by sequencing. The polyclonal anti-
TrioMTP antibody was raised against a fragment encompassing residues 1581-1849 of
the Trio-C isoform expressed as a GST fusion protein in E. coli >**. The antibody was
affinity-purified on Affi-Gel sepharose (BioRad) coupled to the same protein antigen.
The resulting antibody preparation was then passed through an Affi-Gel sepharose
column coupled to the GST protein in order to retain the anti-GST antibodies contained
in the preparation. The TrioMTP antibody immunoprecipitates and recognizes by
western blotting all Trio isoforms. Additional antibodies: anti-DCCyr (clone G97-449, BD
Biosciences), anti-DCCext (clone AF5, Calbiochem), anti-phosphotyrosine (clone 4G10)
and anti-tubulin (Upstate), anti-GFP (Invitrogen), anti-Pak (C-12) and anti-Fyn (Santa
Cruz), anti-pFAK (pY861) and anti-FAK (Invitrogen), anti-Rac1 (BD Transduction
Laboratories), anti-pERK1/2 (pThr202/pThr204) and anti-ERK1/2 (Cell Signaling), anti-

rabbit-Alexa-488 and anti-mouse-Cy3 (Molecular Probes).
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Cell culture and transfection. HEK293, COS-7, and N1E-115 cells were cultured at
37°C in Dulbecco's modified Eagle's medium (DMEM, Wisent Bioproducts)
supplemented with 10% fetal bovine serum, 2mM L-Glutamine, penicillin and
streptomycin (Invitrogen) under humidified conditions with 5% CO,. N1E-115 cells were
plated on laminin-coated 100-mm dishes (25 ug/ml, BD Biosciences). For the neurite
outgrowth assays, N1E-115 cells were plated in 35-mm dishes (1.25 x 10° cells/plate)
containing glass coverslips coated with laminin. Cells were transfected with the
indicated constructs using linear polyethylenimine (PEI, PolySciences) at a 1:6 ratio

(cDNA: PEI) as described previously ¢°.

Primary cortical neuron culture and electroporation. Cortical neurons from E17 rat
embryos were dissociated mechanically, and electroporated with cDNA constructs
encoding wild-type or mutant forms of GFP-Trio using the Amaxa Rat Neuron
Nucleofector Kit (Lonza). Post-electroporation, neurons were plated on poly-L-lysine
(0.1 mg/ml, Sigma-Aldrich)-treated coverslips in 24-well plates at a density of 200,000
cells/well. Neurons were cultured in attachment medium (Minimal Essential Medium
(Invitrogen) supplemented with 1 mM sodium pyruvate (Invitrogen), 0.6% D-glucose
(Sigma-Aldrich) and 10% horse serum). After 2 hours, the medium was replaced with
maintenance medium (Neurobasal-A medium (Invitrogen), supplemented with 2% B27
(Invitrogen) and 1% L-Glutamine). At DIV1, the neurons were treated for the indicated
times with purified recombinant chick myc-netrin-1 (500 ng/ml), which was produced
and purified as described previously 444, Down-regulation of endogenous Trio was
achieved by electroporating dissociated E17 rat cortical neurons with 300 nM synthetic
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Trio siRNAs designed to target the 5-UTR of the rat Trio mRNA (siRNA #1: 5'-
GUAAAUAUCAACCGCAUAAUU-3’, siRNA #2: 5-GAACAUGAUUGACGAGCAUUU-3’,
Dharmacon/Thermo Scientific) together with 2 ug of pmaxGFP vector (Lonza) used as a
reporter. Only GFP-expressing neurons were assessed. The siRNA-resistant GFP-Trio
point mutant plasmids were co-electroporated where indicated, and expression of the

exogenous proteins was verified by western blotting (Fig. 2.5F).

Cortical tissue culture. Cortical tissues were dissected from E17 rat embryos. After
light mechanical dissociation, tissues were transferred to a 4-well plate containing pre-
warmed maintenance medium and allowed equilibrate to 37°C. For pervanadate
treatment, pervanadate (10 mM sodium orthovanadate, 10 mM hydrogen peroxide in
PBS) was added to tissue cultures to a final concentration of 0.1 mM for 15 minutes
prior to netrin-1 stimulation, and total duration of pervanadate treatment was identical
for each condition. Immediately following netrin-1 stimulation, samples were transferred

on ice, collected and processed as described.

GST-protein purification. Recombinant proteins corresponding to Trio fragments #1 to
#8 were expressed in E. coli BL21 (DE3) cells, except for fragment #2 which was
expressed in E. coli Rosetta, and were purified as described previously *°. Briefly, 1
liter of log phase bacteria was induced with 1 mM IPTG (isopropylthio-
galactopyranoside) and shaken overnight at 22°C. The bacteria were lysed in 20 ml of
lysis buffer (20 mM Tris-HCI, pH 7.5, 0.1% Triton X-100, 1 mg/ml lysosyme, 1 mg/ml
DNAse [), sonicated, and the lysates were centrifuged at 20,000 x g for 20 minutes at
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4°C. The clarified lysate was mixed for 1 hour at 4°C with glutathione-Sepharose 4B
beads (GE Healthcare) equilibrated with 20 mM Tris-HCI pH 7.5, 0.1% Triton X-100.
The beads were washed four times with the same buffer, once with 50 mM Tris-HCI pH
8.0, and the proteins were eluted in 20 mM Tris-HCI pH 8.0 containing 10 mM reduced

Glutathione. Proteins were stored at -80°C in the presence of 30% glycerol.

In vitro kinase assays. The GST-tagged fragments of Trio (1 pg) purified from E. coli
were incubated in a 20 pl reaction mixture containing 50 mM Tris-HCI pH 7.5, 1 uyM
DTT, 5 mM manganese chloride, 5 mM magnesium chloride, and 100 yM [y-32P] ATP
(Perkin Elmer; 5 mCi/umole; 10 uCi/reaction) in the presence of 50 ng recombinant
active Fyn (Millipore). After incubation for 30 min at 30°C, the reactions were terminated
by the addition of 10 ul of SDS sample buffer. Proteins were resolved by SDS-PAGE,

and coomassie blue-stained gels were dried and subjected to autoradiography.

Immunoprecipitation and Western blotting. Cell lines expressing GFP-Trio
constructs and cortical tissues were lysed in lysis buffer containing 20 mM HEPES, pH
7.5, 100 mM NaCl, 10% glycerol, 1% Triton X-100, 20 mM sodium fluoride, 1 mM
sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride (PMSF), and 1 uM complete
protease inhibitor cocktail (Roche Diagnostics). Protein lysates were subjected to
centrifugation at 10,000 x g for 2 minutes at 4°C to remove insoluble materials. For
assays using exogenous GFP-Trio, 1 mg of protein lysate was incubated for 3 hours at
4°C with 20 pl of protein A-Sepharose beads and 2.5 ug of GFP antibody. In the case of
primary cortical lysates, 2.5 mg of protein lysate was incubated for 1 hour at 4°C with 6
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pg/mL of anti-TrioMTP antibody followed by 2-hour incubation with 40 pul protein-A-
Sepharose beads (GE Healthcare). Beads were washed three times with ice-cold lysis
buffer and heated to 95°C in SDS sample buffer. Protein samples were resolved by
SDS-PAGE, transferred to nitrocellulose membrane for western blotting with the
appropriate antibodies, and visualized by enhanced chemiluminescence (ECL;

PerkinElmer).

Rac1 activation assay. Transfected HEK293 cells were serum-starved overnight, then

lysed in buffer containing 25 mM HEPES, pH 7.5, 1% NP-40, 10 mM MgCla, 100 mM

NaCl, 5% glycerol, 1 mM PMSF, 1 uM protease inhibitor cocktail. Protein lysates were
subjected to centrifugation at 10,000 x g for 2 minutes at 4°C to remove insoluble
materials. Endogenous GTP-Rac1 was pulled down by incubating the protein lysates for
30 minutes at 4°C with the Cdc42/Rac interactive binding domain (CRIB) of mouse
PAKS3 (amino acids 73-146) fused to GST and coupled to glutathione-sepharose beads
465458 The beads were washed twice with 25 mM HEPES, pH 7.5, 1% NP-40, 30 mM
MgCI2, 40 mM NaCl, and 1 mM DTT and resuspended in SDS sample buffer. For the
assays following netrin-1 stimulation, transfected COS-7 cells (which do not secrete
endogenous netrin-1) were serum-starved overnight before stimulation with netrin-1
(500 ng/ml), and the assays were performed using a Rac1 activation kit (Cytoskeleton)
according to the manufacturer's instructions. In both cases, protein samples were
resolved by SDS-PAGE and transferred onto nitrocellulose membranes for western

blotting using the anti-Rac1 antibody. The levels of GTP-bound proteins were assessed
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by densitometry using Quantity One software (Bio-Rad) and normalized to the total

amount of GTPases detected in the total cell lysates.

Immunofluorescence, microscopy and Pearson’s correlation coefficient

Transfected N1E-115 cells were fixed and permeabilized as described previously “®.
Co-immunostaining was carried out with the indicated primary antibodies and the
respective Cy3 or Alexa-488-conjugated secondary antibodies. Cells were examined
with an Axiovert 135 Carl Zeiss microscope using a 63 x PLAN-Neofluar objective lens.
Images were recorded with a digital camera (DVC Co) and analyzed with Northern
Eclipse software (Empix Imaging Inc.). Cortical neurons (DIV1 or 2) were fixed with
3.7% formaldehyde (Sigma-Aldrich) in 20% sucrose/PBS for 30 minutes at 37°C and

489 unless otherwise indicated. Cortical neurons

permeabilized as described previously
were visualized using an Olympus IX81 motorized inverted microscope using the 40X U
PLAN Fluorite and 60X U PLAN S-APO oil objective lenses. Images were recorded with
a CoolSnap 4K camera (Photometrics) and analyzed with the Metamorph software
(Molecular Devices). For surface DCC detection, cortical neurons remained
unpermeabilized, were blocked in 1% BSA/PBS and incubated with anti-DCCgxt in 1%
BSA/PBS at 4°C overnight. Cy3-conjugated secondary antibodies were used to label
surface DCC. Average pixel intensity of DCC fluorescence on growth cones and axonal
surfaces was measured from acquired images by Metamorph software, using exclusive
thresholding to eliminate background fluorescence. Co-immunostaining of cortical
neurons was carried out as indicated and GFP-positive neurons were imaged on a

Zeiss LSM510 laser-scanning confocal microscope with a PLAN-Apochromat 63x/1.4 oil
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objective lens and analyzed with Zen2009 software (Carl Zeiss Microscopy).
Quantification of colocalization using Pearson’s correlation coefficient (r) was performed
using MetaMorph software, analyzing more than 10 growth cones per condition in at
least 4 independent experiments. A student’s unpaired t-test was used for statistical

analysis, and the data were presented as a mean r + SEM.

Neurite outgrowth analysis. More than 100 transfected N1E-115 cells were analyzed
for each condition. A neurite was defined as a process that measured at least one
length of the cell body, and the proportion of transfected cells expressing a neurite was
determined manually. To analyze axon outgrowth of primary cortical neurons, 30
electroporated (GFP-positive) cells were analyzed for each condition. Axonal lengths
were measured manually from acquired images using MetaMorph software. A student’s
unpaired t-test was used for statistical analysis, and the data were presented as the

mean cortical neuron axon length £+ SEM.

Results

Netrin-1 induces Src-kinase-dependent phosphorylation of Trio in the developing

cortex

To investigate whether endogenous Trio is tyrosine phosphorylated in response
to netrin-1, embryonic E17 rat cortices were dissected and cultured in the presence of
the tyrosine phosphatase inhibitor pervanadate prior to netrin-1 stimulation. After 5 and

10 minute stimulations with netrin-1, the cortices were lysed and Trio was

73



immunoprecipitated. Netrin-1 stimulation of cortical tissues induced a marked increase
in tyrosine phosphorylation of full length Trio and isoforms Trio-D and Trio-A at 5
minutes and 10 minutes, as shown by western blotting with an anti-phosphotyrosine
antibody (Fig. 2.1A, B). Netrin-1 stimulation also induced FAK phosphorylation (Fig.
2.1A), which has been previously reported in commissural and cortical neurons, thereby
serving as a positive control for a stimulated state in our model system “¢". In addition to
tyrosine phosphorylation of Trio, netrin-1 stimulation for 5 minutes resulted in an
increased association of Trio with DCC in the embryonic cortex (Fig. 2.1C). Since the
Src-kinase Fyn has been reported to be part of the signalling complex downstream of
netrin-1/DCC “*°, we sought to determine whether Src-family kinases mediate tyrosine
phosphorylation of Trio in response to netrin-1. To this means, we pre-incubated rat
embryonic cortical tissue with the Src-kinase inhibitor PP2 before stimulating with netrin-
1 (Fig. 2.1D). The inhibition of Src-kinases by PP2 resulted in a complete block in
tyrosine phosphorylation of the three Trio isoforms induced by netrin-1 (Fig. 2.1D, E). In
addition, Src-kinase inhibition led to a reduction in FAK phosphorylation induced by
netrin-1 (Fig. 2.1D), but not ERK1/2 phosphorylation (Fig. 2.1F). Therefore, netrin-1
induces tyrosine phosphorylation of Trio in a Src kinase-dependent manner, and a

concomitant association with DCC in the developing cortex.

Phosphorylation of Trio downstream of the Src-family kinase Fyn is enhanced by

DCC in N1E-115 neuroblastoma cells

We have previously demonstrated that phosphorylation of DCC at Tyr'*'® by the

tyrosine kinase Fyn is required for Rac1 activation, and that Trio is required for this

74



activation downstream of netrin-1 %% This led us to investigate whether Fyn could
phosphorylate and thereby regulate Trio activity. To this means, we cultured N1E-115
neuroblastoma cells, which express netrin-1 but not DCC “®, and exogenously
expressed Trio together with wild type or constitutively active Fyn, with or without DCC.
Trio tyrosine phosphorylation was observed in the presence of wild type or active Fyn
(Fig. 2.2A, B). Furthermore, co-expression of DCC with Trio and Fyn resulted in an
additional increase in tyrosine phosphorylation levels of Trio induced by both wild type
and constitutively active Fyn (Fig. 2.2A, B). To investigate this increase in Trio
phosphorylation induced by both Fyn and DCC, we co-expressed DCC mutants
truncated in their intracellular domain, together with Fyn and Trio in N1E-115 cells. The
removal of the C-terminal extremity of DCC, comprising the conserved P2 (residues
1327-1363) and P3 (residues 1421-1445) domains **?, significantly reduced the ability
of DCC to enhance Fyn-induced phosphorylation of Trio (Fig. 2.2 C, D). In correlation to
this, when DCC mutant proteins lacking P2 and P3 domains were expressed in N1E-
115 cells, their ability to induce neurite formation compared to the wild type protein was
significantly impaired (Fig. 2.2E). This result is consistent with previous reports showing
that the P3 intracellular domain of DCC is required for attractive signalling of the growth
cone in response to netrin-1 **®. Altogether, these data suggest that Trio is tyrosine
phosphorylated downstream of Fyn and that an intact intracellular domain of DCC

potentiates Fyn-induced tyrosine phosphorylation of Trio.

Y2622

Trio is a major in vitro phosphorylation site of the tyrosine kinase Fyn
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To determine whether Trio is directly phosphorylated by Fyn, N-terminal GST-
tagged protein fragments spanning the full length of Trio were employed in an in vitro
kinase assay with recombinant Fyn (Fig. 2.3A). In this way we identified two protein
fragments of Trio to be highly phosphorylated by Fyn, one at the N-terminus (fragment
#2) and one at the C-terminus (fragment #7) (Fig. 2.3B). Each of the five tyrosine
residues in fragment #7 were replaced by a phenylalanine residue and subsequent in
vitro kinase assays revealed that mutation of Tyr*®? significantly reduced the overall

2600

phosphorylation of this fragment by Fyn, while mutation of adjacent Tyr*>™" only slightly

reduced phosphorylation (Fig. 2.3C, right panel). When the amino acid substitution
Tyr®*??F was introduced into the full-length GFP-tagged Trio protein, tyrosine

phosphorylation of Trio with Fyn co-expression was significantly reduced compared to

2600F

the wild-type Trio protein in HEK293 cells, whereas the Tyr substitution had no

effect on Trio tyrosine phosphorylation (Fig. 2.3D). For fragment #2, two sub-fragments
(fragments #2a and #2b) spanning the length of fragment #2 were generated, and each

tyrosine residue contained within these fragments was replaced by a phenylalanine

432

residue. Subsequent in vitro kinase assays revealed Tyr**? or Tyr** to be Fyn

phosphorylation sites (Fig. 2.3C, left panel). However, when tyrosine-to-phenylalanine
substitutions were introduced at these sites into full-length GFP-Trio, phosphorylation of
Trio downstream of Fyn was not noticeably reduced in HEK293 cells (Fig. 2.3E). In

addition, combined mutations of either Tyr**? or Tyr**® with Tyr?®* did not further reduce

2622F

tyrosine phosphorylation of Trio compared to the single Tyr substitution, indicating

432 439

that the phosphorylation events observed on Tyr™ or Tyr*in vitro within fragment #2a
do not occur in the context of full-length Trio expressed in cells. Therefore, these data
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show that Fyn phosphorylates Trio directly in vitro and that Tyr?®%? is the major Fyn

phosphorylation site.

Tyr®*?2is not required for Trio intrinsic GEF activity towards Rac1 but participates

in netrin-1-induced Rac1 activation and neurite outgrowth

We have previously shown that the expression of DCC in N1E-115 cells induces
neurite outgrowth in a netrin-1 and Trio-dependent manner through activation of Rac1

244455 T determine the role of Trio phosphorylation by Fyn on its ability to induce

Y2622E
)

neurite outgrowth in these cells, wild-type Trio, phospho-mimicking Trio or

phospho-null Trio"%°%F were expressed (Fig. 2.4A, B). Both Trio and Trio"%%%%
stimulated neurite outgrowth of N1E-115 cells either alone, or with DCC co-expression;
in contrast the ability of Trio"?°??" to induce neurite outgrowth was reduced significantly
compared to wild type Trio (p<5E-9; Fig. 2.4A, B). Furthermore, Trio"2%%%F impaired the
ability of DCC to induce neurite outgrowth in N1E-115 cells, acting as a dominant
negative protein (p=0.003; Fig. 2.4A, B). These results suggest that phosphorylation of

2622

Trio at Tyr™““ participates in DCC-mediated neurite outgrowth.

Y2622F

In order to determine if the reduction in neurite outgrowth by Trio was due to

an impaired GEF activity towards Rac1, we performed Rac1-pull down assays to
assess the levels of activated, endogenous GTP-Rac1 trapped by specific binding to the
Cdc42/Rac interactive binding (CRIB) domain of Pak fused to GST %*4%®. As expected,

Trio expression in HEK293 cells increased Rac1-GTP levels (Fig. 2.4C, D), and we

Y2622E Y2622F

observed no significant difference in the ability of the Trio and Trio mutant

proteins to increase Rac1-GTP levels (Fig. 2.4C, D). We next investigated whether
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phosphorylation of Trio at Tyr*®*

plays a role in netrin-1-induced Rac1 activation. For
that purpose, we co-expressed wild type, phospho-mimicking or phospho-null Trio with
DCC in COS-7 cells, which do not secrete netrin-1. In this context expression of the

phospho-null Trio'2%2%F

completely inhibited netrin-1-mediated Rac1 activation after 5
minutes in comparison to the expression of wild-type Trio, while it did not affect netrin-1-
induced ERK1/2 phosphorylation (Fig. 2.4E, F). Curiously, expression of phospho-
mimicking Trio"?°??€ did not significantly restore netrin-1-induced Rac1 activation (Fig.
2.4E, F) however it was not as inhibitory as the phospho-null Trio'2622F (Fig. 2.4F). This

result suggests that replacing Tyr?%?2

with a negatively charged residue only is not
sufficient to restore netrin-1-induced Rac1 activation. Together, these data demonstrate
that Tyr'?°*2 does not play a role in the intrinsic GEF activity of Trio towards Rac1, but is

required for netrin-1 and DCC to mediate Rac1 activation and neurite outgrowth.

2622

Phosphorylation of Trio at Tyr is required for netrin-1-mediated cortical axon

outgrowth

Next, we explored the role of Trio tyrosine phosphorylation in netrin-1-mediated
axon outgrowth of dissociated rat embryonic cortical neurons depleted of Trio
expression. Endogenous Trio expression was downregulated in E17 rat cortical neurons
by electroporation of synthetic siRNA targeting the 5’UTR of Trio mRNA, leading to
down-regulation of Trio, Trio-A, and Trio-D isoforms (Fig. 2.5A, B). Consistent with our
previous study on Trio -/- embryos 244 downregulation of Trio expression led to
inhibition of netrin-1-induced axon outgrowth in cortical neurons (Fig. 2.5C), as

illustrated by the percentage of axons greater than 100 uym (Fig. 2.5D) or by the
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distribution of axon lengths (Fig. 2.5E). Interestingly, re-expression of wild-type Trio or

Y2622E

the phospho-mimicking Trio was able to restore netrin-1-induced axon outgrowth

2622F \wvas however ineffective in

(Fig. 2.5C, D, E). Expression of the phospho-null Trio
rescuing netrin-1-mediated axon extension (Fig. 2.5C-E). Therefore, these data show
that Trio"2%% phosphorylation is required for netrin-1 to mediate cortical axon extension.
The finding that TrioY?°*?F was capable of recovering netrin-1-mediated axon outgrowth
suggests that replacing the tyrosine by a negatively charged residue was sufficient to

mimick the role of Tyr*®?in Trio function in this cellular context.

2622

Phosphorylation of Trio at Tyr is required for netrin-1-enhanced Trio/DCC

interaction in the growth cone

Since netrin-1 stimulation of cortical tissues enhances the interaction of Trio with

DCC (Fig. 2.1C), we next investigated the role of Tyr**??in this process. Wild-type Trio,

Y2622E Y2622F

phospho-mimicking Trio , or phospho-null Trio were expressed in isolated
embryonic cortical neurons, and after a five-minute netrin-1 stimulation, the cell cultures
were fixed and immunostained with antibodies against GFP and the intracellular domain
of DCC (Fig. 2.6A). Netrin-1 promoted a significantly enhanced co-localization of DCC
with Trio (r=0.474, p=0.031) but not with the phospho-null Trio"?®*" mutant (r=0.295,
p=0.996) in the growth cones, as determined by quantification of the Pearson’s
correlation coefficient (r) (Fig. 2.6A, B). The phospho-mimicking amino acid substitution
Y2622E slightly increased co-localization of Trio with DCC at the growth cone in

response to netrin-1 (r=0.434, p=0.18), although this was not statistically significant (Fig.

2.6A, B).
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We next examined the contribution of Trio'26??

phosphorylation in the interaction
with DCC biochemically. Wild-type and mutant GFP-Trio constructs were co-expressed
with DCC in COS-7 cells prior to netrin-1 stimulation (Fig. 2.6C). After 5 minutes of
netrin-1 stimulation, an increase in the amount of DCC co-immunoprecipitating with
GFP-Trio was observed (Fig. 2.6C). Although Trio"?%%%F and Trio"%%?%*® were still able to
interact with DCC, no enhancement of DCC interaction was observed with either protein
in response to netrin-1 stimulation (Fig. 2.6C). Altogether, these results are consistent
with the observation that netrin-1 stimulation of cortical tissues enhances the interaction
between wild type Trio and DCC (Fig.2.1C), and show that the phosphorylation of Trio

at Tyr®®#is required for this netrin-1-induced association in neurons (Fig. 2.6A, B).

