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ABSTRACT

Regrowth in the lesioned central nervous system is impeded by inhibitory molecules
including myelin-associated inhibitors (MAIls) and chondroitin sulfate proteoglycans
(CSPGs). Inhibitory molecules engage neuronal cell surface receptors and activate the
small GTPase RhoA in injured neurons to mediate neurite outgrowth inhibition through
targeted modifications to the cytoskeleton. Inhibition of RhoA with the ribosyltransferase
C3 attenuates neurite outgrowth inhibition in vitro and in vivo but the ubiquitous
expression and multifunctionality of RhoA may limit the specificity of therapeutic RhoA
antagonists. The hypothesis of the thesis ié that molecules that functionally interact
with RhoA vto mediate myelin-dependent inhibition may represent more specific
targets for therapeutic intervention. We have explored the contribution of two RhoA
interacting proteins to the neurite outgrowth inhibitory effects of MAIs. In Chapter 2 we
describe the contribution of the rho effector, Rho kinase (ROCK) to MAI responses in
neurons. In Chapter 3 we identify the cytosolic phosphoprotein CRMP4b (Collapsin
Response Mediator Protein 4b) as a novel RhoA binding partner that mediates neuronal
responses to CNS inhibitors. By structure function analysis we have developed a
molecular antagonist of CRMP4b-RhoA binding that promotes neurite outgrowth on
inhibitory substrates in vitro and has the potential to bé a potent and specific molecular
therapeutic for spinal cord injury. In Chapter 4 we identify glycogen sythase kinase 3b
(GSK3b) as an important kinase in the MAI pathway that regulates protein interactions
with RhoA. This thesis provides insights into the signal transduction machinery that is
engaged in response to CNS inhibitors and suggests several novel therapeutic targets to

promote axon regeneration following CNS injury.
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RESUME

La croissance dans le systeme nerveux central (SNC) lesé est bloquée par la presence de
molécules inhibitrices telles que les inhibiteurs associés a la myeline (1AM) et les
proteoglycanes chondroitine sulfate (PGCS). Ce milieu inhibiteur stimule des recepteurs
cellulaires des neurones et active la GTPase RhoA pour promouvoir I'inhibition de la
croissance des neurites a travers des modifications spécifiques du cytoskelette.

L’inhibition de RhoA avec la ribosyltransferase C3 atténue I’inhibition de la croissance
des neurites in vitro et in vivo, mais 1’espression ubiquitaire de RhoA ainsi que sa
multifonctionalité pourraient limiter la spécificité des antagonistes therapeutiques de
RhoA. L’hypothése principale de la thése est que Pidentification de molécules
nouvelles qui interagissent spécifiquement avec RhoA pour I’inhibition induite par
la myeline, constituerait des cibles plus spécifiques pour VPintervention
therapeutique. Nous avons investigu¢ la contribution de deux proteines qui interagissent
avec RhoA dans le contexte de I’inhibition de la croissance de neurites induite par les
IAM. Dans le deuxieme chapitre, nous avons decrit la contribution de Rho kinase
(ROCK), une proteine partenaire de RhoA, a la reponse des neurones aux IAM. Dans le
troisiéme chapitre, nous avons identifi€ la phosphoproteine cytosolique CRMP4b
(Collapsin Response Mediator Protein 4b) en tant qu une nouvelle proteine partenaire de
RhoA qui promouvoie la reponse des neurones aux inhibiteurs du SNC. Par une étude-de
structure et de fonction, nous avons développé un antagoniste moléculaire de I’interaction
entre CRMP4b et RhoA qui a pour fonction de stimuler la croissance des neurites sur des
substrats inhibiteurs in vitro et qui a aussi le potentiel d’étre un agent therapeutique

puissant et spécifique contre les lesions de la moelle épiniere. Dans le quatrieme chapitre,



nous avons identifi¢é dans la voie des IAM, I'enzyme glycogene synthase kinase 3f
(GSK3p) en tant que kinase importante qui régule les interactions des proteines avec
RhoA. Cette thése fournit un apercu de la machinerie des voie de transduction qui est
activée en réponse aux inhibiteurs du SNC et suggere plusieurs nouvelles cibles
therapeutique pour promouvoir la régéneration axonale apreés une lesion du systeme

nerveux central.
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CHAPTER 1

I. GENERAL INTRODUCTION
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There are approximately two million people worldwide living with spinal cord
injury (SCI). Approximately 250,000 individuals in the United States have spinal cord
injuries. Every year, approximately 12,000 new injuries occur. Most of these people are
injured inv automobile and sports accidents. Furthermore, an estimated 60% of these
individuals are 30 years old or younger, and the majority of them are men. The location
of the injury determines the degree of neurological deficit. Cervical injuries result in full
or partial quadnplegia (52% of spinal cord injured individuals) whereas thoracic injuries
or below result in full or partial paraplegia (47%, National Spinal Cord Injury Statistical
Center).

Trauma in the adult mammalian central nervous system (CNS) results in
devastating clinical consequences due to the failure of injured axons to spontaneously

regenerate.

I. 1. The CNS Environment

Classic -experiments performed over 20 years ago demonstrated that CNS neurons
are capable of long distance regeneration when provided with a growth permissive
environment (David and Aguayo, 1981). The failure of severed nerve fibers to
spontaneously re-extend to their targets distinguishes the CNS from the peripheral
nervous system (PNS) where individual fibers do regenerate to restore function. Since the
historical finding that CNS neurons are regeneration competent, the CNS environment

has been extensively studied and it is clear that multiple influences at the CNS lesion site

18



FIGURE 1

INJURY

——

L_;‘: : Myelin Sheath /
Growth Cone Myelin debris
A B C

Figure 1. CNS neurons are inhibited by a negative extracellular milieu. In the CNS,
oligodendrocytes form the myelin sheath surrounding the axon (A). Following injury,
neurons in the CNS reextend neurites (B). The leading edge of the neurite 1s guided by
the growth cone. The myelin debris along with a glial scar that results from the injury
creates an impermissive environment for the growing axon. The CNS neurons are

therefore unable to reestablish their target connections (C).
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inhibit regenerative growth. Both myelin debris (Caroni and Schwab, 1988a, b) and an
astroglial scar (McKeon et al., 1991; Davies et al., 1997; Davies et al., 1999) actively
inhibit regeneration by challenging the severed axon with inhibitory proteins that signal
to the axon and prevent growth (Figure 1). Further there is also evidence of the
reexpression of a subset of repulsive axon guidance molecules in the intact and the
injured CNS (De Winter et al., 2002; Yaron and Zheng, 2007). Extensive research is
therefore being done to identify inhibitory components at the CNS lesion site and to

define their mechanism of action.

I. 1. 1. The glial scar

The absence of regeneration in the injured CNS has been attributed to a non
permissive environment that does not support extensive axonal extension (Aguayo et al.,
1981; Reier et al., 1983). A glial scar forms which is characterized by the proliferation
and migration of astrocytes into the lesion site where they deposit extracellular matrix
creating a mechanical barrier for regeneration. in addition to this physical barrier, there is
a strong inhibitory effect mediated by two types of extracellular matrix (ECM) molecules,
tenascins and chondroitin sulphate proteoglycans (CSPG,(Asher et al., 2001)). CSPGs
consist of a protein core and long, unbranched polysaccharides (glycosaminoglycans,
GAQG) including chondroitin sulphate disaccharide unit repeats. In the nervous system,
proteoglycans regulate the structural organisation of the extracellular matrix and
modulate growth factor activities and cellular adhesive and motility events such as cell
migration and axon outgrowth. A number of CSPGs are upregulated following CNS
injury including neurocan, versican, brevican, decorin and biglycan (McKeon et al., 1991;

Asher et al., 2000; Asher et al., 2001).
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The inhibitory activity of CSPGs i1s mediated mainly by the GAGs. Treatment
with chondroitinase ABC (ChABC), an enzyme that cleaves the sugar chains, promotes
axon regrowth both in vitro and in vivo (Moon et al., 2001; Bradbury et al., 2002;
Morgenstern et al., 2002). Modest effects on the growth of severed nigrostriatal axons
have been observed with hyaluronidase treatment to cleave neurocan, versican and
brevican (Moon et al., 2003). Chondroitinase treatment of reactive astrocytes harvested
from animals following various injury paradigms (McKeon et al., 1991) and of frozen
spinal cord sections (Zuo et al., 1998) improve the capacity of these substrates to support
neurite outgrowth in culture. Recent evidence has implicated the Rho pathway in
mediating the inhibitory activity of the CSPGs (Dergham et al., 2002). Mueller and
colleagues recently showed that CSPG-associated inhibition of RGC axons outgrowth
was blocked using C3 transferase or Y27632 suggesting that it is mediated by the
Rho/ROCK signaling pathway (Monnier et al., 2003).

Despite all these findings, the role of CSPGs irn vivo in blocking axon
regeneration and the precise molecular machinery by which inhibition is mediated by the
CSPGs 1s still not clear. More work is required before any therapies are designed in

targeting these molecules.

I. 1. 2. Myelin-Associated Axon Growth Inhibitors

The inability of CNS neurons to regenerate following injury is also attributed to
the presence of growth inhibitors in the CNS myelin sheath. This was originally
demonstrated by the fact that CNS neurons fail to grow on white matter (Savio and

Schwab, 1989). Biochemical fractionation of CNS myelin led to the identification of an



axon outgrowth inhibitory activity termed NI135/250 (Caroni and Schwab, 1988a, b). A
function-blocking monoclonal antibody named IN-1, which recognizes NI35/250,
generated great excitement in the regeneration field because it promoted regrowth of
injured corticospinal tract (CST) fibers and behavioral recovery when injected or infused
" into the site of a spinal cord lesion (Caroni and Schwab, 1988b; Schnell and Schwab,
1990). The protein responsible for the inhibitory activity in this myelin fraction was
sﬁbsequently identified as Nogo (Chen et al., 2000; GrandPre et al., 2000; Prinjha et al.,
2000). Further analysis of myelin has identified other inhibitors in the last several years,
including Myelin-Associated Glycoprotein  (MAG) (McKerracher et al., 1994;
Mukhopadhyay et al., 1994) and Oligodendrocyte Myelin Glycoprotein (OMgp) (Kottis

et al., 2002; Wang et al., 2002b).

I. 1. 2. 1. Reexpression of repulsive guidance molecules

In addition to the aforementioned MAIs, there is a potential new role for axon
guidance molecules as growth inhibitory factors in the injured CNS. Ephrin-B3, a
repulsive guidance molecule expressed during CST development, was shown to be
expressed by postnatal myelinating oligodendrocytes and mediates neurite outgrowth
inhibition in post.natal cortical neurons (Benson et al., 2005). Genetic ablation of EphA4
in mice, the receptor for Ephrin-B3, resulted in significant axonal regeneration and
improved functional recovery (Goldshmit et al., 2004). In addition to Ephrin-B3,
Sema4D is similarly expressed by postnatal oligodendrocyte with a transient upregulation
around the lesion site after CNS injury. Further, Sema4D inhibits postnatal DRG and

granule cell axons (Moreau-Fauvarque et al., 2003). Recently, Netrin-1, a well known



axon guidance molecule required for commissural neurons axon guidance at the
embryonic spinal cord ventral midline, has been suggested as a potential
oligodendrocyte-associated inhibitor of axonal regeneration in the adult spinal cord.
Netrin-1 is constitutively expressed by neurons and myelinating oligodendrocytes in the
adult rat spinal cord (Manitt et al., 2001). Its repulsion-mediated receptor UNC5H is
expressed both before and after spinal cord injury by corticospinal and rubrospinal
projections. Disruption of Netrin-1 promotes neurite outgrowth in vitro (Manitt et al.,
2006; Low et al., 2008). Taken together, this suggests that axon guidance molecules
expressed by oligodendrocytes and CNS myelin may contribute to the failure of axon

regeneration.

I. 1. 2. 2. Nogo: Inhibitory Molecule for CNS Regeneration

Nogo-A, a member of the Reticulon (RTN) family of proteins, is highly expressed
in the ER and Golgi and on the surface of oligodendrocytes in the CNS myelin. Nogo-A
induces growth cone collapse and neurite retraction (Chen et al., 2000; GrandPre et al.,
2000). There are three major isoforms of Nogo generated by alternative RNA splicing
(Nogo-A/B) and promoter usage (Nogo-C). All of these three Nogo isoforms share a
common C;terminal domain of 188 amino acids, which includes a 66 amino acid
inhibitory domain called Nogo-66. Nogo-66, a potent inhibitory fragment of Nogo, is an
extracellular loop region of Nogo separated by two transmembrane domains. Nogo-B and
Nogo-C are identified in many tissues and cell types but their functions are still not yet
understood. Recent studies on Nogo-B suggest a role in tumor suppression (Qi et al.,

2003) and in vascular remodeling (Acevedo et al., 2004; Paszkowiak et al., 2007).
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The N-terminal domain of Nogo-A (amino-Nogo) and Nogo-66 are two distinct
inhibitory domains that affect neurite 0utgr6wth through discrete mechanisms and
through different receptors (GrandPre et al., 2000: Prinjha et al., 2000: Oertle et al., 2003).
According to the current topological model, Nogo-66 is presented extracellularly on
oligodendrocytes. More than one topology of Nogo-A has been described, as it can be
present both intracellularly and extracellularly (Oertle et al., 2003). Following SCI,
damaged oligodendrocytes release their contents, thus injured neurons may be exposed to
domains of Nogo-A not normally expressed at the cell surface.

The function of Nogo in vivo has been studied by examining the phenotype and
injury response of Nogo knockout mice however the results of these studies are
controversial. Three independent groups have generated Nogo knockout mice. A Nogo-
A/B mutant mouse line was studied by Strittmatter and colleagues (Kim et al., 2003). In
this line a significant increase in corticospinal sprouting above and below spinal cord
dorsal hemilesions was observed. This anatomical recovery was accompanied by
enhanced functional recovery as assessed by the Basso, Beattie, and Bresnahan (BBB)
scale. This study suggests that Nogo-A plays an important role in the failure of
regeneration of adult CNS neurons. Intriguingly this regeneration was restricted to young
micé suggesting that other plasticity mechanisms may facilitate regeneration. In a second
mouse line generated by Schwab and colleagues (Simonen et al., 2003), Nogo-A
expression was disrupted by conventional gene targeting. As compared with the
Strittmatter mice, these mice exhibit a compensatory upregulation of Nogo-B expression
by oligodendrocytes, and a significant, but less dramatic regenerative response of CST

fibers following dorsal hemisections. The more modest phenotype could be attributed to
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the compensatory increase in Nogo-B, which contains the Nogo-66 inhibitory domain.
Two other Nogo knockout lines were generated by Tessier-Lavigne and colleagues
(Zheng et al., 2003). One line lacks Nogo-A and —B (Nogo-A/B mutant) and the second
line lacks all three isoforms (Nogo-A/B/C mutant). In these two lines, no iﬁprovement n
anatomical or functional recovery following spinal cord lesions was found but the Nogo-
A/B/C was generated from the same allele as the Nogo-A/B mouse. A follow up study
demonstrated that the difference in the penetrance of the Nogo-A mutant phenotype
depends on the strain background, with a more pronounced regenerative axon growth of
CST in the Sv129 strain as compared to the mixed C57BL/6 (Dimou et al., 2006).
Misslabeling of ectopic axons due to ventricular biotin dextran amine (BDA) injection
artifact has also been suggested as potential source of variability for the CST regenerative
phenotype (Steward et al., 2007), however carefully analysis shows that although artifacts
can rarely occur they cannot fully account for the regenerative phenotype observed with
the Nogo-A/B mutant mice (Cafferty et al., 2007). In addition it appears that the age after
sexual maturity modifies the restrictive effect of Nogo-A/B on axonal growth and on
functional recovery with a significant improvement of 8 week old versus 14 week old
mice (Cafferty et al., 2007). Finally the same group also noted that when all other
parameters are held constant, different mutant Nogo alleles displayed different
regenerative and functional recovery phenotypes even though the different mutant alleles
equally eliminate detectable Nogo-A protein. Therefore among the factors that might
account for the different responses to injury in these Nogo knockout lines are differences
in age at the time of injury, mouse strain background and the nature of the mutant allele.

Further, Nogo-A/B mutant mice displayed a strong sprouting effect of uninjured CST



fibers into the denervated spinal cord after a unilateral pyramidotomy which correlated
with a recovery of fine motor skill in the affected forelimb (Cafferty and Strittmatter,
2006). This suggests that in addition to the aforementioned modifiers, the nature of the

CNS lesion determines the penetrance of the mutant background as well.

I. 1. 2. 3. The Nogo receptor (NgR): common mediator of inhibition by Nogo-66,
MAG and OMgp.
NgR1 is a GPI-linked, leucine-rich repeat (LRR) protein and it is expressed by

multiple neuronal populations within the brain (Fournier et al., 2001). NgR1 is a surface
receptor specific to Nogo-66 but not to amino-Nogo. Originally identified as a receptor
for Nogo-66, NgR1 was subsequently identified as a functional binding partner for MAG
and OMgp, which are structurally different proteins. In contrast with Nogo-66, amino-
Nogo does not interact with NgR1 and its receptor has not been specified yet. Two
homologues NgR2 and NgR3 were later identified which share 55% identity in the LRR
domain of NgR1 (Barton et al., 2003; He et al., 2003; Lauren et al., 2003; Pignot et al.,
2003). Nogo-66 does not bind NgR2 and NgR3 (Barton et al., 2003), however MAG
binds to NgR2 (Venkatesh et al., 2005).

The functional importance of NgR1 in neuronal regeneration was examined by various
approaches. NgREcto, a truncated soluble NgR1 inhibits binding of MAIs to surface
bound NgR1, promotes neurite outgrowth on myelin substrate, and enhances CNS
regeneration in animal models of SCI (Fournier and Strittmatter, 2002; Li and Strittmatter,
2003). The NgR1 antagonist: NEP1-40, a peptide fragment of Nogo-66 designed to
interact with NgR1 without eliciting its downstream activation can also diminish the

inhibitory effect after SCI (GrandPre et al., 2002). NgR1 -/- mice reveal a significant



regeneration of rubrospinal and raphespinal axons (Kim et al., 2004), but no regeneration
of CST fibers. Despite NgR2's affinity to MAG and its ability to selectively mediate
MAG?’s inhibitory function (Venkatesh et al., 2005), NgR1 -/- mice derived DRG neurons
are not inhibited by MAG (Kim et al., 2004). Another NgR1 -/- mouse line yielded
neurons that were inhibited by myelin in vitro (Zheng et al., 2005) indicating that NgR1
is dispensable for the growth inhibitory effect of MAIs. This apparent discrepancy has
been attributed to the finding that NgR1 is required for the acute growth cone collapsing
properties of Nogo-66 (Zheng et al., 2005), MAG and OMgp (Chivatakamn et al., 2007)
but not for their ability to chronically inhibit outgrowth when presented in a substrate
form (Chivatakam et al., 2007). NgR1 -/- mice were equally analyzed in a different injury
paradigm and were found to have no long distance CST rcgeneration following a
unilateral pyramidotomy but a strong CST growth pattern proximal to the injury site
which was also accompanied with a recovery of fine motor skill (Cafferty and
Strittmatter, 2006).

Analysis of the growth inhibitory property of MAG revealed multiple response patterns
between different neuronal populations including cerebellar granular neurons (CGNs),
retinal ganglion neurons (RGNs) and DRGs (Venkatesh et al., 2007). For example, NgR1
deficient RGNs were strongly inhibited by MAG. Taken together this suggests that MAG
uses distinct and cell type-specific mechanisms to mediate growth inhibition.

It is now obvious that different types of CNS neurons possess very different regenerative

capacities and therefore respond differently to experimental treatment strategies in vivo.

27



FIGURE 2
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Figure 2. Schematic representation of the NgR1 signalling cascade. In the CNS,
neurons express at the cell surface a tnmeric complex consisting of
NgR]/L]NGO/p75NTR or alternatively NgR1/LINGO/TROY that responds to myelin
associated inhibitors (Nogo-66, MAG, OMgp) stimulation. The inhibitory signals of the
the MAIs leads to growth cone collapse and neurite outgrowth inhibition via the
activation of RhoA and ROCK. Subsequently cytoskeletal rearrangement ensues via
proteins such as cofilin (or actin depolymerizing factor, ADF) via LIMK and SSH (Hsieh
ct al., 2006). Other neurite outgrowth inhibitors such as CSPGs also converge and lead to
the activation of the Rho-ROCK pathway. |
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Therefore it 1s suggested that the observed differences in regenerative capacity among
different fiber systems are a reflection of their intrinsic ability to elongate axons and their
distinct cell surface receptor profiles to respond to the growth inhibitory extracellular

milieu.

L. 1. 3. Signal transduction

NgR1 is GPl-linked and therefore has no intracellular signaling domain thus
requiring co-receptor/s to transduce an inhibitory signal. Recently, p75 neurotrophin
receptor (p75™'%), Lingo-1 and TROY were identified as co-receptors to NgR1 (Wang et
al., 2002a; Wong et al., 2002; M1 et al., 2004; Shao et al., 2005). In certain neurons, the

NTR

expression of p75~ " is gradually decreased during development. TROY is a functional

NTR NTR

homolog of p75™ ", which substitutes for p75~ " in different neuronal population (Park
et al., 2005; Shao et al., 2005). Nogo-66 signals through the tripartite receptor complex
consisting of NgR1/p75""%/Lingo-1 or NgR1/TROY/Lingo-1 (Figure 2). Furthermore.
transactivation of epidermal growth factor receptor (EGFR) after NgR1 ligand binding

appears to be necessary for the engagement of axonal outgrowth inhibition (Koprivica et

al., 2005).

75NTR affects the activity of the small guanosine triphosphatase (GTPase) Rho,

Y
which is known to effect the neuronal cytoskeleton, and mediates axon inhibition via the
recruitment of Rho to the p75™'® through Rho-GDI (see below) (Yamashita and
Tohyama, 2003). Rho-GDI (Rho Guanine Dissociation Inhibitor) is a binding partner of
Rho GTPases that restricts its activation by sequestering it from the cell membrane

(Gosser et al., 1997). Kalirin-9, a dual RhoGEF, was recently proposed as a molecular

link between the activation of p75™'~ and RhoA activation in cerebellar granule neurons
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in response to MAG (Harrington et al., 2008). Upon stimulation, RhoA 1s recruited to
p75""™® via Rho-GDI which in turn releases Kalirin-9 to activate RhoA. Activation of the
downstream signalling via p75N"™ might also require its intramembrane proteolysis by a-
and y-secretases (Domeniconi et al., 2005). Transduction of CSPG- and myelin-based
activation of RhoA also seems to depend on the activation of protein kinase C (PKC;

(Sivasankaran et al., 2004).

I. 2. RhoGTPases as gatekeepers of cytoskeletal remodeling

Factors regulating neuronal outgrowth and inhibition mediate their effects through
the leading edge of the axon, the growth cone. A fine balance between attractive and
repulsive forces at the growth cone is required for accurate wiring of the nervous system.
These two opposing external signals modulate growth cone motility by inducing changes
in cytoskeletal structure. At the growth cone leading edge, a balance between actin
polymerization and retrograde flow control growth cone advancement and retraction
(Lewis and Bridgman, 1992; Fan and Raper, 1995).

Detailed signaling mechanisms responsible for transducing inhibitory information
from NgR to the actin cytoskeleton have not been defined. One group of intracellular
proteins that have been implicated in the myelin-dependent inhibitory signaling cascade
is the Rho family of small guanosine triphosphatases (GTPases). Rho GTPases play an
important role in transducing many extracellular signals to changes in cytoskeletal
proteins (Hall, 1998). The best characterized members of the Rho family are Rho, Rac
and Cdc42 (Bishop and Hall, 2000). Guanine nucleotide exchange factors (GEF) promote

the conversion of GDP-bound Rho (inactive) to a GTP-bound (active) form of Rho.
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Oppositely, GTPase activating proteins (GAP) stimulate the GTPase activity of Rho and
subsequently lead to the conversion of GTP-bound Rho to an inactive GDP-bound state
(Figure 2). This cycle is controlled by over 60 activators (GEFs) and 70 inactivators
(GAPs). GTP-bound forms of Rho, Rac and Cdc42 interact with many downstream
effectors that have widespread effects on the actin cytoskeleton potentially contributing
to growth cone collapse (Narumiya et al., 1997; Cotteret and Chernoff, 2002). Rho
activation promotes the formation of focal adhesions and stress fibers; Racl and Cdc42
activation result in lamellipodial and filopodial extension respectively. GTP-bound forms
of Rho, Rac and Cdc42 interact with many downstream effectors that alter the actin
cytoskeleton and dictate cellular responses. Following myelin stimulation, Rho is
activated and Rac is inactivated (Fournier et al., 2000a; Niederost et al., 2002; Borisoff et
al., 2003; Dubreuil et al., 2003). RhoA phosphorylation downregulates RhoA activity by
enhancing it’'s membrane extraction through binding to RhoGDIs (Ellerbroek et al.,
2003a). Recent evidence has implicated LIM kinase (LIMK) and Slingshot phosphatase
(SSH) in the regulation of the actin depolymerizing factor Cofilin downstream of Nogo-
66 signalling (Hsieh et al., 2006).

Development of antagonists to intracellular targets represents one of the most
promising ideas to promote regeneration since convergent targets of multiple inhibitory
and growth-promoting pathways are being identified. Rho can be specifically inactivated
by C3 transferase (an enzyme found in Clostridium botulinum) (Jalink et al., 1994).
Treatment with this enzyme promotes neurite outgrowth in vitro on inhibitory substances
such as myelin or CSPGs (Lehmann et al., 1999; Winton et al., 2002; Fournier et al.,

2003; Monnier et al., 2003). Infusion of C3 at the site of dorsal hemisection in vivo also
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promotes regeneration following spinal cord injury however these effects are dependent
on the mode of delivery (Dergham et al., 2002; Fournier et al.. 2003).

