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Summary

1. SUMMARY

Neurotrophic factor signaling modulates differentiation, axon growth and maintenance,
synaptic plasticity and regeneration of neurons after injury. Ciliary neurotrophic factor (CNTF), a
Schwann cell derived neurotrophic factor, has an exclusive role in axon maintenance, sprouting and
synaptic preservation. CNTF, but not GDNF, has been shown to alleviate motoneuron degeneration
in pmn mutant mice carrying a missense mutation in 7bce gene, a model for Amyotrophic Lateral
Sclerosis (ALS). This current study elucidates the distinct signaling mechanism by which CNTF
rescues the axonal degeneration in pmn mutant mice.

Cultured primary motoneurons from pmn mutant embryos show reduced axon elongation
and increased number of axonal swellings with mitochondrial accumulation, a characteristic feature
of many neurodegenerative diseases. In resemblance to the previous in-vivo finding, application of
CNTF, but not GDNF or BDNF, rescued axon elongation deficits in pmn mutant motoneurons.
CNTF mediates its cellular functions through a tripartite receptor complex involving gp130, LIFR
and CNTFRa. Binding of CNTF to this receptor complex activates cytoplasmic STAT3 through
phosphorylation at tyrosine 705 and induces transcription of responsive target genes. In primary
motoneurons, CNTF was observed to phosphorylate STAT3Y7%, however, most of the p-STAT3Y""
remained in the cytoplasm. Cytoplasmic activation of STAT3 was necessary for CNTF induced
axon elongation in pmn mutant motoneurons. Over-expression of wildtype and DNA binding
mutant but not tyrosine phosphorylation mutant of STAT3 completely rescued axon growth defects
in pmn mutant motoneurons upon CNTF application, confirming that a transcription- independent
activity of STAT3 is sufficient for CNTF mediated rescue of axonal pathology. Further studies
showed that activated STAT3 interacts with the cytosolic protein Stathmin and inhibits its
microtubule destabilizing activity. Microtubule stability was altered in pmn mutant motoneurons
with increased level of tyrosinated tubulin, a marker for highly unstable microtubules. Inhibition of
Stathmin activity by lentiviral knockdown or by application of CNTF in pmn mutant motoneurons

significantly reduced the level of tyrosinated tubulin, indicating that CNTF influences microtubule
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dynamics and stabilizes them. CNTF was also observed to enhance microtubule polymerization in
primary motoneurons by suppressing Stathmin activity. These findings indicate that STAT3, apart
from its canonical transcriptional activity plays a vital role in axon maintenance by altering axonal
cytoskeleton through Stathmin and Stathmin inhibition, This effect could be a target for therapy in

neurodegenerative disorders such as motoneuron disease.
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2. Zusammenfassung

Neurotrophe Faktoren beeinflussendie die neuronale Differenzierung, das Wachstum und
die Stabilisierung von Axonen sowie Synaptische Plastizitidt und die Regeneration von Neuronen
nach Verletzung. Der von Schwannzellen synthetisierte neurotrophe Faktor Ciliary neurotrophic
factor (CNTF) spielt eine wichtige Rolle bei der axonalen Erhaltung sowie bei der Induktion und
Reduktion von axonalen Verzweigungen. Die Behandlung der pmn Mausmutante mit CNTF, aber
nicht mit GDNF fiihrt zu einem spéteren Krankheitsbeginn und verminderten Fortschreiten der
Motoneuronendegeneration. Diese Mausmutante, die eine Punktmutation im 7bce Gen trigt, dient
als Modell fiir die Amyotrophe Lateralsklerose. Ziel der vorliegenden Arbeit war es, die zugrunde
liegenden Signalkaskaden aufzudecken, die den CNTF-vermittelten Effekt auf den
Krnakheitsverlauf bei der pmn Maus verursachen.