Trio is required to maintain DCC surface expression in the growth cone of cortical

neurons

To determine if Trio influences DCC function by altering its localization, we
assessed the surface expression of DCC in neurons depleted of endogenous Trio by
immunostaining with antibodies against the extracellular domain of DCC under non-
permeabilizing conditions. When endogenous Trio expression was silenced, the
intensity of cell surface DCC as detected by epifluorescence was reduced in the growth
cones compared to cells expressing control siRNA (Fig. 2.7A, B). Intriguingly, re-

Y2622E

expression of either siRNA-resistant wild-type Trio or Trio enhanced the average

intensity of DCC at the growth cone surface, whereas Trio"2°?*" did not (Fig. 2.7A, B).

We next investigated whether Trio participates in the dynamics of DCC surface

localization in response to netrin-1. For that purpose, we performed a netrin-1 time
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course experiment with cortical neuron cultures and assessed surface DCC enrichment
in the growth cones relative to axons of the same cells. When cortical neurons
expressing control siRNA were stimulated with netrin-1 for 5-minutes, we observed a
significant reduction in cell surface DCC intensity at the growth cones (Fig. 2.7C).
Between 5 and 15-minutes of netrin-1 treatment, cell surface DCC was restored and
was maintained until at least 30 minutes post-stimulation. The observed increase in
DCC surface intensity correlates well with the netrin-1-induced Trio tyrosine
phosphorylation observed at 5 and 10-minutes in cortical tissues (Fig. 2.1A, B).
Conversely, Trio-depleted neurons exhibited a reduced level of cell surface DCC
intensity, and netrin-1-mediated DCC surface dynamics of these cells were abrogated
throughout the time course (Fig. 2.7C). Taken together, these results suggest that Trio
is required for a proper expression of DCC at the plasma membrane of growth cones,

2622

and that phosphorylation at Tyr*>“ on Trio plays an imperative role in this process.

Discussion

Previous studies have implicated the Rho GEF Trio as an important player during
netrin-1-mediated axon outgrowth and guidance 2*42°%49349 | this study, we provide
evidence for a novel mechanism of regulation of Trio by tyrosine phosphorylation in
response to the axon guidance cue netrin-1. We present biochemical and cellular
evidence aligning the tyrosine phosphorylation of Trio by Src family kinases
downstream of netrin-1/DCC in the mammalian embryonic cortex. We show that Trio is
phosphorylated by the Src-kinase Fyn at Tyr?®?2. Although this residue is not involved in

the regulation of the intrinsic Trio GEF activity towards Rac1, it is important for netrin-1-
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mediated Rac1 activation and DCC-induced neurite outgrowth in N1E-115
neuroblastoma cells, and for netrin-1-induced axon extension in cultured cortical

neurons. Furthermore, phosphorylation of Trio 2622

is required for Trio/DCC interaction
in response to netrin-1 and contributes to the proper localization of Trio and DCC at the
growth cones of cultured cortical neurons stimulated with netrin-1. We also present
evidence that Trio participates in maintaining DCC at the cell surface of neuronal growth

Y2622

cones, and that phosphorylation of Trio is required for this process. In addition, Trio

is also necessary for the dynamics of DCC surface localization in response to netrin-1.

Therefore, we propose that Trio26%

is essential for the proper assembly and stability of
DCC/Trio signalling complexes at the cell surface of growth cones in order to mediate

netrin-1-induced cortical axon outgrowth (Fig. 2.8).

Neural isoforms of Trio, which are generated by alternative splicing, have
previously been reported by Portales-Casamar et al 2*2. Trio-D, Trio-A, and Trio-C are
highly expressed in both the embryonic and adult mammalian brains, with Trio-C being

enriched in the cerebellum 24

. Here, we show that Trio-D and Trio-A are highly
expressed in the embryonic rat cortex compared to full-length Trio. Furthermore, we
demonstrate that full-length Trio, Trio-D, and Trio-A are tyrosine phosphorylated upon
netrin-1 stimulation in a Src-kinase-dependent manner in the rat embryonic cortex. We

show that Trio is predominantly phosphorylated by Fyn at Tyr?®%

, Which is present in
full-length Trio and Trio-D. Since the most abundant isoform (Trio-A), which lacks
Tyr?®# is also highly tyrosine-phosphorylated in response to netrin-1, we reason that
additional Src-kinase phosphorylation sites of Trio are likely induced by netrin-1, but are

rendered inaccessible in the context of the full-length protein.
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We demonstrate that the increased tyrosine phosphorylation of Trio by Fyn
requires an intact C-terminus of DCC. The phospho-null DCCY"'® mutant was still able
to increase Trio phosphorylation by Fyn, suggesting that phosphorylation of DCC at

Tyr1418

is not sufficient to potentiate Trio tyrosine phosphorylation by Fyn (data not
shown). However, removal of the conserved P2 and P3 regions of DCC significantly
reduced its ability to increase Fyn-mediated tyrosine phosphorylation of Trio. These
results are in agreement with previous studies showing the importance of the carboxy
tail of DCC during netrin-1-mediated axon growth and guidance **2. Since our previous
results have shown that the interaction between DCC and Trio is indirect, possibly
occurring through Pak1 and/or Nck1, an intact C-terminal domain of DCC is likely

required for binding of these intermediate docking-partners with Trio, thereby facilitating

enhanced Src-kinase-dependent phosphorylation of Trio 2*4.

Phosphorylation is a commonly used mechanism of regulation for both GEFs and
GAPs in response to extracellular stimuli in various cellular systems ’. In the case of
ephrin-Eph signalling, phosphorylation of GEFs and GAPs has been reported to play a

predominant role in the regulation of axon guidance *%°

. For instance tyrosine
phosphorylation of Ephexin1, a GEF for RhoA, Cdc42 and Rac1, induces a shift in its
exchange activity towards RhoA, thus promoting ephrinA-mediated growth cone
collapse *%°. Vav2 and Tiam1 are also two GEFs that are regulated by phosphorylation
during ephrin-Eph-mediated axon guidance *°"**®. Furthermore, the activity of the Rac-
GAP o2-chimaerin is stimulated by Src-family kinase-dependent phosphorylation

downstream of Ephrin-A1/EphA4, resulting in growth cone collapse **°. In the case of

Trio, its phosphorylation at Tyr?®?2 did not alter its intrinsic GEF activity towards Rac1.
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Y2622F

However, in the context of netrin-1 signalling, the phospho-null Trio mutant

blocked netrin-1-induced Rac1 activation. Consequently, Trio"2%%%F

expression also
inhibited the ability of DCC to induce neurite outgrowth and was not able to rescue
netrin-1-mediated axon outgrowth in cortical neurons depleted of Trio. In the present
study, we provide the molecular function of Trio tyrosine phosphorylation by showing
that Trio"%°?? is necessary for netrin-1 to enhance the interaction of Trio with DCC in co-
immunoprecipitates and to increase colocalization of the Trio/DCC complex in the
growth cones of rat embryonic cortical neurons. Moreover, when cortical neurons are
depleted of Trio, we observed a significant decrease in cell surface DCC in growth

Y2622F

cones, and the phospho-null Trio mutant was not able to rescue this effect. This

raises the interesting possibility that Trio may also act upstream of the guidance
receptor DCC to regulate its levels at the cell surface of the growth cones and that
Tyr2622 is required for this function (Fig. 2.8). This proposed mechanism agrees well with
previous studies in C. elegans that implicate the GEF activity of UNC-73 (Trio) and MIG-
2 small GTPase (RhoG) as upstream regulators of the guidance receptors UNC-40

(DCC) and SAX-3 (robo) by affecting their membrane localization #9%494:°00,

Y2622E

Our data indicate that the phospho-mimicking Trio partially restores Trio

functions, showing that replacing a tyrosine by a negatively charged residue is not
always sufficient to restore the function of a phosphotyrosine site. Since one notable

consequence of protein tyrosine phosphorylation is the regulation of protein-protein

interactions via binding to SH2 or PTB domains °°', we cannot exclude that

Y2622

phosphorylation of Trio induced by netrin-1 may create a binding site for potential

PTB- or SH2-containing proteins that would mediate Trio regulation of netrin-1/DCC-
84



induced signalling pathways. Alternatively, Tyr?®%

may be a priming site that serves to
promote a conformational change of Trio leading to specific protein-protein interactions
and regulation of a Trio/DCC complex at the growth cone plasma membrane. In future
studies it will be of great interest to identify proteins interacting with Trio in a tyrosine
phosphorylation-dependent manner that contribute to the regulation of cell surface DCC
and consequently, downstream signalling pathways. Our findings therefore provide the
first demonstration of a mechanism of direct regulation of Trio in response to an

extracellular stimulus, which echoes the importance of precise, localized regulation of

Rho GEFs throughout biological systems.
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Figure 2.1 — Netrin-1 induces Src-kinase-dependent phosphorylation of Trio in the

developing cortex.

(A) Isolated E17 rat cortices were stimulated with netrin-1 for the indicated times. Trio
isoforms were immunoprecipitated (IP), and phosphotyrosine (pY)-Trio and total Trio
were detected by western blotting using anti-phosphotyrosine (4G10) and anti-Trio
antibodies, respectively. Netrin-1 stimulation of DCC-induced signalling pathways was
verified by FAK phosphorylation in total cell lysates (TCL). (B) Densitometric analysis of
Trio-D and Trio-A from A. Error bars indicate the standard error of the mean (SEM)
(n=5; *p<0.05). (C) Isolated E17 rat cortices were stimulated with netrin-1 and Trio
isoforms were immunoprecipitated (IP) as in A, co-immunoprecipitated DCC was
detected by western blotting using an anti-DCC antibody, and total cell lysates were
immunoblotted as in A. (D) Isolated E17 rat cortices were stimulated with netrin-1 in the
presence or absence of the Src-family kinase inhibitor PP2 (10uM). Trio was
immunoprecipitated (IP) as in A, pY-Trio was detected by western blotting, and total cell
lysates were immunoblotted as in A. (E) Densitometric analysis of Trio-D and Trio-A
from D. Error bars indicate the SEM (n=4; *p<0.05).Trio isoforms: FL= Full length, D =
Trio-D, A= Trio-A. (F) As in D, isolated E17 rat cortices were stimulated with netrin-1 in
the absence or presence of the Src-kinase inhibitor PP2 before lysis. ERK1/2
phosphorylation was detected by western blotting. Densitometric analysis of
pERK1/2/Total ERK1/2 levels. Error bars indicate the standard error of the mean (SEM)

(n=4; *p<0.05).
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Figure 2.2 — DCC enhances Trio tyrosine phosphorylation by Fyn in N1E-115

neuroblastoma cells.

(A) GFP-Trio was immunoprecipitated (IP) from N1E-115 neuroblastoma cells
transfected with pEGFP-Trio, pRK5-Fyn (WT: wild-type, CA: constitutively active), and
pRK5-DCC. Phosphotyrosine (pY)-Trio and total Trio were detected by western blotting
using anti-phosphotyrosine (4G10) and anti-GFP antibodies, respectively. TCL = total
cell lysates (B) Densitometric analysis of A. Error bars indicate the SEM (n=4, *p<0.05).
(C) GFP-Trio was immunoprecipitated (IP) from N1E-115 neuroblastoma cells
transfected with pEGFP-Trio, pRK5-Fyn, and wild type or truncated forms of pRK5-
DCC, as indicated (WT= wild-type). Western blots were conducted as in (A). TCL = total
cell lysates. (D) Densitometric analysis of C. Error bars indicate the SEM (n=4, *p<0.05,
**p<0.005). (E) N1E-115 neuroblastoma cells were transfected with wild type or
truncated forms of pRK5-DCC, as indicated. Neurite outgrowth was assessed by

fluorescence microscopy (n=4, *p<0.05, **p<0.005).
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Y2622

Figure 2.3 — In vitro identification of Trio as the major Fyn phosphorylation

site.

(A) Schematic of Trio domain structure and GST-Trio fragment generation plan.
Fragment #X does not contain any tyrosine residue and was therefore not included in
subsequent analyses. (B) In vitro kinase assay. Bacterially expressed GST-Trio
fragments were incubated with purified, active Fyn and y-[32P]-ATP. Phosphorylation
states of each fragment were determined by autoradiography (top panel) and compared
to total input (coomassie blue staining; lower panel). (C) Single amino acid substitutions
of each tyrosine (Y) residue to phenylalanine (F) were introduced into fragments #2a,
#2b and #7, and a kinase assay was performed as in B. (D,E) Wild type or point mutant
forms of full length GFP-Trio were co-transfected with either wild type (WT) or kinase
dead (KD) Fyn in HEK293 cells as indicated. The GFP-Trio proteins were
immunoprecipitated from cell lysates. pY-Trio and total GFP-Trio proteins were detected
by western blotting using an anti-phosphotyrosine (4G10) antibody and an anti-GFP

antibody, respectively.
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Y2622

Figure 2.4 — Trio participates in DCC-mediated neurite outgrowth and is

required for netrin-1-mediated Rac1 activation.

(A) N1E-115 cells were transfected with pEGFP-Trio, phosphomimetic point mutant
pEGFP-Trio"%%% or phospho-null point mutant pEGFP-Trio"2%%2F | with or without pRK5-
DCC. Actin filaments were visualized by indirect immunofluorescence using phalloidin-
TRITC, and neurite outgrowth was assessed by fluorescence microscopy. Scale bar,
50um. (B) Quantification of transfected cells exhibiting neurites from A. Error bars
indicate the SEM (n=5, **p<0.005, ***p<0.0001). (C) GTP-loaded Rac1 was pulled down
by GST-CRIB from protein lysates of HEK293 cells expressing the indicated GFP-Trio
proteins. GTP-bound Rac1 (top panel) and total Rac1 (middle panel) were detected by
western blotting. (D) Densitometric ratio of GTP-bound Rac1/Total Rac1 normalized to
"GFP". Error bars indicate the SEM (n=7). (E) COS-7 cells expressing the indicated
GFP-Trio proteins and DCC were stimulated with netrin-1 for 5 minutes. GTP-loaded
Rac1 was pulled down by GST-CRIB. GTP-bound Rac1 (top panel), total Rac1, and the
indicated proteins were detected by western blotting. (F) Densitometric ratio of GTP-
bound Rac1/Total Rac1 normalized to wild type Trio, unstimulated. Error bars indicate

the SEM (n=3, *p<0.02).
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Y2622

Figure 2.5 — Trio phosphorylation is required for netrin-1-mediated cortical

axon outgrowth.

(A) Endogenous Trio was silenced in E17 rat cortical neurons by expressing siRNA
targeting the 5’-UTR of Trio mRNA, thereby knocking down all neural isoforms of Trio
containing the Rac GEF domain. (B) Densitometric analysis of Trio-FL, Trio-D and Trio-
A from A. Error bars indicate the SEM (n=4, *p<0.05, ***p<0.001). (C) Dissociated E17
rat cortical neurons were electroporated with Trio and siRNA constructs as indicated, in
addition to a GFP-reporter construct. At DIV1 the neurons were stimulated with netrin-1
for 24h before fixation. The axon lengths of GFP-positive neurons were calculated
manually using MetaMorph software (>30 neurons/per condition, in duplicate). Scale
bar, 55 um. (D) The percentage of axons in C, measuring greater than 100 um per
condition. Error bars indicate the SEM (n=5, *p<0.05). (E) Distribution of axon lengths of
GFP-positive neurons in C (n=5, *p<0.03). (F) Expression of Trio siRNA-resistant GFP-
Trio cDNA constructs in cortical neuron cultures at DIV2. GFP-Trio was detected by
western blotting using an anti-GFP antibody. Subsequently, total Trio and tubulin levels

were detected using appropriate antibodies.
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Figure 2.6 — Trio phosphorylation is required for netrin-1-mediated Trio/DCC

interaction.

(A) Isolated E17 rat cortical neurons were electroporated with the indicated Trio
constructs. At DIV1 the neurons were cultured with or without netrin-1 for 5 minutes
before fixation. Expression of each protein was assessed by confocal microscopy
(green= Trio constructs; red= DCC). Scale bar, 10 ym. (B) The mean Pearson’s
Correlation Coefficient (r) of green (Trio) and red (DCC) channels within the growth
cone was calculated using MetaMorph software. Error bars indicate the SEM (n=4,
*p<0.04). (C) GFP-Trio was immunoprecipitated (IP) from netrin-1-stimulated COS-7
cells expressing wild type or the indicated point mutants of GFP-Trio and DCC. Co-

immunoprecipitation of DCC was detected by western blotting (n=3).

97



Trio siRNA #2

siRNA Trio siRNA #2
control

GFP

| Y26226
Trio

3 3
£ 12 g 135 .—|*
=
- ? T
§ 5115 5 8 13
23 es
- -
c g © gmzs-
28 11 &6
- @ = 12 .
c = = -E =s=control siRNA
gz 23 Trio SiRNA #2
E 8105 E2, 5/
2 g2
20 30 l [
a0 o Q2 1.1 I 1
e 1 20 I |
g g !
8 5 105
e >
H L3
< @V“ 1 d T

a7 netin-1: 0 5 15 30

4

Time (minutes)

98



Figure 2.7 — Trio is required to maintain DCC surface expression at the growth

cone.

(A) Dissociated E17 rat cortical neurons were electroporated with the indicated Trio
constructs and siRNA#2 in addition to a GFP-reporter construct. At DIV1 the neurons
were fixed and the expression of surface DCC was assessed by staining with an
antibody recognizing the extracellular domain of DCC in non-permeabilizing conditions,
and subsequent fluorescence microscopy (photomicrograph of DCC). Scale bar, 40um
(B) The average pixel intensity ratio of surface DCC expressed at the growth cones
relative to axons of each GFP-expressing neuron was calculated using MetaMorph
software (15 cells per condition). Error bars indicate the SEM (n=4, 2 replicates each,
*p<0.05). (C) Dissociated E17 rat cortical neurons were electroporated wtih either
control siRNA or Trio siRNA#2 in addition to a GFP-reporter construct. At DIV1 the
neurons were stimulated with netrin-1 (250 ng/mL) for the indicated time points, fixed
and processed as in A. The average pixel intensity ratio of surface DCC expressed at
the growth cones relative to axons of each GFP-expressing neuron was calculated
using MetaMorph software (20 cells/condition). Error bars indicate the SEM (n=3, 2

replicates each, *p<0.05).
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Figure 2.8 — Model of Trio regulation during netrin-1/DCC signalling.

Netrin-1/DCC engagement induces a Src-dependent phosphorylation of DCC at Tyr'*'®

%0 and Trio at Tyr2622. Trio"?%?? is required for both netrin-1-induced activation of Rac1

2622

and enhanced association with DCC. Phosphorylation of Trio at Tyr participates in

maintaining the level of surface DCC at the growth cone plasma membrane leading to

Y2622 s essential for the proper

axon outgrowth. Therefore, we propose that Trio
assembly and stability of the DCC/Trio signalling complex at the cell surface of growth

cones in order to mediate netrin-1-induced cortical axon outgrowth.
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Chapter 3: Hsc70 chaperone activity underlies Trio GEF
function in axon growth and guidance induced by netrin-1

Jonathan DeGeer, Andrew Kaplan, Morgane Morabito, Ursula Stochaj, Timothy E.
Kennedy, Anne Debant, Alyson E. Fournier and Nathalie Lamarche-Vane. (2015). In

revision, Journal of Cell Biology.
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Preface to Chapter 3

In addition to phosphorylation, the localized regulation of Rho GEFs may be
achieved by association with other proteins. Since Trio is a large protein with many
conserved domains, we reasoned that Trio Rac GEF activity may be in part regulated
by association with another protein downstream of netrin-1 signaling. Using classical
biochemical techniques and mass spectrometric analysis of endogenous Trio from
embryonic rat cortices, we identify Hsc70 as a novel binding partner and regulator of
Trio. We show that Hsc70 enzymatic activity is required for Trio-dependent functions in
cultured cortical neurons. We demonstrate for the first time that a chaperone protein is
required to regulate a Rac1 GEF and that chaperone function underlies axon outgrowth

and guidance.
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Abstract

During development, netrin-1 is both an attractive and repulsive guidance cue,
and mediates its attractive function through the receptor Deleted in Colorectal Cancer
(DCC). The local activation of Rho GTPases within the extending neuronal growth cone
facilitates the dynamic reorganization of the cytoskeleton required to drive axon
extension. The Rac1 guanine nucleotide exchange factor (GEF) Trio is essential for
netrin-1-induced axon outgrowth and guidance. Here, we identify the molecular
chaperone heat shock cognate protein 70 (Hsc70) as a novel Trio regulator. Hsc70
dynamically associates with Trio through Trio’s N-terminal and Rac1 GEF domains.
While Hsc70 modulates Trio-dependent Rac1 activation, an ATPase-deficient Hsc70
(D10N) abrogates Trio Rac1 GEF activity, and netrin-1-induced Rac1 activation.
Furthermore, depletion of Hsc70 abolished netrin-1-mediated cortical axon growth and
attraction. These findings demonstrate for the first time that Hsc70 chaperone activity is
required for Rac1 activation by Trio and this function underlies netrin-1/DCC-dependent

axon outgrowth and guidance.
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Introduction

The proper wiring of the central nervous system (CNS) is imperative for normal
physiological function and survival. During development, the extension and pathfinding
of neurons of the CNS is governed in part by environmental guidance cues 3%3%,
Molecular signals initiated by these cues are transduced intracellularly by means of
conserved receptors expressed at the distal axon growth cone, ultimately resulting in
modulation of the actin cytoskeleton 39 Netrins constitute a family of axon guidance
cues that are required for proper neural specification ***444°%2 To date, netrin-1 signals
through at least four distinct families of transmembrane receptors: the Deleted in
Colorectal Cancer (DCC) family (DCC and neogenin), DSCAM, the UNC-5 family, and
amyloid precursor protein “***42. During development of the spinal cord and cerebral
cortex of vertebrates, netrin-1 exerts its attractive functions through the receptor DCC
438443447 |n humans, mutations of the DCC gene have been associated with congenital

mirror movements #°°

, and small nucleotide polymorphisms within the genes encoding
DCC and netrin-1 have been associated with schizophrenia 457, Parkinson’s disease
and amyotrophic lateral sclerosis *°**°°. Upon netrin-1 stimulation, DCC becomes highly

460

phosphorylated on serine, threonine and tyrosine residues In particular

phosphorylation of rat DCC at Tyr'*'® by Src family kinases is required for netrin-1-

mediated axon outgrowth and guidance in vertebrates #°4%2,

Rho family GTPases are molecular switches that have been well characterized
as modulators of cytoskeletal dynamics and cellular motility by cycling between an

inactive GDP-bound and active GTP-bound state °. In the context of axon growth and
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pathfinding, the recruitment and localized activation of the Rho GTPases Rac1, Cdc42,
and RhoA, are imperative for translating guidance cues into cytoskeletal
rearrangements within the extending growth cone 51,399.432.465.489 Downstream of netrin-
1/DCC, Rac1 becomes activated in neurons and drives axonal extension, while RhoA
activity is inhibited 2*44%>%”_ Oversight of Rho GTPase nucleotide cycling is performed
by regulatory proteins: guanine nucleotide exchange factors (GEFs) enhance the GTP-

bound state 263503

, while GTP hydrolysis is catalyzed by GTPase-activating proteins
(GAPs) 8. Additionally, guanine nucleotide dissociation inhibitors (GDIs) bind to Rho
GTPases and restrict them in an inactive state in the cytoplasm, preventing them from
associating with their downstream effectors °. In recent years, the GEFs DOCK180 and
Trio have been shown to mediate Rac1 activation downstream of netrin and DCC in
mammalian systems ?***"' Trio contains two Dbl-homology/pleckstrin-homology (DH-
PH) GEF domains (GEFDs) and a serine/threonine kinase domain, for which a
substrate has yet to be identified '®. Trio has activity towards both RhoG and Rac1 via
its first GEFD (GEFD1), while the second GEFD (GEFD2) activates RhoA in vitro
193.246.247  Trig s highly enriched in the mammalian brain where five Trio isoforms
containing the GEFD1 are generated by alternative-splicing 2*2. Trio-null mice die
between embryonic day 15.5 (E15.5) and birth and display a general impairment of
netrin-1- and DCC-dependent neuronal projections in the spinal cord and brain 243244,
Specifically in the brain Trio-null embryos lack anterior commissures, and notably DCC-
positive projections in the corpus callosum and internal capsule are misguided 244 We
have recently shown that netrin-1 promotes the Src kinase-dependent phosphorylation

Y2622

of Trio and a concomitant co-association with DCC in cortical growth cones
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occurring when Rac1 activation peaks 2*’. We also observed that Trio promotes the
enrichment of surface DCC at cortical neuronal growth cones in a Trio"?*?2-dependent

manner %, These findings demonstrated the importance of Trio*2°%

phosphorylation in
the regulation of netrin-1 and DCC-mediated cortical axon outgrowth. Despite these
observations, the mechanisms governing Trio localization and activation downstream of
netrin-1/DCC are unknown. In this work we provide evidence that the chaperone activity
of Hsc70 permits Rac1 activation by Trio in the developing cerebral cortex. In addition,
we show that Hsc70 function is required for proper Trio and DCC localization in cortical
growth cones treated with netrin-1. We correlate the chaperone-mediated activation of
Rac1 by Trio with the regulation of DCC plasma membrane insertion within the growth
cones of cortical neurons, and demonstrate Hsc70’s requirement for axon outgrowth
and guidance induced by netrin-1. In this way we link cytoskeletal proteins with the

regulation of an axon guidance receptor and describe a novel function for the

chaperone Hsc70 during development.