The levels of cAMP can alter the effects of neurotrophic factors and guidance
factors, with low levels of cyclic nucleotides promoting chemorepulsion and high levels
supporting chemoattraction. Several studies have described the importance of cAMP
levels in the neuronal response to myelin-derived inhibitors of axon growth (reviewed by
(Snider et al., 2002). cAMP elevation, by injecting dibutyryl cAMP (db-cAMP), a
membrane permeable cAMP analogue, promotes spinal and sensory axon regeneration
(Neumann et al., 2002; Qiu et al., 2002). Elevation of cAMP in growth cones can convert
repulsion by MAG to attraction (Cai et al., 1999). In addition, cAMP and neurotrophin-
mediated increases in neurite outgrowth on myelin in vitro requires the expression of
Arginase 1 and the synthesis of polyamines (Cai et al., 2002). It appears that the cAMP
mediated effect on regeneration, involves the upregulation of Arginase 1, a key enzyme in
the. synthesis of polyamines such as putrescine, later converted into spermidine and
spermine (Seiler et al., 2000). Many studies have shown the role of polyamines in the
growth and development of the nervous system as well as axonal regeneration (Slotkin
and Bartolome, 1986; Gilad et al., 1996). Targeting this pathway represents therefore a
potential avenue for treating nerve injury by increasing the levels of cAMP, via the use of
polyamine based molecules, or by increasing the expression of Arginase 1.

However, the tradeoff with targeting intracellular signaling substrates such as Rho and
cAMP is that they are common to multiple cell types and side effects on other cells will
occur at the lesion site. Thus the identification of neuronal-specific intracellular

substrates of axon outgrowth inhibitors remains an important pursuit. The aim of this
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project is to identify and characterize novel RhoA-interacting proteins with functional

relevance to neuronal injury and regeneration.

I. 3. RhoGTPase interacting proteins as potential molecules of axon outgrowth
inhibition of the adult CNS
I. 3. 1. Rho Kinase - ROCK

Many effector proteins downstream of Rho modulate actin cytoskeletal dynamics
and are reasonable candidates for the transduction of myelin-associated signals, including
citron kinase, mDia, rho kinase and protein kinase N (Bishop and Hall, 2000). One of the
well characterized Rho downstream effectors of Rho is Rho associated coiled-coil-
containing protein kinase (ROCK) (Leung et al., 1995; Ishizaki et al., 1996; Matsui et al.,
1996a). Rho kinase (ROCK) is a serine/threonine kinase with two isoforms
(p160ROCK/ROCK-I/ROCK, and ROCKII/ROKa) which share 65% similarity in their
sequence. ROCK has a kinase domain at the amino terminus followed by a coiled-coil
domain containing the Rho-binding domain (RBD) and a pleckstrin-homology domain
(PH) with an internal cystein-rich domain (CRD). ROCKI and ROCKII are ubiquitously
expressed with a preferential expression in brain and muscle tissues for ROCKII, whereas
ROCKI is more abundantly expressed in nonneuronal tissues such as liver, spleen (Riento
and Ridley, 2003) where they phosphorylate multiple downstream substrates (Riento and
Ridley, 2003). Genetic deletion of ROCKII in mice causes embryonic lethality in most
cases. These mice exhibited placental dysfunction and intrauterine growth retardation.
While ROCKI deletion in mice resulted in eyelid open at birth and omphalocele which

affects the survival of the neonates due to cannibalization by the mother. However it
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seems that both isoforms might overlap in their biological functions since after
overcoming their perinatal problems, both ROCKI and 1l mice develop normally without
any functional abnormalities (Thumkeo et al., 2003; Shimizu et al., 2005). ROCK has
been the favored effector candidate due to the ability of the drug Y-27632, an ATP
competitive rho kinase antagonist, to promote neuronal outgrowth on MAT substrates in
vitro and in vivo (Dergham et al., 2002; Niederost et al., 2002; Fournmer et al., 2003).
Once ROCKII is activated by GTP-bound RhoA, ROCKII phosphorylates a number of
substrates to control actin-cytoskeleton assembly and cell contractility. In particular,
ROCKII phosphorylates collapsin response mediator protein-2 (CRMP-2) (Arimura et al.,
2000a), a neuronal protein involved in semaphorin 3A-induced growth cone collapse and
in axon outgrowth (Inagaki et al., 2001). In addition, ROCK regulates actomyosin
dynamics within the growth cone via phosphorylation of myosin light chain II (MLCII)
and via phosphorylation and inhibition of MLC phosphatase (Fujita et al., 2001).
Therefore it is reasonable to speculate that rho kinase might mediate myelin-dependent
growth cone collapse by virtue of its ability to regulate myosin light chain
phosphorylation and consequently actomyosin dynamics within the growth cone.
However the evidence involving ROCK is indirectly based on the drug Y-27632 which is
an ATP-competitive inhibitor that inhibits a number of kinases. In fact at a concentration
of 10 uM, Y-27632 inhibits protein-kinase C related kinase (PRK2/PKNy), which also
binds to Rho and regulates cytoskeletal dynamics (Vincent and Settleman, 1997). Other
studies have used Y-27632 at concentrations up to 50 uM in vitro, a concentration at
which other kinases are inhibited (Davies et al., 2000). Therefore one issue with this drug

is its specificity and it is therefore difficult to determine the exact contribution of each



affected kinase to the growth promoting effect observed. The contribution of ROCK to

myelin-dependent inhibition 1s addressed in Chapter 2.

I. 3. 2. The CRMP family of proteins

The CRMP (TOAD-64/Ulip/Drp) family of proteins has been. implicated 1n axon
guidance and outgrowth. The CRMP proteins are homologs of UNC-33, a protein
involved in axon guidance and extension in Caenorhabditis elegans (Hedgecock et al.,
1985; Siddiqui and Culotti, 1991). The members of this family, which consist of at least 5
isoforms (Figure 3), have been independently identified as Ulip (UNC-33 like protein),
CRMP (Collapsin response mediator protein), TOAD-64 (Turned on after Division, 64
kd) and DRP (dihydropyriminidase related protein) (Wang and Strittmatter, 1997a; Byk
ct al., 1998; Quinn et al., 1999). Four isoforms (CRMP1 through CRMP4) share 70-80%
amino acid identity, while another member CRMPS (CRAM: CRMP-3 associated
molecule)., shares only 50% sequence identity. In a screen to identify proteins that
functionally interact with RhoA, we identified CRMP4 as a key protein in the myelin
signaling cascade (Ch. 3).

Expression pattern analysis indicates an almost exclusive expression of the CRMP
proteins in the nervous system (Minturn et al., 1995; Hamajima et al., 1996; Wang and
Strittmatter, 1996; Kamata et al., 1998; Nacher et al., 2000; Tsim et al., 2004). CRMPs
share significant sequence similarity with dihydropyrimidinase (DHPase), an enzyme
involved in pyrimidine catabolism, although no DHPase activity however has been

described for CRMPs (Wang and Strittmatter, 1997b).
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CRMP2 (Ulip-2/TOAD-64/DRP-2) is the most widely studied member and appears to be
crucial for axon outgrowth (Goshima et al., 1995a; Animura et al., 2004). CRMP2 can
bind to tubulin heterodimers and is an important organizer of microtubule assembly for
establishing axon-dendrite fate during development (Fukata et al., 2002a). In addition,

CRMP?2 is phosphorylated at Thr-555, by Rho-kinase during lysophosphatidic acid (LPA)
and EphrinA5 induced growth cone collapse in DRGs (Anmura et al., 2000b; Arimura et
al., 2005a). CRMP2 is phosphorylated in a ROCK-dependent manner by Nogo or MAG

and may contribute to neurite outgrowth inhibition via dysregulated microtubule
dynamics (Mimura et al., 2006). CRMP2 promotes outgrowth and collapse in response to
active RhoA and Racl respectively therefore reversing from a RhoA to a Racl

morphology in N1E-115 neuroblastoma cells (Hall et al., 2001). CRMPI1, 2 and 5 have
been shown to act as downstream components of Semaphorin-Ples signal transduction

pathway (Deo et al., 2004).

More recently, analysis of the UNC-33 gene in Caenorhabditis elegans, revealed
that multiple transcripts were encoded by the same allele, suggesting splice variants. In
chick, a novel subtype for each isoform (“b” isoforms) has been identified; the CRMPb
variants represent longer amino terminal variants of the original CRMPa isoforms (Figure
3). CRMP4b identified by Hockfield and colleagues (2003), was found to play a role in
neurite outgrowth and associates with vesicles in the growth cone and was shown to
interact with intersectin, an endocytic-exocytic adaptor protein, suggesting a potential
role in endocytosis (Quinn et al., 2003).

The role of the CRMP proteins in regeneration is still not well addressed. CRMP4a

expression was increased in adult sciatic motor neurons that are regrowing axons
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following axotomy (Mintum et al., 1995). CRMPla, CRMP2a and CRMP5a mRNA
levels increased after hypoglossal nerve injury. CRMP2a was shown to have a potent
neurite elongating etfect in nerve regeneration in vivo (Suzuki et al., 2003).

The CRMP proteins are extensively phosphorylated during neuronal development, and
the phosphorylation states are altered in response to nerve growth factor (NGF) and
lysophosphatidic acid (LPA) (Byk et al., 1996; Gu et al., 2000). CRMP2 is a substrate for
ROCK but not CRMP4. CRMP2 and CRMP4 were shown to be substrates of glycogen
synthase kinase 3 beta (GSK-38) (Cole et al., 2004c). GSK-3B might regulate neuronal
polarity in hippocampal neurons through the phosphorylation of CRMP2 at Thr-514, by

decfeasing CRMP2 affinity towards tubulin (Yoshimura et al., 2005).

1. 4. Role of Protein Phosphatases and Kinases in regulating neurite outgrowth and
GC dynamics

Following injury or during embryonic development the precise connectivity of the
neurons and their targets requires a delicate balance of growth cone steering and
repulsion. The axonal growth is determined by an interaction between the growth cone
~ and its microenvironment. The complexity of the regulation of growth cone morphology
in response to the extracellular environment is determined by the presence of multiple
signalling pathways that couple receptor stimulation on the plasma membrane to
alteration of the cytoskeletal elements. This signal transduction is mediated via direct
protein-protein interaction and via protein phosphorylation which is regulated by protein
kinases and protein phosphatases. The regulation of both actin and microtubule dynamics

is essential for driving axonal growth. Cofilin is a key regulatory protein of actin
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Figure 3. Schematic representation of the CRMP family of proteins. CRMPs are
homologues of the UNC-33 protein in C.elegans. The gene unc-33 encodes three
transcripts that are translated into proteins of 55, 72, and 90 kDa. The four original
members of the CRMP family correspond to the transcript that encodes the 55 kDa
isoform of UNC-33. Each CRMP isoform has 2 subtypes: CRMPa (short version) and
CRMPb (long version). CRMP4 consists of a 126 residue (CRMP4b) or 13 residue

(CRMP4a) unique amino terminal domain followed by 557 common residues.
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depolymernization and subsequently in altering growth cone dynamics in response to
external cues. Cofilin regulates actin dynamics by increasing the off-rate of actin
monomers from the pointed actin filament end and by severing actin filaments (Aizawa et
al., 2001; Bamburg and Wiggan, 2002). Several kinases and phosphatases regulate
Cofilin phosphorylation and activity including LIM Kinase and Slingshot phosphatase

which have been implicated in regulating growth cone motility (Endo et al., 2003).

1. 4. 1. LIM-Kkinase

The LIM (an acronym for the three gene products Lin-11, Isl-1 and Mec-3) kinase family
members (LIMK1 and LIMK?) possess two N-terminal LIM motifs: a PDZ domain and a
C-terminal protein kinase domain (Edwards and Gill, 1999). LIMK phosphorylates and
inactivates the actin depolymerization factor cofilin (Yang et al., 1998). Previous studies
héd demonstrated a requirement for LIMK-dependent cofilin phosphorylation in axon
repulsion in response to the guidance molecule Semaphorin3A (Aizawa et al., 2001).
LIMK1 knockout mice exhibit significant abnormalities in dendritic spine morphology
and demonstrate increased hippocampal long-term potentiation; possibly indicative of
enhanced plasticity (Meng et al., 2002). LIMK can be threonine phosphorylated by
ROCK, and our lab has demonstrated that Nogo-dependent phosphorylation of LIMK is
indeed ROCK dependent (Hsieh et al., 2006). Central to this proposal, introduction of a
dominant negative (DN) LIMK1 construct attenuates myelin-dependent inhibition in
DRG neurons in vitro. Further, DNLIMK! blocked Nogo-66-dependent cofilin
phosphorylation. Together this data suggests that cofilin is a critical LIMK substrate

mediating myelin-dependent inhibition (Hsieh et al., 2006).
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1. 4. 2. Slingshot

Slingshot (SSH) is a protein phosphatase (Niwa et al., 2002), originally identified in
Drosophila, that has three related homologues in vertebrates (SSH1, SSH2, and SSH3);
each has long and short variants. The long isoforms (-L) of SSH family members with a
C-terminal F-actin binding domain are abundant in mammalian CNS. Overexpression of
wild type SSH increase growth cone motility, whereas the presence of the phosphatase-
inactive form of SSH increases cofilin phosphorylation and stabilizes actin filaments in
DRG neurons (Niwa et al., 2002; Endo et al., 2003). MAls were recently linked to induce

cofilin dephosphorylation via SSH1 phosphatase activation (Hsieh et al., 2006).

I. 5. Multifaceted role of GSK3p in axon guidance and regeneration

In the CNS, axonal fate seems to be dictated by a panel of extracellular cues including
ECM proteins such as neuron-glia cell adhesion molecule (NgCAM) or integrins (Esch et |
al., 1999) as well as secreted factors such as NT-3 (Neurotrophin-3) and BDNF (Brain
Derived Neurotrophic Factor) which enhance axon elongation and branching (Ip et al.,
1993; Labelle and Leclerc, 2000; Pfenninger et al., 2003). This complex process requires
a precise regulation of several mechanisms including actin filaments reorganization,
microtubule assembly, axonal protein trafficking and endocytosis of adhesion molecules
(Figure 4). A body of evidence is currently implicating GSK as a key molecule in
neuronal polarity and specifying axon-dendrite fate. GSK seems to regulate microtubule

dynamics via microtubule-associating proteins.
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Figure 4. Schematic of the signalling pathways that mediate axon specification.
Axon dendrite fate is established in a growing immature neurite in response to a series of
extracellular matrix cues and secreted factors (neurotrophins). Engagement of these
pathways leads to PI3-kinase activation. 2 majors axis are involved: Akt/GSK-
3B/CRMP2 and Cdc42/Par complex/Racl which ultimately converge on rearranging the
cytoskeleton. GSK-3P is a centerpiece molecule that receives input from multiple cross

pathways.
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Two major pathways have been identified as key for drniving the regulatory cascades
necessary for neurite elongation and neuronal polarization: the Akt/GSK-33/CRMP2
pathway (Nishimura et al., 2003; Arimura et al., 2005b; Yoshimura et al., 2005) and the
positive feedback loop composed of cdc42, the PAR complex PAR3/PAR6/aPKC and
Rac1 (Nishimura et al., 2004; Shi et al., 2004).

GSK3a and B are ubiquitously expressed, constitutively active, serine/threonine kinases
originally identified as regulatory kinases for glycogen synthase and subsequently
implicated in signaling cascades downstream of Wnts, NGF, EGF, Semaphorins and
Hedgehog (Eickholt et al., 2002; Kockeritz et al., 2006). GSK-3 is regulated at multiple
levels by phosphory]atioﬁ. GSK3a/f activity is negatively regu]ate(i by };hosphorylation
at Ser21/9 and positively regulated by phosphorylation at Tyr279/216 by multiple protein
kinases (Jope and Johnson, 2004). GSK regulates the phosphorylation and activation of
many microtubule-associated proteins including APC, CRMP2, CRMP4, MAP1b, MAP2,
NF, Tau and Kinesin light chain (Cole et al., 2004a; Zhou and Snider, 2005). CRMP4b
phosphorylation is sequentially regulated by GSK3p on residues Ser631, Thr627 and
Thr622 following a priming phosphorylation event which may be mediated by DYRK2
(Cole et al., 2004b). In Ch. 4 we describe GSK3f as an important intracellular mediator

of myelin-dependent inhibition.

I. 6. Thesis rationale and objectives
Spontaneous regeneration of the injured central nervous system (CNS) fails due to the
action of potent outgrowth inhibitors that block growth cone extension. Growth inhibitory

molecules exert their effects by binding specific cell surface receptors that result in Rho
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activation and cytoskeletal rearrangements but the precise signaling mechanisms that link
receptor engagement to growth inhibition remain poorly understood. The goal of this
thesis is to delineate the intracellular events that link myelin-associated inhibitor (MAI)
signals to the cytoskeleton and to use this information to develop strategies to promote
regeneration. More specifically we are interested in studying RhoA-interacting proteins
and their role in mediating growth inhibition. In Chapter 2 we provide direct evidence for
the involvement of the RhoA-ROCK pathway in response to Nogo-66 signalling (Ch.2).
In Chapter 3 we identify a novel RhoA interacting protein, CRMP4, as an important
component of the MAI pathway with known roles in actin and microtubule cytoskeletal
regulation. Through structure function analysis of CRMP4 we describe a potent and
specific molecular antagonist of MAl-dependent neurite outgrowth inhibition. In Chapter
4 we find that the novel association between CRMP4 and RhoA is regulated by
phosphorylation by GSK3p and further define the role of this kinase in MAI-dependent

outgrowth inhibition.
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11.1. PREFACE

As described in Chapter 1 above, MAls stimulate responsive neurons after CNS injury
and activate the small GTPase RhoA to mediate neurite outgrowth inhibition. RhoA-
interacting proteins represent potential targets for therapy. The main objective of this
chapter was to determine the involvement and the relative contribution of ROCK, a

known RhoA effector, in the Nogo-66 signalling pathway.
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11.2. ABSTRACT

CNS myelin inhibits axon growth due to the expression of several growth inhibitory
proteins, including myelin-associated glycoprotein, oligodendrocyte myelin glycoprotein
and Nogo. Myelin associated inhibitory proteins activate Rho GTPase in responsive
neurons. Rho kinase has been implicated as a critical rho etfector in this pathway due to
the ability of the pharmacological inhibitér Y-27632 to circumvent myelin-dependent
inhibition. Y-27632, however inhibits the activity of additional kinases. Using three
independent approaches, we provide direct evidence that ROCKII is activated in response
to the myelin-associated inhibitor Nogo. We _demonstrate that Nogo treatment enhances
ROCKII translocation to the cellular membrane in PC12 cells and enhances ROCKII
kinase activity towards an in vitro substrate. In addition, Nogo treatment enhances
phosphorylation of myosin light chain II; a known ROCK substrate. Further, we
demonstrate that primary dorsal root ganglia (DRG) neurons can be rendered insensitive
to the inhibitory effects of myelin via infection with dominant negative ROCKIIL
Together this data provides direct evidence for a Rho-ROCK-MLC-1I signalling cascade

in response to myelin-associated inhibitors.

Key Words: CNS regeneration, rho kinase, protein kinase c related kinase, myelin
inhibition.

Running Title: Myelin dependent ROCKII activation
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11.3. INTRODUCTION

Neurons in the adult mammalian central nervous system (CNS) do not
spontaneously regenerate after injury due to the combination of an inhibitory
environment and a lack of positive cues. CNS myelin contains several growth inhibitory
proteins, including myelin-associated glycoprotein (McKerracher et al., 1994;
Mukhopadhyay et al., 1994), oligodendrocyte myelin glycoprotein (Kottis et al., 2002;
Wang et al., 2002b), and Nogo (Chen et al., 2000; GrandPre et al., 2000; Prinjha et al.,
2000). These myelin-associated inhibitors (MAIs) exert their effects via a common,
tripartite neuronal receptor complex consisting of Nogo receptor (NgR) (Fournier et al.,
2001), p75" "% (Wang et al., 2002a; Wong et al., 2002), and Lingo! (Mi et al., 2004).

Intracellularly, Rho GTPase plays a critical role in transducing MALI signals to the
actin cytoskeleton. Rho GTPase is activated in response to MAIs (Dergham et al., 2002;
Niederost et al., 2002; Fournier et al., 2003), and blockade of Rho function with C3, a
Rho-specific ADP ribosyltransferase, partially circumvents myelin-dependent inhibition
(Jin and Strittmatter, 1997; Lehmann et al., 1999; Dergham et al., 2002). This pathway
has been particularly well studied in response to Nogo-66, a potent inhibitory component
of full length Nogo-A. Many effector proteins downstream of Rho modulate actin
cytoskeletal dynamics and are reasonable candidates for the transduction of myelin-
associated signals, including citron kinase, mDia, rho kinase and protein kinase N
(Bishop and Hall, 2000). Rho kinase has been the favored effector candidate due to the
ability of the drug Y-27632, a rho kinase antagonist, to promote neuronal outgrowth on
MALI substrates in vitro and in vivo (Dergham et al., 2002; Niederost et al., 2002;

Fournier et al., 2003). Rho kinase (ROCK) is a serine/threonine kinase with two isoforms
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(p160ROCK/ROCK-I/ROCKpP, and ROCKIVROKa). ROCKS are ubiquitously
expressed 1n rat tissue(Riento and Ridley, 2003) where they phosphorylate multiple
downstream substrates (Riento and Ridley, 2003). It is reasonable to speculate that rho
kinase mediates myelin-dependent growth cone collapse by virtue of its ability to regulate
myosin light chain phosphorylation and consequently actomyosin dynamics within the
growth cone (Amano et al., 1996; Kimura et al., 1996; Dent and Gertler, 2003). However,
to date there are no reports directly demonstrating that ROCK 1is activated in response to
MAIs. This is a key issue to the rational design of antagonists to promote axon outgrowth
following CNS injury.

The importance of this question is highlighted by several observations. First,
treatment with Y-27632 promotes neurite outgrowth on permissive substrates in addition
to inhibitory substrates bringing into question the supposition that ROCK is directly
activated by MAIs (Fournier et al., 2003). Second, Y-27632 is an ATP-competitive
inhibitor which inhibits a number of kinases. The majority of studies published to date
have used Y-27632 at a concentration of 10 uM. At this concentration Y-27632 also
inhibits protein-kinase C related kinase (PRK2/PKNy). PRK2 is a serine/threonine kinase
which binds to Rho and regulates cytoskeletal dynamics affecting actin stress fiber
formation (Vincent and Settleman, 1997) and cell-cell adhesions (Calautti et al., 2002).
Other studies have used Y-27632 at concentrations up to 50 pM in vitro, a concentration
at which other kinases are inhibited (Davies et al., 2000). This is also relevant to in vivo
studies examining the effects of Y-27632 in spinal cord injury models where it is difficult
to accurately estimate the active concentration of the drug (Dergham et al., 2002;

Fournier et al., 2003). Finally, the notion that myosin II, the presumptive target of ROCK
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in this pathway, provides the critical activity for retrograde actin flow and neurite
retraction has recently been challenged (Brown and Bridgman, 2003).

To resolve these ambiguities, we set out to determine if ROCKII is directly
activated by MALI signals. Using two independent approaches, a membrane translocation
assay and an in vitro phosphorylation assay, we find that ROCKII is directly activated in
response to Nogo stimulation. In contrast PRK2, although expressed in many types of
neurons, is not activated. Further, we demonstrate a ROCK-dependent increase in myosin
light chain II (MLCIl) phosphorylation in response to MAIs. We find that dominant
negative ROCKII, a more specific blocking reagent than Y-27632, blocks myelin-
dependent growth cone collapse and neurite outgrowth inhibition. Together, this data
provides a direct demonstration of a critical Rho-ROCK-MLCII signalling cascade in

response to MAIs.

11.4. MATERIALS AND METHODS
11.4.1. Plasmid construction and recombinant HSV preparation

To construct pHSVmycDNROCK, a dominant negative ROCKII fragment was
amplified by polymerase chain reaction (PCR) from pMalC2-Rho-kinase/RB/PH(TT) (a
gift from Dr. Kozo Kaibuchi, Nagoya University) using a 5’primer containing a c-Myc
epitope sequence. The PCR product was ligated into the BamHI- and EcoRIl-site of
pHSVprPUC (provided by Dr. Rachel Neve, Harvard Medical School). The resulting
plasmid was transfected into 2-2 Vero cells which were superinfected with 54/ 1.2 HSV
helper virus 1 day later. Recombinant virus was amplified through three passages and

stored at —80°C as previously described (Neve et al., 1997).

64



11.4.2. Preparation of myelin and recombinant proteins

To purify alkaline-phosphatase-conjugated Nogo-66 (AP-Nogo-66) or alkaline
phosphatase (AP), conditioned medium was collected from HEK293A cells stably
transfected with pcDNA3.1AP-Nogo66-His (generously provided by Dr. Stephen
Strittmatter, Yale University) or HEK293T cells transiently transfected with pcDNA-AP-
His. Secreted protein was purified by Ni?* affinity chromatography (Nakamura et al.,
1998). For all cellular treatments AP-Nogo66-His (8nM) or AP (8nM) was preaggregated
with 100 ng/ml anti-human AP (Niederost et al., 2002). Glutathione S-transferase (GST)
or GST-Nogo-66 were expressed in Escherichia coli and purified on glutathione-
Sepharose (Amersham Pharmacia Biosciences, Baie D’Urfe, Quebec) as previously
described (GrandPre et al., 2000). GST-Nogo-66 was added at a final concentration of
50 nM. Myelin extracts were prepared from the bovine brain as previously described
(Igarashi et al., 1993). After clarification of the myelin extract by centrifugation at
400,000g, the detergent was removed by dialyzing with PBS.
RT PCR

Total RNA was prepared using an RNeasy kit (Qiagen, Mississauga, Ontario).
cDNA libraries were made with a Thermoscript Reverse Transcriptase kit (Invitrogen,
Burlington, Ontario). Primers for PCR detection were designed to span an intron
boundary. ROCKII primers: 5’-AGATCAGTGCAGCGGCTATT-3’, 5°-
GAATTTGGCTCTCTTCAGC-3". PRK2 primers: 5’-CTCCATGGTACAGCTCAGCA-

3’, 5-CTTGTTCGACTGCGACGG-3".
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11.4.3. Immunofluorescence

Cerebellar neurons were dissected from P8 rat brain, dissociated with trypsin and
mechanical trituration and cultured on poly-L-lysine-coated substrates for 24 hours in
Sato medium (Dulbecco’s Modified Eagle Medium with 10% fetal bovine serum (FBS),
1% penicillin/streptomycin, 1% N2 Supplement, 400 ng/mL triiodothyronine and
400 ng/mL tetraiodothyronine). Cultures were fixed with 4% paraformaldehyde,
permeabilized in 0.2% triton X-100, and incubated with anti-ROCKII or anti-PRK2
antibody (BD Bioscience, Mississauga, Ontario), followed by a CY2-conjugated

secondary antibody.

11.4.4. In vitro Kinase assay

An S6 Kinase Assay kit (Upstate Biotechnology, Waltham. MA) was used to
measure the kinase activity of ROCKII and PRK2 in vitro. PC-12 cells were transfected
for 24 hours with pPCDNA3-Flag-PRK2 (a gift from Dr. Jeff Settleman, Harvard Medical
School) or pCAG-myc-mROCK 11 (a gift from Dr. Shuh Narumiya, Kyoto University)
using Lipofectamine 2000 (Invitrogen, Burlington, Ontario). The cells were then
differentiated with 50 ng/ml nerve growth factor (Upstate Biotechnology, Waltham, MA)
in serum free media for 24 hours (Roswell Park Memorial Institute ‘I 640, 5% BSA, 1%
penicillin-streptomycin). Cells were treated with preclustered AP or AP-Nogo-66 for 10
min, washed twice with ice-cold PBS and lysed in 50 mM Tris (pH 7.4), 150 mM NaCl,
1 mM EDTA, 1% (v/v) Triton X-100, 1 mM sodium fluoride (NaF), 1 mM sodium
orthovanadate (Na3;VO;), 1 mM phenylmethylsulfonyl fluoride (PMSF) and Cemplete

protease inhibitors (Roche Diagnostics, Laval PQ). The supernatant fractions containing
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2 mg of proteins were precleared with protein A/G-agarose (Santa Cruz Biotechnology,
Santa Cruz, CA) for 20 min at 4°C and then ROCKIH and PRK2 were
immunoprecipitated with myc-agarose or flag-agarose antibody at 4 °C for 2 hours
(Sigma Chemical Co., Oakville, Ontario). After washing three times with 50 mM Tris
(pH 7.4), 150 mM NaCl, the immunoprecipitates were analyzed for in vitro kinase
activity as per manufacturers instructions. As a control, ROCKI1l and PRK2 kinase
activity were blocked with 10 uM Y-27632 (Calbiochem, San Diego, Ca). For the PRK2
éssay, the PKC inhibitor, which is included in the kit’s assay mixture, was replaced with
assay dilution buffer. In parallel with the ir vitro kinase assay, ROCKIl and PRK2 were
immunoprecipitated from 1 mg of transfected cell lyéates and analyzed by western
blotting to ensure equal immunoprecipitation of the relevant kinase for each treatment.
After substraction of background from each of the samples, the kinase activity was
normalized relative to total ROCKII or PRK2 levels detected by western blotting. The
AP-Nogo-66 treatment values were then normalized to AP controls and expressed as fold
change. To assess the non-specific in vitro kinase activity from the immunoprecipitation,
in  vitro kinase activity associated with myc-agarose or flag-agarose
immunoprecipitations from 2 mg of mock-transfected cell lysates was analyzed. The
amounts of incorporated phosphate from mock immunoprecipitation and from control
treated samples were compared. Myc-agarose and Flag-agarose immunoprecipitates from
mock transfected cells account for 1.5% and 30.9% of the control ROCK2 and PRK2

kinase activity respectively.
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11.4.5. PC12 cell fractionation

PC12 cells were grown to sub-confluence on collagen-coated plates then
differentiated for 24 hours with 50 ng/mL NGF (Upstate Biotechnology, Waltham, MA).
After stimulation with Nogo-66 or the appropriate control ligand, cells were washed
twice in ice cold Tris-buffered saline (TBS), and harvested in lysis buffer A (20 mM
HEPES, pH 7.3, 150 mM NaCl) with 2 mM Na3;VO,, 1 mM PMSF and Complete
protease inhibitors (Roche Products, Laval, Quebec). Cells were sonicated on ice, after
which they were centrifuged for 10 minutes at 800 X g, to remove any unlysed cells.
Supernatants were then centrifuged at 100,000 x g for 30 minutes. Supernatants
containihg the cytosolic fréction were refnoved, the membrane fractioh-containing pellets
were washed twice with lysis buffer A, and resuspended in RIPA buffer (TBS containing
1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS). Protein concentrations were
determined with a detergent compatible protein assay (Bio-Rad, Mississauga, Ontario).
ROCKII or PRK2 protein content in the membrane fraction was analyzed by separating
the lysates by SDS-PAGE on 4-15% gradient gels, transfer to polyvinylidene difluoride
(PVDF) membranes (Bio-Rad, Mississauga, Ontario) and probing with anti-ROCKII or
anti-PRK2 antibodies. Membrane fractions were analyzed with anfi-p75 antibody
(generously provided by Dr. Phil Barker, McGill University) as a control for equal

protein loading. Bands were analyzed by densitometry using ImageJ analysis software.
11.4.6. Growth cone collapse and neurite outgrowth assays

For growth cone collapse experiments, E13 chick DRG explants were cultured in

DRG media (F-12 medium, 10% FBS, 1% penicillin/streptomycin, 1% L-glutamine, 50
ptomy: g
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ng/ml NGF) on poly-L-lysine- and laminin- coated substrates for 18 hours. For viral
infections, recombinant viral preparations were added to the media 1 hour after plating.
v‘ After 18 hours, cultures were treated and fixed with 4% paraformaldehyde/20% sucrose/
PBS and double stained with rhodamine-phalloidin (Molecular Probes, Eugene, OR) and
anti-myc antibody to assess the mycDNROCK infection efficiency. For the HA1077
experiments, cultures were treated with 10 pM of HA1077 (Calbiochem, San Diego, Ca)
for 30 minutes prior to myelin treatment.

For neurite outgrowth assays, Nogo or myelin was dried down on poly-L-lysine-
coated substrates. Substrates were washed and coated with 10 pg/mi laminin for 1 hr. To
examine the effects of HA1077, dissociated E13 chick dorsal root ganglia (DRG) neurons
were grown in the presence or absence of 10 uM HA1077 for 4-6 hours, fixed and
stained with rhodamine phalloidin. For HSVDNROCK experiments, dissociated E13
chick DRG neurons were grown in the presence of virus for 24 hours and double stained
with anti-Bll1 tubulin and anti-myc antibody. For shorter term outgrowth experiments
examining the effects of HA1077, potent inhibition could be obtained with approximately
100 ng of myelin substrate. For 24 hour expeﬁments with the DNROCK virus potent
inhibition was achieved with 400 ng of myelin. Neurite outgrowth lengths per cell were
assessed using Image J, a public domain JAVA image processing program

(http://rsb.info.nih.gov/ij/) as previously described (Fournier et al., 2003).

11.4.7. MLC phosphorylation
PC12 cells were differentiated for 24 hours with 50 ng/ml NGF and treated with

pre-clustered AP-Nogo-66. Lysates were analyzed by Western blot using anti-phospho-
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MLC (Santa Cruz biotechnology, Santa Cruz, CA) and anti-MLC (Sigma Aldrich,
Oakville, ON) antibodies. Bands were analyzed by densitometry using Imagel analysis

software

11.5. RESULTS
I1.5.1. HA1077 enhances neurite outgrowth on laminin and myelin substrates
Previous studies have shown that Y-27632 attenuates myelin-dependent neurite
outgrowth inhibition (Fournier et al., 2003). Similar to Y-27632, HA1077 antagonizes
ROCK and PRK (Davies et al., 2000), however it may have distinct activity towards
other targets. To address the functiovnal specificity of this drug, we analyzed the effects of
HA1077 on myelin-dependent neuronal responses. We first assessed the effect of
HA1077 on myelin-dependent growth cone collapse. DRG explants from E13 chick were
pre-treated with 10 uM HA1077 prior to a 1 hour exposure to myelin. DRG explants
treated with HA 1077 are significantly less sensitive to the growth cone collapse activity
of myelin (Fig. 1A, C). We also assessed the effect of HA1077 on the neurite outgrowth
inhibitory properties of myelin and of Nogo-66. Dissociated E13 chick DRG neurons
were cultured for 4 to 6 hours on inhibitory substrates in the presence or absence of 10
uM HA1077. HA1077-treated DRG neurons grow significantly better on myelin and
Nogo substrates (Fig. 1B, D, E). These r¢sults together with previous ‘data (Fournier et al.,
2003), demonstrate that two differeﬁt pharmacological inhibitors with common target
proteins, ROCK and PRK, both promote outgrowth on myelin substrates. This data
suggests that either ROCK or PRK may mediate MAI signalling. However, a confounder

of these results, and of previous results with Y-27632 treatment, is that these agents also
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promote outgrowth on permissive substrates. A more direct demonstration of the
regulated activity of ROCK and PRK 1is required to fully implicate these proteins in MAI

stgnalling.

11.5.2. ROCKII and PRK2 are expressed in PC12 cells and in the rat nervous system

To begin to assess the relative contribution of ROCK and PRK to MALI signalling
we analyzed their expression in neural tissue by RT-PCR and immunofluorescence.
mRNA for ROCKII and PRK?2 is present in rat brain, cerebellum, DRGs, and in PC12
cells (Fig. 2A). To analyze the distribution of ROCKII and PRK2 in primary neurons,
dissociated P8 rat cerebellar neurons were immunostained with anti-ROCKII and anti-
PRK2 antibodies. ROCKII and PRK2 are present in both cell bodies and neurites of

dissociated cerebellar neurons (Fig. 2B).

11.5.3. Nogo-66 modulates the kinase activity of ROCKII but not of PRK2

Binding to active RhoA enhances the kinase activity of both ROCKII and PRK?2
(Leung et al., 1995; Ishizaki et al., 1996; Matsui et al., 1996b). To directly assess the
activity of ROCKII and PRK2 in the MAI pathway, we assessed their kinase activities
towards S6 kinase substrate in vitro (Borisoff et al., 2003) following treatment with
Nogo-66, a potent inhibitory fragment of Nogo-A (GrandPre et al., 2000). Nogo-66 was
chosen as a potent soluble ligand which contributes significantly to the inhibitory activity
of MAIs (GrandPre et al., 2000). Evidence to date suggests that the intracellular
signalling cascades engaged by Nogo-66 binding to NgR are similar to those of other

MAIs. PC12 cells transfected with myc-ROCKII or flag-PRK2 were treated for 10 min
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| with AP or AP-Nogo-66. ROCKII and PRK2 were immunoprecipitated from cell lysates
using anti-myc-agarose or anti-flag-agarose respectively, and tested for their ability to
- phosphorylate the S6 substrate using [y—nP] ATP. Equal immunoprecipitations for
control and treated samples were verified by western blot analysis (Fig. 3B). Kinase
activity was normalized to control (AP-stimulation) for each experiment. Treatment of
PC12 cells with AP-Nogo-66 for 10 minutes causes a 91% increase in ROCKII kinase
activity (Fig. 3A). Treatment with Y-27632 blocks the kinase activity of ROCKII by 96%
as anticipated. PRK2 is also able to phosphorylate the S6 kinase substrate in vitro (Zhu
et al., 2004), although less efficiently than ROCKII (data not shown). Treatment of PC12
cells with FBS enhances PRK2 kinase activity, presumably due to lysophosphatidic acid
(LPA)- dependent stimulation of Rho (Kranenburg et al., 1999) (Fig. 3A), however Nogo
treatment has no direct effect on PRK2 kinase activity (Fig. 3A). PRK2 kinase activity is
also inhibited by treatment with Y-27632. Together, this data demonstrates that Nogo-66

stimulates the kinase activity of ROCKII but not PRK2.

11.5.4. Nogo-66 induces ROCKII translocation to the membrane in PC12 cells

To verify that Nogo can activate ROCKII in an independent assay, we examined
the ability of Nogo-66 to stimulate ROCKII translocation to the cell membrane. ROCKII
has been previously shown to translocate to the membrane in cultured cells transfected
with constitutively active RhoAV14 (Leung et al., 1995). Differentiated PC12 cells were
stimulated with GST-Nogo-66 for 0.5, 15 min and 60 min. Membrane fractions were
isolated and analyzed for ROCKII content by SDS-PAGE and western blotting. GST-

Nogo-66 treatment increases the translocation of ROCKII from the cytosol to the
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membrane by 30 seconds and ROCKII is retained at the membrane at 60 min (Fig. 4A, B).
Control GST treatment has no effect on ROCKII translocation (data not shown). These
results demonstrate that Nogo-66 treatment enhances the recruitment of ROCKII to the

membrane providing independent evidence that ROCKII is activated by Nogo.

I1.5.5. Nogo-66 mediates phosphorylation of myosin light chain

To examine potential downstream targets of ROCKII in the MAI signalling
cascade, we examined the effect of Nogo-treatment on myosin light chain II (MLCII)
phosphorylation. MLCII is a substrate for ROCKII phosphorylation, which can regulate
actomyosin dynamics. Differentiated PC12 cells were stimulated with AP-Nogo-66, and
lysates were analyzed by western blotting with anti-phospho-MLCII antibody. MLCII
phosphorylation is rapidly (30 seconds) increased following Nogo-66 stimulation and this
1s maintained at 30 minutes (Fig. 5A, B). The ability of Y-27632 to block the Nogo-
dependent increase in MLCII phosphorylation was also assessed. Pre-treatment of cells
with 10 uM Y-27632 prior to Nogo stimulation completely blocks the Nogo-dependent

increase in MLCII phosphorylation (Fig. 5A, B).

I1.5.6. Dominant negative ROCKII protects neurons from myelin inhibition

To directly assess the effect of ROCK antagonism on neuronal responses to
myelin, we examined DRG growth cone collapse and neurite outgrowth following
neuronal infection with dominant negative ROCK (DNROCK). E13 DRG explants were
infected with mycDNROCK recombinant viral preparations for 24 hours prior to fnye]in

stimulation and assessment of growth cone collapse. The efficiency of viral infection was



verified by immunofluorescence for myc (Fig. 6A). We further verified that recombinant
mycDNROCK protein is efficiently transported into DRG neurites and growth cones (Fig.
6B). Infection of neurons with DNROCK significantly decreases the percentage of
collapsed growth cones in response to myelin (Fig. 6C, E).

To analyze the effects of DNROCK on neurite outgrowth inhibition, dissociated
E13 chick DRG neurons were infected with DNROCK or control HSV recombinant viral
preparations and tested for their ability to grow on myelin substrates. DRG neurite
outgrowth is significantly improved on inhibitory myelin substrates in neurons infected
with DNROCK compared to control HSV preparations (Fig. 6D, F). Taken together,
these results demonstrate that antagonism of ROCKII is sufficient to enhance neuronal

outgrowth on permissive and inhibitory substrates.

I1.6. DISCUSSION

Previous data has implicated ROCK proteins in the MAI signalling cascade. By in
vitro phosphorylation and membrane translocation assays we provide the first direct
evidence that ROCKII is activated in response to Nogo-66 stimulation. Further, we find
that the ROCKII effector MLCII is phosphorylated in response to stimulation with Nogo-
66. We are unable to detect Nogo-dependent activation of PRK2, a kinase which is
equally inhibited by many ROCK small molecule inhibitors such as Y-27632 and
HA1077. Functional studies further demonstrate that blockade of ROCKII activity with a
previously characterized DNROCK construct circumvents myelin-dependent growth

cone collapse and neurite outgrowth inhibition.
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Targeting intracellular signalling substrates has pfoven to be an effective
approach to antagonize the inhibitory environment af the CNS lesion site (Dergham et al.,
2002; Fournier et al., 2003). This approach may be more advantageous than targeting
inhibitory ligands or their neuronal receptors for several reasons. First, the efficacy of
blocking individual inhibitors is limited by the presence of multiple ligands in CNS
myehn (1-7). Blockad.e of individual ligands with function blocking antibodies has met
with some success (Fouad et al., 2001). However gene knockout studies of individual
inhibitory ligands have either proven ineffective in CNS injury models (Bartsch et al.,
1995), or difficult to interpret due to different phenotypes in different strains, and age-
dependent responses (Kim et al., 2003; Simonen et al., 2003; Zheng et al., 2003).
Antagonism of NgR, a common binding partner for all 3 MAIs has also yielded
promising effects in a variety of injury models (GrandPre et al., 2002; Lee et al., 2004; Li
et al., 2004a; Li et al., 2004b), although positive effects on regeneration in NgR knockout
mice are restricted to select neuronal populations (Kim et al., 2004; Zheng et al., 2005).
Further, other members of the NgR family (NgR2 and NgR3) have now been identified
(Pignot et al., 2003) which may contribute to the transduction of MAI signals (Venkatesh

NTR null mice has been disappointing (Song et

et al., 2005). Similarly, regeneration in p75
al., 2004) and this may be partially attributed to heterogeneity in co-receptor
requirements based on neuronal cell types (Park et al.,, 2005; Shao et al., 2005). A
promising aspect of experiments utilizing small molecule inhibitors such as Y-27632 has
been their ability to antagonize multiple inhibitory influences including MAIs (Dergham

et al., 2002; Fournier et al., 2003) and components of the glial scar (Borisoff et al., 2003).

However, the effects of these drugs on multiple physiological processes in many cell
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types (Riento and Ridley, 2003) highlights the need to better understand the intracellular

signalling substrates with the aim of developing more specific and potent antagonists.

The direct demonstration of Nogo-regulated ROCKII activity in membrane
translocation and in vitro kinase assays strongly implicates ROCKII as a critical target in
this pathway. The ability of a dominant negative ROCKII reagent to circumvent myelin
inhibition further suggests that it plays a critical role in myelin-dependent inhibition.
However, a ROCKI contribution to the functional effects of MAIs cannot be ruled out
due to the ability of the DNROCK construct to also antagonize ROCKI, the less abundant
isoform in the CNS (Kobayashi et al., 2004). DNROCK is a truncated protein lacking its
kinase domain and containing a double mutation that prevents its binding to Rho (Amano
et al., 1997). It 1s thought to exert its dominant negative effect by binding to and
inhibiting the kinase domain of endogenous wild type ROCK. The ability of DNROCK to
inhibit wild type ROCK without binding to Rho, suggests that the effects seen on growth
cone collapse and neurite outgrowth inhibition are mediated by effectors downstream of
ROCK. The ability of DNROCK to promote neurite outgrowth on control substrates is
consistent with the neurite outgrowth promoting activity of pharmacological antagonists
suggesting that basal ROCK activation also modulates neurite outgrowth under
permissive conditions. It is also intriguing that DNROCK is a more efficient antagonist of
myelin dependent outgrowth inhibition than HA1077. While it is possible that 10 um
HA1077 does not .block ROCKII activity as efficiently as DNROCK, it is also possible
that DNROCK may sequester additional target substrates that are critical for myelin-

dependent inhibition. The inability of HA1077 or DNROCK to completely circumvent
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myelin inhibition also raises the possibility that additional Rho effectors may be involved

in this process.

While ROCKII has many substrates (Riento and Ridley, 2003), in neuronal cells
the Rho-ROCK-actomyosin pathway leads to growth cone collapse and neurite retraction,
and inhibition of this pathway promotes neurite outgrowth (Amano et al., 1998).
ROCK's ability to drive actomyosin contractility is largely attributed to its ability to
regulate MLCII both by direct phosphorylation and by phosphorylation and inhibition of
MLC phosphatase (Fujita et al., 2001). The mechanism by which MLCII promotes
neurite outgrowth is not completely understood. While it is clear that blockade of actin
retrograde flow with general myosin inhibitors such as BDM (2,3-butanedione
monoxime) correlates with growth at the leading edge of Aplysia neurons (Cheung et al.,
2002), inactivation of myosin isoforms via micro-chromophore-assisted laser inactivation
suggests that myosin 1C, not 1IB may be the critical isoform for mediating retrograde F-
actin flow (Diefenbach et al., 2002). Irrespective of the mechanism, functional data for
the critical role of myosinll in neurite outgrowth continues to mount. In one study
examining the mechanism of neurite retraction, inhibition of ROCK with Y-27632 or of
myosinll with bebbistatin blocked axon retraction following an in vitro cut. This type of
effect correlates well with the protective effects on growth inhibitory substrates (Gallo,
2004). Together, this data encourages further study of the basic cellular mechanisms of

growth cone collapse and neurite retraction in the context of inhibitory influences.
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Figure 1. HA1077 protects neurons from myelin-induced growth cone collapse and
neurite outgrowth inhibition. 4. E13 chick DRG explants were treated for 1 hour with
soluble myelin following a 30 minute pre-treatment with PBS (control) or 10 pM
HA1077. Explants were stained with rhodamine-phalloidin. Arrows, spread growth
cones. Arrowheads, collapsed growth cones. Scale bar, 40 pm . B. Dissociated chick
DRG neurons were cultured on control (PBS), myelin or Nogo-66 substrates in the
presence or absence of 10 um HA1077 and stained with rhodamine-phalloidin. Scale bar,
100 pm. C-E. Quantification of growth cone collapse (C) or neurite outgrowth per cell
(D, E). Outgrowth is expressed as a percentage of control = S.E.M. Determinations are
from 4 separate experiments each performed in duplicate. *p<0.05 compared with

controls by student t-test.
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Figure 2. Expression of ROCKII and PRK2 in PC12 cells and rat neural tissue. A4.
mRNA detection of ROCKII and PRK2 in various tissues by RT-PCR. GAPDH is
detected as a positive control. For the negative control, a parallel RT-PCR reaction was
run on brain lysates in the absence of reverse transcriptase. B. ROCKI and PRK2
immunostaining of P8 rat cerebellar ﬁeurons demonstrating that both proteins are
expressed in neuronal cell bodies and neurites. The control culture is stained with Cy-2

conjugated secondary antibody only. Scale bar, 100 um.
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Figure 3. Nogo-66 activates ROCKII kinase activity. 4. Kinase activity assay
demonstrates the ability of Nogo-66 to enhance ROCKII- but not PRK2-dependent
incorporation of ?P_labeled-ATP into S6 substrate peptide. Y-27632 blocks the in vitro
kinase activity of ROCKIl and PRK2. B. Immunoprecipitation of myc-ROCKII and
flag-PRK2 from 30% of the lysates used for the in vitro kinase assay demonstrates that
equal amounts of kinase were immunoprecipitated for each treatment. Determinations
are from three independent experiments each performed in duplicate. Error bars

represent the SEM. *p>0.05.
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Figure 4. Nogo-66 induces ROCKII translocation to the membrane in PC12 cells. 4.
PC12 cells were treated with GST-Nogo-66 for 0.5, 15, or 60 min. Crude membrane
fractions (Mb) were prepared and analyzed for ROCKII content by Western blotting.

Membrane lysates were analyzed for p75™ ' *

content to control for equal membrane
protein loading. ROCK levels in the cytosolic fraction (Cyt) were also assessed. B.
ROCKII levels in the membrane fraction of PC12 cells were analyzed by densitometry.

ROCKII levels were normalized to p75 levels and expressed as a percentage of ROCKII

levels in non-stimulated PC12 lysates (0) for each experiment.
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Figure 5. Nogo-66 increases phosphorylation of MLCIL. 4. PC12 cells were treated
with Nogo-66 and lysates were analyzed by western blotting with anti-phospho-MLC or
anti-MLC antibody. MLC phosphorylation in Nogo-treated PC12 cells pre-treated with
Y-27632 or water (vehicle) was also analyzed. B. Phosphorylated MLC in cell lysates
was quantified by densitometry. Values were normalized to total MLC levels and to
untreated control values for each experiment. In the case of Y-27632 pre-treatment,
values following Nogo stimulation were normalized to the Y-27632-pre-treated controls.
Values are for at least three independent experiments. Error bars represent the S.E.M.;

*£p<0.05.
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FIGURE 5
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Figure 6. Dominant negative ROCKII rescues neurons from myelin-dependent
inhibition. 4. Low magnification views of HSV- or HSVDNROCK-infected explants
immunostained with anti-myc antibody demonstrate the efficiency of viral infection.
Scale bar, 100 um. B. High magnification view of an HSVDNROCK-infected growth
cone stained with anti-myc antibody demonstrates that the virus is transported into DRG
neurites and growth cones. Scale bar, 40 pm. *p<0.01. C. HSV or HSVDNROCK-
infected E13 DRG explants were treated with myelin for one hour and stained with
rhodamine phalloidin. Arrows, spread growth cones. Arrowheads, collapsed growth
cones. Scale bar, 40 um. D. HSV or HSVDNROCK-infected dissociated E13 DRG
neurons were cultured on myelin and stained with anti-BIII tubulin antibody. Scale bar,
100 um, E-F. Quantification of myelin-dependent DRG growth cone collapse (£) and
neurite outgrowth/cell on myelin substrate (/). Determinations are from at least three
separate experiments each performed in duplicate. Error bars represent the S.E.M.;

p<0.05.
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111.1. PREFACE

Engagement of neuronal cell surface receptors for MAls and CSPGs activate intracellular
molecules including RhoA and Rho kinase (ROCK) to block axonal extension through
targeted modifications to the cytoskeleton. In the context of CNS injury, RhoA and
ROCK represent promising targets for therapeutic intervention; however these molecules
are also involved in multiple key cellular processes and signalling pathways, which
would limit the specifity of any targeted therapy. The aim of next project was to identify
~ molecules that functionally interact with RhoA to mediate myelin-dependent inhibition

and that may represent more specific targets for therapeutic intervention.
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I11.2. ABSTRACT

Myelin-associated inhibitors (MAls) and chondroitin sulphate proteoglycans (CSPGs)
contribute to failed regeneration following neuronal injury. MAls and CSPGs stimulate
intracellular signals including the activation of RhoA and Rho kinase to block axonal
extension through targeted modifications to the cytoskeleton. RhoA and ROCK are
promising targets for therapeutic i.ntervention to promote CNS repair; however, their
ubiquitous expression will limit the specificity of drugs targeted to these molecules. We
have identified the cytosolic phosphoprotein CRMP4b as a protein that physically and
functionally interacts with RhoA to mediate neurite outgrowth inhibition. siRNA-
mediated knockdown of CRMP4 promotes neurite outgrowth on myelin substrates
indicating a critical role for CRMP4 in neurite outgrowth inhibition. Disruption of
CRMP4b-RhoA binding with a competitive inhibitor attenuates neurite outgrowth
inhibition on myelin and aggrecan substrates. Stimulation of neuronal growth cones with
Nogo leads to co-localization of CRMP4b and RhoA at discrete regions within the actin
rich central and peripheral domains of the growth cone indicative of a potential function
in cytoskeletal rearrangements during neurite outgrowth inhibition. Together these data
indicate that a RhoA-CRMP4b complex forms in response to inhibitory challenges in the
growth cone environment and regulate cytoskeletal dynamics at distinct sites necessary
for axon outgrowth inhibition. Competitive inhibition of CRMP4b-RhoA binding
suggests a novel, highly specific therapeutic avenue for promoting regeneration following

CNS injury.