Results

The molecular chaperone Hsc70 associates with Trio in the developing cerebral

cortex

To characterize the molecular mechanisms governing Trio regulation during
netrin-1/DCC signaling, we employed a proteomic approach and identified Hsc70 as a
novel Trio-associated protein in extracts of netrin-1-treated rat embryonic day 17.5
(E17.5) cerebral cortices. To validate the mass spectrometry result, Trio was

immunoprecipitated from cortical tissue extracts and co-immunoprecipitated proteins
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were analysed by Western blot. We found that Hsc70 interacted with Trio while the
highly homologous chaperone Hsp70 failed to do so (Fig. 3.1A). To determine whether
the association between Trio and Hsc70 was netrin-dependent, rat cortices were treated
with netrin-1 for 5 to 30 min before harvesting. Trio and Hsc70 co-association in cell
extracts peaked 5 min after netrin-1 stimulation, and decreased after 15 and 30 min
(Fig. 3.1B, C). FAK was activated (pFAK) after 5 min of netrin-1 treatment and activation

was sustained until 30 min of netrin-1 stimulation as reported previously (Fig. 3.1B) %',

We next investigated the degree of endogenous co-association of Trio and
Hsc70 in dissociated cortical neurons by indirect immunofluorescence. Cortical neurons
were treated with netrin-1 for the indicated times, fixed and stained with antibodies
against Trio and Hsc70 (Fig. 3.1D). Confocal microscopy was performed and the mean
Pearson’s correlation coefficient (r) between Trio and Hsc70 was generated at both
cortical growth cones and axon shafts to assess the degree of co-association. By this
means, we observed a basal co-localization between Trio and Hsc70 in the cortical
growth cones (r=0.50 + 0.02) (Fig. 3.1D, E). Netrin-1 treatment significantly increased
the co-localization of Trio and Hsc70 within growth cones after 5 min (r=0.62 + 0.02,
p<0.0007), while the co-localization returned to basal levels after 15 min of netrin-1
treatment (r=0.47 + 0.02, p<0.0001) (Fig. 3.1D, E). The basal co-localization of Hsc70
and Trio in cortical axon shafts was similar to the growth cones (r=0.51 + 0.02), however
netrin-1 application for either 5 or 15 min resulted in no significant modulation of the
association (r=0.48 = 0.03, r=0.42 + 0.02, p>0.05) (Fig. 3.1F, G). In summary we

identified Hsc70 as a novel Trio-associated protein in embryonic cortical tissues, and we
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demonstrate that the netrin-1-induced co-association occurs preferentially in cortical

growth cones versus axons.

Hsc70 facilitates Trio-dependent Rac1 activation and cortical axon outgrowth in a

chaperone-dependent manner

To delineate the regions of Trio permitting the association with Hsc70, GFP-Trio
deletion mutants were expressed in HEK293 cells and the interaction with Hsc70 was
assessed by co-immunoprecipitation (IP) (Fig. 3.2A, B). In this assay, full-length GFP-
Trio basally associated with endogenous Hsc70, and the C-terminal truncation of Trio,
lacking the RhoA GEF and kinase domains resulting in the Trio 1-1813 fragment, did
not reduce the association with Hsc70 relative to immunoprecipitation efficiency (Fig.
3.2B, C). On the contrary, the shorter fragments of Trio comprising the Sec14 domain
(Trio 1-232) or GEFD1-SH3 (Trio 1203-1813) were highly associated with Hsc70 (Fig.
3.2B, C). Intriguingly, the intermediate fragment containing the Sec14 domain but
lacking the GEFD1-SH3 domain did not associate with Hsc70 in an elevated manner
(Fig. 3.2B, C). These results suggest that Hsc70 association with Trio may be mediated
in part by the N-terminus and GEFD1 of Trio, though both regions may differentially

cooperate to accommodate association in the context of the full length protein.

Since the GEFD1 of Trio associated highly with endogenous Hsc70, we next
sought to determine whether Hsc70 modulates the Rac1 GEF activity of Trio. We
performed pull down assays with the Cdc42/Rac interactive binding (CRIB) domain of
PAK fused to GST to assess the level of active GTP-Rac1 in HEK293 cell extracts

244488 ' As expected, Trio over-expression resulted in a significant increase in Rac1-GTP
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levels (p=0.0003), while the expression of Hsc70 had no significant effect on Rac-GTP
levels alone (p=0.28) (Fig 3.2D, E). Increasing levels of GFP-Hsc70 co-expression with
GFP-Trio resulted in enhanced Trio-dependent Rac-GTP inductionwith low levels of
Hsc70 (p<0.03), whereas higher levels of Hsc70 expression did not significantly
augment Trio-induced Rac activation (p=0.44) (Fig. 3.2D, E). To examine whether
Hsc70 chaperone activity is required to modulate the activation of Rac1 by Trio, the
dominant negative and chaperone-dead (ATPase-deficient) Hsc70 PN was introduced
and Rac1-GTP pull-downs were performed. Although GFP-Hsc70 'V expression alone
had no effect on basal Rac-GTP levels, the co-expression of GFP-Hsc70 PN with Trio
abolished Trio-dependent Rac1 activation (Fig. 3.2D, E). These results demonstrate
that Trio Rac1 GEF activity is regulated by Hsc70 in a chaperone activity-dependent

manner.

We have previously reported that exogenous Trio expression in either
neuroblastoma cells or dissociated cortical neurons increases neurite or axon lengths in
a Rac1 GEF-dependent manner, thereby serving as a readout of Trio function %*’. We
applied this model to assess whether Hsc70 functionally regulates Trio-dependent axon
outgrowth. Dissociated cortical neurons were electroporated with constructs encoding
GFP, and either GFP-Hsc70 or GFP-Hsc70 P alone, or with GFP-Trio. After two days
in culture the neurons were fixed, imaged and the average axon lengths of GFP-positive
neurons were determined (Fig. 3.2F, G). While expression of GFP-Hsc70 or Trio alone
resulted in a significant increase in axon length relative to control cells (p<0.0001), co-
expression of Hsc70 and Trio did not further enhance average axon lengths relative to

Trio-expressing neurons (p=0.97; Fig. 3.2F, G). Axon lengths of GFP-Hsc70 '™
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expressing neurons were not significantly different from GFP-expressing neurons, while

co-expression of GFP-Hsc70 P1N

with Trio abrogated Trio-dependent enhanced axon
extension (p<0.0001; Fig. 3.2F, G). To rule out possible down-regulation or degradation
of proteins, the expression of GFP-tagged proteins was verified by immunoblotting (Fig.
3.2H). Altogether, these data demonstrate that Rac-GTP induction by Trio is modulated

by Hsc70 chaperone activity, which is required for Trio-stimulated axon extension in

cortical neurons.

Hsc70 is required for the enrichment of Trio at the growth cone periphery of

netrin-1-stimulated cortical neurons

Since Hsc70 is a molecular chaperone, we asked whether it may function to
regulate Trio localization within cortical growth cones. To first establish Trio localization
dynamics, cortical neurons were treated with netrin-1 for 5 min or left untreated, before
fixation and labelling (Fig. 3.3A). Brightfield micrographs of Trio and F-actin expression
were acquired for each growth cone, and the intensity of either signal was measured
along a 10 ym segment of the distal growth cone (Fig. 3.3A, right panels). Whereas the
expression profile of actin increased along the central to peripheral linesegment of
untreated growth cones, the intensity of Trio along the segment was less distally
pronounced, reflecting a muted spatial enrichment of Trio within the peripheral growth
cones relative to F-actin (Fig. 3.3A, B; top panels). Upon netrin-1 treatment, however,
the intensity profile of Trio shifted peripherally along the linescan mirroring that of F-
actin, reflecting an enrichment of Trio in the peripheral growth cone domain (Fig. 3.3A,

B, bottom panels).
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We next downregulated endogenous Hsc70 expression in dissociated neurons
by electroporation of synthetic siRNA targeting the 5’-UTR of rat Hsc70 along with GFP
cDNA as a transfection marker. To verify efficient downregulation, cortical neurons
were fixed and immunostained for endogenous Hsc70, and the level of Hsc70 present
in GFP-positive neurons versus GFP-negative neurons was assessed by indirect
immunofluorescence (Fig. 3.3C, D). In this manner, we observed a 60% reduction in the
total level of Hsc70 in GFP-positive neurons relative to non-transfected neurons (Fig.
3.3D). Subsequently, Trio localization was assessed within the growth cones of
dissociated cortical neurons electroporated with either control or Hsc70 siRNA, and
stimulated with netrin-1 for 5 min. In the absence of netrin-1, Trio localization was
largely dispersed throughout the growth cones of control neurons with reduced
incidence of compartmentalization in the growth cone periphery (Periphery:
15.17%+4.30) (Fig. 3.3E-G). Similarly, in Hsc70-depleted neurons Trio was largely
dispersed throughout the growth cones and a lower proportion displayed a peripheral
Trio localization (Periphery: 6.16%+0.32) (Fig. 3.3E, G). Netrin-1 application of 5 min
resulted in a significant increase in the proportion of growth cones with peripheral Trio
localization (Periphery: 59.25%15.46, p<0.001) (Fig. 3.3E-G). By contrast, Hsc70-
depleted cortical neurons displayed no significant change in Trio localization (Periphery:
8.33%12.08%, p=0.23) (Fig. 3.3E, G). The Hsc70-dependent peripheral re-localization
of Trio in cortical growth cones treated with netrin-1 complements the finding that Hsc70

ATPase activity is required for Trio-dependent cortical axon outgrowth. It suggests that
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impaired localization of Trio to particular sub-cellular structures may contribute to

functional deficits caused by Hsc70-deficiency.

Hsc70 associates with a DCC multiprotein signaling complex in the developing

cortex stimulated with netrin-1

Since Trio and DCC co-associate in cortical neurons treated with netrin-1 257,

we
next examined the interaction between Hsc70 and DCC in cortical tissues. Protein
extracts from cerebral cortices treated with netrin-1 were collected, DCC was
immunoprecipitated and the level of Hsc70 co-associating was determined by
immunoblotting (Fig. 3.4A). Similar to our findings for Trio and Hsc70 interaction, the
association of Hsc70 with DCC increased after 5 min of netrin-1 stimulation. However,
unlike Trio, DCC remained associated with Hsc70 until after 15 min of treatment (Fig.
3.4A, B). The co-association of Trio and FAK with DCC also increased after 5 min of
netrin-1 stimulation and remained elevated until 15 min of netrin-1 treatment (Fig. 3.4A).

These results show that Hsc70 is part of a DCC-Trio-FAK signaling complex induced by

netrin-1 in cortical tissues.

Since chaperones function in part by regulating protein trafficking and half-life °°*,

we next investigated whether Hsc70 association with DCC occurs at the plasma
membrane or intracellularly. Dissociated cortical neurons were cultured for 2 days
before netrin-1 treatment, and subsequently processed according to a surface labelling
protocol employing an antibody against the extracellular domain of DCC (Fig. 3.4C) %05,

Following surface DCC isolation from cell extracts, the remaining fraction of intracellular

DCC was isolated by immunoprecipitation. In this manner, Hsc70 was found to co-
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associate more with surface DCC relative to the intracellular-enriched DCC pool.
Moreover, netrin-1 treatment enhanced the co-association (Fig. 3.4C, p<0.05). Taken
together, these data demonstrate that Hsc70 is associated with DCC signaling
complexes in the developing cortex, and Hsc70 association is stronger with surface

DCC in response to netrin-1 stimulation.

Hsc70 chaperone activity supports surface DCC enrichment in cortical growth

cones

Since Hsc70 preferentially associated with surface DCC in biochemical assays,
we next investigated whether Hsc70 influences DCC surface localization in growth
cones downstream of netrin-1. To assess this, dissociated cortical neurons expressing
GFP-Hsc70 or the ATPase-dead GFP-Hsc70 PN were treated with netrin-1 for 15 min
and fixed. Following fixation the levels of surface DCC were assessed by indirect
immunofluorescence under non-permeabilizing conditions using antibodies against the
extracellular domain of DCC (Fig. 3.4D, E). When either GFP-Hsc70 or GFP-Hsc70
D1ON were expressed in untreated cortical neurons, the surface DCC enrichment at the
growth cones was not significantly different from neurons expressing GFP alone (Fig.
3.4D, E). After 15 min of netrin-1 treatment of control GFP and GFP-Hsc70-expressing
cortical neurons, enrichment of surface DCC intensity at the growth cones was
maintained. However the level of surface DCC enrichment in growth cones expressing
GFP-Hsc70 PN was significantly reduced (Fig. 3.4D, E; p=0.01). Intriguingly, the netrin-

1-induced activation of FAK and ERK pathways downstream of DCC were uninterrupted

in HEK293 cells co-expressing Hsc70°™™N suggesting that the biological function of
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Hsc70 chaperone activity likely occurs downstream of these signaling pathways (Fig.
3.4F, G). Taken together, these results support a hypothesis wherein the stabilized
enrichment of DCC at the growth cone plasma membrane downstream of netrin-1

requires Hsc70 chaperone activity.

Hsc70 is required for netrin-1-mediated cortical axon outgrowth and Rac1

activation

We next explored the role of Hsc70 in netrin-1-induced axon outgrowth of
dissociated cortical neurons. Cortical neurons were electroporated with control or Hsc70
siRNA together with GFP cDNA, and stimulated with either netrin-1 or glutamate for 24h
before fixation (Fig. 3.5A, B). While depletion of endogenous Hsc70 did not affect basal
cortical axon lengths, netrin-1 treatment was insufficient to stimulate axon extension in
these neurons (Fig. 3.5A, B). By contrast, Hsc70-depleted neurons remained
responsive to glutamate (p<0.03), confirming that Hsc70 depletion does not impair all
mechanisms of induced axon outgrowth (Fig. 3.5A, B). To verify the function of Hsc70 in
netrin-1-mediated axon outgrowth, siRNA-resistant GFP-Hsc70 or GFP-Hsc70 PN were
expressed in Hsc70-depleted cortical neurons and stimulated with netrin-1 (Fig. 3.5A,
C). Re-expression of Hsc70 was sufficient to restore netrin-1-induced cortical axon
extension (p<0.05), while expression of the chaperone-dead Hsc70 P' did not rescue

netrin-1 sensitivity relative to untreated neurons (p=0.45) (Fig. 3.5A, C).

To determine whether Hsc70 functions upstream or downstream of Trio during
netrin-1-induced axon outgrowth, cortical neurons were depleted of endogenous Hsc70

or Trio (as described 257), and expression was rescued with siRNA-resistant GFP-Trio or
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GFP-Hsc70 cDNAs (Fig. 3.5D). In this context, GFP-Hsc70 over-expression was not
sufficient to rescue netrin-1-induced axon extension in Trio-depleted neurons (p=0.75)
(Fig. 3.5D, E). Conversely, when neurons were depleted of endogenous Hsc70, the
over-expression of GFP-Trio restored the sensitivity of these neurons to netrin-1 and
they extended longer axons (p=0.047; Fig. 3.5D, F). These results demonstrate that
Hsc70 is specifically required for netrin-1-mediated cortical axon outgrowth by
functioning upstream of Trio. This is in agreement with our findings that Hsc70
potentiates Trio-dependent Rac1 activation (Fig. 3.2C), which is a requisite for netrin-1-

induced axon extension 24446°,

To examine whether Hsc70 contributes to netrin-1-induced Rac1 activation, we
co-expressed either Hsc70 or Hsc70 P with DCC in HEK293 cells. Upon stimulation
with netrin-1 for 5 min, we assessed the levels of Rac1-GTP by pull down assays. In
these studies, GFP-Hsc70 expression and subsequent netrin-1 treatment led to an
activation of Rac1 similar to control cells expressing DCC alone, while expression of
Hsc70 PN specifically inhibited netrin-1-stimulated Rac1 activation relative to the netrin-
1-treated control (p>0.05; Fig. 3.5G, H). Therefore Hsc70 chaperone activity is
necessary for netrin-1 to stimulate Rac1 activity. We propose that Hsc70 chaperone
activity acting upstream of Trio during netrin-1-induced cortical axon extension is

essential through its regulation of Trio Rac1 GEF activity.
Hsc70 is required for netrin-1-dependent attraction of embryonic cortical neurons

We have previously reported that Trio-null embryos have defective neural

projections within the CNS, notably the netrin-1-dependent ventral projections of
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commissural axons and DCC-positive projections of the corpus callosum and internal
capsule ?**. In each case, a deficit in axon guidance was observed as the projected
fibres were dispersed over a larger area compared to wild type embryos 244 Since Trio
contributes to axon guidance in vivo 24 e next evaluated the contribution of Hsc70 to
netrin-1-induced chemoattraction of cortical neurons. To assess this proposed function,
we employed an in vitro axon guidance assay based on the Dunn chamber %% E17.5
rat cortical neurons electroporated with control or Hsc70 siRNA together with GFP
cDNA were exposed to either vehicle (PBS) or a netrin-1 gradient in the Dunn chamber
for at least 90 min at DIV2 (Fig. 3.6A, B). As an internal control, naive cortical neurons
(non-electroporated) were also treated as described above. Although the mean turning
angles of each PBS-treated condition did not vary significantly (p>0.2), netrin-1 induced
a robust attractive turning response for either the naive or control siRNA-electroporated
neurons resulting in turning angles of 11.9°+4.74° (p<0.005) and 10.67°+4.29° (p<0.02),
respectively (Fig. 3.6B, C). Hsc70-depleted cortical neurons, however, were not
attracted to the netrin-1 gradient in the chamber; relative to the PBS controls, as the
turning angle was reduced by 6.25°+3.03° (p>0.07, Fig. 3.6B, C). Importantly, exposure
of neurons to the netrin-1 gradient did not significantly affect the displacement of the
growth cones during the imaging period. However, the displacement of the Hsc70-
depleted neurons was markedly reduced compared to the control siRNA or naive
control neurons (Fig. 3.6D-F). Since some neurons failed to meet the minimum growth
cone displacement requirement of 10 ym to be included in the turning angle analysis,
the average displacement of all motile growth cones was determined. In this way, the
displacement of Hsc70 knock-down neurons was found to be 5.95um * 0.94um
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compared to 20.23um = 1.52um for control growth cones (n=74 and 96, respectively;
Fig. 6E; left panel). Furthermore, the proportion of growth cones that underwent either
temporal retraction, or collapsed all together (negative net displacement) was higher in
Hsc70-depleted cortical growth cones (Fig. 6E; middle and right panel). These results
emphasise that Hsc70 generally supports axon extension, and is specifically required

for netrin-1-dependent chemoattraction in vitro.

Discussion

Our data presented here outline a novel function for the molecular chaperone
Hsc70 in regulating the Rac1 GEF Trio during netrin-1-mediated cortical axon growth
and guidance (summarized in Fig. 3.7). We demonstrate that Hsc70 and Trio associate
dynamically downstream of netrin-1 treatment in cortical neurons, and that the function
of this association is dependent on Hsc70 chaperone activity. We support this finding
with biochemical evidence highlighting that Hsc70 chaperone activity is required for
Rac1 activation by Trio. Moreover, we correlate this function with the proper re-
localization of Trio and cell surface DCC within cortical growth cones downstream of
netrin-1. Hsc70 is a constitutive chaperone that is enriched in the developing CNS, and
constitutes 2-3% of total protein of the rat spinal cord °°°%. Despite being 86%
homologous to Hsp70, Hsc70 is preferentially expressed in neurons while Hsp70 is
enriched in glial cells in the unstressed mouse embryo °°’. Hsc70 is an ATP-dependent
chaperone that carries out various housekeeping chaperone functions; it assists in
protein folding, translocation, as well as chaperone-mediated autophagy and prevention

of protein aggregation (reviewed in °%).
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Our report is the first to describe Hsc70-mediated regulation of a Rac1 GEF in
neurons to date. In earlier studies, Hsc70 was reported to associate with other Rho
GEFs including the proto-oncogene Dbl and Plekhg4 2°>*'°. Similar to our findings for
Trio, Kauppinen et al. (2005) demonstrated that the association of proto-Dbl with Hsc70
was mediated by the N-terminus and PH domain of the GEFD of proto-Dbl °'°. In direct
contrast to our results, however, Hsc70 was identified as a negative regulator of proto-
Dbl-induced RhoA GEF activity 10 While future studies are required to determine the
precise mechanism of Hsc70-mediated regulation of Rho GEFs, our work highlights the
exciting possibility that Hsc70 may serve as a universal regulator of Rho GEFs in
specific cellular contexts. Elevated Hsc70 expression occurs in various tissues in which
Rac1 is known to function, including in the neural tube during embryogenesis and in
various types of cancer °°"°''*12 Although Rac1 expression is elevated in primary
tumours, and Rac1 activation is required for cancer cell migration and metastasis

(reviewed in °"

), the dysregulation of Rac1 and Hsc70 has not yet been linked in any
biological system. Currently, pharmacological inhibitors of Hsc70/Hsp70 are being
tested as anti-cancer agents and correlate with a function of Hsc70 in regulating Rac1-

dependent processes such as cell proliferation and cell migration °#°°.