Key Words: Nogo, CRMP, TUC, ghal scar, regeneration, myelin inhibition, Rho GTPase.

Running Title: CRMP4 and axon outgrowth inhibition
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I11.3. INTRODUCTION

Trauma in the adult mammalian central nervous system (CNS) results in devastating
clinical consequences due to the failure of injured axons to spontaneously regenerate.
Chondroitin sulphate proteoglycans (CSPGs) and the myelin-associated inhibitors (MAls)
myelin-associated glycoprotein (MAG) (McKerracher et al., 1994; Mukhopadhyay et al.,
1994), Nogo-A (Chen et al., 2000; GrandPre et al., 2000; Prinjha et al., 2000) and
Oligodendrocyte-myelin glycoprotein (OMgp) (Kottis et al.,, 2002; Wang et al., 2002b)
bind receptor molecules on injured axons initiating intracellular signaling cascades which
block axonal regrowth (Mandemakers and Barres, 2005). In part, CSPGs and MAIs
inhibit axon regeneration by disrupting Rho-GTPase-dependent cytoskeletal dynamics.
Blockade of RhoA and a downstream effector Rho kinase (ROCK) promotes axon
regeneration both in vitro and in vivo (Dergham et al., 2002; Borisoff et al., 2003;
Fournier et al.,, 2003); however, the ability of RhoA and ROCK to affect multiple
physiological processes in m;any cell types (Riento and Ridley, 2003) highlights the need
to identify novel intracellular signaling substrates of neurite outgrowth inhibition to
develop more specific and potent therapeutic avenues.

In a screen to identify molecules that functionally interact with RhoA to mediate
neurite outgrowth inhibition, we identified collapsin-response mediator protein 4b
(CRMP4b) as a molecule that interacts with Rho GTPase in a Nogo-dependent manner.
~The CRMPs are a family of cytosolic phosphoproteins with five vertebrate family
members (CRMP1-5) (Goshima et al., 1995b; Mintum et al., 1995; Byk et al., 1996;
Gaetano et al.. 1997; Inatome et al., 2000). CRMP1-4 alleles each produce two transcripts,

a and b, and CRMPb variants are longer amino terminal variants of the originally
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identified CRMPa isoforms (Yuasa-Kawada et al., 2003). Although CRMPs share
significant sequence similarity with dihydropyrimidinase (DHPase), an enzyme involved
in pyrimidine catabolism, no DHPase activity has been described for CRMPs (Wang and
Strittmatter, 1997b). Rather a role for CRMPs in axon growth and pathtfinding has been
revealed. CRMPs are homologs of UNC-33, a protein that influences axon guidance and
extension in C. elegans (Hedgecock et al., 1985; Siddiqui and Culotti, 1991). CRMP2
mediates growth cone collapse in response to the repulsive guidance cue Semaphorin3A
(Goshima et al., 1995b), and CRMP2 and CRMP4 influence neurite outgrowth (Minturn
et al., 1995; Quinn et al.,, 1999; Quinn et al., 2003; Yoshimura et al., 2005).
Mechanistically, CRMP2 can bind to tubulin heterodimers and organizes microtubule
assembly to establish axon-dendrite fate during development (Fukata et al., 2002c;
Arimura et al., 2005b) and CRMP4 can promote F-actin bundling (Rosslenbroich et al.,
2005). Further, a role for CRMP2 in endocytosis has been described (Nishimura et al.,
2003) and an association between CRMP4b and intersectin, an endocytic-exocytic
adaptor protein, is consistent with an endocytic role for this isoform (Quinn et al., 2003).
The role of the CRMP proteins in nervous system injury and regeneration has not been
extensively studied; however CRMP2a does have a potent neurite elongating effect in
nerve regeneration in vivo (Suzuki et al.,, 2003). CRMPla, CRMP2a and CRMP5a
mRNA levels increase after hypoglossal nerve injury and CRMP4a expression is
increased in regenerating adult sciatic motor neurons (Minturn et al., 1995; Suzuki et al.,

2003) suggesting a more general role for CRMP proteins in the neuronal response to

injury.
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We find that CRMP4b interacts with RhoA in a Nogo-dependent manner leading
us to investigate the potential role of this complex in the inhibition of neurite outgrowth.
We find that antagonism of CRMP4 or of the CRMP4b-RhoA interaction attenuates
neurite outgrowth inhibition. This protein-protein interaction represents a novel, specific

target for therapeutic intervention following CNS injury.

111.4. METHODS AND MATERIALS
I11.4.1. Plasmid construction
To construct CRMP-VS5 expression vectors, cDNA was amplified by polymerase chain
reaction (PCR) from rat pEGFP-CRMP constructs (generously provided by Dr. Peter
McPherson, McGill University). The PCR product was ligated into the Hindlll- and
Xhol- sites of pcDNA 3.1 V5-His for CRMP1a, CRMP2a and CRMP3a and into HindlIlI-
and EcoRl-site of pcDNA 3.1 V5-His for CRMP4a. The ¢cDNA for CRMP4b was
amplified from pcDNA 3.1CRMP4bV5-His TOPO (Quinn et al., 2003) and ligated into
the Hindlll- and EcoRI-site pcDNA 3.1 V5-His in frame with the V5-His tag. CRMP1b-
V5 was constructed by amplifying the coding sequence by PCR from an EST clone
(IMAGE:5686818) and ligated into EcoRI- and Xhol- sites of pcDNA 3.1 V5-His.
pcDNA myc-wild type RhoA (wt) was obtained from UMR c¢DNA Resource
Center (http://www.cdna.org/). pRK5 myc-Racl (wt), pRKS myc-Cdc42 (wt), pRKS
myc-RhoA63L, pRKS myc-RhoAN19, pRKS myc-RacQ61L, pRKS myc-RacN17, pRKS
myc-Cdc42Q61L and pRKS myc-Cdc42N17 constructs were generously provided by Dr.

Nathalie Lamarche-Vane (McGill University). FLAG-RhoA63L was generated by sub-
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cloning RhoA63L into the BamHI- and EcoRl- sites of pcDNA3FLAG. pCAG-myc-
mROCK 11 construct was generously provided by Dr. Shuh Narumiya (Kyoto University).

‘To generate C4RIP-VS5, the unique amino terminal domain of CRMP4b (residues
1-126) was introduced into the BamH/- and EcoRI- sites of pcDNA 3.1V5-His.
pHSVC4RIP was generated by subcloning C4RIP-VS5 into the HindllI- and Sall- sites of
pHSVPrPUC. pHSVCRMP4bGFP was generated by cloning CRMP4b into the HindllI-
and EcoRI- sites of pEGFP N2 (Clonetech) and subsequently sub-cloning into the
HindIlll- and Xbal- sites of pHSVPrPUC. Chimeric CRMP4bNCRMP2-V5 was
constructed by PCR by ligating residues 14-572 of CRMP2a into EcoRI- and Xhol- sites
of C4RIP-VS. CRMP4AN consists of CRMP4a with the first 12 residues replaced by a
single methionine. CRMP4AN was amplified by PCR and ligated into HindllI- and

EcoRI- sites of pcDNA 3.1 V5-His.

111.4.2. Preparation of HSV Viruses
pHSVPrPUC plasmids were transfected into 2-2 Vero cells which were superinfected
with 5dI 1.2 HSV helper virus 1 day later. Recombinant virus was amplified through

three passages and stored at —80°C as described previously (Neve et al., 1997).

I11.4.3. Preparation of recombinant proteins

Stimulations to examine inhibitory responses were performed with alkaline-phosphatase-
conjugated Nogo-66 (AP-Nogo-66) purified from stably transfected 293 cells or Nogo-P4
peptide or myelin. AP-Nogo-66 or AP was purified by Ni** affinity chromatography as

previously described (Nakamura et al., 1998; Foumier et al., 2001). For all treatments
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AP-Nogo66-His (8nM) or AP (8nM) was preaggregated with 100 ng/ml anti-human AP
(Niederost et al., 2002). Nogo-P4 (Alpha Diagnostics, San Antonio, TX) is a 25 aa
inhibitory peptide sequence (residues 31-55 of Nogo-66) sufficient to mediate the
inhibitory properties of Nogo-66, a potent inhibitory component of Nogo-A (GrandPre et
al., 2000). Myelin extracts were prepared from bovine brain as described previously
(Igarashi et al., 1993; Hsieh etb al., 2006).

GST, GST-RhoAWT and GST-RhoA63L (construct generously provided by Dr.
Keith Burridge, University of North Carolina, Chapel Hill) were expressed in
Escherichia coli and purified on glutathione-Sepharose as previously described (Arthur et
al., 2002; Wennerberg et al., 2002). For overlay assays, RhoA was cleaved from the GST
moiety via thrombin cleavage. Aggrecan was purchased from Sigma Chemical Co.

(Oakville, Ontario).

I11.4.4. GST-RhoA Pull down assays

PC12 cells were grown to sub-confluence on collagen-coated plates in Roswell Park.
Memorial Institute Media (RPMI) 1640 supplemented with L-glutamine, and containing
10% horse serum, 5% fetal bovine serum (FBS), and 1% penicillin/streptomycin
(Invitrogen, Burlington, Ontario), after which differentiation was induced for 24 hours
with RPMI supplemented with 1% bovine serum albumin (BSA) fraction V and 50
ng/mL nerve growth factor (NGF) (Upstate Biotechnology, Waltham, MA). GST-
RhoA63L pull downs were performed as described previously (Arthur et al., 2002).
Briefly, after stimulation with AP-Nogo-66, cells were washed twice in ice cold Hepes-

buffered saline (HBS), harvested in I mL of ice-cold lysis buffer containing 20 mM

105



HEPES, pH 7.3, 150 mM NaCl, 5 mM MgClh, 1% (v/v) Triton X-100, 1 mM
phenylmethylsulfonyl fluoride (PMSF), supplemented with Coemplete protease inhibitors
(Roche Products, Laval, Quebec). GST-precleared lysates were then mixed with 30 pg of
GST-RhoA63L fusion protein bound to sepharose beads for 1 hour at 4°C. Precipitated
proteins were eluted with 2X sample buffer and analyzed by SDS-PAGE on a 4-15%

gradient gel, followed by silver staining.

111.4.5. CRMP-RhoA Co-Immunoprecipitation Assays

HEK 293T cells were grown to sub-confluence and transfected with Lipofectamine 2000
according to manufacturer instructions (Invitrogen, Burlington, Ontario), washed twice
with ice-cold PBS and lysed in lysis buffer A (50 mM Tris, pH 7.4, 150 mM NaCl; 1 mM
EDTA, 1% (v/v) Triton X-100, 1 mM Na3;VO,, 1 mM NaF, I mM PMSF and Complete
protease inhibitors (Roche Diagnostics, Laval, PQ)). Lysates were pre-cleared with
protein A/G-agarose (Santa Cruz Biotechnology, Santa Cruz, CA) and subjected to
immunoprecipitation with myc-agarose or V5-agarose (Sigma Chemical Co., Oakville,
Ontario). After washing 3 times with ice-cold PBS, bound protein was eluted with SDS
and immunoblotted with anti-Myc (9E10, 1:1000; Sigma Chemical Co., Oakville,
Ontario) or anti-V5 (1:5000; Invitrogen, Burlington, Ontario). For time course
experiments, PC12 cells were transfected for 24 hours using Lipofectamine 2000
(Invitrogen, Burlington, Ontario) and differentiated with 50 ng/ml nerve growth factor
(NGF; Upstate Biotechnology, Waltham, MA) for 24 hours. Cells were treated with
Nogo-P4 peptide for the indicated period of time at 37°C. Cells were then lysed and

proteins were immunoprecipitated as described above.
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I11.4.6. Far Western

Overlay of CRMP4 with RhoA was performed as previously described (McPherson et al.,
1994). Briefly, HEK293T cell lysates transfected with CRMP4a-V5, CRMP4b-V5 or
empty vector were subjected to immunoprecipitation with V5-agarose (Sigma Chemical
Co., Oakville, Ontario). Immunoprecipitates were separated by SDS-PAGE, transferred
to PVDF membranes and overlaid with 10 pg/ml of bacterially-purified RhoA for 1 hour
at room temperature. RhoA was detected with a rabbit anti-RhoA antibody (Santa Cruz

Biotechnology, Santa Cruz, CA).

111.4.7. Neurite outgrowth and Growth Cone Collapse assays

For neurite outgrowth assays, myelin was dried down on polY-L-lysine-coated substrates.
Substrates were washed and coated with 10 pg/ml laminin for 1 hr. For outgrowth on
aggrecan, poly-L-lysine-coated substrates were coated with aggrecan and 10 pg/ml
laminin for 2 hr at 37°C. Dissociated E13 chick DRG neurons were cultured in DRG
media (F-12 medium, 10% FBS, 1% penicillin/streptomycin, 1% L-glutamine, 50 ng/ml
NGF) in‘ the presence of virus for 24 hours, fixed with 4% paraformaldehyde/20%
sucrose in PBS and double stained with anti-BIII tubulin (Covance, Berkeley, CA) and
anti-V5 antibody (Sigma Chemical Co., Oakville, Ontario). Neurite outgrowth lengths

per cell were assessed using Image J, a public domain JAVA image processing program

(http://rsb.info.nih.gov/ij/) as previously described (Fournier et al., 2003).
For growth cone collapse assays, chick E7 DRGs were cultured in DRG media for
18 hours on 4 well glass chamber slides sequentially coated with PLL and laminin as

above. Sema3A-AP or AP conditioned media was prepared as described previously
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(Takahashi et al., 1998). Explants were stimulated with Sema3A-AP- or AP- conditioned
media at indicated concentrations for 20 min and fixed with 4% paraformaldehyde, 20%
sucrose and 0.1M NaPO,. Explants were stained with rhodamine phalloidin and assessed

for growth cone collapse as described (Luo et al., 1993).

111.4.8. CRMP-4 siRNA

For knockdown of CRMP-4a and CRMP-4b, silencer pre-designed siRNA against rat
CRMP-4 was used (siRNA ID: 48833; Ambion, Austin, TX). Controls were with a
scrambled siRNA (CAGCAUGGUGGUACGCUUGUAAGCA) for an ineffective
CRMP4b-targetted siRNA designed with the BLOCK-IT algorithm (Invitrogen,
Burlington, Ontario). siRNAs were validated by co-transfecting siRNAs with CRMP4-
V5 in HEK293T cells for 24 hours. Cell lysates were separated by SDS-PAGE and
analyzed with an anti-V5 antibody. To validate siRNA efficacy in neurons, siRNA-
transfected DRGs were co-infected with HSVCRMP4b-GFP. Twenty-four hours
following infection GFP fluorescence was evaluated by fluorescence microscopy. For
neurite outgrowth assays, P5 dissociated rat DRGs were prepared and seeded on laminin
substrates as described previously (Hsieh et al., 2006). After 4 hours, DRGs were serum
starved (in F-12 medium and 50 ng/ml NGF) and transfected with indicated siRNAs
using Lipofectamine 2000. After 5 hours of transfection, media was replaced with fresh
DRG media. Twenty-four hours following transfection, DRGs were removed from the
plate with EDTA and re-seeded on myelin substrates. Neurons were left to grow for an

additional 18 hours and processed for neurite outgrowth analysis as described above.
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111.4.9. Immunofluorescence

E7-13 chick DRG explants were cultured in DRG media on poly-L-lysine- and laminin-
coated substrates for 18 hours. For viral infections, recombinant viral preparations were
added to the media 1 hour after plating. After 18 hours, cultures were treated with myelin
and fixed with 4% paraformaldehyde/20% sucrose/PBS, permeabilized in 0.2% triton X-
100 and double stained with polyclonal anti-RhoA antibody (Santa Cruz Biotechnology,
Santa Cruz, CA) and anti-CRMP4b or V5 antibody. For filopodia and branch analysis,
GFP and CRMP4bV5-infected growth cones were double stained with rhodamine-
phalloidin (Molecular Probes, Eugene, OR) and anti-V5 antibody. Filopodial length per
growth cone was assessed using Image J, by measuring total filopodial length per growth
cone averaged by the total number of filopodia per growth cone. Neurite branches were

quantified by counting total branch buds per neurite.

i11.5. RESULTS

I11.5.1. A novel Nogo-dependent interaction between CRMP4b and RhoA

To identify molecules that functionally interact with RhoA to mediate neurite outgrowth
inhibition, we screened for proteins that have enhanced affinity for a constitutively active,
GTPase deficient mutant of RhoA (Khosravi-Far et al., 1994) following treatment with
Nogo-66, a potent inhibitory fragment of Nogo-A (GrandPre et al., 2000). Bacterially-
purified glutathione-S-transferase-RhoA63L. (GST-RhoA63L) was used as bait to
precipitate proteins from PC12 cells following stimulation with Nogo-66 fused to
alkaline phosphatase (AP-Nogo-66). PC12 cells were chosen for the biochemical screen

based on their expression of MAI receptors (Hsieh et al., 2006), and their responsiveness

109



to Nogo in neurite outgrowth assays (GrandPre et al., 2000) and biochemical assays
evaluating RhoGTP levels (Fournier et al., 2003). Proteins interacting with GST-
RhoA63L were separated by SDS-PAGE and visualized by silver staining. A 75 kDa
protein with enhanced affinity for GST-RhoA63L following Nogo-66 treatment (Fig. 1a)
was identified as CRMP4b by tandem mass spectrometry. The enhanced CRMP4-RhoA
interaction was validated with a pan-CRMP antibody (generously provided by Dr. Peter
McPherson, McGill University), which recognizes the 75 kDa CRMPb isoforms and the
65 kDa CRMPa isoforms (Fig. 1b). Both 75 kDa and 65 kDa CRMP isoform/s
specifically precipitate with GST-RhoA63L while the interaction between the 75 kDa
CRMPbD isoform/s and RhoA is enhanced by Nogo stimulation (Fig. 1b).

To assess the specificity of the CRMP4b-RhoA interaction, we analyzed the
ability of other CRMP members to interact with RhoA. Wild type myc-RhoA and
CRMP-V5 constructs were co-transfected in HEK293T cells. Myc-RhoA was
immunoprecipitated from cell lysates and immune complexes were analyzed for CRMP-
V5. RhoA interacts preferentially with CRMP4 family members with stronger binding to
CRMP4b when compared to CRMP4a (Fig. 2a). RhoA fails to bind to other CRMPa
isoforms and weakly associates with CRMP1b (Fig. 2a). Amino-terminally-tagged GFP-
CRMP4b fails to associate with RhoA suggesting that amino-terminal tags interfere with
this binding interaction (data not shown).

We then asked whether CRMP4 specifically interacts with RhoA, by assessing its
binding to Rac and Cdc42, two other members of the small Rho GTPases that regulate
the actin cytoskeleton and positively regulate neurite outgrowth (Bishop and Hall, 2000).

 CRMP4a-V5 and CRMP4b-V5 were tested for binding to myc-tagged, GTP-bound active
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forms of RhoA (myc-RhoA63L), Racl (myc-RaclQ61L) and Cdc42 (myc-Cdc42Q61L).
CRMP4 binding to RhoA is markedly stronger than to Racl or Cdc42 (Fig. 2b).
Similarly, CRMP4 binding to wild type and GDP-bound forms Rac and Cdc42 is
negligible (data not shown). Taken together, these results demonstrate that both CRMP4a
and CRMP4b specifically bind to RhoA with CRMP4b binding more strongly than

CRMP4a.

I1L.5.2. CRMP4b-RhoA binding is nucleotide-independent, phospho-dependent and
direct

Rho GTPases cycle between an inactive GDP-bound state and an active GTP-
bound state. Downstream effectors of Rho GTPases bind to Rho GTPases in the active
GTP-bound state while guanine nucleotide exchange factors prefer Rho GTPases in the
nucleotide free or GTP-bound state (Hall, 1994). To study the nucleotide-dependence of
the CRMP4-RhoA interaction, CRMP4 binding to constitutively active myc-RhoA63L or
dominant negative myc-RhoAN19 was assessed (Feig and Cooper, 1988). CRMP4a-V5
and CRMP4b-V5 interact with both myc-RhoA63L and myc-RhoAN19 (Fig. 2c¢)
indicating that the interaction between CRMP4 and RhoA is nucleotide-independent.

To assess if the binding interaction between CRMP4 and RhoA 1is direct, we
performed a RhoA overlay assay on CRMP-V5 immunoprecipitated from 293T cells (Fig.
2d). RhoA specifically binds to CRMP4b-V5 and CRMP4a-V5 and fails to bind to
CRMP2a-V5 in the overlay assay indicating that the interaction between CRMP4b and

RhoA is direct and specific.
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The phospho-dependence of the interaction was evaluated by stimulating
CRMP4b-V5-expressing 293T cells with Calyculin A, a sertne/threonine phosphatase
inhibitor, prior to immunoprecipitating CRMP4b-V5. Calyculin-dependent CRMP4b-V5
phosphorylation is indicated by an upward mobility shift of the CRMP4b-V5 protein (Fig
2d, V5 immunoblot). RhoA fails to bind to the phosphorylated species of CRMP4b-V5 in

the overlay demonstrating that phosphorylated CRMP4b fails to bind to RhoA.

I11.5.3. Nogo specifically modulates the CRMP4b-RhoA interaction

To further define the specificity and the time course of the Nogo effect on the CRMP4b—
RhoA interaction, PC12 cells were co-transfected with wild type myc-RhoA and
CRMP4-V5 and stimulated with Nogo-P4 peptide, the minimal sequence of Nogo-66
required for Nogo-66-dependent responses (GrandPre et al., 2000). Myc-RhoA was
immunoprecipitated and immune complexes were analyzed for CRMP4-V5. We detect a
rapid increase in CRMP4b-V5 immunoprecipitating with myc-RhoA by 1 minute
following Nogo stimulation, which is maintained by 10 minutes (Fig. 3a). Nogo
stimulation does not regulate the interaction between myc-RhoA and CRMP4a-VS5 (Fig.
3b). Similar results were obtained with AP-Nogo-66 stimulation and with the active form
of RhoA (data not shown) suggesting that CRMP4b is regulated independently of Nogo-
dependent RhoA cycling to the GTP-bound state. The Nogo-regulated RhoA-CRMP4b
interaction was further confirmed by co-immunoprecipation of endogenous proteins in
Nogo-P4-treated P8 rat cerebellar cultures, where CRMP4b and RhoA form a complex 1

and 10 minutes following stimulation (Fig. 3c).
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I11.5.4. siRNA-mediated knockdown of CRMP4 attenuates neurite outgrowth
inhibition
To determine if CRMP4 function 1s necessary for Nogo-dependent responses we assessed
neurite outgrowth on myelin substrates in the context of CRMP4-specific siRNA. The
efficacy of CRMP4-specific siRNAs was validated in transfected 293T cells. We
identified one siRNA, which robustly inhibits both CRMP4a and CRMP4b expression
(Fig. 4a). Lipofectamine-mediated transfection of siRNAs efficiently targets P4 rat dorsal
root ganglion neurons (DRGs) and CRMP4 siRNA introduced in this manner diminishes
the expression of CRMP4b-GFP introduced by HSV-mediated infection (Fig. 4b). Rat
DRGs were grown for 24 hours following siRNA transfection, removed from the
substrate with EDTA and re-seeded on myelin substrates for an additional 18 hours. Rat
DRG neuronal outgrowth is inhibited by approximately 50% on a substrate coated with 1
pg/ml of myelin using this protocol (Fig. 4e), a more modest inhibitory response than
when dissociated DRG neurons are plated immediately on myelin substrates (Fig. §;
(Hsieh et al., 2006)). Neuronal outgrowth on the control laminin substrate is not
significantly affected by the introduction of CRMP4 siRNA (Fig. 4d). However, CRMP4
siRNA-transfected P4 rat DRGs grow significantly better on myelin substrates than those
transfected with scrambled siRNA (Fig. 4c, e) indicating that CRMP4 is necessary for
myelin-dependent inhibition. The efficacy of the CRMP4 siRNA (Fig. 4e) may be

underestimated due to the failure to transfect 100% of the DRG neurons (Fig. 4b).
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11.5.5. CRMP4b affects the growth cone actin cytoskeleton

CRMP proteins have been broadly implicated in the regulation of microtubule
polymerization, actin bundling and endocytosis, three processes that influence growth
cone dynamics and neurite outgrowth (Fukata et al., 2002c; Nishimura et al., 2003;
Rosslenbroich et al., 2005). To gain insight into how CRMP4b may influence neurite
outgrowth inhibition we assessed the distribution of CRMP4b in DRG growth cones. As
previously described, endogenous CRMP4b has a punctate pattern within the growth
cone extending throughout the central and peripheral domains (Fig. 5a) (Quinn et al.,
2003). CRMP4b-VS5 (Fig. 5b) and CRMP4b-GFP (Fig. 5c, d) fusion proteins also label
the entire growth cone with a less distinct punctate profile, likely due to elevated
cytosolic CRMP4b levels in the overexpression paradigm. Carboxy-terminally tagged
CRMP4b-GFP labels the growth cone more broadly than tubulin (Fig. 5d) and extends
into the actin-rich peripheral domain (Fig. 5c¢) co-localizing with actin at a subset of
punctae within the growth cone (Fig. 5c, arrows). Intriguingly, CRMP4b-V5
overexpression promotes the extension of filopodia from the growth cone that are on
average 70% longer than filopodia in GFP-infected growth cones (Fig. Se, f, g). This
phenotype is also manifested in the DRG neurite where ectopic actin-rich branches are
formed (Fig. S e, f, g; arrowheads). A similar phenotype was promoted by CRMP4b-GFP
overexpression (data not shown). On average, 8 branches per neurite can be detected on
CRMP4b-infected neurites compared to 2 branches per neurite on GFP-infected neurites
(Fig. 5g). The localization of CRMP4b within the growth cone is consistent with a role in
microtubule or actin dynamics. However, the filopodial and branching phenotypes

promoted by CRMP4b overexpression suggest that CRMP4b may affect neuronal
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phenotype through an actin-based mechanism, an important observation since CRMPs
have been implicated in modulating both microtubule and actin dynamics (Fukata et al.,
2002b; Rosslenbroich et al., 2005). While we cannot rule out the possibility that the
fusion proteins may behave differently from native CRMP4b, both CRMP4b-V5 and
CRMP4b-GFP have similar distributions to endogenous CRMP and promote similar
growth cone phenotypes suggesting that CRMP4b functionally interacts mainly with the
actin cytoskeleton.