Since the netrin-1-induced association of Hsc70 with DCC is prolonged in
comparison to that with Trio alone, it suggests that Hsc70 may have an additional or
downstream function in the DCC signaling complex independent of its regulation of Trio
Rac1 GEF activity. The preferential association of Hsc70 with surface DCC further
implies that Hsc70 in part regulates surface DCC localization or stability. Indeed we

show that Hsc70 chaperone activity is required for the sustained enrichment of surface
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DCC in cortical growth cones downstream of netrin-1. Recruitment of DCC to the
plasma membrane is important for netrin-1-induced axon guidance in cortical neurons.
To date, a few mechanisms have been demonstrated that support netrin-1-induced
DCC surface targeting from intracellular pools, including depolarization, activation of
protein kinase A, and RhoA inhibition *¢"472°'®_ e have previously reported that Trio
supports the growth cone enrichment of surface DCC downstream of netrin-1 in cortical
neurons %’. The Hsc70 ATPase activity is required for the stabilized enrichment of
surface DCC at cortical growth cones treated with netrin-1. Therefore, we postulate that
Hsc70 and Trio function by supporting the enrichment of surface DCC or permitting the
mobilization of DCC from intracellular pools to the plasma membrane to allow a proper
chemoattractive response of growth cones to netrin-1 (Fig. 3.7). Although further studies
are required to delineate how Trio and Hsc70 contribute to surface DCC localization,
one interesting possibility is local exocytosis of DCC-embedded vesicles. Indeed, axon
outgrowth relies on the plasma membrane insertion at the leading edge of the extending
growth cone, and downstream of netrin-1 exocytosis of vesicles is instrumental in this
process “%°47_Exocytosis and membrane fusion are mediated by the SNARE complex
comprising a v-SNARE such as VAMP-2 (vesicle-associated membrane protein 2) and
plasma membrane t-SNAREs, SNAP25 (synaptosomal-associated protein 25) and
syntaxin-1 *’°>. DCC forms a complex with syntaxin-1 downstream of netrin-1, and in this
way induces the local exocytosis of VAMP-2-expressing vesicles during axon outgrowth
0% Furthermore, the E3 ubiquitin ligase TRIM9 associates directly with both SNAP-25
and DCC, and promotes netrin-1-dependent axon branching in cortical neurons 4,
Interestingly, Hsc70 is closely linked to the exocytotic machinery at synapses by
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associating with CSPa (vesicular cysteine-string protein-a) and SNAP25, enabling a
SNARE complex formation at the plasma membrane *'’. As well, another TRIM protein,
TRIM22 has been recently connected to the Hsc70-partner CHIP (carboxyl terminus of

518

Hsc70-interacting protein) ™, suggesting that Hsc70 may contribute in part to DCC-

driven exocytosis through a TRIM9/SNAP25-dependent mechanism.

Although some evidence supports the ability for neurons to regenerate and form
functional contacts following CNS injury, our knowledge of the cellular mechanisms
underlying these processes and treatments for these conditions remain incomplete

(reviewed in °).

Dysfunction of Hsc70 has been implicated in various
neurodegenerative disorders including Huntington’s, Parkinson’s, and Alzheimer’'s
diseases °2°°%. To our knowledge this is the first study to implicate Hsc70 in the
regulation of Rac1-dependent cellular processes, raising the possibility that Rac1
dysregulation in neurons may contribute to the pathophysiology of neurodegenerative
diseases °'. Indeed, Hsc70 expression is induced in response to cerebral ischemia, thus
supporting a role for Hsc70 in axon regeneration and repair °**°2°_ |t will be of great

interest to investigate whether selectively augmenting Hsc70 chaperone activity will

promote nerve re-growth in the context of neurodegeneration.

121



Materials and methods

DNA constructs and antibodies. GFP-Trio and deletion mutants, GFP-Hsc70, GFP-

Hsc70 P and pRK5-DCC constructs have been described previously '18:244:465526

The polyclonal anti-TrioMTP antibody was generated as previously described 2°7.
Additional antibodies: anti-DCC\t (clone G97-449, BD Biosciences), anti-DCCgxr (clone
AF5, Calbiochem), anti-pERK1/2 (pThr202/pThr204) and anti-ERK1/2 (Cell Signaling),
anti-pFAK (pY861) and anti-FAK (Invitrogen), anti-GFP (Invitrogen), anti-Hsc70 (clone
B-6; Santa Cruz), anti-Hsp70 (Enzo Life Sciences), anti-Rac1 (BD Transduction

Laboratories), anti-tubulin (Upstate), anti-rabbit-Alexa-488 and anti-mouse-Cy3

(Molecular Probes).

Cell culture and transfection. HEK293 cells were cultured at 37°C in Dulbecco's
modified Eagle's medium (DMEM, Wisent Bioproducts) supplemented with 10% fetal
bovine serum (FBS), 2mM L-glutamine, penicillin and streptomycin (Invitrogen) under
humidified conditions with 5% CO.. Cells were transfected with the indicated constructs
using linear polyethylenimine (PEI, PolySciences) at a 1:10 ratio (cDNA: PEI) as

described previously %’

Primary cortical neuron culture and electroporation. Cortical neurons from E17.5 rat
embryos were dissociated mechanically, and electroporated with cDNA constructs or
siRNAs as indicated using the Amaxa Rat Neuron Nucleofector Kit (Lonza). Post-
electroporation, neurons were plated on either poly-D-lysine (0.1 mg/ml, Sigma-Aldrich)-
coated dishes, or poly-L-lysine (0.1 mg/ml, Sigma-Aldrich)-treated coverslips in 24-well

plates at a density of 200,000 cells/well. Neurons were cultured in attachment medium

122



(DMEM, 10% FBS (Wisent Bioproducts) supplemented with 2mM L-glutamine, penicillin
and streptomycin (Invitrogen) under humidified conditions with 5% CO.,. After 1.5h, the
medium was replaced with maintenance medium (Neurobasal-A medium (Invitrogen),
supplemented with 2% B27 (Invitrogen), 1% L-glutamine, penicillin and streptomycin
(Invitrogen)). At DIV1 or DIV2, the neurons were treated for the indicated times with
purified recombinant chick myc-netrin-1 (500 ng/ml), which was produced and purified
as described previously ***. Down-regulation of endogenous Hsc70 was achieved by
electroporating dissociated E17.5 rat cortical neurons with 150nM synthetic Hsc70
siRNAs designed to target the 5-UTR of the rat Hsc70 mRNA (5'-
UCUGUGUGGUCUCGUCAUCUU-3’, Dharmacon/Thermo Scientific) together with 4ug
of pmaxGFP vector (Lonza) used as a reporter. Only GFP-expressing neurons were
assessed. The siRNA-resistant GFP-Hsc70 or GFP-Hsc70 P plasmids were co-
electroporated where indicated, and expression of the exogenous proteins was verified
by western blotting (Fig. 3.2G). Similarly, downregulation of Trio was achieved by
electroporating 300 nM synthetic Trio siRNA (5’-GAACAUGAUUGACGAGCAUUU-3’,

Dharmacon Thermo Scientific) as previously described 2°’.

Cortical tissue culture. Cortical tissues were extracted from E17.5 rat embryos. After
light mechanical dissociation, tissues were transferred to a 4-well plate containing pre-
warmed maintenance medium and allowed to equilibrate to 37°C. Immediately following
netrin-1 stimulation, samples were transferred to ice, collected and processed as

described %°’.
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Mass Spectrometry Analysis. E17.5 rat cortical tissue was treated with 500ng/ml
netrin-1 for 5 min, and protein lysates were collected and subsequently probed with anti-
Trio antibodies conjugated to Protein-A-Sepharose beads. Antibody-protein complexes
were resolved by SDS-PAGE, and proteins were visualized by silver staining. A
prominent band of ~65-75 kDa was extracted from the gel and proteins were digested
with trypsin and chymotrypsin. Peptide samples underwent mass spectrometric analysis
(QTRAP4000 and MALDI-TOF, Genome Innovation Centre, Montreal). Mascot
searches of resulting sequences were performed using the UniProt database with a rat

filter, and identified 5 peptides corresponding to Hsc70.

Immunoprecipitation and Immunoblotting. Cortical tissues were lysed in buffer
containing 20 mM HEPES, pH 7.5, 100 mM NaCl, 10% glycerol, 1% Triton X-100, 20
mM sodium fluoride, 1 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride
(PMSF), and 1 ug/ml aprotinin and leupeptin (Bio Shop). Protein lysates were
centrifuged at 10,000 x g for 5 min at 4°C to remove insoluble materials. For
immunoprecipitation from primary cortical lysates, 1 mg of protein lysate underwent pre-
clearing with Protein-A- or -G-Sepharose beads for 1h at 4°C. Supernatants were then
incubated for 1h at 4°C with 9 ug of anti-TrioMTP or 1.5 pg of anti-DCC (AF-5) followed
by addition of 40 ul Protein-A- or -G-Sepharose beads for 2h (GE Healthcare). Beads
were washed a minimum of four times with ice-cold lysis buffer and heated to 95°C in
SDS sample buffer. Protein samples were resolved by SDS-PAGE, transferred to
nitrocellulose membranes for immunoblotting with the appropriate antibodies, and
visualized by enhanced chemiluminescence (ECL; PerkinElmer). For surface and

intracellular DCC immunoprecipitations, cortical neurons were treated with or without
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500 ng/ml of netrin-1 for 5 min and transferred to ice. Cells were then washed with ice
cold PBS containing 1mM magnesium chloride and 0.1mM calcium chloride and then
blocked in ice-cold 1% BSA/PBS for 20 min. Following blocking, the cells were
incubated with either mouse IgGs or anti-DCCgxt (AF-5) antibodies at 1 pg/ml in ice-
cold PBS for 40 min on ice, followed by 3, 5 min washes with cold PBS. Proteins were
extracted with RIPA buffer (150 mM NaCl, 50 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid, pH 7.5, 1% NP-40, 10 mM EDTA, pH 8.0, 0.5% sodium
deoxycholate, 0.1% SDS, 20 mM sodium fluoride, 1 mM sodium orthovanadate, 1 mM
phenylmethylsulfonyl fluoride (PMSF), and 1 ug/ml aprotinin and leupeptin (Bio Shop)),
and protein lysates were centrifuged at 10,000 x g for 5 min at 4°C. Surface DCC was
isolated by incubation with Protein-G-Sepharose beads for 1h at 4°C. The supernatant
corresponding to the intracellular DCC pool was collected for each sample, and
immunoprecipitations were subsequently performed with either IgGs or anti-DCC, as

described above.

Rac1 activation assay. Transfected HEK293 cells were serum-starved overnight, then

lysed in buffer containing 25 mM HEPES, pH 7.5, 1% NP-40, 10 mM MgCla, 100 mM

NaCl, 5% glycerol, 1 mM PMSF, and 1 pg/ml aprotinin and leupeptin (Bio Shop). Protein
lysates were centrifuged at 10,000 x g for 2 min at 4°C to remove insoluble materials.
Endogenous GTP-Rac1 was pulled down by incubating the protein lysates for 30 min at
4°C with the Cdc42/Rac interactive binding domain (CRIB) of mouse PAK3 (amino
acids 73-146) fused to GST and coupled to glutathione-sepharose beads. The beads
were washed twice with 25 mM HEPES, pH 7.5, 1% NP-40, 30 mM MgCl,, 40 mM

NaCl, and 1 mM DTT and resuspended in SDS sample buffer. Protein samples were
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resolved by SDS-PAGE and transferred onto nitrocellulose membranes for
immunoblotting with the anti-Rac1 antibody. The levels of GTP-bound Rac1 were
assessed by densitometry using Quantity One software (Bio-Rad) and normalized to the

total amount of GTPases detected in the total cell lysates.

Immunofluorescence, microscopy and Pearson’s correlation coefficient. Cortical
neurons (DIV1 or 2) were fixed with 3.7% formaldehyde (Sigma-Aldrich) in 20%
sucrose/PBS for 30 min at 37°C and permeabilized as described previously 2.
Immunostaining was carried out with the indicated primary antibodies and the
respective Cy3 or Alexa-488-conjugated secondary antibodies. To assess protein
colocalization, co-immunostained cortical neurons were imaged on a Zeiss LSM510
laser-scanning confocal microscope with a PLAN-Apochromat 63x/1.4 oil immersion
objective lens and analyzed with Zen2009 software (Carl Zeiss Microscopy).
Quantification of colocalization using Pearson’s correlation coefficient (r) was performed
using MetaMorph software, analyzing more than 15 neurons per condition in at least 3
independent experiments. One way ANOVA statistical analysis was performed, and the
data were presented as a mean r + SEM. For axon outgrowth assays, neurons were
visualized with an Olympus IX81 motorized inverted microscope using a 40X U PLAN
Fluorite oil immersion objective lens. Images were recorded with a CoolSnap 4K
camera (Photometrics) and analyzed with Metamorph software (Molecular Devices). For
surface DCC detection, cortical neurons remained unpermeabilized, were blocked in 1%
BSA/PBS and incubated with anti-DCCegxr in 1% BSA/PBS at 4°C overnight. Cy3-
conjugated secondary antibodies were used to label surface DCC. Images were

acquired as for the axon outgrowth experiments, and the average pixel intensity of DCC
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fluorescence on growth cones and axonal surfaces was measured from acquired
images using Metamorph software, employing exclusive thresholding to eliminate

background fluorescence.

Axon outgrowth analysis and Dunn chamber assays. To analyze axon outgrowth of
primary cortical neurons (2DIV), electroporated (GFP-positive) cells were analyzed for
each condition from at least three independent experiments. Axon lengths were
measured manually from acquired images with MetaMorph software. One-way ANOVA
with Fisher's LSD post-test was used for statistical analysis, and the data were
presented as the mean cortical neuron axon length + SEM. For turning assays,
dissociated cortical neurons (2DIV) were plated on coverslips used for Dunn chamber
assembly as previously described °%. Gradients were generated with purified netrin-1
VI-V (200 ng/ml) or buffer containing PBS in the outer well. Cell images were acquired
every 3—4 min for at least 90 min on a temperature controlled stage. Neurites of at least
10 ym length were tracked in GFP-expressing neurons. The final position of the growth
cone was used to determine the angle turned over 90 min relative to the gradient
position. Measurements are presented in rose histograms in bins of 10° with the length
of each segment representing the frequency of measurements in percent. Mean turning

angle and mean displacement are also represented.

Statistical analysis. Statistical analysis was performed with GraphPad Prism 6. The

data are presented as the mean * the standard error of the mean (SEM).
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Figure 3.1 — The molecular chaperone Hsc70 associates with Trio in the

developing cerebral cortex

(A) Trio was immunoprecipitated from lysates of isolated E17.5 rat cortices with anti-Trio
antibodies or rabbit immunoglobulin G (IgG) as a control. Immunoprecipitated proteins
(IP) and total cell lysates (TCL) were resolved by SDS-PAGE and immunoblotted with
the indicated antibodies. Trio isoforms: FL= Full length, D = Trio-D, A= Trio-A. (B)
Isolated E17.5 rat cortices were stimulated with netrin-1 for the indicated times. Trio
isoforms were immunoprecipitated (IP) and Hsc70 co-IP with Trio was assessed by
immunoblotting. Netrin-1 stimulation of DCC-induced signaling pathways was assessed
by evaluating FAK phosphorylation (Y861) in total cell lysates (TCL). (C) Densitometric
analysis of Hsc70 co-association with Trio. Error bars indicate the standard error of the
mean (SEM) (n=4; **p<0.01, ***p<0.001; One-way ANOVA, Bonferroni’'s multiple
comparisons test). (D, G) Dissociated E17.5 rat cortical neurons were stimulated with
netrin-1 for 5, and 15 min before fixation. Endogenous Trio and Hsc70 localization were
assessed by indirect immunofluorescence and confocal microscopy. Scale bar, 2um. (E,
F) The mean Pearson’s Correlation Coefficient (r) between green (Hsc70) and red (Trio)
channels within the growth cone (E) or axon shaft (F) was calculated with Metamorph
software. Error bars indicate the SEM (n=3, NS p>0.05, ***p<0.001; One-way ANOVA,

Bonferroni’s multiple comparisons test).
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Figure 3.2 — Hsc70 facilitates Trio-dependent Rac1 activation and cortical axon

outgrowth in a chaperone-dependent manner

(A) Schematic of Trio domain structure. (B) Trio constructs were transfected into
HEK293 cells as indicated. GFP-Trio proteins were immunoprecipitated (IP) from cell
lysates and Hsc70 co-IP with Trio was detected by immunoblotting (IB). TCL: total cell
lysates. (C) Densitometric analysis of Hsc70 co-associated with GFP-Trio constructs.
Error bars indicate the standard error of the mean (SEM) (n=4; NS p>0.05, **p<0.01,
***p<0.001; One-way ANOVA, Bonferroni’s multiple comparisons test). (D) HEK293
cells were transfected with the indicated constructs, and with increasing amounts of
GFP-Hsc70 plasmid. GTP-loaded Rac1 was pulled down from protein lysates by GST-
CRIB. GTP-bound Rac1, total Rac1 and the indicated proteins were detected by
immunoblotting. (E) Densitometric ratio of GTP-bound Rac1/Total Rac1 normalized to
the vector control. Error bars indicate the SEM (n=4, NS p>0.05, *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001, One-way ANOVA, Bonferroni’s multiple comparisons test).
(F) Dissociated E17.5 rat cortical neurons were electroporated with the indicated
constructs and a GFP-reporter. Scale bar, 50um. (G) The average axon lengths of GFP-
positive neurons were calculated manually with Metamorph software (>15 neurons/per
condition). Error bars indicate the SEM (n=3, NS p>0.05, ***p<0.001, ****p<0.0001,
One-way ANOVA, Bonferroni’s multiple comparisons test). (H) Representative protein

expression of electroporated constructs in E17.5 cortical neurons from (F).
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Figure 3.3 — Hsc70 is required to recruit Trio to the growth cone periphery of

netrin-1-stimulated cortical neurons

(A) Dissociated E17.5 rat cortical neurons were left untreated, or stimulated with netrin-
1 for 5 min before fixation. Endogenous Trio and F-actin localization were assessed
epifluorescence microscopy. Scale bar, 10um. The intensity of Trio and F-actin
fluorescence along a 10um linescan oriented in the central-to-peripheral axis of each
growth cone was calculated using Metamorph software. Right panel: sample of Trio
(green) and F-actin (red) pixel intensity plotted against distance from the adjacent
micrographs. (B) The mean pixel intensity of Trio (green) and F-actin (red) plotted
against distance, without (upper) or with netrin-1 (lower). Error bars indicate the SEM
(n>100 growth cones). (C) Dissociated E17.5 rat cortical neurons were electroporated
with a GFP-reporter, and Hsc70 siRNA. At 1 DIV, cultures were fixed and levels of
endogenous Hsc70 were assessed by indirect immunofluorescence. Scale bar, 15um.
(D) The average pixel intensity of Hsc70 in either GFP-negative or GFP-positive
neurons was calculated using Metamorph software. Error bars indicate the SEM (n= 3,
GFP-negative neurons=19, GFP-positive neurons= 20, ***p<0.001, Unpaired student’s
t-test). (E) As in (C) dissociated E17.5 rat cortical neurons were electroporated with a
GFP-reporter, and control siRNA or Hsc70 siRNA, and left untreated or treated with
netrin-1 for 5 min before fixation. Trio localization was assessed by indirect
immunofluorescence (>15 neurons/per condition). Scale bar, 15um. (F) Left: schematic
of Trio localization, showing dispersed localization vs. peripheral enrichment. Right: the
proportion of electroporated neurons with growth cones harboring a distinct peripheral

Trio localization was calculated for each treatment in (E). Error bars indicate the SEM
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(n=4, ***p<0.001, Unpaired student’s t-test). (G) As in (B), the mean pixel intensity of
Trio without (red) and with netrin-1 treatment (black) was calculated along 10 pm
linescans oriented in the central-to-peripheral axis of each growth cone from (E) using
Metamorph software. Left: control siRNA, Right: Hsc70 siRNA (n>65 growth cones per

condition).
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Figure 3.4 — Hsc70 associates with a DCC multiprotein signaling complex in the
developing cortex downstream of netrin-1 and supports DCC cell surface

localization

(A) Isolated E17.5 rat cortices were stimulated with netrin-1 for the indicated times. DCC
was immunoprecipitated (IP) and the level of Trio, FAK and Hsc70 co-IP with DCC was
assessed by immunoblotting. (B) Densitometric analysis of Hsc70 co-association with
DCC. Error bars indicate the standard error of the mean (SEM) (n=4; NS, p>0.05,
*p<0.05; One-way ANOVA, Dunnett’'s multiple comparisons test). (C) Cortical neurons
were dissociated and treated with netrin-1 at DIV2, followed by surface DCC isolation.
Subsequent IP of lysates depleted of surface DCC were performed and the level of
Hsc70 co-IP with DCC was assessed by immunoblotting. Lower: densitometric analysis
of Hsc70 co-association with either surface or intracellular DCC. Error bars indicate the
standard error of the mean (SEM) (n=4; NS, p>0.05, *p<0.05; Unpaired student’s t-test).
(D) Isolated E17.5 rat cortical neurons were electroporated with the indicated Hsc70
constructs. At DIV1 the neurons were treated with netrin-1 for 15 min before fixation.
Surface DCC was assessed by staining with an extracellular-DCC antibody under non-
permeabilizing conditions, and subsequent fluorescence microscopy. Scale bar, 50 ym
(A denotes enchrichment; # denotes no enrichment). (E) The average pixel intensity
ratios of surface DCC at the growth cones relative to axons were calculated using
Metamorph software (>15 neurons/per condition). Error bars indicate the SEM (n=4,
**p<0.01, Unpaired student’s t-test). (F) HEK293 cells were transfected with DCC and
the indicated Hsc70 constructs, and were treated with netrin-1 for 5 min before lysis.

Protein extracts were resolved by SDS-PAGE and the levels of active ERK1/2 and FAK
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were assessed by immunoblotting. (G) Densitometric analysis of pERK1/2 and pFAK

(Y861) from (F). Error bars indicate the standard error of the mean (SEM) (n=4).
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Figure 3.5 — Hsc70 is required for netrin-1-mediated cortical axon outgrowth and

Rac1 activation

(A) Dissociated E17.5 rat cortical neurons were electroporated with control siRNA or
Hsc70 siRNA with a GFP-reporter construct or the indicated GFP constructs. At DIV1,
neurons were stimulated with netrin-1 or glutamate for 24h. Scale bar, 50um. (B, C) The
average axon lengths of GFP-positive neurons from (A) were calculated manually using
Metamorph software (>15 neurons/per condition). Error bars indicate the SEM (n=3,
****p<0.0001, One way ANOVA, Fisher’s LSD post-test). (D) E17.5 rat cortical neurons
were depleted of endogenous Trio and Hsc70 by siRNA and re-expressed both with
siRNA-resistant Hsc70 and Trio. (E, F) The average axon lengths of GFP-positive
neurons were calculated as in (B). Error bars indicate the SEM (n=4, *p<0.05, Unpaired
student’s t-test). (G) HEK293 cells were transfected with pRK5-DCC with empty vector
(EV), GFP-Hsc70 or GFP-Hsc70 '™ and stimulated with netrin-1 for 5 min. GTP-
loaded Rac1 was pulled down from protein lysates by GST-CRIB. GTP-bound Rac1
(top panel), total Rac1, and the indicated proteins were detected by immunoblotting.
TCL = Total cell lysates. (H) Densitometric ratio of GTP-bound Rac1/Total Rac1
normalized to DCC. Error bars indicate the SEM (n=4, *p<0.05, One-way ANOVA,

Bonferroni’s multiple comparisons test).
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Figure 3.6 — Hsc70 is required for netrin-1-dependent attraction of embryonic

cortical neurons

Control (CTL) or Hsc70 siRNA (siHsc70) was electroporated with a GFP-reporter
plasmid in E17.5 cortical neurons. At DIV2, neurons were exposed to vehicle PBS or a
200 ng/ml netrin-1 VI-V (net) gradient in Dunn chamber turning assays. (A) Video time-
lapse imaging of control neurons exposed to a gradient for 90 min. Scale bar, 20 um.
(B) Mean turning angles for each condition. Error bars indicate the SEM (n>50 axons
per condition, NS p>0.05, *p<0.05, **p<0.01, One way ANOVA, Newman-Keuls multiple
comparisons test). (C) Rose histograms represent the distribution of turning angles of
the cortical neurons in (B). (D) The mean displacement of turning cortical growth cones
over the 90 min imaging period. Error bars indicate the SEM (n>50 axons per condition,
NS p>0.05, ***p<0.001, One way ANOVA, Newman-Keuls multiple comparisons test).
(E) Left: the mean displacement of all cortical growth cones over the 90-minute imaging
period. Error bars indicate the SEM (***p<0.001; Unpaired student’s t-test). Middle: the
proportion of growth cones with at least one retraction event. Right: the proportion of

growth cones with net retraction. (F) The distribution of growth cone displacements from

(E).
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Figure 3.7 — Model of Trio regulation by Hsc70 during netrin-1/DCC signaling

Netrin-1/DCC engagement results in recruitment of Trio and Hsc70 to DCC signaling
complexes (A). Hsc70 chaperone activity is required for netrin-1-induced activation of
Rac1 (B), surface DCC enrichment at the growth cone plasma membrane (C), and axon
outgrowth and guidance downstream of netrin-1 (D). Therefore, we propose that Hsc70-
mediated regulation of Trio is essential for the stability of the DCC/Trio signalling
complex at the cell surface of growth cones in order to mediate netrin-1-induced cortical

axon outgrowth and guidance.
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Chapter 4: CAGAP-null mouse generation reveals a role for
CdGAP in angiogenesis and central nervous system
development

Jonathan DeGeer, Lou Beaulieu-Laroche, Philippe Duquette, Hidetaka Ishii, Vilayphone

Luangrath and Nathalie Lamarche-Vane. (2015) In preparation.
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Preface to Chapter 4

As master regulators of cytoskeletal dynamics, Rho GTPases are required for
such basic processes as cell motility. While ectopic activation of Rho GTPase can lead
to deleterious conditions such as invasive carcinoma, during development active Rho
GTPases are required for the formation of all tissues and vessels. To date, transgenic
mouse models have proven to be invaluable in defining the role and function of Rho
GTPases and their regulators in vivo. In order to evaluate the function of CAGAP in vivo,
we have generated a CdGAP germ-line knockout mouse model. Herein we describe the
vascular defects present in CAGAP-null embryos and investigate the function of CAGAP
during development. We further document the differences between CdGAP null
embryonic neurons relative to neurons from wild type littermates and reveal a novel role

for CAGAP in regulating crosstalk between the vasculature and neurons.
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Abstract

Cdc42 GTPase-activating protein (CdGAP) is a GAP for the well characterized
Rho family members Rac1 and Cdc42. Despite being enriched in the adult and post-
natal brain tissues, relatively little is known about the function of CAGAP in the CNS. In
this study we began by investigating the localization of CdGAP in sub-regions of the
embryonic rat brain, revealing an enrichment of CdGAP in the developing hippocampus.
Generation of CdGAP-null mice revealed vascular deficits in E15.5 embryos including
hemorrhaging of superficial vasculature and severe edema, resulting in 50 percent
embryonic or perinatal lethality. We further assessed the brains of CdGAP-null mice and
observed that the meninges surrounding the CNS were hypovascularized, indicating
that loss of CdGAP may affect neuronal function. CdGAP-null dissociated cortical
neurons displayed distinct gross morphological differences relative to those from wild
type littermates. Additionally, VEGF treatment induced a rapid upregulation of CAGAP
expression in dissociated cortical neurons; and CdGAP-deficient neurons failed to
extend ectopic primary neurites in response to VEGF. In summary we demonstrate that
CdGAP is a novel regulator of angiogenesis in vivo and implicate its function in neurons

downstream of neuronal VEGF signaling.
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Introduction

The proper wiring of the central nervous system (CNS) is imperative for normal
physiological function and survival, and as such is a tightly regulated process. The
mammalian CNS is composed of billions of neurons which undergo a conserved
program of polarization, growth and maturation. Rho family GTPases are molecular
switches that have been well characterized as modulators of cytoskeletal dynamics and
cellular motility by cycling between an inactive GDP-bound and active GTP-bound
state®>. The Rho family of small GTPases are important regulators of cytoskeletal
dynamics thathave been implicated in neuronal development including: axon
specification, axon outgrowth and guidance, migration, synaptogenesis and synaptic
plasticity 3°°?°% |n the context of axon growth and pathfinding, the recruitment and
localized activation of the Rho GTPases Rac1, Cdc42, and RhoA, are imperative for
translating guidance cues into cytoskeletal rearrangements within the extending growth
cone °1399432465489 ~ Qyersight of Rho GTPase nucleotide cycling is performed by
regulatory proteins: guanine nucleotide exchange factors (GEFs) enhance the GTP-

bound state 26399

, while GTP hydrolysis is catalyzed by GTPase-activating proteins
(GAPs) 8. Cdc42 GTPase-activating protein (CdGAP) is a member of the latter family
and its GAP activity is directed toward Rac1 and Cdc42 ***. CdGAP is composed of a
PBR and a GAP domain at the N-terminal region, a basic-rich (BR) stretch in the central
region, a proline rich domain (PRD) and a C-terminal region **°>. CdGAP overexpression
in diverse cell lines was previously shown to reduce cell spreading and lamellipodia

formation 3%3%7.
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Although CdGAP becomes upregulated downstream of growth factor treatment,
little is known about its function in vivo **°. We have shown that CAGAP is required for
TGFB and Neu/ErbB2-mediated breast cancer cell migration and invasion °?°. Also,
gain-of-function mutations of CdGAP in humans have been linked to Adams-Oliver
syndrome, a developmental disorder characterized by cutis aplasia and terminal limb
defects ***. CAGAP is highly phosphorylated on serine and threonine residues 3°.
Notably, ERK1/2 and GSK-3 protein kinases phosphorylate threonine-776 in the PRD
domain of CdGAP resulting in down-regulation of its GAP activity 3*°*®'. Additionally, the
endocytic scaffolding protein intersectin was shown to interact with CdGAP through its
SH3D domain, thereby inhibiting its GAP activity >°®%%2. Finally, CdGAP binding to
phosphatidylinositol 3,4,5-trisphosphate through a stretch of N-terminal polybasic
residues is required for its membrane recruitment downstream of PDGF %, Together
these data have demonstrated that CAGAP functions downstream of growth factors to
regulate cell motility and migration in various biological contexts.

Although CdGAP is expressed in the fetal human brain °*°

, its precise function in
the nervous system is completely unknown. In this study we combined both in vitro
approaches and a CdAGAP-null mouse model to investigate the function of CAGAP in the
developing brain. We observed that CdGAP is expressed in various sub-regions of
embryonic rat brains, and notably enriched in the hippocampus. Analysis of CAGAP-null
embryos revealed a striking, incompletely penetrant defect in angiogenesis, resulting in
50 percent late embryonic or perinatal lethality. Subsequent analysis of neurons of
CdGAP knockout embryos versus wild type littermates revealed many differences in

cytoskeletal architecture. VEGF is a neurotrophic factor expressed by neurons,
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endothelial and glial cells in the CNS 3", Intriguingly, VEGF treatment of dissociated
cortical neurons resulted in an upregulation of CAGAP expression. Furthermore, VEGF-
treatment of CdGAP-null cortical neurons failed to induce ectopic neurites, thereby
supporting a function of CAGAP in VEGF-dependent signaling in dissociated cortical
neurons. These results are the first to indicate that CdGAP functions in the developing
CNS and vasculature, and lay the groundwork for future studies to reveal the

mechanisms of CAGAP action.

Materials and methods

Primary cortical neuron culture. Cortices and hippocampi of embryonic E17.5 rat or
E15.5 mouse brains were extracted, trypsinized and lightly triturated. Dissociated
neurons were plated on either poly-D-lysine (0.1 mg/ml, Sigma-Aldrich)-coated dishes
for protein extraction, or poly-L-lysine (0.1 mg/ml, Sigma-Aldrich)-treated coverslips in
24-well plates at a density of 75,000 cells/well for imaging experiments. Neurons were
maintained in attachment medium (DMEM, 10% FBS (Wisent Bioproducts)
supplemented with 2mM L-glutamine, penicillin and streptomycin (Invitrogen)) under
humidified conditions with 5% CO,. After 1.5 hours, the medium was replaced with
maintenance medium (Neurobasal-A medium (Invitrogen), supplemented with 2% B27

(Invitrogen), 1% L-glutamine, penicillin and streptomycin (Invitrogen)).

Protein lysis and immunoblotting. Proteins from neuronal tissues or dissociated

neurons were extracted with ristocetin-induced platelet agglutination (RIPA) buffer (150
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mM NaCl, 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, pH 7.5, 1% NP-
40, 10 mM EDTA, pH 8.0, 0.5% sodium deoxycholate, 0.1% SDS, 20 mM sodium
fluoride, 1 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride (PMSF), and
1 pg/mL aprotinin and leupeptin (Bio Shop)). Lysates were centrifuged at 10,000 x g for
5 minutes at 4°C to remove insoluble materials. Protein samples were resolved by SDS-
PAGE, transferred to nitrocellulose membrane for immunoblotting with the appropriate
antibodies, and visualized by enhanced chemiluminescence (ECL; PerkinElmer).
Antibodies used for western blot analysis: anti-CdGAP (Sigma-Aldrich), anti-
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH; Millipore) and anti-alpha tubulin

(Sigma-Aldrich).

Generation of CdGAP fl/fl and CdGAP -/- mice and Genotyping. For targeting
CdGAP, a single loxP site containing an engineered EcoRV site was inserted 177bp 5
of exon 1 and a loxP/FRT flanked Neo cassette containing and engineered Spe1 site,
was inserted 270bp 3’ of exon 1. CdGAP fl/fl mice were generated from a mixed
129SVEV/C57BL6 hybrid genetic background. CdGAP -/- mice were bred by first
crossing CdGAP fl/fl mice with mice expressing Cre recombinase under the Meox2
promoter (a gift from N. Saidah, IRCM), which is active as early as embryonic day 5 in
epiblast-derived tissues. Meox2-Cre”; CAGAP " mice were intercrossed to generate
Meox2-Cre”; CdGAP 7 used in the study. Meox2-Cre”; CAGAP " were used as controls.
For genotyping, mouse tail samples were lysed overnight at 55°C in direct tail lysis
buffer (Viagen) supplemented with 60ug of proteinase K. Samples were then heated to

85°C for 2 minutes to inactivate the proteinase K, and crude lysates were cleared by
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centrifugation. These samples were subject to PCR analysis for genotyping. Deletion of
exon 1 was assessed by PCR in PCR buffer (Zmtech) supplemented with 0.5mM
MgClz, 0.2mM dNTPs, 1uM primers flanking exon 1, and 0.04% DMSO; 1.56 units of
Taqg polymerase (Gentech) was used per reaction. Presence of the 5’LoxP site thus
confirming the floxed gene was determined by PCR analysis as above, but with the

addition of 0.5mM MgCl; to the reaction.

Immunofluorescence, microscopy. Cortical neurons were fixed with 3.7%
formaldehyde (Sigma-Aldrich) in 20% sucrose/PBS for 30 minutes at 37°C and
permeabilized as described previously ?*’. Cells were then blocked for 30min with PBS
containing 1% bovine serum albumin (BSA), and immunostaining was carried out using
anti-MAP2 (Clone HM-2; Sigma-Aldrich) and Alexa-488-conjugated anti-mouse 1gG
(Invitrogen). Rhodamine-conjugated phalloidin (Sigma-Aldrich) was used to visualize
actin filaments. Cells were examined with an Olympus IX81 motorized inverted
microscope using the 40X U PLAN Fluorite oil objective lenses. Images were recorded
with a CoolSnap 4K camera (Photometrics) and analyzed with the Metamorph software

(Molecular Devices).

Tissue fixation and staining. E15.5 embryos were dissected and briefly visualized
under dissection microscope (Zeiss Stemi 2000-C) while pictures were taken using a
Zeiss Axiocam MRc camera. Embryos were then fixed in 4% PFA in PBS overnight at
4°C. The next day embryos were washed 3 times with PBS and either cryoprotected in
30% sucrose at 4°C for 3 days and sectioned. Cryoprotected embryos were then
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embedded in OCT compound and snap frozen in 2-methyl butane at -30°C and stored
at -80°C until sectioning. 14 pm thick tissue sections were prepared and then
processed following a standard H&E protocol before mounting with Permount (Fisher).
Sections were visualized using a Zeiss Imager M2 upright microscope and images

obtained with a Zeiss AxioCam ICc5 camera.

Cytoskeletal measurements. To analyze axon length, width, growth cone area,
branching and filopodia density of primary cortical neurons (1-4DIV), at least 30 cells
were analyzed per embryo for each genotype from at least three independent
experiments. A branch was defined as an actin projection longer than 10 pym, while a
filopodium was defined as an actin projection shorter than 10 ym emanating from the
primary cortical axons. Measurements were obtained manually from acquired images
with MetaMorph software. The results are presented as the mean for each genotype

+SEM.

VEGF treatments, neuritogenesis. At DIV1, cortical neurons were either left untreated
or treated with 50 ng/mL recombinant human VEGF-165 (R&D Systems). At DIV4,
neurons were either lysed for immunoblotting analysis or fixed at DIV4 and stained for
MAP2 to visualize primary neurites. The number of neurites per soma were counted
manually, with a minimum of 30 cells being analyzed per condition. The average
number of neurites per soma was determined for each embryo and the data are

presented as the mean for each genotype in each condition +SEM.
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Statistical analysis. Two-tailed independent student t-tests were used to analyze the
data concerning axon length, axon width, growth cone area, axonal branching and
filopodia density. Two-way ANOVA followed by Bonferroni simple effect analysis was
used to analyze VEGF-induced neuritogenesis data. Statistical analysis was performed
with GraphPad Prism 6. The data are presented as the mean % the standard error of the

mean (SEM).

Results

CdGAP is expressed in the brain and is enriched in the hippocampus in E17.5 rat
To investigate the function of CAGAP in the developing brain, we first attempted
to verify its expression in the embryonic rat brain and determine in which sub-regions it
is enriched. We collected tissue samples from the sub-regions of E17.5 rat brains (Fig.
4.1A), resolved crude lysates by SDS-PAGE, and CdGAP expression was assessed by
immunoblotting. Expression of CdGAP in the olfactory bulb, cortex, cerebellum and
midbrain was strong, but notably CdGAP was most highly enriched in hippocampal
tissues (Fig. 4.1B). To pinpoint a window of function of CAGAP in neurons, we next
sought to determine whether CdGAP expression varied over a time course during which
neuronal polarization, neurite outgrowth or synapse formation occur. Dissociated rat
cortical and hippocampal neuons were cultured over a period of two weeks and protein
lysates were collected at intervals and resolved by SDS-PAGE. In this way, Western
blotting revealed that CdAGAP expression levels increased similarly in both cortical and
hippocampal cultures relative to GAPDH and stabilized after one week relative to

GAPDH levels (Fig. 4.1C, D). These results demonstrate that CdGAP is expressed

154



throughout the embryonic rat brain, and while CdGAP is enriched in hippocampal
tissues, its dynamic expression in dissociated hippocampal neurons is indistinguishable

from that in dissociated cortical neurons.

CdGAP -/- mice exhibit incompletely penetrant embryonic lethality, edema, and
vascular defects.

To explore the importance of CAGAP in vivo during embryonic development, we
generated conditional floxed exon 1 allele to remove the ATG start codon of the CAGAP
gene (Fig. 4.2A). Conditional CdGAPfl/fl mouse were crossed with mice expressing Cre
recombinase under the Meox2 promoter, which is active as early as embryonic day 5 in
epiblast-derived tissues. To eliminate the possibility of non-specific effects caused by
Meox2-Cre recombinase expression, heterozygous CdGAP";Meox2-Cre- were
intercrossed to generate CAGAP” as assessed by PCR (Fig. 4.2B). The complete
absence of CAGAP expression in CdGAP” mice was confirmed by western blotting of
protein lysates of lung, brain, and heart tissues compared to those isolated from
CdGAPTlI/fl mice (Fig. 4.2C). These analyses indicated the successful generation of
CdGAP-depleted mice. While the offspring of CdGAP™ intercrosses at E15.5 revealed a
Mendelian ratio of genotypes (CAGAP-null: 22%, heterozygote: 54%, wild-type: 24%),
the proportion of CAGAP-null pups at P21 reduced to half of those expected (CdGAP-
null: 14%, heterozygote: 59%, wild-type: 27%; Fig. 4.2D). Therefore, the complete loss
of CAGAP expression leads to incompletely penetrant embryonic lethality.

Furthermore, we observed general vascular defects in 89% of CdGAP-null
embryos at E15.5, including multifocal progressive hemorrhages of varying severity
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from ruptured blood vessels (white *), and dorsal subcutaneous edema (black *) in 73%
and 77% of CdGAP-null embryos, respectively (Fig. 4.3 A, B). In addition to these
superficial defects, the livers of CAGAP-null embryos were relatively pale in colour
compared to littermate controls (Fig. 4.3A, B), and a reduction in vascularization was
clearly apparent in the brains dissected from E15.5 CdGAP " embryos (Fig. 4.3A-C). In
addition, H/E staining of transverse sections of E15.5 CdGAP-null embryonic torsos
revealed the severity of the dorsal edema, and the infiltration of red blood cells into
subcutaneous regions compared to control embryos, which may account for the lethality
of some pups (Fig. 4.3D). Taken together these results indicate that CdGAP supports

general vascular maintenance during embryonic development.

CdGAP™ hippocampal neurons undergo polarization normally in vitro

Since CAdGAP deletion in mice resulted in hypovascularized meninges lining the
embryonic brains, we next investigated the morphology of dissociated neurons from
CdGAP-null embryos relative to litter mate controls. We began by asking whether
CdGAP deficiency affects hippocampal neuronal polarization, a process that is known to
implicate Cdc42 and Rac1 activity °*2. Dissociated hippocampal neurons from wild type
and CdGAP-null embryos were maintained in culture for one or two days before fixation,
after which actin filaments were stained with Rhodamine-conjugated phalloidin and
assessed blindly by fluorescence microscopy (Fig. 4.4A, B). The neurons were
classified according to established polarization stages: Stage 1 (only lamellipodia and
small actin-rich microspikes emanating from the cell body), Stage 2 (primary neurites

are present but there is no defined polarity), and Stage 3 (neuron is polarized with a
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primary, immature axon) *°. Under these conditions, CdAGAP-null hippocampal neurons
underwent the first three stages of polarization indistinguishably from littermate control
hippocampal neurons (Fig. 4.4A, B). These results indicate that loss of CdGAP
expression does not affect the intrinsic program of hippocampal neuronal polarization in

vitro.

CdGAP-null cortical axons have abnormal cytoarchitecture at DIV2

Since CdGAP regulates Rac1 and Cdc42, which contribute to axon outgrowth by

dynamic regulation of the actin cytoskeleton °*

, we next examined whether CdGAP
deficiency affected the axon length of cortical neurons. Dissociated cortical neurons
were maintained for two days before fixation and staining with Rhodamine-conjugated
Phalloidin. To our intrigue, the axons of CAdGAP-null cortical neurons were significantly
shorter compared to the axons of littermate control cortical neurons with an average
length of 86.28 um + 4.03 versus 101.53 ym * 5.59, respectively (Fig. 4.5A, B; p<0.05).
Furthermore, we observed that the average thickness of CAdGAP-null cortical axons
were significantly larger at DIV2 relative to control cortical neurons at 4.49 ym + 0.41
versus 2.52 um * 0.28, respectively (Fig. 4.5C, D; p<0.01). In addition to abnormal axon
sizes, the most-striking feature of CAGAP-null cortical neurons was the enlargement of
the growth cones (Fig. 4.6A, B). Relative to CAGAP™ control cortical growth cones, the
average surface area occupied by CdGAP-null cortical growth cones was two times

larger (204.78 ym? + 26.14 versus 95.95 um? + 30.35, p<0.05) and the growth cones

often exhibited an unusual shape (Fig. 4.6C). Taken together, these results indicate that
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CdGAP contributes to the cytoarchitecture of embryonic cortical neurons in vitro, and its
deficiency negatively influences axon extension.

Since Rac1 and Cdc42 also contribute to axon branching and filopodia formation
%3535 \ve next focused on whether CdGAP-null cortical neurons presented abnormal
numbers of filopodia or branches along the primary axon at DIV2. Intriguingly CdGAP-
null cortical neurons had more filopodia at DIV2, at 3.1 filopodia per 20 ym of axon
compared to 2.3 filopodia per 20 ym of control cortical axons (Fig. 4.6D, E; p<0.05). To
verify that these cytoskeletal differences were not transient, we also assessed the
abundance of filopodia at DIV4 only to find that the disparity was even larger, with
CdGAP-null cortical axons having 4.7 filopodia per 20 um of axon compared to 2.2
filopodia per 20 um of control cortical axons (data not shown). In addition to increased
axonal filopodia, CdGAP-null cortical neurons also had a relatively high incidence of
axon branching with a frequency of 1.17 branches + 0.15 per cortical axon, versus 0.43
branches + 0.13 per cortical axon of CAdGAP fl/fl neurons (Fig. 4.6F, G; p<0.01). When
expressed as a percentage, 61.2% + 3.9 of CAGAP-null cortical neurons had at least
one branch, while only 28.6% = 7.8 of control cortical neurons possessed one or more
branches (Fig. 4.6F, H; p<0.001). These results indicate that CdGAP contributes to the
cytoskeletal organization of cortical neurons, and that loss of CAGAP expression results
in supernumerary filopodia and ectopic branching along the primary axon of cortical

neurons relative to wild type neurons from littermate controls.

CdGAP™ cortical neurons are unresponsive to VEGF mediated neuritogenesis

158



Since the brains of E15.5 embryos of CAGAP-null mice were pale in colour, and
the meninges surrounding the brain had a noticeably disorganized vasculature (Fig.
4.3A, C), we next asked whether CdGAP could function downstream of the well
characterized vascular endothelial growth factor (VEGF) in cortical neurons. To this
means, cortices were isolated from E17.5 rat embryos and the tissue was incubated
with VEGF for 30 min and 1 hr at 37°C before protein extraction. Protein lysates were
resolved by SDS-PAGE and CdGAP expression was assessed by immunoblotting. In
this way, we observed that CdGAP expression in the cortical tissue was readily
upregulated relative to a-tubulin levels within one hour of VEGF application, while
phospho-ERK1/2 immunoblotting validated the efficacy of VEGF treatment (Fig. 4.7A).
Since cortical tissues contain many cell types, we next asked whether exogenous VEGF
application would augment CdGAP expression in dissociated cortical neurons. To test
this hypothesis, rat cortical neuons were isolated and cultured for one day before
addition of VEGF. Following 24 hours of VEGF incubation, protein lysates were
collected, resolved by SDS-PAGE and Western blotting was performed. In this way we
observed that CAGAP levels were upregulated at the protein level with VEGF treatment,
while the levels of the VEGF receptor VEGF-R2 were also upregulated relative to a —
tubulin (Fig. 4.7B). Taken together, VEGF treatment of the embryonic cortex and
dissociated cortical neurons results in upregulation of CAGAP.