To further address the potential role for CRMP4b-RhoA complexes in neurite
outgrowth inhibition, the distribution of CRMP4b and RhoA during Nogo-dependent
growth cone collapse was examined. Uninfected and CRMP4b-V5-infected DRG growth
cones were fixed and stained for endogenous RhoA and CRMP4b or the VS epitope tag.
Prior to stimulation, endogenous RhoA and CRMP4b have distinct distributions within
the growth cone with negligible colocalization (Fig. 6a). In unstimulated (control) growth
cones, overexpressed CRMP4b-V5 also has a distinct distribution compared to
endogenous RhoA (Fig. 6b). Following myelin stimulation, RhoA and CRMP4b-V5 co-
localize at a subset of distinct punctae within the growth éone éentral and peripheral
domain (Fig. 6b, arrows) suggesting that a RhoA-CRMP4b compiex forms in the growth
cone where it may regulate actin cytoskeletal dynamics in response to inhibitory

challenges.
II1.5.6. C4RIP-VS5 attenuates CRMP4b-RhoA binding

Nogo regulation of the CRMP4b-RhoA interaction raises the possibility that CRMP4b-

- RhoA complex formation is critical for inhibitory signaling. The specific enhancement of
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CRMP4b-RhoA binding suggests that the increased affinity may be mediated by the
CRMP4b amino terminal extension. We therefore assessed the ability of the CRMP4b
amino terminus to mediate RhoA binding. We generated a chimeric CRMP molecule
consisting of the CRMP4b amino terminus fused to CRMP2 (CRMP4bNCRMP2) and a
CRMP4 construct consisting of the common region of CRMP4a and CRMP4b
(CRMP4aAN; Fig. 7a). Both CRMP4bNCRMP2 and CRMP4aAN co-immunoprecipitate
with RhoA, however both proteins bind RhoA more weakly than full length CRMP4b
(Fig. 7b). This indicates that two independent RhoA binding sites within the CRMP4b
molecule are sufficient for RhoA binding and that the two sites may co-operate to
mediate maximal RhoA binding; however the amino-terminal region of CRMP4b appears
to be the critical site mediating Nogo-dependent recruitment to RhoA (Fig. 3).

To specifically disrupt the Nogo-dependent interaction between full length
CRMP4b and RhoA, we generated a construct to express the unique amino terminal
domain of CRMP4b (C4RIP — CRMP4b-RhoA Inhibitory Peptide; Fig. 7a) fused to a V5-
epitope tag. As predicted, co-transfection of C4RIP-VS5 significantly diminishes RhoA
binding to full length CRMP4b without affecting binding to CRMP4a (Fig. 7c),
presumably by competing for the RhoA binding site/s.

The specificity of C4RIP-V5 was then evaluated by examining its effect on
binding between FLAG-RhoA63L and myc-Rho kinase (myc-ROCK), a critical RhoA
effector molecule for myelin inhibition. C4RIP-V5 does not diminish binding between
FLAG-RhoA63L and myc-ROCK (Fig. 7d). Similarly, overexpression of CRMP4b-V5
does not affect the binding between FLAG-RhoA63L and myc-ROCK indicating that

CRMP4b does not alter the ability of RhoA to interact with this downstream effector.
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HL5.7. C4RIP-VS attenuates neurite outgrowth inhibition

The ability of C4RIP-VS5 to attenuate CRMP4b-RhoA binding provides a valuable tool to
determine if CRMP4b-RhoA complex formation is necessary for its role in myelin
inhibition. CRMP4b-V5 or C4RIP-V5 was introduced into dissociated E13 chick DRG
neurons via recombinant HSV virus (Fig. 8a) and neurite outgrowth was assessed on
myelin substrates (Fig. 8b, d). CRMP4b-V5 is not sufficient to mimic myelin inhibitory
responses (Fig. b, ¢), presumably due to its failure to increase its interaction with RhoA
(Fig. 6b). C4RIP significantly attenuates myelin-dependent outgrowth inhibition
compared to GFP- or full length CRMP4b-infected neurons (Fig. 8b, d). Unlike
previously characterized Rho and ROCK antagonists, C4RIP does not promote basal
DRG outgrowth on permissive control substrates (Lehmann et al., 1999; Fournier et al.,
2003). DRG neurons infected with HSVC4RIP or with HSV-dominant negative ROCK
(Alabed et al., 2006), are both protected from myelin inhibition; however, HSV-
DNROCK promotes basal outgrowth by approximately 50%.

An advantage to targeting intracellular mediators of neurite outgrowth inhibition
is their potential as convergent targets, which may attenuate multiple inhibitory
influences. To evaluate if C4RIP-V5 may block additional inhibitory signals associated
with CNS injury, we examined the effect of C4RIP-V5 on neurite outgrowth inhibition
mediated by aggrecan, an inhibitory chondroitin sulphate proteoglycan of the glial scar.
Intriguingly, we find that C4RIP also promotes neurite outgrowth on aggrecan (Fig. 8e).

To assess the specificity of C4RIP we tested its ability to block Sema3A-
dependent growth cone collapse in E8 chick DRG neurons. Sema3A-stimulation of

neurons engages Racl GTPase and the CRMP2 isoform (Huber et al., 2003). We find
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that C4RIP has no effect on Sema3A-dependent growth cone collapse (Fig. 8f). Taken
together, these results indicate that disruption of the CRMP4b-RhoA interaction protects

neurons from inhibitory influences that signal through RhoA GTPase.

111.6. DISCUSSION

Regeneration following CNS trauma is limited by the activation of intracellular pathways
within the injured neuron that block axonal extension through targeted modifications to
the cytoskeleton (Hsieh et al., 2006). Development of antagonists to intracellular targets
of axon outgrowth inhibitors is an effective approach to circumvent the inhibitory
influence of the astroglial scar and MAIs (Dergham et al., 2002; Niederost et al., 2002;
Borisoff et al., 2003; Fournier et al., 2003). In this study we have demonstrated that
CRMP4b 1s a necessary intracellular mediator of neurite outgrowth inhibition. Our
findings suggest that complex formation between CRMP4b and RhoA is critical for
outgrowth inhibition and that this inhibition may be mediated through an actin-dependent
phenotype. By targeting the critical CRMP4b-RhoA binding interaction, we have
developed a competitive antagonist of CRMP4b-RhoA binding, which specifically-
promotes neurite outgrowth on inhibitory substrates suggesting an exciting new

therapeutic target for nerve repair following CNS injury.

Dynamics of the CRMP4b-RhoA interaction
We have described a specific protein interaction between RhoA and CRMP4, which does
not extend to other closely related family members of the Rho GTPases, nor to other

CRMP family members. In the absence of Nogo stimulation the baseline interaction
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between endogenous CRMP4b and RhoA is negligible in cerebellar neurons and DRG
growth cones. In transfected 293T and PC12 cells, CRMP4b and RhoA do interact in the
absence of Nogo; however, this interaction could be a function of protein overexpression.
Intriguingly, the RhoA-CRMP4b interaction is not dependent on the nucleotide binding
state of RhoA, rather the interaction is dependent on the phosphorylation status of
CRMP4. This raises the additional possibility that the strength of the baseline interaction
may vary in different cells types as a function of the complement of kinases and
phosphatases.

Since the RhoA used to screen for protein interactors was purified in bacteria, it is
also conceivable that dephosphorylated RhoA is a favored binding partner for CRMP4b.
This raises the possibility of a novel level of RhoA regulation in response to myelin
inhibitors where the focus has largely been on the ability of MAls to convert RhoA to the
GTP-bound form (Dergham et al., 2002; Niederost et al., 2002; Fournier et al., 2003).
This idea is consistent with finding that RhoA is phosphorylated at Ser188 by PKA and
that RhoA phosphorylation modifies its binding to its endogenous inhibitor, Rho guanine
nucleotide dissociation factor (RhoGDI) (Ellerbfoek ef al., 2003b; Nusser et al., 2006).
CRMP4 is subject to phosphorylation by GSK-3p and dephosphorylation by PP2A
phosphatase (Hill et al., 2006) and it is reasonable to hypothesize that phosphorylation
alters its binding properties based on similarities to CRMP2 (Uchida et al., 2005).
Together this suggests a model whereby Nogo-dependent engagement of a CRMP-
and/or Rho—directed phosphatase may promote formation of a CRMP4b-RhoA complex.
A prediction of this model would be that CRMP4b over-expression may fail to mimic

myelin inhibition in DRG neurons because its association with RhoA is not adequately

119



enhanced in the absence of appropriate post translational modifications, and this is what

we observe (Fig. 6, 8).

Role of N-terminal variants of the CRMP proteins

The recent discovery of novel amino-terminal variants of the original CRMP members in
rat and in chick (Quinn et al., 2003; Yuasa-Kawada et al., 2003) has revealed additional
potential functions for CRMPs. The unique amino-terminal extensions of the CRMPb
isoforms could impart supplementary functions to each CRMP variant by mediating
additional protein interactions. A reasonable possibility is that CRMP4a and CRMP4b are
capable of mediating similar cytoskeletal rearrangements; however the amino terminal
region of CRMP4b is necessary for recruitment to the appropriate cytoskeletal elements
within the growth cone. This is consistent with the finding that overexpression of

CRMP4b but not CRMP4a leads to an increase in neurite branching (Quinn et al., 2003).

C4RIP as a therapeutic agent

Targeting CRMP4-RhoA with C4RIP is a potential avenue for therapeutic intervention.
The ability of C4RIP to attenuate inhibition in response to both MAIs and CSPGs is an
obvious advantage in the complex inhibitory environment following CNS injury. The
enrichment of CRMP expression in the nervous system raises the possibility that
additional side effects on other cell types may be limited when compared to targeting
ubiquitous molecules such as RhoA or ROCK. A unique characteristic of C4RIP is its

failure to affect basal neurite outgrowth. To our knowledge, this is the first example of an
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intracellular molecule, which can be specifically ascribed to an inhibitor-dependent

neurite outgrowth pathway.

The function of CRMP4b in myelin-dependent inhibition

Reasonable hypotheses for CRMP4 function in myelin inhibition include effects on
microtubule dynamics, actin dynamics and/or endocytosis. CRMP2 can bind to tubulin
heterodimers and is an important organizer of microtubule assembly for establishing
axon-dendrite fate during development (Fukata et al., 2002¢; Arimura et al., 2005b). This
is partly mediated by binding to tubulin heterodimers and promoting microtubule
assembly (Fukata et al, 2002c¢). In fact, CRMP2 undergoes ROCK-dependent
phosphorylation in response to Nogo-66 and MAG and has been hypothesized to
subsequently regulate microtubule dynamics (Mimura et al., 2006). Although all CRMP
members can bind tubulin, CRMP4 is not a substrate for ROCK and we were unable to
detect a change in affinity between CRMP4 and tubulin in response to Nogo-66
stimulation by co-immunoprecipitation analysis in PC12 cells (data not shown). This
suggests that Nogo-66 may not affect CRMP4-dependent microtubule dynamics;
however, if the interaction is locally regulated within the neurite or growth cone, we may
have failed to detect this by co-immunoprecipitation.

Our data suggests that a CRMP4b-RhoA complex may participate in neurite
outgrowth inhibition through actin-dependent processes. An association between
CRMP4b and intersectin, an endocytic-exocytic adaptor protein (Quinn et al., 2003)
raises the possibility that CRMP4b could play a role in regulating endocytosis.

Endocytosis during neurite inhibition may be important for regulating membrane
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dynamigs (Fournier et al., 2000b), or may target the internalization of cell surface
receptors or cell adhesion molecules enabling their temporal and spatial regulation in
response to MAIs. A plausible model is one in which CRMP4b-RhoA complexes
regulate localized actin rearrangements from the growth cone periphery to the central
domain and subsequent endocytic events necessary for growth cone collapse and neurite

withdrawal.
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Figure 1 A novel RhoA-CRMP4 interaction is enhanced by Nogo-66. (a)
GSTRhoA63L pull down from PC12 cells stimulated with AP (+ lysate) or AP-Nogo-66
(+ Nogo lysate). Precipitation of a 75 kDa protein identified as CRMP4b by tandem
mass spectrometry is enhanced in the AP-Nogo-66-stimulated lysate (arrow). The
protein runs slightly below a non-specific protein from the GSTRhoA63L purification,
which is visible in all lanes. The GSTRhoA63L lane represents beads that were not
incubated with lysates. (b) GST and GSTRhoA63L pull downs from PC12 cell lysates
immunoblotted with a pan-CRMP antibody. CRMPa (65 kDa) and CRMPb (75kDa)

bands are indicated in the PC12 input and pull down lanes (arrows).
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Figure 2 The RhoA-CRMP4 interaction is highly specific, nucleotide-independent,
, phospho-dependent and direct. (a-¢) HEK293T cells co-transfected with CRMP-V5
constructs and myc-tagged versi'ons of wild type and mutant Rho GTPases and subjected
to myc-immunoprecipitation. (a) CRMP4 preferentially binds to RhoA. Data from two
separate blots are separated by a vertical line. (b) RhoA is the preferred binding partner
for CRMP4. (¢) CRMP4 binding to RhoA is nucleotide-independent. (d) CRMP-V5
was immunoprecipitated from control or Calyculin-treated HEK293T cells, separated by
SDS-PAGE and overlayed with recombinant RhoA. RhoA binds directly to CRMP4a

and CRMP4b but fails to bind to phosphorylated CRMP4b.
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Figure 3 Nogo-P4 peptide enhances the interaction between CRMP4b and RhoA.
(a) PC12 cells transfected with myc-RhoA and CRMP4b-VS5 or CRMP4a-V5 and,
stimulated for 0, 1 or 10 minutes with Nogo-P4 peptide and subjected to myc-
immunoprecipitation. (b) P8 rat cerebellar cultures stimulated with Nogo-P4 peptide,

subjected to RhoA immunoprecipitation and analyzed for RhoA and CRMP4b.
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Figure 4 siRNA-mediated knockdown of CRMP4 expression promotes neurite
outgrowth on myelin. (a) HEK293T cells co-transfected with CRMP4-VS and
scrambled- or CRMP4-targetted siRNA and analyzed by immunoblotting with anti-V5
antibody. (b) Dissociated PS5 rat DRG neurons infected with HSVCRMP4b-GFP and
transfected with scrambled or CRMP4 siRNA. Scale bar, 100 pm. (¢) B-III tubulin-
stained dissociated rat DRG neurons transfected with scrambled or CRMP4 siRNA and
seeded on laminin (control) or myelin substrates for an 18 hour neurite outgrowth assay.
Scale bar, 100 pm. (d) Quantitation of DRG outgrowth on control substrates with
scrambled siRNA (Scram) or CRMP4 siRNA. (e) Quantitation of DRG neurite
outgrowth on myelin from neurons transfected with scrambled or CRMP4 siRNA.
Values are normalized to baseline outgrowth on the control laminin substrate for each
experiment. Determinations are from 3 experiments performed in duplicate. *p<0.01 by

student t-test compared to scrambled siRNA.
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Figure 5 CRMP4b overexpression promotes an actin-based filopodial phenotype in
the neuronal growth cone and neurite. (a) EI3 chick DRG stained with an anti-
CRMP4b antibody. (b) E7 chick DRG neurons infected with HSV-CRMP4b-V5 and
stained with anti-V5 antibody. (e-d) E7 chick DRG neurons infected with HSV-
CRMP4b-GFP and double stained with rhodamine phalloidin (c¢) to label F-actin or anti-
BIII tubulin antibody (d). (e) E13 chick DRG neurons infected with HSV-GFP or HSV-
CRMP4b-V5. GFP and CRMP4b-infected growth cones were stained with rhodamine
phalloidin (red). CRMP4b-V5 was stained with anti-V5 antibody (green). Scale bar, 10
um. (f) Magnification of boxed regions in panel (d) demonstrating enhanced neurite
branching and filopodial extension in CRMP4b-V5-infected DRG neurons. (g)
Quantitation of number of branches per neurite and filopodial length in GFP- or

CRMP4b-V5-infected DRG neurons.
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Figure 6 CRMP4b and RhoA co-localize at discrete punctae during myelin-
dependent growth cone collapse. Immunofluorescent detection of endogenous
CRMP4b and RhoA (a) or CRMP4b-V5 and RhoA (b) in control or myelin-stimulated
E13 chick DRG growth cones. Arrows in the merged panels indicate areas of CRMP4b-

V5-RhoA co-localization.
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Figure 7 The amino terminal domain of CRMP4b is sufficient for RhoA binding and
disrupts full length CRMP4b-RhoA binding when expressed as a recombinant
fusion protein. (a) Schematic of CRMP constructs generated to assess CRMP4 domains
involved in RhoA binding. (b) HEK293T cells co-transfected with myc-RhoA63L and
CRMP-VS5 constructs described in (a) and subjected to myc-immunoprecipitation. (c)
HEK293T cells co-transfected with myc-RhoAWT, CRMP4-V5 and C4RIP-V5 to assess
the effect of C4RIP on full length CRMP4 binding to RhoA. (d) HEK293T cells co-
transfected with FLAG-RhoA63L, myc-ROCK and C4RIP-V5 to assess the effect of

C4RIP on RhoA binding to ROCK.
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Figure 8 C4RIP-V5 attenuates myelin inhibitionr. (a) E13 dissociated chick DRG
neurons infected with HSV-C4RIP-V5 or HSV-CRMP4b-V5 and double-stained with
anti-V5 and anti-BIII tubulin antibodies to validate neuronal infection. (b) E13
dissociated chick DRG neurons infected with C4RIP-V5 or CRMP4b-V5 plated on
laminin (control) or myelin substrates and stained with anti-BIIl tubulin to visualize
neurite outgrowth. (c-e¢) Quantitation of neurite outgrowth from GFP-, C4RIP-, or
CRMP4b-infected neurons on laminin (c), myelin (d) or aggrecan (e) substrates. In (c)
neurite outgrowth per cell is normalized to outgrowth in GFP-infected neurons for each
experiment (100%). In (d) and (e), neurite outgrowth is normalized to growth on the
laminin substrate for each dose curve (100%). Determinations are from 4 separate
experiments. Scale bar, 100 um. *p<0.05 and **p<0.01 by student t-test compared to
GFP. (f) Quantitation of growth cone collapse in E8 chick DRG neurons infected with
HSV-GFP or HSV-C4RIP and stimulated for 20° with control AP ligand or AP-Sema3A

ligand. Determinations are from 3 separate experiments performed in duplicate.
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CHAPTER 4

IV. GSK3p REGULATES CRMP4-RHOA COMPLEX FORMATION AND AXON

OUTGROWTH INHIBITION.

Submitted to the Journal of Neuroscience

148



GSK3p regulates myelin-dependent axon outgrowth inhibition through CRMP4

Yazan Z. Alabed], Madeline Pool', Stephan Ong Tone', Calum Sutherland’ and
Alyson E. Fournier'

! Department of Neurology and Neurosurgery, Montreal Neurological Institute, 3801 Rue

University, Montreal, Quebec, H3A 2B4

2 Neurosciences Institute, Division of Pathology & Neuroscience, University of Dundee,

Ninewells Hospital & Medical School, Dundee, DD1 9SY

Address correspondence to:

Alyson Fournier, PhD

Montreal Neurological Institute, BT-109
3801 Rue University,

Montreal, PQ,

H3A 2B4

alyson.fournier@mcgill.ca

149


mailto:alyson.fournier@mcgill.ca

1V.1. PREFACE

We have identified a novel interaction between CRMP4b and RhoA that is specific to the
Nogo-66 signalling cascade. Disruption of this interaction promotes axon growth on both
myelin-based and CSPG substrates. This interaction offers a more specifc target for
developing therapeutic avenues. A better understanding of the role of this interaction in
mediating axon outgrowth inhibiton 1s necessary to further characterize the signalling
cascade. The aim of next project was to dissect the regulatory mechanisms that govern

this interaction.
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IV.2. ABSTRACT

Myelin associated inhibitors (MAIls) contribute to failed regeneration in the central
nervous system. The intracellular signaling pathways through which MAIs block axonal
repair remain largely unknown. Here, we report that the kinase GSK3p is directly
phosphorylated and inactivated by MAIs, consequently regulating protein-protein
interactions that are critical for myelin-dependent inhibition. MAl-dependent
phosphorylation and inactivation of GSK3f regulates CRMP4b phosphorylation and
subsequent binding to RhoA. Inhibition of GSK3B mimics the neurite outgrowth
inhibitory effect of myelin in a CRMP4b-dependent manner. Our findings also suggest
that CRMP4b binding to RhoA is regulated by a phospho-dependent change in CRMP4b
conformation. We present the first example of GSK3p inactivation in response to an
inhibitory ligand and link the neurite outgrowth inhibitory effects of GSK3f inhibition
directly to CRMP4b. These findings suggest that CRMP4b may be a more specific

therapeutic target than GSK3p in the treatment of spinal cord injury.

Keywords: CRMP/myelin inhibition/regeneration/GSK3/Nogo.
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IV.3. INTRODUCTION
Inhibitory molecules at central nervous system (CNS) lesion sites including myelin-
associated inhibitors (MAIs) and chondroitin sulfate proteoglycans (CSPGs) activate
RhoA in injured neurons to mediate neurite outgrowth inhibition (Liu et al., 2006).
Antagonism of RhoA or its downstream effector Rho kinase (ROCK) enhances neurite
outgrowth and functional recovery following CNS trauma (Lehmann et al., 1999;
Dergham et al., 2002; Fournier et al., 2003); however, the ubiquitous expression of RhoA
and ROCK may limit the specificity of therapeutic agents targeting these molecules. In a
screen to identify proteins that functionally interact with RhoA in the context of neurite
outgrowth inhibition, we previously identified the cytosolic phosphoprotein CRMP4
(Collapsin Response Mediator Protein 4) as a protein that functionally interacts with
RhoA to mediate neurite outgrowth inhibition (Alabed et al., 2007). The CRMP family
consists of five family members (CRMP1-5) in vertebrates (Goshima et al., 1995b;
Minturn et al., 1995; Byk et al., 1996; Gaetano et al., 1997; Inatome et al., 2000) that
regulate aspects of axon pathfinding and neurite outgrowth (Hedgecock et al., 1985;
Siddiqui and Culotti, 1991; Goshima et al., 1995b; Minturn et al., 1995; Quinn et al.,
1999; Quinn et al., 2003; Yoshimura et al., 2005). CRMPs promote F-actin bundling
(Rosslenbroich et al., 2005), affect endocytosis (Nishimura et al.,, 2003) and organize
microtubule assembly to establish axon-dendrite fate during development (Fukata et al.,
2002b; Arimura et al., 2005b).

Each CRMP allele produces two transcripts which differ in their amino terminus
yielding a long (CRMP “b”) and a short (CRMP “a”) isoform (Yuasa-Kawada et al.,

2003). CRMP4 consists of a 126 residue (CRMP4b) or 13 residue (CRMP4a) unique



amino terminal domain followed by 557 common residues. Treatment of neurons with
the MAI Nogo, specifically enhances the association between RhoA and CRMP4b
(Alabed et al., 2007). Overexpression of the unique 126 residue amino terminal domain
of CRMP4b diminishes the interaction between CRMP4b and‘RhoA and enhances
neurite outgrowth on myelin and CSPG substrates, indicating that this protein-protein
interaction is critical for neurite outgrowth inhibition (Alabed et al., 2007). We found
that CRMP4b-RhoA binding is not dependent on the nucleotide binding state of RhoA
(Alabed et al., 2007). Therefore, we addressed the mechanism controlling CRMP4b-
RhoA complex formation to gain insight into the signaling mechanisms mediating neurite
outgrowth inhibition.

RhoA and CRMP4b rapidly associate following stimulation with Nogo leading us
to investigate the possibility that this protein-protein interaction is regulated by
phosphorylation. Both RhoA and CRMP4 are phosphoproteins. When RhoA is
phosphorylated by Protein Kinase A (PKA) it binds tightly to Rho guanine dissociation
inhibitor maintaining RhoA in its GDP-bound inactive state (Ellerbroek et al., 2003b).
CRMPs are phosphorylated on multiple residues by Glycogen Synthase Kinase 3f
(GSK3p) (Cole et al., 2004b). GSK3a and B are serine/threonine kinases originally
identified as regulatory kinases for glycogen synthase and subsequently implicated in
signaling cascades downstream of Wnts, NGF, EGF, Semaphorins and Hedgehog
(Eickholt et al., 2002; Kockeritz et al., 2006). GSK3 has been widely studied as a
potential therapeutic target for a variety of diseases including, cancer, Alzheimer’s
disease and nerve regeneration (Kockeritz et al., 2006). CRMP4 phosphorylation by

GSK3p is dependent on a priming phosphorylation event (Cole et al., 2004b; Cole et al.,
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2006). By analogy to other CRMPs, CRMP4 phosphorylation likely regulates its
complement of binding partners. For example, CRMP2 phosphorylation by Rho kinase
inhibits its binding to tubulin dimers and modifies its subcellular distribution (Arimura et
al., 2005b).

Here, we report that CRMP4b is dephosphorylated in response to MAI
stimulation in a GSK3-dependent manner and provide the first demonstration of direct
phosphorylation and inactivation of GSK3p in response to a neurite outgrowth inhibitory
cue. We demonstrate that CRMP4b dephosphorylation enhances CRMP4b binding to
RhoA and provide evidence that a phospho-dependent change in CRMP4b conformation
likely regulates this change in affinity. We confirm previous reports that inhibition of
GSK3f activity inhibits outgrowth of cerebellar and Dorsal Root Ganglion (DRG)
neurons and demonstrate that this inhibition can be markedly attenuated by antagonizing

CRMP4b.