Previous reports have indicated that VEGF induces neuritogenesis of dissociated
primary cortical neurons in vitro®*'. To determine whether CdGAP was required for this
phenomenon, cortical neurons of E15.5 CdGAP™ and wild type control embryos were
dissociated and treated with VEGF at DIV1 for 3 days before fixation. Using antibodies
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against the dendritic marker MAP2, we immunostained and assessed the number of
primary neurites emanating from the cell soma of each neuron per embryo (Fig. 4.7C,
D). Both control and CdGAP-deficient cortical neurons had on average 7 primary
neurites without treatment (Fig. 4.7C, D). However, while VEGF treatment resulted in an
increase in primary neurites of CAGAP fl/fl and fl/- cortical neurons to 8.4 and 7.5,
respectively (p=0.02; p=0.06), VEGF-treatment failed to induce primary neuritogenesis
of CdGAP-null cortical neurons (p=0.95; Fig. 4.7C, D). We next asked whether this
result was due to the downregulation of VEGF-R2, the VEGF receptor required for
induced neuritogenesis in cortical neurons. Protein lysates extracted from CdGAP™"
CdGAP"" and CdGAP-null cortical neurons were resolved by SDS-PAGE and the levels
of CAGAP and VEGF-R2 were determined by immunoblotting (Fig. 4.7E). As expected,
CdGAP was only expressed in wild type and heterozygote neurons, while VEGF-R2
expression was similar in extracts from all three genotypes when compared to GAPDH
and a-tubulin (Fig. 4.7E). Taken together, these data suggest that CAGAP plays an

important role in VEGF signaling in cortical neurons.

Discussion

Until now, the function of CAGAP in the brain has been virtually unexplored. In
this study, we demonstrate that CdGAP is well expressed in the developing rat brain.
Although CdGAP was enriched in hippocampal tissues, the indistinguishable
upregulation of CdGAP in both dissociated hippocampal and cortical neurons with days
in culture suggests a general role of CdGAP in functionally diverse populations of

neurons. Since CAGAP expression is low during the first three days in culture, it would
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imply that the major role of CdAGAP in neurons likely follows early cellular events in vitro,
such as polarization and axon outgrowth. Indeed, we assessed the ability of CAGAP-
null neurons to polarize, a process known to involve regulation of both Rac1 and Cdc42
%32 Since CAGAP™ neurons failed to display differences in polarization relative to wild-
type littermates, we conclude that CdGAP is not a major contributor to neuronal
polarization in vitro.

In contrast to CdGAP being dispensable for polarization, we observed that
CdGAP deficiency affects the cytoskeletal architecture of dissociated cortical neurons at
DIV1 and 2 despite low CdGAP expression. Since CdGAP is a GAP protein for Rac1
and Cdc42, many of these observations may be in part explained by a differential
regulation of these Rho GTPases. Rac1 and Cdc42 support axon outgrowth and growth
cone protrusion by driving lamellipodia and filopodia formation, respectively at the axon
tip >**°%. Rac1 has also been implicated in axonal branching while Cdc42 promotes
filopodia formation along the axon °**°%. In the context of CdGAP-deficient cortical
neurons, loss of a Rac1/Cdc42 GAP protein may result in enhanced axon outgrowth,
axonal branching and filopodia formation by via enhanced local Rac1 and Cdc42
activation. Indeed, increased incidence of branching and elevated filopodial density
were observed along axons of CAGAP-null cortical neurons, however the reduced axon
lengths relative to wild-type littermates suggests that CdGAP may have GAP-
independent functions in dissociated neurons or that CdGAP deficiency impairs axon
extension indirectly. In the future, rescue of CAGAP deficiency with expression of GAP-
dead CdGAP in cortical neurons will help to determine whether loss of GAP activity is
causative in altering the cytoarchitecture of CdGAP-null cortical neurons.
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While larger growth cones of CAGAP-null cortical neurons may be explained by
deregulation of Rac1 or Cdc42 activity, an additional hypothesis is that CAGAP ablation
alters cell adhesion and thereby favours enlarged growth cones and thicker axons in 2D

" and down-

space. Indeed, CdGAP has been shown to localize to focal adhesions®°
regulation of CAGAP leads to upregulation of E-cadherin resulting in enhanced cell-to-
cell junctions and reduced motility of breast cancer cells®®. More recently, CAGAP was
shown to influence cell migration U20S osteosarcoma cells by regulating adhesion
maturation dynamics, but in this study the depletion of CAGAP resulted in decreased
half-life of adhesions resulting in more motile cells®®’. Since the depletion of CdGAP
results in different effects on adhesion dynamics in various cell types, it is not possible
to speculate whether the larger axon widths and enlarged growth cone surface area of
CdGAP-null cortical neurons may result from dysregulated adhesion complexes.
Furthermore, cortical neurons are a heterogeneous population of cells, and not all
CdGAP™ neurons exhibited the same defects, therefore further study is required to
assess which subtype of cortical neurons are most affected by CAGAP deficiency.

The generation of CAGAP-null mice revealed a novel function of CdGAP in
angiogenesis. Angiogenesis is the formation of new blood vessels from pre-existing
ones, and a major driver of angiogenesis is the trophic factor, VEGF °*®. CdGAP-
deficient embryos displayed defective vascularization at E15.5, and by P21 the survival
rate of CAGAP knockout pups was roughly half of that expected. Although some

knockout pups survive into adulthood, the long term effects of CAGAP deficiency remain

unknown. The hypovascularized CNS exhibited by CdGAP-null embryos begs the
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following questions: Is CAGAP implicated in VEGF-dependent signaling, and does loss
of CAGAP affect neural function in vivo?

To date CdGAP has been shown to play a role downstream of several growth
factor pathways such as TGFB and PDGF.****® Here we show that downstream of
VEGF treatment, CdGAP expression is upregulated in cortical tissue and neurons.
VEGF has been extensively studied in various systems including the nervous system
where it is implicated in neurodevelopment and neurodegeneration via various
pleiotropic mechanisms *3***°_ Considering that VEGF is secreted by various cell types

including neurons >*'

, investigating VEGF signaling in vivo remains a difficult task. In
this study, we explored the requirement for CdGAP during VEGF-induced
neuritogenesis. In this context, our observation that CdGAP-null cortical neurons
remained unresponsive to VEGF treatment independently of VEGFR2 down-regulation,
suggests that CdGAP acts downstream of VEGFR2 in mediating VEGF-induced
neuritogenesis in cortical neurons. These results are in support that CdGAP is
implicated in VEGF-dependent signaling, but further studies will be required to delineate
the precise mechanism of CdGAP participation in VEGF signaling. Furthermore, since
CdGAP expression in dissociated neurons peaks at the time when neurons begin to
form synaptic connections in culture **, further study is needed to determine whether
CdGAP contributes to functional, mature neuronal networks. This first investigation of

CdGAP in the nervous system unveils several defects caused by CdGAP deficiency and

insights to the function of CAGAP in neurons.
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Figure 4.1 — CAGAP expression in the developing rodent brain

(A) Schematic of the subregions of embryonic rat brain. (B) Brains were isolated from
E17.5 rats and the olfactory bulb, cerebral cortex, hippocampi, midbrain and cerebellum
were separated. Protein extracts were resolved by SDS-PAGE and immunoblotted with
the indicated antibodies. (C) Dissociated E17.5 rat hippocampal neurons were
maintained in vitro up to two weeks. CdGAP and GAPDH protein levels from cell
extracts were determined by immunoblotting. (D) CdGAP expression in dissociated

cortical neurons was assessed as in (C).
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Figure 4.2 - Generation of CAdGAP-null mouse model reveals incompletely
penetrant embryonic lethality

(A) Schematic drawing of the targeting strategy for the production of CdGAP conditional
floxed (fl) mice. Primers (F1 and R1) for PCR assessment of CdGAP exon1 deletion
(Aexon1). (B) CAGAP -/- mice were generated by crossing CdGAP fl/fl mice with mice
expressing Cre recombinase under the Meox2 promoter. Samples for PCR were
prepared from Cre negative, CdGAP fl/fl, CdGAP fl/- and CdGAP -/- mouse tails.
Aexon1 allele-specific (321 bp) bands indicate deletion of CdGAP exon 1. (C) Western
blot analysis of CAGAP expression was performed using lung, brain and heart tissue
lysates from CAGAP fl/fl and CAGAP-null mice. Tubulin was used as a protein loading
control. CAGAP expression was absent in all tissues derived from knockout animals. (D)
Breeding table from heterozygous intercrosses show that CAGAP” were not born at the
expected Mendelian ratio, and CdGAP-null embryos exhibited 44% embryonic/perinatal
lethality. The numbers of embryos (E.15.5) or born mice (P21) assessed are indicated

in parenthesis.
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Figure 4.3 - CdGAP” mice exhibit subcutaneous edema, and vascular defects

(A) E15.5 CdGAP-null whole embryos displayed vascular defects with subcutaneous
edema (*) and various degrees of subcutaneous hemorrhage (white asterisks). (B) The
proportion of embryos exhibiting each major phenotype. The total number of embryos
analyzed per genotype is indicated in parenthesis. (C) Reduced vascularization of the
meninges surrounding the brains of CAGAP-null embryos relative to littermate controls.
(D) H&E staining of transverse sections of E15.5 CAGAP fl/fl and -/- embryonic torsos

revealing subcutaneous edema (*). L, lung; H, heart.
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Figure 4.4 — CdGAP deficiency does not impair hippocampal neuron polarization
Dissociated E15.5 hippocampal neurons were fixed after one or two days and stained
with  Rhodamine-conjugated phalloidin to visualize actin filaments. Representative
micrographs of (A) wild-type and (B) CdGAP " neurons undergoing stages 1 through 3

of polarization.
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Figure 4.5 — Mean length of CAGAP -null cortical neurons is reduced at DIV2,
width is increased

Dissociated E15.5 mouse cortical neurons were fixed after two days and stained with
Rhodamine-conjugated phalloidin to visualize actin filaments. (A, C) Representative
images of whole cell or enlarged axons are shown from CdGAP" and CdGAP™ cortical
neurons. (B, D) The mean lengths and widths of cortical axons were measured. Error
bars indicate the SEM (n>30 axons per embryo (fl/fl= 5, -/-=10), length: *p<0.05; width:

**p<0.01, Unpaired student t-test).
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Figure 4.6 — CdGAP-deficient cortical neurons have larger growth cones, and
more axonal filopodia and branching

Dissociated E15.5 mouse cortical neurons were fixed at DIV2Z and stained with
Rhodamine-conjugated phalloidin to visualize actin filaments. (A, E, F) Representative
images of growth cones, axons and full cells are shown for each genotype. (B) Average
growth cone surface area for each embryo per genotype. Error bars indicate the SEM
(n>30 axons per embryo (fl/fl= 5, -/-=10), *p<0.05, Unpaired student t-test). (C) Various
CdGAP-null cortical neurons with oddly shaped growth cones. (D, G, H) The mean
axonal filopodia density, primary axon branching frequency and percentage of axons
with at least one branch observed per embryo. Error bars indicate the SEM (n>30 axons

per embryo (fl/fl= 5, -/~=10), *p<0.05, **p<0.01, ***p<0.001, Unpaired student t-test).
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Figure 4.7 — CAGAP expression is induced by VEGF treatment of cortical neurons
and is required for VEGF-induced neuritogenesis

(A) Isolated E17.5 rat cortical tissues were incubated with 50 ng/mL of VEGF for the
indicated times. Protein extracts were resolved by SDS-PAGE and immunoblotted with
the indicated antibodies. Efficacy of VEGF treatment was verified by assessing ERK 1/2
phosphorylation. (B) Dissociated E17.5 cortical neurons were treated with 50 ng/mL of
VEGF for 24 hours at DIV3 before lysis. Protein extracts were resolved by SDS-PAGE
and immunoblotted with the indicated antibodies. (C, D) Dissociated E15.5 mouse
cortical neurons were incubated with VEGF (50 ng/mL) at DIV1 for 3 days.
Immunocytochemistry was performed with anti-MAP2 antibodies, and the mean primary
neurites per soma were calculated. Error bars indicate the SEM (n>30 axons per
embryo (flffl= 5, -/-=10, fl/-=14), **p<0.01, ***p<0.001, Two-way ANOVA, Bonferroni
test). (E) Protein extracts from cortical neurons of each genotype at DIV4 were resolved

by SDS-PAGE and immunoblotted with the indicated antibodies.
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Chapter 5: General Discussion and Conclusions
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5.1 Major Findings
5.1.1 Tyrosine phosphorylation of Trio

This study was the first to demonstrate that Trio is tyrosine phosphorylated in
either cultured cells or in tissues ex vivo, despite its identification via direct binding with
the LAR transmembrane tyrosine phosphatase '®. Before this study, it was assumed
that Trio and DCC were constitutively associated 244 however we show that Trio is
recruited to DCC signaling complexes upon netrin-1 treatment and is directly
phosphorylated at its C-terminus by the Src-kinase Fyn at tyrosine-2622. We further
confirm that the netrin-1-induced axon outgrowth and activation of Rac1 by Trio requires
this modification. Furthermore, we show for the first time that Trio regulates DCC
surface expression at the growth cones of neurons—a phenomenon that was also
dependent on tyrosine-2622. Together, these findings support a hypothesis whereby

phosphorylation regulates both Trio localization and activation in neurons.

5.1.2 Hsc70 chaperone activity regulates Trio GEF function

Next, we demonstrated for the first time that the activity of a molecular chaperone
protein is required for directed axon outgrowth in response to a guidance cue. We show
that Hsc70 is required for the localized regulation of Trio Rac1 GEF activity in cortical
growth cones, and implicate its function in regulating DCC signaling complex formation
downstream of netrin-1. We further confirm functionally that Hsc70 is an upstream
modulator of Trio during netrin-1-induced axon outgrowth. Together, this work supports
a novel hypothesis whereby molecular chaperones are regulators of GEF-dependent

Rac1 activation.
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5.1.3 CdGAP is required for angiogenesis and contributes to cortex development
In this work we describe for the first time that CdGAP is involved in blood vessel
biology, and implicate its function in the regulation of the cytoarchitecture of developing
cortical neurons. We demonstrate that in the developing brain, CAGAP expression is
enriched in the hippocampus. We further show that absence of CAGAP results in an
altered structure of the actin cytoskeleton in CdGAP-null cortical neurons. We also

demonstrate the requirement of CAGAP in neuronal VEGF signaling for the first time.

5.2 Regulation of Trio by phosphorylation

We have shown that in neurons, the induced activation of Rac1 by Trio requires
phosphorylation at tyrosine-2622 by Fyn. Since Trio is ubiquitously expressed and
upregulated during invasive carcinomas %*', it is possible that Src-mediated regulation of
Trio can occur in a pathological setting. It may be of potential interest to investigate
whether tyrosine-2622 is required for Trio-induced cell migration in cancer cells, or
whether cells constitutively expressing the Y2662F mutation impair metastasis or tumor
growth upon tail-vein injection into nude mice versus cell expressing wild type Trio. In
the developing cerebral cortex, the most abundant Trio isoform, Trio-A, lacks tyrosine-
2622 altogether. Since Trio-A becomes phosphorylated in a Src-dependent manner,
additional residues of Trio are likely phosphorylated by Src family kinases during netin-
1-induced axon outgrowth. In vitro kinase assays with recombinant Fyn and Trio
fragments revealed tyrosine-432 and tyrosine-921 as in vitro Fyn phospho-sites (Fig.
2.3). Although these sites were ignored because tyrosine to phenylalanine point

mutation failed to reduce the Fyn-dependent net phosphorylation of Trio, in the shorter
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neural isoforms these residues may be the primary target of Src family kinases and
directly regulate Trio Rac1 GEF activity. These putative sites are contained within the
Spectrin repeat domain of Trio and may contribute to Trio regulation by potentiating the
binding of an SH2-domain containing protein yet to be identified in this system.
Introduction of phospho-mimicking or phospho-null point mutations at tyrosine-432 and -
921 in truncated Trio proteins lacking the C-terminus may be a good first method to

determine whether these sites regulate Trio Rac1 GEF activity directly.

Despite being identified as a serine phospho-protein, whether serine
phosphorylation regulates Trio function in vivo has yet to be reported. By [*?P]-
orthophosphate labelling of embryonic rat cortices ex vivo, isolated Trio was found to be
phosphorylated, while netrin-1-treatment enhanced this in a DCC-dependent manner
(Fig. 5.1A). Since full-length Trio is expressed at relatively weak levels compared to
Trio-A and Trio-D in these tissues, it emphasizes the degree at which Trio is
phosphorylated in this experimental context. Similarly, Trio extracted from N1E-115
cells was found to be phosphorylated, while DCC co-expression augmented this (Fig.
5.1B). Subsequent phospho-amino acid analysis by 2D thin layer chromatography
revealed that Trio was mainly serine phosphorylated under these conditions (Fig. 5.1C).
In further support of this, mass spectrometry of Trio peptides isolated from N1E-115
cells co-expressing DCC revealed serine-1665, -1720, -2400, -2418 and -2572 as
phosphorylated (Table 5.1; Fig. 5.1D). Together this data supports the original finding
that Trio is highly serine phosphorylated, and provides the context that Trio may be

regulated by serine phosphorylation in vivo downstream of DCC.
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Figure 5.1 — Trio is predominantly serine phosphorylated with netrin-1/DCC

(A) Trio was immunoprecipitated from lysates of isolated E17.5 rat cortices that had
been incubated with [32P]-orthophosphate and treated with netrin-1, in the absence or
presence of DCC function blocking antibodies. Immunoprecipitated proteins (IP) and
total cell lysates (TCL) were resolved by SDS-PAGE and immunoblotted with the
indicated antibodies. Densitometry of phospho-Trio vs. Total Trio was performed. Error
bars indicate the SEM. (B) GFP-Trio was immunoprecipitated (IP) from extracts of [*?P]-
orthophosphate-treated N1E-115 neuroblastoma cells transfected with eGFP-Trio and
pRK5-DCC. Proteins were resolved by SDS-PAGE and phospho- and total Trio were
visualized by autoradiography (upper panel) or western blotting with anti-GFP
antibodies (lower panel). (C) Bands corresponding to Trio from (B) were excised and
acid hydrolyzed. 2D thin layer chromatography was performed, and the phosphorylated
amino acids from each sample were revealed by autoradiography. (D) Schematic of Trio
linear domain structure with phospho-sites identified by LC-MS/MS analysis following

phosphopeptide enrichment of isolated GFP-Trio peptides digested with trypsin.
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Table 5.1 — Mass spectrometry analysis of Trio phosphopeptides.

GFP-Trio samples were extracted from N1E-115 cells expressing either GFP-Trio alone
or GFP-Trio with DCC. Isolated Trio was trypsin-digested and peptides underwent
phosphopeptide enrichement on a Sepharose-Al** resin followed by MALDI-TOF
analysis. Phospho-peptide sequences were identified by MASCOT searches using the
UniProt database (human filter). Two phosphopeptides identified are near the SH3
domain following GEFD1, while the others are concentrated in the C-terminal domain

following the GEFD2. These data confirm our previous findings that Trio is serine

phosphorylated with DCC co-expression.

Expression | Fragment position Peptide Fragment(S)
Condition (amino acid #)

Trio alone 2391 — 2412 R.AGAASPLNSPLSSAVPSLGK.E S2396
Trio + DCC 1663 — 1676 R.SSMEMEGIFNHK.D $1665
1716 — 1724 K.WLTSPVR.R $1720
2391 - 2412 R.AGAASPLNSPLSSAVPSLGK.E $2396
2391 — 2412 R.AGAASPLNSPLSSAVPSLGK.E $2400
2411 — 2423 K.EPFPPSSPLQK.G S$2418
2569 — 2579 K.STSWHTALR.L $2572
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There are many highly scored putative kinases that are predicted to
phosphorylate Trio at these specific sites (Table 5.2). Common putative kinases for the
phosphopeptides  containing an “SP” motif include members of the
CDK/MAPK/GSK/CDK-like (CMGC) kinase family, namely: JNK, p38MAPK, ERK, Cdk-
family members, and GSK3 with a high score (Table 5.2). Since all of these kinases are
related to either Rho GTPase activation and/or regulation of the actin cytoskeleton, it
will be of great interest to validate whether Trio is a phospho-substrate, and is regulated
by their kinase activity. Intriguingly, serine-1665 is a putative target of Pak1, which
associates with Trio in neurons treated with netrin-1 (Fig. 5.2A). By in vitro kinase
assay, Pak1 extracted from N1E-115 cells robustly phosphorylated Trio (Fig. 5.2B). In
correlation with this active Pak1 (CA-Pak) expression with Trio enhances the total
phosphorylation of Trio similarly to DCC co-expression, as determined by ProQ
Diamond phospho-protein stain relative to total silver-stained Trio (Fig. 5.2C).
Expression of wild type Pak (WT-Pak) was not sufficient to augment Trio total
phosphorylation in this manner, nor impair the DCC-enhanced phosphorylation (Fig.
5.2B). Intriguingly, the highest predicted Pak1 consensus sites in Trio (serine-1230 and
serine-1726; Table 5.3) are contained within predicted trypsin-cleaved peptides that are
too small for MS/MS identification in a proteomics screen. As such, their exclusion from
our proteomics screen would not exclude them as putative Pak phosphorylation sites.
These preliminary data suggest that Trio is mainly serine phosphorylated by (potentially)
various putative kinases, and Pak1 is a viable and particularly logical candidate. Future
work should focus on the importance of these phosphorylation sites in the regulation of
Trio localization and enzymatic function.
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Table 5.2 — GPS 2.1-predicted kinases of Trio phosphopeptides. Amino acid sequences
of Trio phosphopeptides were analyzed by GPS 2.1 software for high threshold kinase

prediction. Putative kinases with the highest scores are indicated.

m Trio Phosphopeptide m Score/Cutoff

S$1665 R.SSMEMEGIFNHK.D CK2pB 9/6.5
GRK-4 8.333/5
Pak1 7.071/5.05
S1720 K.WLTSPVR.R JNK 16.472/15.889
p38MAPK 11.667/10.667
Cdk1 10.216/4.072
VRK 8.75/5.75
mTOR 7.467/5.8
GRK-1 7/3.75
S2396 RAGAASPLNSPLSSAVPSLGKE JNK 16.361/15.889
p38MAPK 13/10.667
Cdk1 9.716/3.095
ERK 8.368/7.747
DYRK 7.167/5.083
Cdk6 7/5.25
Akt2 6.25/5.75
S2400 RAGAASPLNSPLSSAVPSLGKE JNK 16.361/15.889
p38MAPK 11/10.667
Cdk6 10/5.25
mTOR 8.6/5.8
Cdk1 8.187/4.072
ERK 7.452/6.557
GRK-1 7.25/3.75
GSK3 6.667/4
S2418 KEPFPPSSPLQKG JNK 17.444/15.889
p38MAPK 14/10.667
Cdk4 11.923/5.077
ERK 11.241/7.747
Cdk5 10.684/9.158
CMGC 7.798/5.352
GSK3 6/4
2572 KSTSWHTALRL CAMK 6.394/6.03
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Figure 5.2 — Pak1 associates with Trio and potentiates Trio phosphorylation

(A) Trio isoforms were immunoprecipitated from lysates of isolated E17.5 rat cortices
treated with netrin-1. Co-association of the kinases FAK and Pak1 were assessed by
immunoblotting. Netrin-1 stimulation of DCC-induced signaling pathways was assessed
by evaluating pERK1/2 activation in total cell lysates (TCL). (B) GFP-Trio and Myc-Pak1
were immunoprecipitated from extracts of N1E-115 neuroblastoma cells. GFP-Trio was
incubated at 30C with either control beads or Pak1-enriched beads in the presence of y-
[*?P]-ATP. Phosphorylated and total proteins were visualized by autoradiography and
western blotting with the indicated antibodies. (C) GFP-Trio was immunoprecipitated
(IP) from extracts of N1E-115 neuroblastoma cells transfected with GFP-Trio, pRK5-
DCC, Myc-Pak1 (wild type, WT) or constitutively active (CA) Myc-Pak1 (L107F), as
indicated. Proteins were resolved by SDS-PAGE and phospho- and total Trio were
visualized in-gel using ProQ Diamond phospho-protein reagent and silver staining,
respectively. Densitometry of phospho-Trio vs. Total Trio was performed. Error bars

indicate the SEM.
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Table 5.3 — GPS 2.1 predicted Pak1 consensus sites in human Trio. The amino acid
sequence of human Trio was entered into GPS 2.1 phosphosite prediction software and
a search was performed for Pak1 phospho targets. 23 putative serine phosphorylation
sites were identified, including serine-1665. Additional high score putative Pak1 sites

include serine-1230, -1726 and -2981.