1V.4. METHODS AND MATERIALS
IV.4.1. Plasmids and antibodies

CRMP4, C4RIP and RhoA constructs were described previously (Alabed et al.,
2007). CRMP4 mutants (CRMP4bS101A, CRMP4bAAA, CRMP4bAAAA,
CRMP4bS101E, CRMP4bEEE, C4RIPS01A) and GSK3PBR96A were generated using a
site-directed mutagenesis kit (Stratagene, La Jolla, CA). pcDNA 3.1 GSK33S9A-HA was
generously provided by Dr. Dennis Stacey (The Cleveland Clinic Foundation).

CRMP4b antibody was generated by injecting rabbits with the following antigen

RPGTTDQVPRQKYG as per (Quinn et al., 2003). Antiserum was affinity purified on an
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antigen-Sepharose column. Phosphospecific antibody that recognizes CRMP4b
phosphorylated at Ser 101 was generated in rabbit with the phosphopeptide
ESREPVPEpSPKPAGYV (where pS is phosphoserine). Antiserum was affinity purifed on
a non-phosphorylated peptide column to remove antibodies that recognize
unphosphorylated CRMP4b followed by aftinity puritication on a phosphopeptide

antigen-Sepharose column.

IV.4.2. Preparation of recombinant proteins

Stimulations to examine inhibitory responses were performed with Nogo-P4
peptide or myelin. Nogo-P4 (Alpha Diagnostics, San Antonio, TX) isa 25 aa inhibitory
peptide sequence (residues 31-55 of Nogo-66) sufficient to mediate the inhibitory
properties 0of Nogo-66, a potent inhibitory component of Nogo-A (GrandPre et al., 2000).
Myelin extracts were prepared from a bovine brain as described previously (Igarashi et al.,
1993; Hsieh et al., 2006). CRMP4b-V5His was puriﬁe‘d from transfected HEK293T cell
lysates by Ni** affinity chromatography using Probond Nickel-Chelating resin

(Invitrogen, Burlington, Ontario, Canada) according to the manufacturer’s protocol.

1V.4.3. Preparation of herpes simplex viruses

pHSVPrPUC plasmids were transfected into 2-2 Vero cells that were
superinfected with S5d/ 1.2 herpes simplex virus (HSV) helper virus 1 d later.
Recombinant virus was amplified through three passages and stored at —80°C as

described previously (Neve et al., 1997).
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IV.4.4. CRMP-RhoA coimmunoprecipitation assay

HEK293T cells were grown to subconfluence and transfected with Lipofectamine
2000 according to manufacturer’s instructions (Invitrogen), washed twice with ice-cold
PBS, and lysed in lysis buffer A [in mM: 50 Tris, pH 7.4, 150 NaCl, 1 EDTA, 1% (v/v)
Triton X-100, 1 Na3VO4, 50 NaF, 1 PMSF, 100 nM Ca]ycu‘lin A and Complete protease
inhibitors (Roche Diagnostics, Laval, Quebec, Canada)]. Lysates were precleared with
protein A/G-agarose (Santa Cruz Biotechnology, Santa Cruz, CA) and subjected to
immunoprecipitation with myc-agarose or V5-agarose (Sigma, Oakville, ON). After
washing three times with ice-cold lysis buffer, bound protein was eluted with SDS and
immunoblotted with anti-Myc (9E10, 1:1000; Sigma) or anti-V5 (1:5000; Invitrogen).
For time-course experiments, PC12 cells were transfected for 24 h using Lipofectamine
2000 (Invitrogen) and differentiated with 50 ng/ml NGF (Cedarlane laboratories,
Burlington, Ontario) for 24 h. Cells were treated with Nogo-P4 peptide for the indicated
period of time at 37°C. Cells were then lysed, and proteins were immunoprecipitated as

described above.

IV.4.5. Assessment of protein phosphorylation

PC12 cells were differentiated in RPMI/1% BSA/50 ng/ml NGF for 24 h before
treatment with recombinant proteins. P8 rat cerebellar neurons were prepared as
previously described (Hsieh et al., 2006). Cells were cultured for 18 h then serum starved
for 6 hours before treatment. For CRMP4b-V5 infected neurons, dissociated cerebellar
neurons were cultured in the presence of virus for 18 hours followed by serum starving

for 6 hours.
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Cell lysates were prepéred by washing cells twice with ice-cold PBS and lysed in
RIPA buffer containing 20 mM HEPES (pH 7.4), 150 mM NaCl, 1mM EDTA, 0.5%
sodium deoxycholate, 0.1% SDS, 1% Triton X-100 with a protease inhibitor cocktail
(Roche, Mannheim, Germany) and phosphatase inhibitors (ImM Na;VQy, 50 mM NaF,
100 nM Calyculin A). Lysates were analyzed by SDS-PAGE and immunoblotting with
anti-phospho-threonine (Invitrogen), aﬁti-phospho-GSK3B (Cell Signaling Technology,
Inc., Danvers, MA), anti-GSK3 (Cell Signaling Technology, Inc., Danvers, MA), anti-
phospho-CRMP4bT622 (generously provided by Dr. Calum Sutherland, University of

Dundee, Dundee, Scotland), anti-phospho-CRMP4bS01 and anti-CRMP4b.

IV.4.6. Neurite outgrowth assay

For outgrowth assays using pharamacologic inhibitors, SB216763 (Sigma) and 6-
Bromoindirubin-3’-acetoxime (EMD Biosciences, San Diego, CA) were added to the
cultures after seeding. Dissociated embryonic day 13 (E13) chick dorsal root ganglion
(DRG) neurons were cultured in DRG medium (F-12 medium, 10% FBS, 1%
penicillin/streptomycin, 1% L-glutamine, 50 ng/m]l NGF) in the presence of virus on PLL
and laminin coated substrates, fixed with 4% paraformaldehyde/20% sucrose in PBS, and
double stained with anti-B8I11 tubulin (Covance, Berkeley, CA) and anti-V5 antibody
(Sigma). Dissociated cerebellar neurons were cultured in serum-free SATO’s medium.
DRG neurite outgrowth lengths per cell were assessed using Image J, a public domain

JAVA image processing program (http://rsb.info.nih.gov/ij/), as described previously

(Fournier et al., 2003). Cerebellar outgrowth was analyzed with the neurite outgrowth

module of MetaXpress.


http://rsb.info.nih.gov/ij/

IV.4.7. In Vitro Kinase Assay

. Purified CRMP4b-V5 from transfected HEK293T cells was phosphorylated using
recombinant GST-GSK3f (Cell . Signaling Technology, Inc., Danvers, MA) and
recombinant DYRK?2 (Millipore, Billerica, MA) in kinase buffer containing 25 mM Tris-
HCl (pH 7.5), 5 mM beta-glycerophosphate, 2 mM dithiothreitol (DTT), 0.1 mM
Na3VO04, 10 mM MgCi2, 100 nM Calyculin A and 200 uM ATP. After incubation for 2
hours at 30°C, the reaction was terminated by addition of SDS, subjected to SDS-PAGE

and immunoblot analysis.

IV.5. RESULTS

IV.5.1. CRMP4b-RhoA binding is regulated by Nogo-dependent dephosphorylation
As reported previously, the association between RhoA and CRMP4b is enhanced by
stimulation with Nogo-P4 peptide, an inhibitory fragment of Nogo-A (GrandPre et al.,
2000), in transfected PC12 cells (Fig. 1A) and cerebellar neurons (Alabed et al., 2007).
The rapid enhancement of this protein-protein interaction led us to investigate the
potential regulatory role of protein phosphorylation on this process. In 293T cells
transfected with myc-wtRhoA and CRMP4b-V5, myc immunoprecipitates contain
CRMP4b-V5 (Fig. 1B). Treatment of transfected 293T cells with the serine/threonine
phosphatase inhibitor Calyculin A causes an upward mobility shift of CRMP4b-V5
indicative of CRMP4b phosphorylation. While there is no apparent mobility shift in
wtRhoA following Ca]yculih A treatment this does not exclude the possibility that RhoA
is also phosphorylated. Calyculin A treatment diminishes the CRMP4b-wtRhoA co-

immunoprecipitation demonstrating that phosphorylation of CRMP4b and/or RhoA



disrupts their binding. When 293T cell lysates are treated with shrimp alkaline
phosphatase to stimulate protein dephosphorylation, the association between CRMP4b-
V5 and myc-wtRhoA is enhanced, similar to the effect of Nogo treatment. We then asked
if dephosphorylation of RhoA and/or CRMP4b is capable of enhancing RhoA-CRMP4b
binding. The binding properties of a RhoA mutant with the phospho-residue serine 188
mutated to alanine (non-phosphorylatable SI88 ARhoA) and of a CRMP4b triple alanine
substitution mutant for the three carboxy terminal phospho-residues targeted by GSK3f
(Thr622, Thr627, Ser631; CRMP4bAAA) were assessed. RhoAS188A binds more
weakly than wtRhoA to wtCRMP4b (Fig. 1C). However, CRMP4bAAA binds more
strongly than wtCRMP4b to WTRhoA (Fig. 1C). Together this indicates that
dephosphorylation of CRMP4b favors CRMP4b-RhoA binding.

To evaluate the effect of Nogo stimulation on CRMP4b phosphorylation, PC12
cells or CRMP4b-V5-infected cerebellar neurons were treated with Nogo-P4 peptide and
CRMP4b phosphorylation was assessed by Western blotting with a phospho-specific
antibody recognizing pThr622 of CRMP4b (correlating with Thr 509 of CRMP4a) (Cole
et al., 2004b). Nogo-P4 stimulation diminishes CRMP4b phosphorylation in both PC12

cells (Fig. 1D) and cerebellar neurons (Fig. 1E).

IV.5.2. CRMP4b is dephosphorylated in a GSK3p-dependent manner in response to
Nogo

Dephosphorylation of CRMP4b suggests engagement of a CRMP4-directed
phosphatase and/or inactivation of a CRMP4b-directed kinase in response to Nogo.

CRMP4b phosphorylation is sequentially regulated by GSK3p on residues Ser631,
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Thr627 and Thr622 following a priming phosphorylation event which may be mediated
by DYRK2 (Cole et al., 2004b). Inactivation of GSK3 by phosphorylation on Ser9
leads to a rapid decrease in phospho content of its substrates. GSK3 phosphorylation
and inactivation is an important regulatory step in response to m-any factors including
N'G'i: and Wnt (Cohen & Frame, 2001; Zhou et al, 2004), therefore we assessed the role
of ‘GSK3p in Nogo signaling. We find that GSK3p is phosphorylated coincident with
reduced CRMP4b phosphorylation in Nogo-P4-stimulated PC12 (Fig. 2A) and cerebellar
lysates (Fig. 2B). This suggests that CRMP4b is dephosphory]ated as a consequence of
GSK3p inacﬁvation in response to Nogo-P4 peptide stimulation. To test this, we
overexpressed a constitutively active form of GSK3p (GSK3BS9A) and examined the
effect of Nogo. Overexpression of GSK3BS9A blocks the Nogo-P4-dependent decrease
in CRMP4b dephosphorylation indicating that the dephosphorylation is GSK3j-
dependent (Fig. 2C).

GSK3p phosphorylation is regulated by the.AGC family members that include
protein kinase C (PKC) and PKC contributes to myelin and CSPG inhibitory responses in
injured neurons (Goode et al., 1992; Cohen and Frame, 2001; Sivasankaran et al., 2004),
therefore we tested if Nogo-dependent GSK?B phosphorylation is dependent on PKC
activation by pre-treating cerebellar neurons with the PKC inhibitor Go6976. We find
that Nogo-P4-dependent phosphorylation of GSK3 is delayed but not blocked in the

presence of the PKC inhibitor Go6976 (Fig. 2B).
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1V.5.3. Inactivation of GSK3f inhibits neurite outgrowth in a CRMP4b- dependent
manner
"Our data suggests that Nogo induces GSK3 inactivation, resulting in CRMP4b
dephosphorylation, and enhances CRMP4b-RhoA complex formation. If this is the case,
then GSK3B inactivation will increase CRMP4b association with RhoA and inhibit
neurite outgrowth. To test this, PC12 cells were treated with the GSK3—specific
inhibitors SB216763 or 6—brom0indirubin-3"-acetoxim¢. Figure 3A shows that an
overnight stimulation of PC12 cells with SB216763 or 6-bromoindirubin-3-acetoxime
increases the association of RhoA with CRMP4b but not CRMP4a. The specific effect of
the pharmacologic GSK3p inhibitors on the long isoform of CRMP4 mimics that of
Nogo treatment (Alabed et al., 2007). Similarly, overexpression of GSK3p specifically
diminishes binding between RhoA and CRMP4b but not CRMP4a (Fig. 3A). Previous
reports have shown that strong GSK3 inhibition reduces neurite outgrowth (Kim et al.,>
2006). Consistent with this, Figure 3B-E show that treatment of cerebellar neurons (Fig.
3B, D) or DRG neurons (Fig. 3C, E) with 5 pM SB216763 or 300 nM 6-bromoindirubin-
3’-acetoxime diminishes neurite outgrowth. To test if the reduced neurite outgrowth that
accompanies GSK inhibition requires CRMP4b, we assessed the effects of C4RIP
(CRMP4b-RhoA Interfering Peptide), an antagonist of CRMP4b-RhoA binding which
does not affect neurite outgrowth on permissive laminin substrates (Alabed et al., 2007).
This experiment was performed in DRG neurons, which are robustly infected by HSV.
Remarkably, the neurite outgrowth inhibitory effect induced by GSK3f inhibition is

dramatically attenuated by infecting neurons with HSV-C4RIP (Fig. 3C, E). This
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indicates that the neurite outgrowth inhibition induced by GSK3f inhibitors requires

CRMP4b.

1V.5.4. The unique amino terminus of CRMP4b is phosphorylated by GSK3f

CRMP4 is phosphorylated by GSK3[ on three target residues that are within the carboxy
terminus of the molecule and are common to CRMP4a and CRMP4b (Fig. 4A) (Cole et
al., 2004b; Cole et al., 2006). This presents an apparent paradox as overexpression or
pharmacologic inhibition of GSK3p specifically regulates binding of RhoA to the long
“b” tsoform of CRMP4. We therefore asked if GSK3B phosphorylates CRMP4b within
the unique amino terminus. By using mass spectrometry analysis we identified several
potential phospho-residues within C4RIP and by using site directed mutagenesis we
identified residue Ser101 as a phospho-residue within C4RIP that confers a molecular
weight shift (Fig. 4B). We generated a phospho-specific antibody to Ser101, which only
recognizes CRMP4b in a phospho-dependent fashion (Fig. 4C) and used this to ask
whether GSK3B phosphorylates Serine 101 of CRMP4b in vitro. We find that
recombinant GSK3p phosphorylates Seri01 of CRMP4b iﬁ vitro as well as residue
Thr622, as previously reported (Fig. 4D; (Cole et al., 2004b; Cole et al., 2006)). GSK3j3-
dependent phosphorylation of CRMP4b in the carboxy terminus may be dependent on the
priming kinase DYRK2 (Cole et al., 2004b). To test if phosphorylation of Ser101 is
dependent on the priming kinase DYRK?2, we tested the effect of DYRK?2 in the in vitro
kinase assay (Fig. 4D) and found that DYRK?2 is capable of directly phosphorylating
Ser101. We then examined the phosphorylation of Ser101 in cells, by co-transfecting

HEK293T cells with CRMP4b-V5 and GSK3BR96A, a GSK38 mutant that exclusively
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phosphorylates substrates on non-primed sites (Frame et al., 2001). We ﬁnd. that
GSK3BR96A phosphorylates CRMP4b-V5 at Ser101 (Fig. 4E), confirming that this
residue is a substrate for GSK3 and that this event does not require a priming kinase.
CRMP4bAAA is also phosphorylated by GSK3f at Serl01 (Fig. 4E) indicating that
Ser101 phosphorylation by GSK3p is independent of the other GSK3p sites on CRMP4b.
This data suggests that different regions of CRMP4b are primed and unprimed substrates
of GSK3p as has previously been described for Tau, another physiologic substrate of

GSK3p (Cho and Johnson, 2003).

]V.5;5>. Ser101 is dephosphorylated by Nogo-P4 and regulates CRMP4b-RhoA
binding
We then tested if CRMP4 phosphorylation is regulated on Ser101 by Nogo-P4 and found
that Ser101 is dephosphorylated in PC12 cells and cerebellar neurons stimulated with
Nogo-P4 (Fig. 5A, B). Further, we tested the effects of GSK3P overexpression on the
Nogo-mediated dephosphorylation of Ser101 of CRMP4b. Surprisingly, introduction of
GSK3BR96A fails to attenuate the Nogo-P4-dependent dephosphorylation of Ser101 (Fig.
5A) suggesting that Nogo-dependent dephosphorylation of this residue may not be
directly regulated by GSK3f but rather by inactivation of DYRK2 or by an unidentified
phosphatase.

To better understand the contribution CRMP phosphorylation at Ser101 or the
carboxy terminus to RhoA binding, we generated CRMP Alanine substitution mutants
and assessed their binding to RhoA. We tested binding between RhoA and a Ser101-

Alanine substitution mutant (CRMP4bS101A) or CRMP4bAAA. Both CRMP4bS101A
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and CRMP4bAAA bind to RhoA better than WTCRMP4B (Fig. 5C) indicating that
dephosphorylation of Ser101 or the carboxy terminus of CRMP4b is sufficient to enhance
CRMP4b-RhoA binding. Mutation of all four residues (Ser101, Thr622, Thr627, Ser631;
CRMP4bAAAA) does not further enhance binding to RhoA (Fig. 5C). Binding between
RhoA and CRMP4b mutants with glutamic acid substitutions at the same sites
(CRMP4bS101E or CRMP4bEEE) was indistinguishable from WTCRMP4b (Fig. 5C).
A possible interpretation of this result is that the Glutamic Acid substitutions do not
effectively mimic CRMP4b phosphorylation since Calyculin-dependent CRMP4b
phosphorylation blocks its binding to RhoA (Fig. 1). A second possibility is that
unidentified Calyculin-sensitive phospho-residues - within CRMP4b affect binding to
RhoA.

We then assessed the Nogo-dependent association of RhoA with the CRMP4b
mutants. Unlike WTCRMP4b, CRMP4bS101E does not show enhanced RhoA
association following Nogo treatment (Fig. 5D). Similarly, CRMP4bEEE also failed to
recruit more RhoA following Nogo-P4 stimulation (Fig. 5D). These findings indicate that
while CRMP4bS101A or CRMP4bAAA bind more strongly to RhoA, dephosphorylation

of both regions is necessary for the Nogo-dependent recruitment of RhoA.

IV.5.6. The amino terminus of CRMP4b binds to CRMP4, not RhoA

Since overexpression GSK3f is insufficient to block Nogo-dependent dephosphorylation
of CRMP4b on Ser101, the specificity of GSK3p overexpression and inhibition towards
CRMP4b binding to RhoA remained unresolved. We therefore considered the possibility

that RhoA binding to CRMP4b may be affected by a phospho-dependent change in
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CRMP4b conformation. We first investigated where RhoA binds to CRMP4b. We have
demonstrated previously that RhoA binds specifically to the CRMP4 isoform, failing to
bind to CRMP1, 2 and 3 and that RhoA binds to CRMP4b with higher affinity than
CRMP4a. Further, the unique amino terminal region of CRMP4b confers RhoA binding
to CRMP2a when fused to the amino terminus (Alabed et al., 2007). This originally
suggested the presence of two RhoA binding sites within CRMP4b; one in the unique
amino terminus, and one in region common to CRMP4a and CRMP4b. To identify the
RhoA binding sites within CRMP4b, we assessed the ability of individual CRMP4b
domains to interact with RhoA (Fig. 6A). We detected a binding site for RhoA in the
common dihydropyrimidinase (DHP) region of CRMP4 but failed to detect binding
between RhoA and the unique amino terminal domain of CRMP4b (C4RIP) even with a
S101A mutation (Fig. 6B). The ability of the unique amino terminal domain of CRMP4b
to confer binding to RhoA when in the context of a CRMP4-CRMP2 fusion construct
(Alabed et al., 2007) together with its failure to bind to RhoA in isolation further
suggested that protein conformation may regulate the strength of CRMP4b-RhoA binding.

We therefore considered the possibility that the amino terminal domain of
CRMP4b (C4RIP) may fold back on CRMP4b to generate a binding pocket for RhoA by
assessing the ability -of C4RIP to co-immunoprecipitate CRMP4a (Fig. 6C). Indeed,
C4RIP co-immunoprecipitates CRMP4a and equally co-immunoprecipitates CRMP4b
(Fig. 6C). Alanine substitutions for GSK3f target phospho residues in the CRMP4
carboxy terminus enhance the interaction between CRMP4b and C4RIP (Fig. 6D). This
enhancement is attenuated by Calyculin stimulation, indicating that an additional

phospho-residue within CRMP4b also affects protein folding (Fig. 6D). Together these
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data suggest the existence of a binding site for RhoA in the DHP domain of CRMP4b and
that CRMP4b folds back on itself into a phospho-dependent conformation that generates
a higher affinity binding site for RhoA (See model; Supplementary Figure 1). Further the
finding that CRMP4bSI101E fails to recruit additional RhoA in response to Nogo
stimulation (Fig. 5D) suggests that dephosphorylated Ser101 may expose a key site

within the binding pocket.

IV.6. DISCUSSION

We find that Nogo induces phosphorylation and inactivation of GSK3f which in tum
causes CRMP4b dephosphorylation. Binding between RhoA and the dephosphorylated
form of CRMP4b is enhanced, and this can be attributed to a phospho-dependent
conformational change in the CRMP4b molecule. Inhibition of GSK3f mimics the effect
of myelin on neurite outgrowth from cerebellar neurons and DRG neurons and we show
that this effect requires CRMP4b. Together, these findings provide novel insights into the
neuronal mechanism of action of GSK3P and suggest additional molecular sites of

intervention to promote neuronal repair following CNS injury.

Nogo-dependent regulation of GSK3f3

MALIs signal through a trimeric receptor complex to activate RhoA and regulate the
axonal cytoskeleton; however little is known about the molecular links between the
receptor complex and RhoA. GSK3a/f activity is negatively regulated by
phosphorylation at Ser21/9 and positively regulated by phosphorylation at Tyr279/216 by

multiple protein kinases (Jope and Johnson, 2004). In addition, GSK3 activity can be
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regulated by interactions with physiological inhibitory proteins such as Dsh and FRAT
(Thomas et al., 1999; Cohen and Frame, 2001). Our data suggests that Nogo regulation of
GSK3B may be enhanced but not exclusively regulated by PKC-dependent
phosphorylation. This is intriguing in the context of previous data demonstrating that
PKC is activated in response to stimulation with MAIs and that blockade of PKC with
Go6976 attenuates myelin-dependent inhibition (Sivasankaran et al., 2004). GSK3p-
mediated phosphorylation of the carboxy terminus of CRMP4b is dependent on priming
phosphorylation by DYRK2 at Ser635 and DYRK?2 directly regulates phosphorylation of
Ser10! in vitro. Whether DYRK2 may be directly regulated in response to MAI
stimulation or whether it may exist in limiting concentrations to regulate CRMP4b

phosphorylation and conformation remains unknown.

Neurite outgrowth inhibitors and GSK3f inactivation

We provide the first example of a neurite outgrowth inhibitory ligand which stimulates
phosphorylation and inactivation of GSK3f. Our findings are consistent with several
reports demonstrating that pharmacologic inhibition of GSK3 inhibits neurite outgrowth,
but differ from the reported effects of GSK3 inhibition on axon branching (Owen and
Gordon-Weeks, 2003; Shi et al., 2004; Kim et al., 2006). In an elegant study to examine
why GSK3 inhibition has been associated with either axon branching or outgrowth
. inhibition phenotypes in different studies, Snider and colleagﬁes have described a
compelling correlation between GSK3 activity towards primed or non-primed substrates
and neuronal phenotypes (Kim et al., 2006). Specifically, introduction of a GSK3 mutant

that selectively phosphorylates non-primed substrates (GSK3R96A) results in reduced
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axon branching. Further, low concentrations of pharmacologic GSK3 inhibitors that
influence axon branching mainly affect the phosphorylation of primed GSK3 substrates.
GSK3pB regulates CRMP4b phosphorylation on priming-dependent and -independent
residues and it is not clear if the sites may be differentially affected by various
concentrations of GSK3f inhibitors. It is also possible that Nogo-dependent inactivation
of GSK3p may impact additional priming-independent substrates leading to neurite
outgrowth inhibition; however, this is difficult to reconcile with the ability of C4RIP to

reverse Nogo- and SB216763-dependent outgrowth inhibition.

Spatial targeting of active and inactive GSK3f3

A commonly accepted view is that GSK3 may be regulated at discrete sites within the
axon and growth cone to target specific subsets of substrates. The engagement of distinct
spatially segregated pools of target substrates could potentially explain how inhibitory
MAIs and growth promoting neurotrophins both phosphorylate and inactivate GSK3§
(Zhou et al., 2004). Indeed, following neurotrophin stimulation the inactive pool of
GSK3p is discretely localized at the distal portion of the axon. This is a particularly
important issue when one considers the multiple ligands that regulate GSK3 activity.

The fact that GSK3 can increase or decrease axonal growth, depending on the
circumstances, is also an important consideration when considering GSK3f as a potential
therapeutic target to promote regeneration following CNS injury or repair in the context
of Alzheimer’s disease or spinal cord injury (Cole et al., 2004b; Zhou et al., 2004).
Based on previous findings indicating growth promoting and neuroprotective effects of

GSK3B inhibition, clinical trials in spinal cord injury using a combination of stem cells
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and the GSK3p inhibitor lithium are being pursued (Cyranoski, 2007). The findings we
present here suggest that high doses of lithium may in fact impede axon extension raising
concerns regarding the efficacy of such a treatment. The substrate-dependent effects of
GSK3 activation and inactivation indicate that targeting of GSK3 substrates, particularly

CRMP4 may represent a more effective therapeutic strategy than directly targeting GSK3.