Trio amino acid sequence Pak1 sites Score (cutoff
(in Trio) 4.375)
VIVDMRGSKWDSIKP 74 4.429
ESFPKKNSGSGNADL 238 4.821
LIQQLRDSAISSNKT 682 4.714
LKYLHRNSVNMPGMV 1033 5.857
RMEKYRTSLEKALGI 1182 4.821
LNEEKRKSARRKEFI 1230 8.286
KIVLKASSIENKQDW 1516 4.893
ISIASRTSQNTLDSD 1586 5.429
CIAHSRSSMEMEGIF 1665 6.821
TSPVRRLSSGKADGH 1726 7.429
KSREVRKSADAGSQK 1750 5.321
GTLSKSSSSGMQSCG 1790 4.429
SQDDKASSRLLVRPT 1833 4.393
ALEDRPSSLLVDQGD 1870 4.536
DEMEERKSSSLKRRH 1905 6.25
EMEERKSSSLKRRHY 1906 6.464
MEERKSSSLKRRHYV 1907 4.75
LKYSKKASLDTSELE 2063 5.571
STSRSRPSRIPQPVR 2280 4.857
PAKDARASLGTLPLG 2381 6
ALRLRKKSEKKDKDG 2583 5.643
LENGYRKSREGLSNK 2603 5.25
EDPAKRPSAALALQE 2981 6.821
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5.3 Regulation of the actin cytoskeleton by Hsc70

The idea that Hsc70 is associated with the actin cytoskeleton has been noted,
but is not often cited. In 1984 it was reported that a 70 kDa chaperone protein could be
enriched at the leading edge of unstressed and motile primary fibroblasts, particularly to
actin-containing microfilaments °**. Although this observed localization of Hsc70 has
been documented, little is known about how Hsc70 functions at the leading edge of a
migrating cell, notably whether it acts upstream or downstream of Rac1. Hsc70
localized to the periphery of fibroblasts treated with serum, namely to actin-rich
lamellipodia structures (Fig. 5.3A). Since Rac activation is required for lamellipodia
induction, it is difficult to say whether this localization is due to Rac activation or a
consequence. Ectopically expressed Hsc70 localized to and induced membrane ruffles
in the absence of serum (Fig. 5.3B). Intriguingly, dominant negative Hsc70 (D10N)-
expressing cells lacked ectopic ruffles without serum, but GFP-D10N localized to actin
structures (Fig. 5.3C). These data indicate that while Hsc70 recruitment to actin
structures is chaperone independent, its function at these sites may be ATPase-
dependent. By performing time-lapse imaging, serum treatment induced large
membrane ruffles/lamellipodia in vector control or wild type Hsc70-expressing COS7
cells, while Hsc70-D10N-expressing cells had smaller, though dynamic, membrane
ruffles which serum failed to augment (Fig. 5.3D). In addition to exhibiting larger
membrane ruffles, serum increased the duration of continuous ruffling in vector control
and Hsc70-expressing cells, while having no effect on D10N-expressing cells (data not
shown). Although these findings are consistent with Hsc70 supporting Rac-dependent

actin structures, they do not preclude that Hsc70 acts downstream of Rac1.
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Figure 5.3 — Hsc70 localizes to actin structures and regulates lamellipodia

induction

Serum-starved COS7 cells were cultured on poly-L-lysine coated cover slips and
treated with serum for 15 minutes before fixation. (A) Endogenous Hsc70 was
visualized by indirect immunofluorescence using a monoclonal antibody. (B) GFP-
Hsc70 or (C) GFP-Hsc70(D10N) localization was determined by fluorescence
microscopy. In all cases, actin filaments were stained with Rhodamine-conjugated
phalloidin. (D) Timelapse microscopy of serum-starved COS7 cells expressing either
GFP, GFP-Hsc70 or GFP-Hsc70(D10N) was performed. The average maximum
membrane ruffles/lamellipodia lengths were measured and normalized to the nuclear

diameter of each cell.
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Intriguingly, the structure of the ATPase domain of Hsc70 as determined by X-ray
crystallography has a high similarity to actin, despite sharing very little sequence identity
%% Further study revealed that Hsc70 from Dictyostelium discoideum interacts with the
heterodimeric actin-binding protein cap32/34 via its ATPase domain, and promotes the
actin-capping activity of this complex in vitro °*°. In mammalian cardiomyocytes, Hsc70
associates directly with the capping protein (CP) subunit CapZB1 and promotes its

binding to F-actin in vitro %*°

. While actin capping proteins are essential for cell migration
both in vitro and in vivo **" and CP supports lamellipodia formation °*®, the contribution
of Hsc70 to these processes has not been described. In cells, the activity of CP is
antagonized by Ena/VASP, which binds the barbed ends of F-actin and promotes actin
polymerization. Ena/\VASP proteins can cooperate with the WAVE complex to regulate

the actin cytoskeleton downstream of Rac1 activation °*°%

. Therefore, though
speculative, Hsc70 may regulate actin dynamics by both directly binding to and
activating actin capping proteins, and by recruiting Dbl family Rac1 GEFs like Trio to the
tips of actin structures, promoting local Rac1 activation and downstream activation of
WAVE and Ena/VASP. In addition to this, it will be of considerable interest to determine
whether Hsc70-dependent regulation of Rac1 is involved in other biological systems

including cancer progression, tumour invasion, or whether modulation of Hsc70 activity

will support nerve regeneration in vivo.

5.4 CAGAP regulation in the nervous system

The CdGAP-null mouse has proven to be an important tool for studying the

function of CdGAP in vivo. Indeed many new questions have now arisen regarding the
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contribution of CdGAP to the development of the vascular system and the nervous
system. Particularly the severe vascular phenotypes documented in this thesis indicate
a somewhat unforeseen importance of CAGAP during development. Outside of the work
that has been presented in this thesis, in collaboration with colleagues, we have studied
the requirement for CdGAP during VEGF-induced signaling in endothelial cells. CAGAP
is required both in vitro and ex vivo for VEGF-dependent models of angiogenesis, while

it is not required for vasculogenesis >°".

We have previously reported that CAGAP depletion in breast cancer explants
results in decreased cell proliferation *%°. In the adult brain the dendate gyrus region of
the hippocampus is the site of neuronal progenitor proliferation °°2. The finding that
CdGAP is enriched in the developing hippocampus may indeed indicate that CAdGAP is
involved in neural proliferation. This hypothesis is supported by the fact that growth

39 In adult mice,

factor treatment induces the upregulation of CAGAP expression
CdGAP mRNA is enriched in the dendate gyrus of the hippocampus (Allen Brain Atlas).
To assess whether CAGAP contributes to neural proliferation, histological sections of
the dendate gyrus of both embryos and adult CdGAP-null mice can be probed with
antibodies for Ki-67, which is a strong proliferative marker for adult neurogenesis °>.
Studies have reported that exercise and housing rodents in an enriched environment
increases neuronal proliferation of the hippocampus >°*°*°. As such, differences in
neural proliferation between CdGAP-null and wild type mice may be more pronounced
by first subjecting the adult mice to a fitness or enrichment regimen. There is a

considerable amount of crosstalk between neurogenesis and angiogenesis in the brain,

and VEGF acting by its receptor VEGF-R2 is instrumental in both processes °*°. The
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hypovascularized supportive tissue surrounding CdGAP-null brains indicate that CAGAP
supports neural vascularisation in vivo. In the context of the fithess paradigm, exercise-
induced neurogenesis correlates with an increased cerebral blood volume at the
dendate gyrus *°’. VEGF is an important regulator of neural proliferation within the
hippocampus, particularly by activating MEK/ERK and PI3K/Akt signaling pathways %58
Since we have implicated CdGAP function in both endothelial and neuronal VEGF
signaling ex vivo, it raises the exciting prospect that CdGAP is a key regulator of VEGF-
induced neurogenesis in vivo. To assess this, CAGAP-null mice will be subjected to
various behavioural paradigms including those testing learning, memory, motor and

coordination (gate, climbing).

In addition to the hippocampus, CdAGAP mRNA is most highly enriched in the
Purkinje cell layer of the adult cerebellum, and to a lesser extent, the granule cell layer
(Allen Brain Atlas). It may be of interest to determine whether CdGAP is enriched in the
adult cerebellum at the protein level, and to investigate whether loss of CdGAP disrupts
the structure or function of the cerebellum. Since the cerebellum is an important centre
for coordinating motor signals, the tonality of CAGAP-null skeletal muscle could be
assessed. Preliminary assessments indicate that CdAGAP-null mice have a reduced
tendency of climbing on their hind legs (moving in the Z-axis), which may be directly due

to defects in the cerebellum. Further studies will be required to confirm this finding.

Despite CdGAP being enriched in the hippocampus, dissociated hippocampal
neurons expressed similar levels of CAGAP as dissociated cortical neurons (Fig. 4.1).

Although CdGAP-null neurons polarize normally and form synapses (data not shown),
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electrophysiological assessments will need to be performed to confirm whether these
neuronal connections are functional and similar to wild-type neurons. The defects in
cytoarchitecture of cortical neurons we reported are certainly perplexing. The strikingly
large CdGAP-null cortical growth cones are the most obvious abnormality. These
growth cones appear to have an expanded, disorganized microtubule core relative to
neurons from littermate controls. It is possible that dysregulation of microtubules may be
a key effect of CdGAP-loss in neurons. As such it may be of interest to assess the
degree of acetylation or tyrosination of microtubules of these CdGAP-null neurons
relative to control neurons. Interestingly, type Il histone deacetylases HDAC5 and 6
deacetylate tubulin, and HDAC inhibitors promote neurite outgrowth and axonal

regeneration (reviewd in °*°)

. It will be of interest to determine which genes are
selectively regulated in CdGAP-null neurons relative to control neurons by RNA deep
sequencing, with an emphasis on regulators of the actin cytoskeleton. In addition to this,
identifying novel binding partners of CAGAP extracted from neurons via a proteomics
screen may be of potential interest. To date, lack of effective antibodies for mouse
CdGAP limits the efficiency for extracting endogenous CdGAP from neurons. Since this
may be in part caused by the epitope of CAGAP being masked by other protein(s),

interactors of CdGAP may be pulled down from neuronal extracts using purified,

recombinant CAGAP domains and identified by mass spectrometry.

5.5 Conclusion

The generation of genetic animal models of Rho GTPases and regulators has

profoundly expedited our discovery of their fine-tuned functions during nervous system
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development and maintenance. This thesis has provided some insights into the
localized regulation of the Rho GEF Trio in neurons and has implicated CdGAP function
during embryogenesis in vivo for the first time. Using a combination of techniques and
model systems, we demonstrate that Trio is regulated by phosphorylation and
association with a molecular chaperone. We describe an important role for CAGAP in
vascular development and implicate CdGAP in neuronal function. Further study is
required to better characterize the regulation of Trio and CdGAP in neurons and to
determine their specific contribution to neuronal health and/or diseases. Ultimately, we
hope these studies will contribute to revealing new mechanisms and targets to treat
various pathologies including metastatic cancers and neurodegeneration where

dysregulation of Rho GEF or GAP proteins are reported.
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Abstract

Rho GTPases are molecular switches that modulate multiple intracellular signaling
processes by means of various effector proteins. As a result, Rho GTPase activities are
tightly spatiotemporally regulated in order to ensure homeostasis within the cell. Though
the roles of Rho GTPases during neural development have been well documented, their
participation during neurodegeneration has been far less characterized. Herein we
discuss our current knowledge of the role and function of Rho GTPases and regulators
during neurodegeneration, and highlight their potential as targets for therapeutic

intervention in common neurodegenerative disorders.
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Introduction
Rho GTPases

Small G proteins of the Rho family are evolutionarily conserved regulators of
cytoskeletal dynamics, functioning during the earliest stages of embryonic development
and supporting life thereafter. The Rho family of GTPases are encoded by 20 genes
and act as molecular switches, cycling between inactive GDP-bound and active GTP-
bound states, thereby regulating downstream pathways via effector proteins (1). The 20
Rho GTPases have been sub-classified into various families based on sequence
homology: Rac (Rac1-3, RhoG), Rho (RhoA-C), Cdc42 (Cdc42, TC10, TCL,
Chp/Wrch2, Wrch1), Rnd (Rnd1-2, Rnd3/RhoE), RhoD (RhoD, Rif/RhoF), RhoBTB
(RhoBTB1-2) and RhoH (2). Oversight of Rho GTPase nucleotide cycling is performed
by regulatory proteins: guanine nucleotide exchange factors (GEFs) enhance the GTP-
bound state, while GTP hydrolysis is catalyzed by GTPase-activating proteins (GAPs)
(3, 4). Additionally, guanine nucleotide dissociation inhibitors (GDIs) bind to some Rho
GTPases and restrict them in an inactive state in the cytoplasm, preventing them from
associating with their downstream effectors (5). Whereas RhoGAPs are characterized
by a trademark “RhoGAP” domain (reviewed in ref. 4), RhoGEFs are subdivided into
two families: the Dbl-homology domain-containing family and the non-classical DOCK
family. GEFs of the former group contain a characteristic Dbl-homology (DH) domain
directly followed by a Plekstrin homology (PH) domain, which interact with GDP-bound
substrates and promote membrane localization, respectively (3). The DOCK family of
GEFs have two characteristic DOCK homology regions (DHR) termed DHR1 and
DHRZ2, which are involved in phospho-lipid association and GEF activity, respectively
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(6). The localized modulation of Rho GTPases by GEFs, GAPs and GDIs varies from
cell type to cell type and thus presents a complex network of regulatory mechanisms.
Furthermore, given the significant role of GEFs and GAPs in modulating Rho GTPases,
mutations in the functional domains of these proteins can lead to dysregulation of
GTPase signaling pathways.

Of the Rho GTPases identified, the best characterized are Rac1, Cdc42 and
RhoA. Earliest studies in murine fibroblast cultures highlighted the fundamental role of
these GTPases in mediating cytoskeletal rearrangements: stress fiber and focal
adhesion formation by RhoA, lamellipodia and membrane ruffles by Rac1 and filopodia
and actin microspikes by Cdc42 (7-9). Well known effectors downstream of active Rac1
and Cdc42 are the p21-activated kinase (PAK) family of serine/threonine kinases. When
bound to Rac-GTP or Cdc42-GTP, PAKs overcome autoinhibition, modulate the actin
cytoskeleton by Lin-11, Isl-1, and Mec-3 (LIM) domain-containing kinases, which
phosphorylate and inhibit the actin filament depolymerizing factor cofilin leading to F-
actin stabilization (10, 11). A direct target of PAK kinase activity downstream of active
Rac1 and Cdc42 is myosin light chain kinase (MLCK), which leads to reduced
phosphorylation and activity of its target, myosin Il regulatory light chain, a molecular
motor involved in actin cytoskeletal dynamics (12). In addition to targeting LIMK and
MLCK, PAKs also link Rac1/Cdc42 to various signaling pathways including the mitogen-
activated protein kinase (MAPK), the c-Jun-NH2-terminal kinase (JNK) and p38 MAPK
pathways (13-16). Important downstream effectors of active Cdc42 and Rac1, thereby
linking these GTPases to actin polymerization, are the Wiskott-Aldrich-syndrome family
scaffold proteins: Wiskott-Aldrich-syndrome Protein (WASP) and WAVE proteins (17).
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WASP and WAVE associate with the actin cytoskeleton via the Arp 2/3 actin nucleation
complex. Direct association of GTP-Cdc42 with WASP results in activation of WASP in
vitro, and promotes association with the Arp2/3 complex which nucleates new actin
filaments (18). Downstream of active Rac1, activation of the WAVE family members
occurs indirectly, by release of an inhibitory WAVE complex (refer to (19) fora more
comprehensive review).

Downstream of RhoA, activity of the Rho-kinase (ROCK) family and Diaphanous
formin subfamily (Dia) are stimulated. Rho-kinases are serine/threonine kinases that
contribute to cytoskeletal rearrangements by promoting the phosphorylation and
activation of MLC, and inactivation of MLC phosphatase (20). In a similar mechanism to
PAKs, ROCK also contributes to F-actin dynamics by phosphorylating LIMK, which
phosphorylates and inactivates the actin depolymerisation factor cofilin (21, 22).
Mammalian Dia proteins (mDia) are effectors of RhoA that bind to and nucleate actin
filaments, while they also contribute to microtubule stabilization at the leading edge

during cell migration downstream of RhoA (23).

Rho GTPases in nerve injury

An accumulating body of evidence has supported an indispensable role for Rho
GTPases in nerve cell function, from neuronal specification and polarization to axon
guidance, survival and nerve growth (reviewed in (24)). In the context of axon growth
and pathfinding, for example, the recruitment and localized activation of the Rho
GTPases Rac1, Cdc42, and RhoA, are imperative for translating extracellular cues into
cytoskeletal rearrangements within the extending growth cone (25-27). In recent years,

236



molecular mechanisms implicated in neurodegeneration have been investigated and
thus far have highlighted many signaling pathways, including those involving Rho
GTPases.

In the injured CNS, regeneration of neural tracts is impeded by formation of
astroglial scars and the expression of inhibitory myelin-associated molecules: Nogo,
myelin-associated glycoprotein (MAG), oligodendrocyte-myelin glycoprotein (OMgp).
Nogo, MAG and OMpg bind to and signal through the neuronal Nogo family receptors
(NgR) or the paired immunoglobulin receptor B (28, 29). Additionally, NgR-mediated
signaling by myelin-associated molecules occurs via the partnering with either p75
neurotrophin receptor (p75NTR) or the orphan receptor TROY (28-30). p75NTR has
been previously implicated in local neurodegeneration, where under physiological
conditions p75NTR-expressing sympathetic neurons undergo a neurotrophin-dependent
myelin-mediated degeneration program (31). In this context, p75NTR binds to and
sequesters RhoGDI downstream of BDNF during axon pruning, leading to elevation of
active RhoA (32, 33). In addition, the Rac1 and RhoA GEF Kalirin-9 competes with
RhoGDI for binding to p75NTR in cerebellar granule neurons downstream of MAG,
suggesting an interplay between these GTPase regulators underlies the RhoA-mediated
inhibitory functions of myelin-associated molecules downstream of p75NTR (34).
Further evidence showing that Nogo-A-mediated activation of RhoA antagonizes Rac1
activity during neurite growth inhibition indicates cross-talk between GTPase signaling
pathways occurs during inhibition of nerve growth due to injury (35).

In accordance with the finding that RhoA is activated during local axon pruning and
degeneration, inhibition of the RhoA effector ROCK has been shown to promote
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neuronal growth on inhibitory substrates in culture and promote nerve regeneration and
locomotor recovery in vivo (36, 37). In addition to its role in nerve growth, RhoA
regulation is also important in peripheral nerve axon integrity. In a recent study, Schulz
and colleagues identified that RhnoA/ROCK act downstream of the cytoskeletal protein
merlin isoform 2 (merlin-iso2), which was required for the maintenance of peripheral
axon integrity (38). Axonal merlin-iso2, which is closely associated with neurofilaments,
acts as a scaffold tethering both p190RhoGAP and RhoGDl, leading to local RhoA
regulation (38). Intriguingly, a patient-derived mutation of merlin at C784T resulted in
impaired sequestering of RhoGDI resulting in reduced RhoA activity and programmed
axonal atrophy, clinically manifesting as severe neuropathy (38).

In response to axonal transection, molecular mechanisms within the proximal
axon are stimulated by the extracellular environment, the sum of which lead to
demyelination, axonal die-back and distal axonal clearance typical of Wallerian type
degeneration. During peripheral nerve injury a subtype of activated macrophages
synthesize de novo NgR1 and NgR2, which promote the clearance of macrophages and
signals termination of inflammation via myelin-dependent RhoA activation and repulsion
(39). Furthermore during demyelination, myelin undergoes fragmentation as Schwann
cells dedifferentiate. The injury-induced demyelination leads to Rac1-dependent
modulation of actin dynamics within the Schwann cell (40). Together these few
examples demonstrate the implication of Rho GTPase signaling in response to nerve

injury.
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Rho GTPases in neurodegenerative diseases

Whether in response to an intrinsic program or a traumatic injury, the loss of
functional connections within the nervous system can lead to severe detrimental
consequences. Loss of active neural connections and induction of axon degeneration
are characteristic of many neurodegenerative diseases. Though the mechanisms of
neurodegeneration are not fully understood, recent findings indicate that Rho GTPases
are key components of neuronal cell degeneration pathways. The remainder of this
review will focus on the Rho GTPase pathways implicated in specific neurodegenerative

disorders (summarized in Table 1).

Amyotrophic Lateral Sclerosis (ALS)

ALS is a neurodegenerative disorder which is characterized by the preferential
loss of upper and lower motor neural networks within the brainstem and spinal cord of
affected patients. During progression of ALS, motor neuron loss results in weakness of
skeletal muscles, leading to atrophy and death due to paralysis of the respiratory
muscles (for review see (41)). Though classical inherited ALS results from mutations in
the gene encoding superoxide dismutase 1 resulting in a gain-of-function (42),
additional mutations in the ALS2 gene encoding the Rab5 and RacGEF, Alsin, were
correlated with a severe primary lateral sclerosis with juvenile onset (43). Since a
patient-derived mutation of Alsin led to reduced protein stability and expression, the
study of ALS2 loss-of-function mice was assessed (44). In this context, the lower motor
neurons appeared to be relatively intact compared to lower motor neurons of the
classical ALS mouse model (carrying the superoxide dismutase 1 mutation) suggesting
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that loss of Alsin leads to a condition distinct from ALS (43). From these studies, it was
proposed that axon degeneration in the ALS2 mouse model may be due to the role of
Alsin in vesicular trafficking and/or neurite extension via Rab5 and/or Rac1 activation,
respectively (45, 46), or by protecting cells from SOD1-mediated toxicity via
Rac1/PI3K/Akt pathway (47).

Since the majority of ALS cases are sporadically occurring, efforts have been
made to elucidate the contribution of epigenetic regulation to disease onset. Recently,
Figueroa-Romero and colleagues assessed loci-specific alterations in methylation in
post-mortem spontaneous ALS spinal cords (48). To this means, they identified many
genes differentially methylated, including loci encoding the RhoGEF ARHGEF16 and
RhoGAP srGAP1. Since ARHGEF16 was found to be hyper-methylated and down-
regulated in patients with sporadic ALS, it is attractive to speculate that a reduction of
GEF activity towards its substrates Rac1 and Cdc42 is implicated in the ALS pathology
(49, 50). Conversely, srGAP1 was hypo-methylated and up-regulated in this screen,
which may contribute to sporadic ALS by increasing the hydrolysis of its target
GTPases: Cdc42 and RhoA (51). In summary, these initial studies suggest a reduction

in Rho GTPase activation may be associated with sporadic ALS.