CRMP4b phosphorylation and neurite outgrowth inhibition

Our data suggests that overexpression of GSK3p inhibits formation of a CRMP4b-RhoA
complex and may be protective in the context of myelin inhibition. However, the
previously reported pro;apoptotic function of GSK3B (Zhou et al., 2004), makes its
overexpression an unlikely route for therapeutics. Further, GSK regulates the
phosphorylation and activation of many microtubule-associated proteins including APC,
CRMP2, CRMP4, MAPI1b, MAP2, NF, Tau and Kinesin light chain which would be
affected in an overexpression paradigm (Cole et al., 2004a; Zhou and Snider, 2005).
Intriguingly, CRMP2 is hyperphosphorylated in Alzheimer’s disease coincident with
elevated GSK3 activity, although the cellular consequences of this hyperphosphorylation
in vivo remain to be determined (Cole et al., 2004a). Phosphorylation of CRMP2
negatively regulates its activity by inhibiting its binding to microtubule heterodimers and
to subsequently enhance microtubule polymerization (Fukata et al., 2002b). In fact,
CRMP2 is phosphoryiated in a ROCK-dependent manner by Nogo or MAG and may
contribute to neurite outgrowth inhibition via dysregulated microtubule dynamics
(Mimura et al., 2006). While CRMP4 is capable of binding to microtubules (Fukata et al.,

2002b) it is not a ROCK substrate and its in vivo function likely differs from CRMP2 for
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several reasons. First, overexpression of CRMP4a in hippocampal neurons or SHSYSY
cells has a modest effect on axon outgrowth when compared to the robust elongation
effect ot CRMP2a (Cole et al., 2004a). Second, CRMP4b overexpression promotes an
actin based phenotype in DRG neurons promoting the extension of filopodia and neurite
branches (Alabed et al., 2007). This actin-based phenotype is consistent with the ability
of CRMP4 to bundie F-actin (Rosslenbroich et al., 2005) and to bind to RhoA (Alabed et
al., 2007). Third, CRMP4b colocalizes with SV2 positive vesicles and binds to the
endocytic adaptor protein intersectin suggesting a potential role in endocytosis (Quinn et
al., 2003). Finally, it is worth noting that the long isoforms of CRMPs can serve different
functions from the short isoforms, perhaps even serving as CRMPa antagonists (Yuasa-
Kawada et al., 2003). The ability of C4RIP to inhibit CRMP4b-RhoA binding and to
attenuate Nogo- and SB216763-dependent outgrowth inhibition suggests that the role of
dephosphorylated CRMP4b in mediating neurite outgrowth inhibition may be linked to
its ability to bind to RhoA and is suggestive of an actin-dependent phenotype; however,
our additional finding that CRMP4b folds upon itself raises the possibility that C4RIP
may regulate binding between CRMP4b and additional protein interactors.

It is reasonable to propose that GSK3-dependent dephosphorylation of CRMP4b
may influence a Rho-dependent modification of the actin cytoskeleton which may
precede and be necessary for subsequent destabilization of the microtubule cytoskeleton.
Mechanistically, this differs from the effects of simultaneous inhibition of all GSK3f3
substrates. Pharmacologic inhibition of GSK3 at concentrations resulting in
dephosphorylation of all GSK3 substrates, results in impaired axon growth which is

associated with enlarged lamellipodia indicative of enhanced actin polymerization (Kim

170



et al, 2006). This differs from the neuronal response to Nogo which elicits both growth
cone collapse and neurite outgrowth inhibition and is not associated with obvious actin
polymerization. This indicates that only a subset of GSK3 substrates are affected by
Nogo stimulation and while the neurite outgrthh inhibitory phenotype mimics
pharmacological inhibition of GSK, these two events are mechanistically distinct.
Substrate selection and mechanistic differences between growth cone collapse and neurite
outgrowth inhibition are also likely to account for the observation that Sema3A-

dependent GC collapse is associated with increased GSK-3 activity (Eickholt et al., 2002).

CRMP4 Structure

The crystal structures of murine CRMP1 (Deo et al., 2004) and human CRMP2
(Stenmark et al., 2007) have been solved, but in both cases the structure does not include
the amino terminal extension of the long isoforms, nor the carboxy terminal region
containing the GSK3p sensitive phospho-residues. The lack of structural data for the
carboxy terminus of the CRMP proteins is a function of proteolytic susceptibility of this
region (Deo et al., 2004). Our findings suggest that full length CRMPb isoforms may
undergo a fold resulting in a phospho-dependent conformation that regulates additional
protein-protein interactions. For simplicity, our model is presented in the context of a
single CRMP molecule, however it is known that CRMPs form heterotetramers (Wang
and Strittmatter, 1997b). It is possible that intermolecular binding of RhoA to the amino
terminus of one CRMP4b molecule and the DHP region of a second molecule may occur.
Further, it is possible that phosphorylation of CRMP4b in the carboxy terminus may

affect the oligomerization properties of CRMP4b and that RhoA may favor binding to
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CRMP4b monomers or oligomers. Additional protein interactions conferred by phospho-
dependent conformational changes in CRMP4b could play a key role in CRMP function
by regulating binding affinities to upstream regulators such as GSK3 and/or to potential
effectors such as RhoA. We have also identified an additional novel phospho residue in
the unique amino terminal domain of CRMP4b which is a substrate for GSK3p and an in
vitro substrate for DYRK2. A better understanding of the impact of amino terminal
phosphorylation on CRMP4b binding interactions will likely yield additional insights into
CRMP4b function and into intracellular mechanisms regulating neurite outgrowth

inhibition.
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FIGURE LEGENDS

Figure 1 CRMP4b dephosphorylation regulates CRMP4b-RhoA binding and is
stimulated by Nogo-P4. (A-C) PC12 cells (A) or HEK293T cells (B,C) were co-
transfected with myc-RhoA constructs and CRMP4b-VS and subjected to
immunoprecipitation with anti-myc antibody. (A) PC12 cells were stimulated for 8
minutes with Nogo-P4 peptide. (B) Cells were treated for 30 minutes with 200 nM
Calyculin A prior to lysis or cell lysates were treated for 30 minutes with 10 U shrimp
alkaline phosphatase (SAP) at 34° C prior to ixnmuﬁoprecipitation . (D, E) PCi2cells
(D) or cerebellar neurons infected with HSV-CRMP4b-V5 (E) were stimulated for 1 to 8
minutes with Nogo-P4 peptide. Cell lysates were separated by SDS-PAGE and total- and

phosphorylated- CRMP4b (pThr622) was detected by immunoblot.
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Figure 2 Nogo-P4 stimulates CRMP4b dephosphorylation by phosphorylating
GSK3B. (A,B) PC12 cells (A) or cerebellar neurons (B) were stimulated for 1 to 8
--minutes with Nogo-P4 peptide. Cell lysates were separated by SDS-PAGE and total- and
phosphorylated- GSK3f was detected By immunoblot. PKC activity was inhibited prior
to Nogo-P4 stimulation of cerebellar neurons by incubating for 1 hour with 100 nM
G06976. (C) PC12 cells were transiently transfected with CRMP4b-V5 and GSK3p-
S9A for 24 hours then treated with Nogo-P4 peptide for 8 minutes. CRMP4b-V5 was
immunoprecipitated, separated by SDS-PAGE and total- and phosphorylated- CRMP4b

was detected by immunoblot.
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Figure 3 Pharmacologic inhibition of GSK3f inhibits neurite outgrowth in a
CRMP4b dependent manner. (A) Myc-RhoA (WT or 63L), CRMP4-V5 and GSK3p
constructs were transiently co-expressed in PC12 cells or 293T cells. To inhibit GSK3p,
cells were treated overnight with 5 pM SB216763 or 300 nM 6-bromoindirubin-3’-
acetoxime. Cell lysates were subjected to immunoprecipitation with anti-myc antibody
and analyzed by immunoblot with anti-V5 or anti-myc antibodies. (B) Dissociated
cerebellar neurons were treated overnight in serum-free SATO with S uM SB216763 or
300 nM 6-br0moindimbin—3’-acetoxime, fixed and stained with anti-BIII tubulin antibody
to visualize neurite outgrowth. Scale bar, 50 um. (C) HSV-GFP- or HSV-C4RIP-
infected dissociated DRG neurons were grown overnight in the presence of 5 uM
SB216763 or 300 nM 6-bromoindirubin-3’-acetoxime, fixed and stained with anti-B-I11
tubulin antibody. Scale bar, 100 pm. (D,E) Quantification of cerebellar (D) or DRG (E)
outgrowth/cell. Values are normalized to baseline outgrowth with no GSK3p inhibitor
for each experiment. Determinations are from 3 experiments performed in duplicate.

**¥p<0.01 by student t-test.
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FIGURE 3
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Figure 4 The amino terminus of CRMP4b is phosphorylated. (A) Schematic
representation of CRMP4b, CRMP4a and C4RIP. Phospho-residues are indicated in red
with adjacent sequence in white. Phospho-residues are vertically aligned between
CRMP4b and CRMP4a to directly compare the phospho-residue designations. (B)
HEK293T cells were transiently transfected with wild type C4RIP-V5 or C4RIP-V5
alanine substitution mutants and treated for 30 minutes with 200 nM Calyculin A. Cell
lysates were subjected to immunoprecipitation with anti-V5 antibody and immunoblotted
with anti-V35 antibody. (C) HEK293T cells were transfected with pcDNA or CRMP4b-
V5 constructs. Lysates were subjected to immunoprecipitation with anti-V5 antibody and
immunoblotted ‘with a phospho-specific antibody to Ser101 of CRMP4b. Prior to
immunoprecipitation, cells or cell lysates were stimulated with Calyculin A or SAP,
respectively. (D) CRMP4b-V5 was purified from transfected HEK293T cells and
combined with recombinant GSK3p and DYRK2. The protein extract was separated by
SDS-PAGE and immunoblotted with phospho-specific antibodies for Ser101 and Thr622
of CRMP4b. (E) HEK293T cells were transiently cotransfected with GSK33R96A and
CRMP4b-V5 constructs. Lysates were immunoblotted with the phospho-specific

antibody for Ser101 of CRMP4b.
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Figure 5 CRMP4bSer101 is dephosphorylated in response to Nogo-P4 and
regulates binding to RhoA. (A,B) PC12 cells transfected with CRMP4b-V5 (A) or
cerebellar neurons infected with HSV-CRMP4b-V5 (B) were stimulated for 8 minutes
with Nogo-P4 peptide. For PC12 cells CRMP4b-V5 was immunoprecipitated from cell
lysates, separated by SDS-PAGE and total- and phosphorylated- CRMP4b (pSer101)
were detected by immunoblot. For cerebellar neurons, CRMP4b was analyzed directly
from cell lysates. (C) HEK293T cells were transiently co-transfected with CRMP4b-V5
phospho-mutants and myc-RhoA. Cell lysates were subjected to immunoprecipitation
with anti-myc antibody and were immunoblotted with anti-V5 and anti-myc antibodies.
(D) PC12 cells were transiently cotransfected with CRMP4b-V5 phospho-mutants and
mycRhoA and stimulated for 8§ minutes with Nogo-P4 peptide. Lysates were subjected to
immunoprecipitation with anti-myc antibody and immunoblotted with anti-myc or anti-

V5 antibodies.
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Figure 6 C4RIP binds to CRMP4, not RhoA. (A) Schematic representation of full
length and mutant CRMP4 constructs. (B,C) HEK293T cells were transiently
cotransfected with myc-RhoA (B) or C4RIP-myc (C) and CRMP-VS5 constructs. Lysates
were subjected to immunoprecipitation with anti-myc antibody and immunoblotted with
anti-myc or anti-V5 antibodies. (D) HEK293T cells were transiently transfected with
CRMP4b-V5 and C4RIP-myc constructs and subjected to immunoprecipitation with anti-
myc antibody. Prior to immunoprecipitation cells were stimulated for 30" with Calyculin

A.
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FIGURE 6
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Supplementary Figure 1 Schematic representation of neurite outgrowth inhibitory
signaling. Schematic representation of neurite outgrowth inhibition. Previous studies
have demonstrated that inhibitory ligands including Nogo-A bind and signal through an
NgR-containing neuronal cell surface receptor complex (Liu et al., 2002). Both CSPGs
and MAIs signal via activation of the small GTPase RhoA (Dergham et al., 2002;
Niederost et al., 2002; Borisoff et al., 2003; Fournier et al., 2003; Alabed et al., 2006).
MAIl-dependent activation of RhoA is mediated by enhanced intracellular proteolysis of
p75NTR (Domeniconi et al., 2005), and sequestration of RhoGDI (Yamashita and
Tohyama, 2003). LIM kinase- and Slingshot phosphatase-dependent regulation of cofilin
phosphorylation contribute to cytoskeletal rearrangements underlying outgrowth
inhibition (Hsieh et al., 2006). In this manuscript we demonstrate that phosphorylation
and inactivation of GSK3f leads to CRMP4b dephosphorylation and CRMP4b-RhoA
complex formation. CRMP4b-RhoA complex formation may impinge on both actin
(Alabed et al., 2007) and microtubule (Fukata et al., 2002b; Cole et al., 2004b) dynamics
to regulate cytoskeletal rearrangements required for outgrowth inhibition. Active and
inactive versions of molecules are colored in green and red, respectively. Bolded arrows
indicate the direction of signaling upon Nogo stimulation. We also find that CRMP4b
binding to RhoA is regulated by a phosphorylation-dependent conformational change in
CRMP4b (inset). Our data suggests a model whereby dephosphorylation of the carboxy
terminal region of CRMP4b may enhance the folding interaction between the amino and
carboxy termini of the protein and modify the protein conformation to favor
dephosphorylation of CRMP4b at Ser101. Dephosphorylation of Ser101 may then expose

a binding pocket for RhoA.
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CHAPTER S

V. GENERAL DISCUSSION

192



V. 1. Summary

The major aim of this thesis was to study the intracellular events that link MAI
signals to the cytoskeleton and to use this information to develop strategies to promote
regeneration. We were interested in molecules that functionally interact with RhoA to
mediate myelin-dependent inhibition, as potentially more specific targets for therapeutic
intervention. The results presented herein address the importance of iwo RhoA
interacting proteins in translating the effect of MAls on the cytoskeleton. Thé results also
reveal new insights on alternative molecules induced by Nogo-66 that also contribute to
failed regeneration in CNS neurons.
Chapter 2 of this thesis describes the contribution of the rho effector, ROCK to MAI
responses in neurons. We provide direct evidence for the involvement of the RhoA-
ROCK pathway in response to Nogo-66 signalling. Our results were consistent with
previous studies indirectly implicating ROCK using pharmacologic inhibitors (Dergham
et al., 2002; Borisoff et al., 2003; Monnier et al., 2003).
In Chapter 3 of this thesis, we identify the cytosolic phosphoprotein CRMP4b as a novel
RhoA interacting partner that mediates neuronal responses to CNS inhibitors. This
protein is known for roles in actin and microtubule cytoskeletal regulation and our results
are in keeping with other studies also implicating the CRMP proteins with a role in the
Nogo-66 signalling cascade (Mimura et al., 2006). By analyzing the specifics of the
CRMP4b-RhoA association we have generated a molecular antagonist (C4RIP) of
CRMP4b-RhoA binding that circumvents myelin- and CSPG-induced neurite outgrowth
inhibition in vitro. Contrary to previous antagonists that target cytoskeletal proteins such

C3 or Y-27632, the C4RIP antagonist does not affect basal neurite outgrowth. Our results

193



are in keeping with the notion that targeting pathway specific molecules reduces the
potential for side effects. This C4RIP inhibitor has the potential to be a potent and more
specific molecular therapeutic for spinal cord injury.

In Chapter 4 of this thesis, we identify glycogen synthase kinase 3 (GSK3f) as an
important kinase in the MAI pathway that regulates the interactions between CRMP4b
and RhoA. Our results uncover another role for the multitasking GSK3f protein and
propose novel molecular players and regulatory mechanisms in the MAI pathway.

This thesis provides insights into the molecular machinery that is engaged in response to
CNS inhibitors and reveals several novel therapeutic targets to promote axon

regeneration following CNS injury.

V. 2. Pros and Cons of targeting intracellular proteins as a therapeutic approach

The initial discovery that multiple axon outgrowth inhibitors exist may limit the
efficacy of therapeutic strategies aimed at neutralizing individual inhibitory proteins.
This heterogeneity is further compounded by the finding that inhibitory molecules bind to
several receptors. For instance, MAG can bind NgR1, NgR2 (Venkatesh et al., 2005) and
the ganglioside GT1b (Vinson et al., 2001). In addition, NgR1 ligands: MAG, Nogo-66
and OMgp can bind the PirB receptor to mediate growth inhibition (Atwal et al., 2008).
PirB and NgR1 are both coexpressed by similar neuronal cell types.

On the other hand, both MAIs and CSPGs mediate their growth-inhibitory effect
through activation of RhoA identifying a convergent pathway of axon outgrowth
inhibition (Winton et al., 2002). Circumvention of axon outgrowth blockade in the

context of injury will undoubtedly require a more aggressive focus on the identification
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of convergent and pathway-specific downstream intracellular signalling cues rather than
events occurring at the cell surface. A careful balance will need to be achieved to identify
convergent intracellular targets that can be targeted without affecting key endogenous
functions. For example targeting of RhoA or direct actin cytoskeletal regulators will
undoubtedly lead to side effects from affecting critical functions in healthy cells. For
example, suppression of ROCK activity using Y-27632 has been used effectively to
enhance axonal regeneration. Y-27632 treatment enhances sprouting by injured CST and
dorsal column tract axons and accelerates locomotor recovery in adult rodents (Dergham
et al., 2002; Fournier et al., 2003). However it was also noted that Y-27632 also increased
the expression of inhibitory _ CSPGs within the extracellular matrix and activates
astrocytes, which could counteract the growth promoting effects of ROCK inhibition on
axonal growth (Chan et al., 2007). As we progress and explore downstream signals the
general efficacy of the therapeutic approach increases but with a corresponding decrease
in its specificity as undoubtedly several pathways crosstalk. One way to promote
therapeutic specificity is to target neuronal specific molecules to limit side effects on
non-neuronal cells. One advantage of targeting CRMP4b (Chapter 3) is its enrichment in
neuronal cells and the finding that the CRMP4b antagonist C4RIP specifically affects
neurite outgrowth on inhibitory myelin substrates without impacting outgrowth on
control substrates.

We identified this novel interaction between CRMP4b and RhoA that appears
downstream of the Nogo-66 signalling cascade. Atwal et al (2008) found that inhibition
of PirB in NgR1-deficient cerebellar granule neurons only partially rescues the Nogo-

induced axon outgrowth inhibition while completely rescuing axon growth on myelin
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extracts. This suggests that Nogo’s inhibitory effect on outgrowth might be mediated by
additional unknown receptors. This reinforces the notion that identifying and targeting
interactions such as the CRMP4b-RhoA association might be more beneficial and

efficient at reversing axon outgrowth inhibition.

V. 3. C4RIP: CRMP4b antagonist and more

Our data demonstrates a near complete recovery of axonal growth on myelin
substrates. We have also demonstrated biochemical evidence that overexpression of
C4RIP (amino terminus of CRMP4b) selectively disrupts CRMP4b-RhoA association
and not CRMP4a-RhoA. We speculate that C4RIP blocks the association between
CRMP4b and RhoA perhaps by direct steric hindrance. However, our data could indicate
that C4RIP may in fact function as a dominant negative form of CRMP4b, possibly by
binding and sequestering endogenous CRMP4b from its interacting partners. In fact, the
CRMP proteins are known to form homo- and hetero-oligomers, which may be critical to
their function (Wang and Strittmatter, 1997b; Inatome et al., 2000; Ricard et al., 2001;
Leung et al., 2002; Deo et al., 2004). This reinforces the notion that C4RIP could be
binding endogenous wild type CRMP4b. Further, Yuasa-Kawada et al. (2003) found that
overexpression of the amino terminal domain of CRMP2b into CRMP2b-expressing
fibroblasts rescued the microtubule patterns and cell shapes induced by CRMP2b
overexpression alone. Their findings also point towards a potential role for amino
CRMP2b as a dominant-negative form of CRMP2b (Yuasa-Kawada et al., 2003).

We found that overexpression of C4RIP or knockdown of CRMP4 using siRNA

in DRG neurons circumvents myelin-induced axon outgrowth inhibition. It is intriguing
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that C4RIP overexpression appears to be more efficient than knockdown of endogenous
CRMP4 at rescuing from myelin inhibition. Several reasons might account for this
discrepancy: 1) Limitations in the transfection efficiency of the oligonucleotides versus
the high level of infection using the HSV carrier. 2) Limitations in the degree of
CRMP4b suppression versus the high level of C4RIP expression induced by the infection.
3) It is also conceivable that the overexpression paradigm of C4RIP overwhelms the total
endogenous pool of CRMP4b and also sequesters additional target substrates that are

critical for myelin-dependent inhibition.

V. 4. The contributions of CRMP4b to cytoskeletal dynamics

We found that disruption of the CRMP4b-RhoA interaction using C4RIP reverses
myelin- and CSPG-based inhibition. Based on our current understanding of this
interaction and of the C4RIP antagonist, the mediated effect could be through 1) the
disruption of the CRMP4b-RhoA complex and the subsequent blockade of any signalling
event downstream of this interaction 2) the disruption of the function of endogenous
CRMP4b. In addition to acting as a dominant negative CRMP4b, C4RIP could also be
mediating an effect because of the overexpression paradigm since the sequence contains
several motifs such as an SH3 binding domain and therefore this could also impact other
CRMP4b mediators.

By analogy to CRMP2, it is reasonable to hypothesize that CRMP4b’s functions
in regulating the cytoskeleton might be diverse. CRMP4b has a punctuate distribution
and partially colocolizes with sv2 positive vesicles suggestive of a role in exocytosis or

trafficking (Quinn et al., 2003). Endocytosis during neurite inhibition may be important
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for regulating membrane dynamics, or may target the internalization of cell surface
receptors or cell adhesion molecules enabling their temporal and spatial regulation in
response to MAls. Therefore a reasonable hypothesis for CRMP4b’s function could be
through the localization of RhoA to discreet areas within the growth cone to enable RhoA
downstream signalling events. This would be in keeping with a role in trafficking. In fact
under Sema3A signalling Racl and F-actin were shown to be recruited to membrane
ridges and vacuoles (Fournier et al., 2000).

Independently from RhoA, CRMP4b could also be regulating the cytoskeleton.
CRMP4a and CRMP4b might be capable of mediating similar cytoskeletal
rearrangements; however the amino terminal region of CRMP4b is necessary for
recruitment to the appropriate cytoskeletal elements within the growth cone. This is
consistent with the finding that overexpression of CRMP4b but not CRMP4a leads to an
increase in neurite branching (Quinn et al., 2003). CRMP4a was shown to promote F-
actin bundling (Rosslenbroich et al., 2005), this would support the notion that CRMP4a
might be an important regulator of collapse as general loss of actin bundling is a critical
event for growth cone collapse (Zhou and Cohan, 2001). We have found that
overexpression of CRMP4b increases neurite branching and filopodial length. This is
suggestive of an actin based phenotype which could be in keeping with the fact that
CRMP4b binds Intersectin via an SH3 binding motif within the unique amino terminal
region (Quinn et al., 2003). Intersectin is known to activate Cdc42 and mediate actin
polymerization and branching through N-WASP and Arp2/3 (Hussain et al., 2001).
Furthermore, all CRMP proteins including CRMP4 were shown to bind tubulin (Fukata

et al., 2002). However the only member with a role in microtubule assembly is CRMP2.
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This does not rule out a role for CRMP4 in regulating tubulin localization within the

growth cone as these events could be localized within select sites.

V. 5. The role of GSK3p in axon outgrowth inhibition

Our results show that Nogo-66 stimulation induces the dephosphorylation of
CRMP4b at S101 in the amino terminus and at T622 1in the carboxy region. We also
showed that Nogo-66 induced the phosphorylation of GSK3f3 at serine 9 and its
subsequent inactivation towards primed sites. We show that pharmacologic inhibition of
GSK3B mimics myelin-induced neurite outgrowth inhibition.

Surprisingly in a recent study by Dill et al. (2008), pharmacologic inhibition of
GSK3p with lithium in a spinal cord transection paradigm promotes corticospinal and
serotonergic axon sprouting accompanied with improved locomotor function. Their in
vitro data shows pharmacologic inhibition of GSK3 enhances neurite outgrowth of adult
mice dorsal root ganglion neurons and postnatal cerebellar granule neurons on CNS
inhibitors (Dill et al., 2008). Several explanations could account for the differences: 1) it
is conceivable that the regulation of GSK3p by Nogo-66 according to our data accounts
for the acute phase of growth inhibition as is currently accepted for the NgR1 signalling
pathway. 2) The level of lithium (3mEq/kg/day) used in the in vivo Dill study may not
achieve complete inhibition of GSK3f activity in vivo. These conditions would promote
a different spectrum of growth phenotype according to the results by Kim et al. (2006),
whereby in adult DRG neurons, low levels of GSK3[ inhibition leads to axon growth,
whereas strong inhibition of GSK3f activity results in reduced axon growth. This would

mean that the growth promoting effect of GSK3pB inhibition in vivo in the Dill study
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could be attributed to indirect local regulation of additional GSK3pB-dependent factors
that may contribute to axon growth. Further, in a study by Yick et al. (2004) examining
the effect of lithium and ChABC on the regeneration of axotomized rubrospinal tract
(RST) neurons, treatment of lithium alone failed to promote the regeneration of severed
RST axons. However, application of ChABC along with lithium promoted axonal
regeneration of injured RST neurons suggesting that lithium may potentiate the
neuroregenerative function of ChABC. It was suggested that lithium may protect the
injured RST neurons from apoptosis therefore facilitating axon regeneration across the
growth-permissive lesion scar following ChABC treatment (Yick et al., 2004).
Interestingly, combined treatment of lithium together with ChABC relieved the
asymmetry of forelimb use compared with ChABC treatment alone. However treatment
with lithium alone did not improve forelimb function (Yick et al., 2004). This suggests
that although there may be a potential use for lithium in neuroprotection, it is still not
clear what is the contribution to regeneration?

Cole et al. (2006) found that the level of CRMP4a phosphorylation at Thr-514
(equivalent of Thr-622 in CRMP4b) in whole brain lysates of conditional GSK3BS9A
knockin mice is similar to wild type mice. Similar results were found for brain lysates
from transgenic mice that specifically overexpress GSK3 in the brain (Cole et al., 2006).
One explanation for their findings was that CRMP4 might be maximally phosphorylated
in rodent neurons or that the availability of the necessary priming kinase is the limiting
step. In fact, Ser-522 of CRMP4a was also found to be fully phosphorylated in rat brain
lysates as evidenced by the inability to further phosphorylate this site by exogenous Cdk5

(Cole et al., 2008). This same study found that Cdk5 phosphorylation site on CRMP2
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might be resistant to dephosphorylation and therefore propose a mechanism to explain the
high level of phosphorylated CRMP2 in rodent brain. Taken together, these data point
towards the idea that in vivo the regulation of the phosphorylation of the CRMP
molecules might not necessarily correlate with the observed changes in vitro. This
suggests another degree of complexity that may help explain why exogenous
manipulation of GSK3p activity with respect to the CRMP molecules does not represent
the in vitro evidence. In fact, the observed growth recovery in the Dill study after lithium
therapy could be attributed to the impact of inhibiting other GSK3f substrates in vivo and
the subsequent growth promoting and neuroprotective effect induced. In fact lithium has
been shown to be neuroprotective through multiple intersecting mechanisms in a large
number of studies both in vitro and in vivo. The neuroprotective effect extends to
multiple cell lines including cerebellar granule neurons, cerebral cortical cells and
hippocampal neurons (Nonaka et al., 1998a). Protection is also promoted from various
cellular insults as well including glutamate excitotoxicity and the subsequent NMDA-
receptor-mediated calcium influx (Nonaka and Chuang, 1998; Nonaka et al., 1998b). The
neuroprotective mechanisms of lithium are through multiple pathways which include an
induction of the cell survival signalling pathways. Lithium increases cell survival by
inducing brain-derived neurotrophic factor (BDNF) and the subsequent stimulation of
anti-apoptotic pathways including the PI3K/AKT (Franke et al., 2003) and the mitogen-
activated protein kinase pathways (Chang et al., 2003). Lithium also directly inhibits both
GSK30/p isoforms and indirectly activates a large number of downstream effectors and
anti-apoptotic factors including CREB, NF-«kB, Heat shock factor 1 (HSF-1), Activator

protein 1 (AP-1) and B-catenin among others (Bijur and Jope, 2000; Xavier et al., 2000;
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Chen et al., 2003; Gould et al., 2004; Hansen et al., 2004) and the Bcl-2 family of
proteins (Chen and Chuang, 1999; Manji et al., 2000). In conclusion, it would be difficult
in the clinical setting to separate neuroprotection from neurotrophic effect of lithium and
it would be not be possible to ascribe one single functional effect to a single molecule

following lithium treatment.

V. 6. A role for RhoA/CRMP4b in neuronal plasticity?

In the context of learning and memory, LTP/LTD and dendritic spine morphology are
key underlying aspects. Cytoskeletal rearrangememt 1s a cére mechanism for mediating
several cellular key functions. Actin and microtubule dynamics mediate neuronal-repair
inhibition. In addition, spine actin dynamics are crucial for translating and reflecting
alterations in synaptic strength and dendritic spine morphology (Yuste and Bonhoeffer,
2001; Lamprecht and LeDoux, 2004). Therefore it is conceivable that many cytoskeletal
mechanisms recruited in neuronal-injury paradigms could also be key mediators of other
cellular processes. The modulation of the RhoA-CRMP4b interaction in the Nogo-66
pathway is rapid and transient, therefore suggesting a possible involvement in the
regulation of acute insults to the nervous system. This would be in keeping with the
evidence that NgR1 is required for the acute inhibitory activity of the myelin-derived
inhibitors (Kim et al., 2004). However recent data suggest PirB, a receptor originally
identified as an MHCI receptor involved in regulating immune cell activation (Takai and
Ono, 2001), as a novel functional receptor for the MAIs (Atwal et al., 2008). PirB is the
only mouse ortholog of the human leukocyte immunoglobulih (Ig)-like receptor B2
(LILRB2) that was identified as binding partner of Nogo-66 (Atwal et al., 2008). Thus an

alternative possibility is that the RhoA/CRMP4b is engaged in response to stimulation of
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PirB. More data is needed to elucidate the functional relationship between NgR1 and
PirB in contributing to failed regeneration and to the contribution of RhoA/CRMP4b to
plasticity. Several situations are possible: 1) It is conceivable that RhoA-CRMP4b
recruitment might be modulated only downstream of one of the Nogo66 receptors or 2) it
could represent a convergent step necessary for both receptors. Similarly, this same
interaction may be more pronounced in other cellular mechanisms such as synaptic
plasticity. In keeping with a role for NgR1 in ocular dominance plasticity (McGee et al.,
2005), PirB also defines a critical period for the development of the visual cortex (Syken
et al., 2006). These findings point toward the notion that myelin-inhibitory proteins are
intricately linked to neuronal plasticity in addition to their growth inhibitory effect. The
association between these myelin-based molecules and their receptors may constitute a
limiting mechanism for short-term neuronal remodeling in the adult brain. Similarly,
removal of CSPG GAGs using ChABC in the visual cortex partially reactivates ocular
dominance plasticity (Pizzorusso et al., 2002). This connection between limiting neuronal
growth and neuronal plasticity is also evident in other neural specific mediators of axon
growth. For example, CRMP2 and CRMP4 expression correlate with adult cortical
reorganization in response to deafferentiation of the visual cortex (Cnops et al., 2007).
The CRMP proteins are also known to persist in areas with high degrees of synaptic
remodeling, such as the cerebellum, the hippocampus and the olfactory system (Ricard et
al., 2000; Cameron and McKay, 2001; Ricard et al., 2001). Further, CRMP1, CRMP2
and CRMPS5 appear differentially regulated in newly generated neurons of the olfactory
system in keeping with participating with systems requiring permanent neurogenesis in

the adult brain (Veyrac et al., 2005). More recently, CRMP1 was implicated as well in

203



synaptic remodeling. CRMP1 may be important in LTP maintenance in the CA1 region
for hippocampal-dependent spatial learning and memory (Su et al., 2007). Taken together
these findings point towards the idea that molecules and interactions involved in axon
outgrowth inhibition most likely contribute to the same extent or even more so to
neuronal remodeling. Therefore, the CRMP4b-RhoA interaction could potentially

contribute to neuronal plasticity and remodeling as well.

V. 7. A role for neuroprotection in reversing axonal growth inhibition

We found that C4RIP, an antagonist of the RhoA-CRMP4b complex, reverses
myé]in- and SB216763-induced neurite outgrowth inhibition. We find that
pharmacological inhibition of GSK3p mimics the effect of myelin inhibition on
outgrowth. It is intriguing that C4RIP 1s able to reverse the effect of drug-induced
inactivation of GSK3p since its inactivation undoubtedly affects the phosphorylation
statué of numerous effectors and microtubule associated proteins (MAPs). It is
conceivable that several mechanisms may be mediating this effect. It is possible that
CRMP4b may play a more convergent position in integrating multiple signalling cues
affecting the cytoskeleton or that several RhoA-dependent events require an initial
CRMP4b-induced localization of RhoA to distinct locations within the growth cone.
Therefore the observed reversal of outgrowth inhibition may be in fact attributed to a
neuroprotective effect induced by the combination of several events caused by the
blockade of the RhoA-CRMP4b complex as well as the antagonism of CRMP4b and its
subsequent interactors. In fact, antagonism of CRMP4b might disrupt the function of the

other CRMP isoforms since they exist almost exclusively as heterotetramers (Wang and
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Strittmatter, 1997b; Fukata et al., 2002c¢). Recent evidence demonstrates that the CRMP
proteins may, in addition of holding individualized functions, also display additional
properties based on their intrinsic ability to form heteromers with other CRMP members.
For example, CRMP1lb was found to complex with CRMP2a and participate in
antagonizing the effect of ROCK in mediating RhoA-dependent signalling (Leung et al.,
2002). In fact CRMP1 was also found to function as an invasion-suppressor gene (Steeg,
2001) as levels of CRMPI are downregulated in lung cancer tissue relative to normal
tissue (Shih et al., 2001). These data suggest that blockade of CRMP proteins might not
only protect from outgrowth inhibition by their ability to affect the cytokeleton but may
also have a growth-promoting effect by stimulating the intrinsic growth capacity of
neurons. In fact, in a recent study by He and colleagues (2008), conditional deletion of
the tumor suppressor PTEN in an optic nerve injury paradigm enhanced the survival of
retinal ganglion cells but also promoted robust axon extension (Park et al., 2008). This
mechanism was thought to be mediateci by stimulating and enhancing protein synthesis
necessary for long-distance axon growth. This study suggests a novel potential

mechanism of inducing protein synthesis for promoting axon growth after injury.

V. 8. Inhibitory molecules with multiple functions

More recent data have focused on demonstrating the involvement of the Nogo-66
receptor in multiple systems other than limiting injury-induced axonal growth. In the
context of Alzheimer’s disease, NgR1 physically interacts with both AB and the amyloid
precursor protein (APP) to regulate the production and clearance of A within the brain

(Park et al., 2006b; Park et al., 2006a). Selected NgR1 genetic variants are also involved
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with a possible association to Schizophrenia (Budel et al., 2008). Further, NgR1 is
implicated as a regulator of synaptic plasticity. The Nogo66/NgR1 complex regulates
experience-dependent plasticity of the visual cortex. Deletion of NgR1 prolongs ocular
dominance plasticity into adulthood (McGee et al., 2005). Consistent with the idea of
limiting neuronal plasticity, NgR1 interacts with FGF1 and FGF2 to regulate activity-
dependent synaptic strength by impinginglon the pathways that regulate long-term
potentiation (LTP) (Lee et al., 2008). The notion that molecules, previously implicated in
neuronal-injury, might also impinge on other systems, is therefore suggestive that even
previously characterized protein-protein interactions might also be involved in mediating
several other functions. In fact numerous studies have demonstrated the benefit of
interfering with the Nogo-66/NgR1 complex for stroke recovery (Papadopoulos et al.,
2002; Li et al., 2004a; Seymour et al., 2005). This is in keeping with the finding that
Nogo-A expression is significantly increased after focal ischemic stroke lesion in the
adult rat (Cheatwood et al., 2008). Similarly, Nogo-A appears crucial for oligodendrocyte
differentiation and myelin formation in vivo (Pernet et al., 2008). Genetic deletion or
antibody-mediated neutralization of Nogo-A reduces the appéarance of experimental
autoimmune encephalomyelitis (EAE) symptoms potentially by locally decreasing
inflammatory processes (Karnezis et al., 2004). Therefore antagonizing the interaction
between CRMP4b and RhoA using C4RIP would have the potential application towards

other paradigms including stroke, multiple sclerosis and traumatic brain injury.
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V. 9. General conclusion

The identification and characterization of novel proteins in the Nogo-66 signaling
pathway 1s critical to understanding the process of axon regeneration. In this thesis we
focused on the role of RhoA interacting proteins and we have identified a novel
interaction between CRMP4b and RhoA that is regulated by MAIls. We found that
disruption of this complex using C4RIP reverses myelin- and CSPG-based axon
outgrowth inhibition. We further charactenized the specifics of this interaction and
determined that GSK3pB, under Nogo-66 stimulation, regulates the affinity between
CRMP4b and RhoA by affecting the phosphorylation state of CRMP4b. Characterization
of this interaction has revealed insights into novel regulatory mechanisms between
proteins that will ultimately increase our understanding of protein-protein interactions.
Substantial progress has been made in elucidating the molecular identity of negative cues
at the CNS injury site following injury. Based on the current knowledge of inhibitory
influences, a number of interventions have been tested to promote recovery in models of
CNS trauma. These advances represent the first steps in developing viable therapies to

promote axon regeneration following CNS trauma.
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5. RESEARCH PERSONNEL: (stwch additional sheets if prcferred)
el Trainod in the safc use of biologicat
s ‘ Name Department Job Title/Classification | safety cabinets within the last 3
> . yeans? If yes, indicate training date.
‘W Neurology and Neurosurpery | Student/PhD yes/oct 2005
Chris Kent Neurology and Neurosurgery | Studemv/MSc yes/dec 2003
Yazan Alabod | Neurology and Neurosucgery | StudenyMD/PhD Yyes/feb 2005
Madeline Pool | Neurology and Neurosurgery | Post Doc yesfoct 2005
Isabel Rambaldi Neurology and Nwrosurjery Research Assistant yes/oct 2005
Steph Ongtooe Neurology and Neurosurgery | Studcot/MD/PhD yes/mar 2007
| HooaPribiag | Neurology and Newrosurgery | Student/MSc yes/sept 2006

6. Briefly describe:

i) the biobazardous material involved (e.g. bacteria, viruses, human tissues, toxins of biological origin) & designated

biosafety risk group
tissoe culture waste E.Gli DPHS
W‘EC bacterial waster Hew ?'cts]/ ,
exganie-solvents %’2 L \ Ascamoian @l
saze Coaonme! clls) / L\\\sv; ate level 2
(Pum)m/: call lw (Z_z’rw Tl 190307 ———

ii) the procedures involving biohazards
cell lines will be used to express recombinant DNA fragmems produced in vitro by standacd molecular biology techniques. The
constructs to be used represent previously identified proteins that shaw no ability to transform cells.
-ussuemlmewdlbepaformedmanappmvedlammarﬂowhoodlocatedmadodwawd room for this purpose
- personnel working in this area will be suitably trained in sterile wchniqus

- biohazardous waster will be disposed of separately from regular garbage. Cell and bacterial culture waste is placed in biohazard
mnndmbagsandamodavedpriorlodisposal. Liquid waster is peutralized with 0.1% Roccal or sodium hypechlorite solution (3.25%
bleach diluted 1:10)
- containers/equipment leaving the lab will be decontaminated with 1% bleach and 70% ethanol
- working arcas will be regularly wiped with 70% ethanol
- sharps ano digposed in impermeable scaled plastic containers; glass i sealed in cardboard boxes
~ organic/caustic chemicals are stored in a reinforood cabinet sud used in 8 fome hood

iii) the protocol for decontaminating spills .
spills will be decontaminated by:
- allowing serosols to settle ‘
- oovering spill with paper towel and then applying 1% bleach from the periphery mrwards
- after a 30 minte incubation period in the applied bleach, the paper towel will be disposed of in a biohazard bin and subsequently
- spills on clothing will be decontaminated by autoclaving.
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7. Doesthe protocol present conditions (e.g. handling of large volumes or high concentrations of pathogens) that could
increase the hazards?

+..NO

Wanel

&. Do the specific procedures to be employed involving genetically enginecred organisms have a history of safe use?

oot applicable

9. What precautions will be taken to reduce production of infectious droplets and acrosols?
_biosafety cabinets are being used

10. 'Will the biohazardous materials in this project expose members of the research team to any risks that might require
special training, vaccination or other protective measures? If yes, plcase explain.

NO

11. Wil this project produce combined hazardous waste — i.¢. radioactive biobazardous waste, biohazardous animal

NO

carcasses contaminated with toxic chemicals, etc.? If yes, please explain how disposal will be handled.

12. List the biological safety cabinets to be used.

Building Room No Manufacturer Model No. Serial No. Date Certified
77777 FormaScientific 1286 19727-301 sept 2006
Montreal Neurological - FormaScientific 1286 17719-312 sopt 2006
Institute, BTRC BT-106 FormaScientific 1286 17719-311 sept 2006
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5 ¢) KEYWORDS: Using keVWOI‘dS only, list the procedures used on animals (e.g. anaesthesia, breeding colony,
injection IP, gavage, drug administration, major survival surgery, euthanasia by exsanguination, behavioural studies).
For a more complete list of suggested keywords refer to Appendix 1 of the Guidelines
(www.mcgill.ca/research/compliance/animal/forms ).

- ““ythanasia. primary neuronal culture.

6. Animals Use data for CCAC

6 a) Purpose of Animal Use (Check most appropriate one):

1. Studies of a fundamental nature/basic research

2.[[] Studies for medical purposes relating to human/animal diseases/disorders
3.[[] Regulatory testing .

4. ] Development of products/appliances for human/veterinary medicine

5. If for Teaching, use the Animal Use Protoco! form for Teaching (www.mcgill ca/research/compliance/animal/forms )

6 b) Will field studies be conducted? NOX) YES[]If y'cs, complete “Field Study Form™
Will the project involve genetically altering animals? NO [ YES [] If ves. complete SOP #5 or #6
Will the project involve breeding animals? NODJ YES [[] If breeding transgenics or knockouts. complete SOP#4

7. Animal Data

7 a) Please justify the need for live animals versus alternate methods (e.g. tissue culture, computer simulation)

Tissue culture of PC12 cells will be used for biochemical experiments. however these cells only provide a model for
neurons. It is unclear if primary peurons respond to myelin inhibitors in the same way as model cell lines. To develop
antagonists fo myelin-associated inhibitors. it is critical that we understand how theyv signal in their native cellular context. All
results will therefore be validated using primary neuronal cell culture.

7b) Describe the characteristics of the animal species selected that justifies its use in the proposed study ( consider
characteristics such as body size, species, strain, data from previous studies or unigue anatomic/physiological features)
Post natal day 5 (P5)to day8 (P8) mice and rats will be used to culture neurons derived from their dorsal root ganglia .
cerebellum and retina. These ages will be used because at this stage neurons express receptors to mvelin-associated inhibitors
and become sensitive to these molecules. The majority of commercially available antibodies that will be used in the study react
with rat and mouse antigens. Rat or mouse will be used depending on the efficacy of the antibody in each species.

7 ¢) Description of animals
Quality Control Assurance: To prevent introduction of infectious diseases into animal facilities. a health status report of veterinacy inspection certificate may be

If more than 6 colunms are needed, please attach another page

required prior to receiving apimals from all non-commercial sources or from commercial sources whose agimal health status is unknown or questionable.
Quarantine and further testing may be required for these animals.

Sp/strain 1 Sp/strain 2 Sp/strain 3 Sp/strain 4 Sp/strain 5 Sp/strain 6
Species Mouse Rat
Supplier/Source Charles River | Charles River
| Strain CD-1 Sprague
Daxwley
Sex 1 female with | 1 female with
litter litter
Age/Wt P5 toP8 P5 1oP8
75. females 75. females
#Tobepurchased | \iipfiter | with litter
# Produced by in- none none
house breeding
.| # Other

G'ield studies)
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#.needed at one 2 litters  litters
time
# per cage 1 litter 1 litter

| ToTAL#/YEAR | T females | 75, females

with litter with litter

i‘ ) —

‘- 7d) Explanaﬁon of Animal Usage: BASED ON THE EXPERIMENTAL OBJECTIVES OF THE PROJECT,
"describe the number of animals required for one year. Include mformatmn on experimental and control groups, # per
‘group, and failure rates.

For breeding, specify how many édults,ane used, number of offspring produced, and how many offspring are used in
'| experimental procedures.

The arithmetic explammz how the total of animals for each column in the table above is calculated should be made clear.
(Space will expand as needed)

We will produce 1or2 early postnatal mouse or rat cultures per week for neurite outgrowth assays or for biochemical assays.
Each culture requires 1 litter of pups(for a total of 75 females and litter per year).

8. Animal Husbandry and Care
8 a) If projects involves non-standard cages, diet and/or handling, please specify

N/A

8 b) Is there any component to the proposed procedures which will result in immunosuppression or decreased
immune function (e.g. stress, radiation, steroids, chemotherapeutics, genetic modification of the immune system)?

NO X YES [] if yes, specify:
8 ¢) Indicate area(s) where animal use procedures will be conducted:

Building: MNI  Room: BT 105

Indicate area(s) all facilities where animals will be housed:

Building: MNI  Room: Animal Facility

If animal housing and animal use are in different locations, briefly describe procedures for transporting animals:

9. Standard Operating Procedures (SOPs)

Complete this section if you plan to use any of the UACC SOPs listed below. IT IS UACC POLICY THAT THESE SOPS
BE USED WHEN APPLICABLE. Any proposed variation of the SOPs must be described and justified. The Standard
Operating Procedures can be found at the UACC website at www.mcgill.ca/research/compliance/animal/procedures . The
completed and signed SOP form must be attached to the pretocol. '

Check all SOPs that will be used: —
Blood Collection UACC#1 [J | Collection of Amphibian Oocytes UACCH#9 U
Anaesthesia in rodents UACC#2 1 | Rodent Survival Surgery UACC#10 |
Analgesia in rodents UACC#3 [ ] | Anaesthesia & Analgesia Neonatal Rodents UACC#11 M
Breeding transgenicy’knockouts UACCi#4 L] | Stereotaxic Survival Surgery in Rodents UACC#12 O
Transgenic Generation UACCHS {1 | Field Studies Form []
Knockout/in Generation UACC#6 (] | Phenotype Disclosure Form O
Production of Monoclonal Antibodies UACC#7 [} | Other, specify: |
ﬁucﬁon of Polyclonal Antibodies UACC#8. [ [

R

[ 10. Description of Procedures - » B
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[10 a) . IF A PROCEDURE IS COVERED BY AN SOP, WRITE “AS PER SOP”, NO FURTHER DETAIL IS
REQUIRED.

FOR EACH EXPERIMENTAL GROUP, DESCRIBE ALL PROCEDURES AND TECHNIQUES, WHICH ARE NOT
PART OF THE SOPs, IN THE ORDER IN WHICH THEY WILL BE PERFORMED - surgical procedures,

unizations, behavioural tests, immebilization and restraint, food/water deprivation, requirements for post-operative
“Jare, sample collection, substance administration, special monitoring, etc Appendix 2 of the Guidelines

ww.mcgillca/research/compliance/animal/forms ) provides a sample list of points that should be addressed in this
tion.

The rodents will be euthanised (as described in section 10g below) and brains will be used for neuronal cultures.

10 b) Experimental endpoint — for each experimental group indicate survival time
N/A

10 ¢) Clinical endpoint — describe the conditions, complications, and criteria (e.g. >20% weight loss, maximum tumour
size, vocalizing, lack of grooming) that would lead to euthanasia of an animal before the expected completion of the
experiment (specify per species and project if multiple projects involved)

Frequency of monitoring: N/A

10 d) Specify person(s) who will be responsible for animal monitoring and post-procedural care (must also be listed in
section )

Name: Phone #:

10 ¢) Pre-Anesthetic/Anaesthetic/Analgesic Agents: List all drugs that will be used to minimize pain, distress or
discomfort. (Table will expand as needed)

Species Agent l Dosage Total volume(ml) [ Route I Frequency/Duration

(mg/kg) per administration

N/A

10 f) Administration of ALL other substances: List all non-anaesthetic agents under study in the experimental
component of the protocol, including but not limited to drugs, infectious agents, viruses. (Table will xpand as needed)

Species Agent . Dosage Total volume(ml) Route Frequency/Duration
(mg/kg) per administration |
none
10 g) Method of Euthanasia
Specify Species
-] Anaesthetic overdose, list agent/dose/route:
{] Exsanguination with anaesthesia, list agent/dose/route:
mouse andrat | [ Decapitation without anaesthesia *
P5-P8 [[] Decapitation with anesthesia, list agent/dose/route (including CO;)
adult ] Cervical dislocation without anaesthesia *
B Cervical distocation with anaesthesia, ist agent/dose/route (including CO;): CO2 chamber followed by
mouse/rats . . . - -
cervical dislocation
[J €0, chamber only
{1 Other, specify:
] Not applicable, explain:

G ‘or physical method of euthanasia without anaesthesia, please justify: animals are under 10days old

Tll. Category of Invasiveness: | B X c [ p . E []
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Categories of Invasiveness (from the CCAC Categories of Invasiveness in Animal Experiments). Please refer to this document for a
| more detailed description of categories.
Category A: Studies or experiments on most invertebrates or no entire living material.
Category B: Studies or experiments causing litte or no discomfort or stress. These might include holding animals captive, injection,
percutaneous blood sampling, accepted euthanasia for tissue harvest, acute non-survival experiments in which the animals are completely
anaesthetized
: Studies or experiments involving minor stress or pain of short duration. These might inciude cannulation or
'zaa'ans of blood vessels or body cavities under anaesthesia, minor surgery under anaesthesia, such as biopsy; shoﬂpeﬁods of
aint, overnight food and/or water deprivation which exceed periods of abstinence in nature; behavioural experiments on conscwus
animals that involve short-term stressful restraint.
Category D: Studies or experiments that involve moderate to severe distress or discomfort. These might include major surgery under
anaesthesia with subsequent recovery, prolonged (several hours or more) periods of physical restraint; induction of behavioural stresses,
immunization with complete Freund’s adjuvant, application of naxious stimuli, procedures that produce pain, produdwn of transgenics (in
accordance with University policy).
Category E: Procedures that involve inflicting severe pain, near, at or above the pain threshold of unanaesthetized, conscious animals.
Not confined to but may mcbtdeaqmsuretomousmb or agents whose ﬂectv are unknown; exposure to drugs or chemicals ot levels
that (may) markedly impair physiclogical systems and whick cause death, severe pain or extreme distress or physical trauma on
snanacsthetited animalks. According to University policy, E level studies are not permitted.

12. Potential Hazards to Personnel and Animals It is the responsibility of the investigator to obtain the necessary
Biohazard and/or Radiation Safety permits before this protocol is submitted for review.

A copy of these certificates must be attached, if applicable.
 No hazardous materials will be used in this study: X
12 a) Indicate which of the following will be used in animals:

[JTexic chemicals [CJRadioisotopes [JCarcinogens
{Jinfectious agents (includes vectors) {CJTransplantable tumours and/or tissues

12 b) Complete the following table for each agent to be used (use additional page as required):

Agent name

Dosage

Route of administration

Frequency of administration
Duration of administration
Number of animals involved

Survival time after administration

12 c) After administration the animals will be housed in:

[ the animal care facility [] laboratory under supervision of laboratory personnel

Please note that cages must be appropriately labeled at all times.
12 d) Describe potential health risk (s) to humans or animals:

none

12 e) Describe measures that will be used to reduce risk to the environment and all project and animal facility personnel -

N/A

12 f) If using cell lines, have they been tested?
[ Yes If yes, What human and/or animal pathogens have been tested?

[ No If no, justify: We are using well characterized cell lines that are being handled using containment level 2 facilities
and work practices. |

Reviewer's Comments and Modifications (to be completed by ACC only): The Animal Care Committee has
' made the following modification(s) to this animal use procedure protocol during the review process. Please make these
changes to your copy and comply with the recommended changes as a condition of approval.
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