Alzheimer’s Disease (AD)

AD is a progressive age-associated neurodegenerative disease characterized by
cognitive decline and dementia. AD onset corresponds with an accumulation of
extracellular neuritic plaques rich in amyloid- (AB), intracellular neurofibrillary tangles
rich in hyperphosphorylated Tau, and loss of dendritic spines and synaptic function (for
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review see (52)). Accumulating evidence supports a role for Rho GTPases in various
aspects of AD progression. In general RhoA levels were found to be reduced in AD
brains, while remaining RhoA co-localized with hyperphosphorylated Tau in
neurofibrillary tangles (53). Moreover, RhoA expression was decreased within
synapses and increased in degenerating neurites of A@ precursor protein over-
expressing transgenic mouse brains, while localization of Rac1, Cdc42 or PAKs
remained unaffected (53). Further observation that A production by the secretase-
dependent cleavage of amyloid precursor protein was enhanced by the activity of
RhoA/ROCK highlights the importance of RhoA regulation in AD (54). In this study, the
production of the pro-fibrillary AB42 fragment was reduced by treatment with non-
steroidal anti-inflammatory drugs, which counter RhoA/ROCK activity in vivo (54).

RhoA has been extensively studied in neuronal development, where its activation
promotes growth cone collapse and axon retraction (25). Similarly, the addition of Af to
cultured human neuroblastoma cells resulted in shorter neurite lengths, via RhoA
activation and reduced active Rac1 levels (55). In addition, application of AB correlated
with an increase in the alternatively spliced variant of collapsin response mediator
protein-2 (CRMP-2), CRMP-2A, and enhanced its inhibitory threonine phosphorylation
(55). Expression of active Rac1 or application of the ROCK inhibitor Y27632 reduced
CRMP-2A phosphorylation, which enhanced its association with tubulin (55).

Rho GTPases are activated when membrane bound, a process that is mediated
in part by addition of a prenyl moiety (56). Intriguingly, the addition of the isoprenoid
geranylgeranyl pyrophosphate to cells leading to RhoA activation, resulted in increased
levels of AR peptides which are known to accumulate in neuritic plaques in AD (54).
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More recently, exogenous application of AB42 to neurons resulted in impaired
prenylation of Rab and Ras GTPases by inducing cholesterol sequestration (57). This
finding raises the possibility that a negative feedback mechanism exists to down-
regulate GTPase activation (potentially towards RhoA), when excessive AB levels are
generated (57). In a recent study, Cook and colleagues reported hyper-activation of the
Drosophila melanogaster orthologue of RhoA, Rho1, in progressive and age-dependent
neurodegeneration in flies lacking AMP-activated protein kinase (AMPK) y-subunit (58).
In this model, loss of AMPK-mediated repression of hydroxyl-methylglutaryl-CoA
reductase, the rate limiting enzyme in isoprenoid synthesis, led to enhanced prenylation
of Rho1. Though no deleterious effects during nervous system development were
observed in this model, dysregulation of Rho1 reduced neuronal integrity in adulthood,
in part due to decreased capacity for degrading elevated active Rho1 (58). Taken
together, dysregulation of RhoA by aberrant isoprenylation may contribute to the
pathogenesis of AD and neurodegeneration.

Proteosomal dysfunction and poly-ubiquitinated protein aggregates are a
common theme in neurodegenerative diseases including AD (reviewed in (59)).
BARGIN (BGIN) is a brain-specific RhoGAP splice variant that has been implicated in
AD by its colocalization with poly-ubiquitin aggregates of neurofibrillary tangles (60).
BGIN associated with poly-ubiquitinated proteins via its phosphatase domain, mediating
its distribution to membranous fractions where it locally inactivated Rac1 and
augmented reactive oxygen species generation via the Nox1 complex (60). This study
correlates with previous work showing that Rac1 effectors PAK1 and PAK3 have
reduced expression and activity in human AD brains, thereby impairing actin remodeling
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via cofilin in dendritic spines (61). Though a global reduction of Rac1 activation occurs
in AD brains, studies have implicated Rac1 activation in early stages of AD. For
example, AB42 addition to hippocampal cultures enhanced cytoskeletal dynamics by
increasing activation of Rac1 and Cdc42, as well as up-regulating the Rac GEF Tiam1
(62). This work provides a mechanism whereby AB-induced cell stress may promote
aberrant F-actin aggregation in early AD via Rac1 and Cdc42 activation (62).

Impaired dendritic spine maintenance, leading to loss of synaptic function is a
key contributor to the cognitive deficits elicited during AD progression. The RacGEF
Kalirin-7 is an essential component of mature excitatory synapses that is down-
regulated in AD hippocampal tissues (63). Furthermore, Kalirin-7 was found to
associate with inducible nitric oxide synthase (INOS) and down-regulate its enzymatic
activity (63). Intriguingly, increased NOS has been correlated with brain lesions during
AD development, and thus the loss of Kalirin-7 in AD patients may further augment
iINOS activity thereby promoting AD pathology (63, 64).

Reduction in cortical thickness is a hallmark of AD and recently the Cdc42 GAP,
NOMA-GAP has been shown to regulate cortical thickness and cortical neuron dendritic
branching during development (65). Suppression of NOMA-GAP led to hyperactivated
Cdc42 and oversimplification of dendritic arborization in the neocortex of NOMA-GAP
knockout mice, which was partially rescued by reduction of Cdc42 levels or expression
of active cofilin (65). Though NOMA-GAP is not required for early neuronal
development, NOMA-GAP is necessary in NGF-simulated signaling pathways, which

are reduced in age-related neurodegeneration such as AD (66, 67). While a functional
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link has yet to be made, it is an attractive hypothesis that NOMA-GAP is affected during
the progression of AD.

Activation of pro-apoptotic caspases in the cortex and hippocampus has been
associated with neurodegeneration characteristic of AD (68). Intriguingly, RhoB levels
are induced by neurotrauma, which have been shown to be inversely correlated to cell
survival (69, 70). Furthermore, the finding that RhoB modulates the expression of genes
related to AD susceptibility support a function of RhoB in neurodegeneration (71).
Indeed, cortico-hippocampal neurons lacking RhoB expression exhibited increased
survival, reduced DNA fragmentation and caspase 3 and 9 activation induced by
staurosporine (72). These data highlight RhoB as a potential therapeutic target,
whereby diminishing its activity may impair apoptosis during AD progression.

Mutation of the y-secretase intramembrane protease complex member,
presenilin 1, is causative for early onset familial AD, due to a resulting increase in
production of aggregate-prone AB42 by amyloid precursor protein cleavage (73).
Expression of the Rac1 GEF Dock3, which associates with presenilin 1, was found to be
reduced in AD brains (73). Dock3 promotes neurite outgrowth of hippocampal neurons
downstream of brain-derived neurotrophic factor (BDNF) via complex formation with Fyn
and WAVE proteins at the plasma membrane (74). Since Dock3 interacts with and
inhibits GSK3p downstream of BDNF, thereby promoting axon branching and
microtubule assembly by CRMP2, these functions of Dock3 would be suppressed in the
AD brain (75). Additional links of Dock3 to AD include its ability to regulate metabolism
of APP (76), its presence in AD tangles and regulation of tau phosphorylation (77).
Furthermore, Dock3 knockout mice present with impaired sensorimotor function and
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central axonal dystrophy related to reduced inhibition of cofilin (78). Most recently,
Dock3 was reported to associate with glutamate-receptor subunit NR2D, which is a
target of the AD drug, metamine (79). Association of Dock3 to the C-terminal tail of
NR2D protected neurons from excitotoxicity by reducing the surface expression of
NR2D (79). Taken together, Dock3 is a major player in the regulation of pathways
associated with AD, and emphasizes the significance of Rac1 regulation during
neuronal maintenance.

In summary the pathogenesis of AD elicits the participation of many Rho
GTPases, their regulators and effectors. It still remains unclear how the interplay
between these multiple signalling pathways contribute to the pathogenesis of the

disease.

Huntington’s Disease (HD)

HD is a progressive, inherited neurodegenerative disorder characterized by
behavioural, cognitive and psychological dysfunction, ultimately leading to death. The
pathology of HD is caused by the addition of polyglutamine expansions to the protein
huntingtin (Htt), leading to toxic aggregation of Htt, subsequent loss of medium spiny
neurons within the striatum, and altered dendritic spine shape and density (for review
see (80)). An early link between HD and Rho GTPase regulation was the identification
that the Trio-like RacGEF Kalirin-7 interacts with Huntington associated protein-1 (HAP-
1) (81). Kalirin-7 plays a key role in neuronal spine formation and synapse dynamics
(reviewed in (82)) and notably reduction of Kalirin-7 results in loss of dendritic
complexity in the medium spiny neurons of the striatum (82), an effect that is dependent
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on its Rac1 GEF activity (83). Since degeneration of the cerebellum often occurs at the
early stages of HD, identifying proteins involved in cerebellar maintenance may
potentially be of therapeutic interest to treat cerebellum-associated HD symptoms.
Recently the RacGEF Trio has been shown to regulate the migration and
morphogenesis of granule cells in the developing cerebellum (84). Neural-specific
knockout of Trio resulted in defective cerebella, which contained misguided neurons
and downregulation of active Rac1, RhoA and Cdc42 (84). Although a direct link with
Trio and HD has not yet been made, its high level of homology to Kalirin and reported
implication in cerebellar maintenance may make it a formidable candidate protein
warranting further investigation.

In HD, nuclear localization of the transcription repressor, Repressor Element 1
Silencing Transcription (REST) Factor, contributes to mRNA dysregulation. Johnson
and colleagues identified miR-132 as a substrate of REST in the brain (85). Intriguingly,
miR-132 repressed the expression of the Rho/Rac/Cdc42 GAP, p250GAP and thereby
promoted neurite outgrowth of cultured cortical neurons in response to neurotrophins
(86). In human HD cortices, there is a reduction of miR-132 expression, and consequent
upregulation of p250GAP mRNA which may prevent neurite growth and sprouting in the
HD pathology (85).

Further implication of Rho GTPase effectors in the pathogenesis of HD include
Cdc42-interacting protein 4 (CIP4) which associates with Htt. Neuronal CIP4
accumulated with neuropathological severity in the neostriatum of HD patients and
partially colocalized with ubiquitin-positive aggregates, while overexpression of CIP4
induced cell death of striatal neurons (87). CIP4 is a Cdc42 effector protein that
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interacts with WASP and is involved in cytoskeletal organization (88). Since CIP4 may
be involved in the binding of WASP to microtubules, accumulation of CIP4 may interfere
with Cdc42/WASP-dependent pathways (88).

Some studies have shown that inhibition of the RhoA effector, ROCK is of
therapeutic benefit in HD models. Application of Y-27632 reduced Htt aggregation in
cultured cells and reduced Htt-mediated neurodegeneration in Drosophila (89).
Furthermore, the actin-binding factor, profilin which interacts with Htt is a direct target of
ROCK1 (90). Expression of profilin reduced aggregation of polyglutamine-expanded Hit,
while phosphorylation of profilin by ROCK1 at Ser-137 impaired association of profilin
and Htt (90). Since the depletion of profilin blocked the inhibitory effects of Y-27632 on
Htt aggregation, it is hypothesized that ROCK1 controls polyglutamine protein
aggregation and may be of therapeutic interest for treating the progression of HD (90).
Additional work has revealed the contribution of microtubule dynamics to survival in the
mutant Htt-expressing striatal neuronal model. Application of microtubule destabilizers
promoted survival in mutant Htt cells, in a pathway involving the RhoA GEF, GEF-H1
and downstream ROCK signaling which led to activation of pro-survival ERK, but not in
control cells (91). In summary, the activities of various Rho GTPases, regulators and
effectors have been implicated in HD pathology, many of which may be the target for

designing future therapeutics to prevent HD progression.

Parkinson’s Disease (PD)
PD is a progressive neurodegenerative disorder arising from loss of dopaminergic
neurons from the substantia nigra region of the midbrain, leading to progressive
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cognitive and locomotor impairments (92). Affected neurons present characteristic
cytoplasmic inclusions, termed Lewy bodies, which are composed of protein aggregates
containing a-synuclein (93). Accumulation of a-synuclein aggregates may occur with
age due to reduced clearance capacity, or due to an inherited mutation. Synphilin-1 can
form small storage compartments “aggresomes” either alone, or in association with a-
synuclein—which store misfolded proteins when clearance mechanisms are
overwhelmed (94). Rho GTPases and regulators are increasingly being demonstrated
to function alongside maijor players in PD pathology. A recent study characterized a
direct interaction between Kalirin-7 and synphilin-1 (95). Kalirin-7 expression increased
the susceptibility of synphilin-1 inclusion Lewy bodies to be degraded, though this
function was found to be independent of its Rac GEF activity (95).

The most common genetic cause of familial late-onset PD has been linked to
mutations in leucine-rich repeat kinase 2 (LRRK2). Chan and colleagues identified that
LRRK interacts with endogenous Rac1, and to a lesser extent Cdc42 (96). LRRK2
potentiated Rac1 activation in a kinase-dependent manner and modulated Rac1 cellular
localization. The PD associated G2019S mutant of LRRK2 was no longer able to bind
Rac1, leading to neurite retraction (96).

The role of microglia which supports neuronal health is imperative for the normal
functioning of neural networks. During neuronal injury microglia become activated and
recruited to the damage site, where they can release various factors and phagocytose
cellular debris. In a recent study by Barcia et al, the induction of PD by the
dopaminergic neurotoxin MPTP activated microglia and recruited them to affected
neurons (97). Interestingly, this effect was mediated by ROCK activity, and coincided
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with a ROCK-dependent upregulation of Cdc42 in vivo, providing another link between

Rho GTPase regulation and the pathology of PD (97).

Glaucoma

Glaucoma is the leading cause of blindness, resulting from progressive loss of
retinal ganglion cell (RGC) axon integrity, arising from injury of the optic nerve head.
Until recently no genetic model for glaucoma had been identified, and thus studies have
relied on inducing injury to the optic nerve head in order to study molecular pathways of
RGC degeneration. In 2010 Fujikawa and colleagues reported that deficiency of the
RhoGEFs Vav2 and Vav3 leads to a condition likened to glaucoma (98). Vav2 and Vav3
double knockout mice presented with early onset iridocorneal angle changes, elevated
intraocular pressure with subsequent selective loss of retinal ganglion cells and optic
nerve head cupping (98). Interestingly, a genome-wide screening of glaucoma
susceptibility loci in a Japanese study identified VAV2 and VAV3 as candidates (98).
Although Vav2 and Vav3 have GEF activity towards RhoA, RhoB, and RhoG, these
studies did not investigate the specific contribution of Vav GEF activity to prevention of
glaucoma (99). In another study, EphB2 or EphB3 KO mice were subjected to laser-
induced ocular hypertension, an experimental model for glaucoma; these mice exhibited
a more severe case of axonal degeneration (100). Intriguingly, they observed Vav2
phosphorylation and upregulation (and potential activation) in the optic nerve head after
ocular hypertension induction, whereas EphB-deficient mice showed reduced Vav2
phosphorylation suggesting that it may be important for induced glaucoma (100). The
apparent activation of Vav2 in this study promoting glaucoma varying from the knock-
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out study hints at a differential requirement of Vav2 and Vav3 in various tissues affected
during glaucoma (100).

In a different study, the RhoGEF Dock3 has been implicated in a neuroprotective
role following optic nerve crush. The authors demonstrated that Dock3 is required for
BDNF-TrkB signaling in RGCs, leading to Rac1 activation via recruitment of
Dock3/WAVE1 complex to the plasma membrane during nerve extension (74).
Furthermore since transgenic mice expressing ectopic levels of Dock3 exhibited
enhanced optic nerve regeneration following injury (74), Dock3 may be a potential
therapeutic targets to prevent degeneration of RGC axons during glaucoma.

Taken together, various Rho GTPases and regulators may contribute to the
initiation of glaucoma, though further work will be required to characterize the specific

function of each protein in this system.

Charcot-Marie-Tooth Disease (CMTD)

CMTD encompasses many genetically heterogeneous, inherited neuromuscular
disorders of motor and sensory neural networks (101). The major clinical manifestations
of CMTD are progressive muscle weakness, atrophy, paralysis and distal sensory loss.
There are two subtypes of CMTD, the first is characterized by enhanced demyelination
ultimately resulting in lower nerve conduction velocities (NCVs), and the second is
characterized by an axonal phenotype, whereby the NCVs are not affected but the
amplitude of motor and sensory action potentials and signs of axonal degeneration
(102). Recent studies have implicated the activity and regulation of Rho GTPases in
myelination and axon maintenance, and have been linked to some forms of CMTD. The
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first indication that Rho GTPases function in myelination of motor neurons were derived
from studies on a family which presented with slowed NCVs, but not severe motor
neuropathies. Mutations were found in the gene encoding ARHGEF10, which is a RhoA
GEF highly expressed in the peripheral nervous system (103). Further study revealed
that inherited mutations localized in the N-terminal region of ARHGEF10 protein
resulted in a constitutively active RhoA GEF activity, leading to elevated active RhoA
levels in peripheral nerves (104). This work indicates that erroneously elevated RhoA
activation in Schwann cells is detrimental to neural transmission by reducing
myelination of peripheral nerves.

In another case, Stendel and colleagues (2007) report that the autosomal
recessive demyelinating form of CMTD (CMT4H) involves the disruption of a Cdc42
GEF, frabin/FGD4. Mutation of frabin induced demyelination of peripheral nerves,
leading to reduced NCVs and thinly myelinated axons (105). Since expression of frabin
in Schwann cells resulted in increased formation of filopodia and lamellipodia, it is
hypothesized that Cdc42 activity is required for proper myelination of peripheral nerves.
Subsequent studies of frabin/FGD4 knockout mice revealed that dysregulated
myelination occurs both in early peripheral nerve development and at later stages (106).
Using an inducible Schwann cell-specific knock out model of Frabin, they demonstrated
that Frabin is required for accurate myelin maintenance post-development
independently of the axon/neuronal expression, and the reduced myelin maintenance
correlated with reduced active Cdc42 levels and impaired endocytosis (106). Taken
together these studies highlight the critical role of Cdc42 in myelin maintenance and
homeostasis of Schwann cells in the peripheral nervous system.
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In the context of lower motor neuron diseases, mutation in the Pleckstrin
homology domain-containing family G member 5 gene PLEKHGS5, has been implicated
in a severe form of the disease with childhood onset. Studies have linked
PLEKHG5/Syx expression to activation of nuclear factor kB (NFkB), and mutation of
PLEKHGS in its RhoA GEF domain impaired NFkB signaling pathways (107). Rho
GTPases have been shown to activate the NFkB signaling pathway, and while this
activation has not been demonstrated to be neuroprotective, inhibition of NFkB leads to
apoptosis of neurons (108, 109). Thus reduced RhoA activation downstream of
PLEKHGS5 may impede NFkB-mediated neuroprotection and thereby contribute to the
neurodegeneration observed in the lower motor neuron disease patients.

The constitutively active Rho GTPase RhoE/Rnd3 is well expressed in the
central nervous system and has been shown to participate in neurite outgrowth in PC12
cells by negatively regulating RhoA/ROCK1 (110). Intriguingly, RhoE-deficient mice
present with severe motor neuron deficits and delayed neuromuscular maturation,
lacking the peroneal nerve completely (111). Despite the involvement of RhoE in
muscle maturation, its interaction with brain-specific PLEKHG5/Syx further implicate it in
motor neuron diseases (112). RhoE modulates the actin cytoskeleton by antagonizing
RhoA signaling by activation of p190RhoGAP (113) and/or by directly binding to ROCK1
and activating MLC phosphatase, resulting in increased phosphorylated and inactivated
cofilin (114, 115). These studies suggest that RhoE/Rnd3 participates in motor neuron
maintenance through inhibition of the RhoA/ROCK pathway.

Overall, these studies demonstrate the direct implication of RhoA/Cdc42
regulatory pathways in the pathogenesis of CMTD and lower motor neuron diseases.
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Concluding Remarks

The generation of genetic animal models of Rho GTPases and regulators has
profoundly expedited our discovery of their fine-tuned functions during nervous system
development and maintenance. The additional use of animal disease models has
further reinforced the importance of Rho GTPase signaling pathways in the
pathogenesis of neurodegeneration. With increased studies of the large numbers of
Rho GTPase regulators, more than 80 human GEFs and 70 human GAPs, we expect
our knowledge of these protein signaling pathways to increase and reveal novel targets
for therapeutic intervention. Ultimately, we hope these studies will promote the
development of individualized therapies to treat these terrible incapacitating diseases,

and in coming years reduce the number of people affected by neurodegeneration.
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Table 1: Summary of Rho GTPases, regulators and effectors implicated in

neurodegeneration disorders

Name Modulation Effector(s) Associated Pathology/Setting
GTPases Cdc42 AV CIP4 AD, HD, PD, CMTD4H (62, 65, 87, 97, 106)
Rac1 VA nerve injury, early AD, PD, HD, optic nerve
regeneration (35, 55, 62, 74, 82, 96)
RhoA VA ROCK nerve injury, AD, degeneration, HD, PD, CMTD,
lower motor neuron disease (35-37, 53, 54, 58,
RhoB A 89, 104, 107, 116)
RhoE/Rnd3 A V¥ RhoA/ROCK neurotrauma, AD (69, 71, 72)
motor neuron maintenance (111, 114)
GEFs Alsin v Rab5, Rac1 ALS/Upper motor neuron disease (43)
ARHGEF10 A RhoA peripheral nerve disease (103)
ARHGEF16 v Rac1, Cdc42 sporadic ALS (48)
Dock3 v Rac1 AD, optic nerve regeneration (73-76, 79)
Frabin/FGD4 v Cdc42 CMTD4H (105)
GEF-H1 n.d. RhoA HD (91)
PLEKHG5/Syx v RhoA Lower motor neuron disease (107)
Kalirin 7 v Rac1 AD, HD, PD (63, 81, 95)
Kalirin 9 n.d. RhoA, Rac1 Nerve injury/axon pruning (34)
Tiam1 A Rac1 AD (62)
Trio n.d. RhoA,Rac1, RhoG cerebellum maintenance, HD (84)
Vav2/Vav3 n.d. RhoA/B/G Glaucoma (98)
GAPs BARGIN A Rac1 AD (60)
NOMA-GAP v Cdc42 Cortical thickness, AD (65)
p250GAP A RhoA, Rac, Cdc42 HD (86)
p190RhoGAP n.d. RhoA Injury/axon pruning (38)
srGAP1 A Cdc42, RhoA sporadic ALS (48)
GDis RhoGDI v RhoA Injury/axon pruning (33)
Effectors/ CIP4 A WASP HD (87)
Regulators LRRK2 v Rac1, Cdc42 PD (96)
Merlin-iso2 n.d. RhoGDI, Severe neuropathy (38)
miR-132 v p190RhoGAP HD cortex (85)
ROCK AV p250GAP AD, HD, PD (54, 90, 97)
PAK1 & PAK3 v cofilin AD brain (61)

A upregulation of expression or activity
V¥ downregulation of expression or activity
n.d. = not yet determined

italics = direct link has yet to be confirmed
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