Isolierte Motoneurone aus pmn-mutierten Embryonen zeigen ein verringertes axonales
Auswachsen und eine erhdhte Zahl an axonalen Schwellungen mit mitochondrialen
Akkumulationen, einer charakteristischen Verdnderung bei vielen neurodegenerativen
Erkrankungen. Die Gabe von CNTF, aber nicht von GDNF oder BDNF, kann diese axonalen
Wachstumsdefekte bei pmn-mutierten Motoneuronen verhindern, dhnlich wie schon zuvor in vivo
gezeigt. Von CNTF ist bekannt, dass es seine Funktion durch einen dreiteiligen Rezeptorkomplex,
bestehend aus gpl130, LIFRf und CNTFRa, vermittelt. Die Bindung von CNTF an diesen
Rezeptorkomplex aktiviert cytoplasmatisches STAT3 durch die Phosphorylierung an Tyrosin 705
und induziert so die Transkription von Zielgenen. In primidren Motoneuronen wurde beobachtet,
dass CNTF Gabe zur Phosphorylierung von STAT3Y'® fiihrt, jedoch, ein GroBteil des p-STAT3Y""
verbleibt im Cytoplasma. Die cytoplasmatische Aktivierung von STAT3 ist erforderlich fiir die
CNTF-vermittelte Axonelongation in den pmn-mutierten Motoneuronen, da die Uberexpression
sowohl von wildtypischem, als auch der DNA-Bindemutante, aber nicht der Tyrosin-
Phosphorylierungs-defizienten Mutante von STAT3 den CNTF-Effekt auf die Axonelongation

vermittelt und dadurch die Transkriptionsunabhidngigkeit dieses Effektes unterstreicht. Aktiviertes
3
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STAT3 interagiert zytosolisch mit Stathmin und inhibiert dadurch die destabilisierende Wirkung
auf Mikrotubuli. In pmn-mutierten Motoneuronen ist die Mikrotubulistabilitit verdndert, da eine
erhohte Menge von tyrosiniertem Tubulin, einem Marker fiir instabile Mikrotubuli, detektiert
werden konnte. Die Reduktion der Stathmin Aktivitdt durch einen lentiviralen siRNA Ansatz oder
durch die Applikation von CNTF in pmn-mutierten Motoneuronen, reduziert die Menge an
tyrosiniertem Tubulin und zeigt daher einen CNTF-vermittelten FEinfluss auf die
Mikrotubulidynamik in Richtung einer Stabilisierung. Weiterhin verstairkt CNTF die
Polymerisierung der Mikrotubuli durch Unterdriicken der Stathmin Aktivitdt. Diese Ergebnisse
zeigen, dass STAT3, neben der bereits bekannten transkriptionalen Aktivitdt, eine wichtige Rolle
auf die Axonerhaltung durch die modulierenden Effekte auf das axonale Cytoskelett iiber die
Interaktion mit Stathmin ausiibt. Diese Stathmin Inhibition durch CNTF konnte ein Target fiir neue

Therapien bei neurodegenerativen Erkrankungen wie der Amyotrophen Lateralsklerose darstellen.
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3. INTRODUCTION

Neurodegenerative diseases are characterized by neuronal dysfunction due to
pathological loss of synapses and neurons in the central or peripheral nervous system. These
include Alzheimer’s disease, Amyotrophic lateral sclerosis, Parkinson’s disease, Huntington’s
disease, but also neuroinflammatory diseases such as Multiple sclerosis in which synapse, axon
and neuronal losses correlate with disease progression. Vast amounts of research in these
disorders have revealed some parallels in molecular and cellular disease mechanisms, such as
formation of protein aggregates and, disruption of long distance axonal transport. Identification
of such similarities provides a sense of hope for finding therapeutic targets to alleviate these

diseases concomitantly.

3.1 Motoneuron disease: Defenition and Pathomechanism

Motoneuron diseases represent a clinically and genetically heterogeneous group of
progressive neurological disorders that destroy cells for controlling muscle activity for body
functions such as speaking, walking, breathing and swallowing etc. Common pathological
feature of this diseases are progressive degeneration and cell death of upper (cortex and brain
stem) and/or lower motoneurons (brain stem motor nuclei and spinal cord). Upper motoneurons
are those motoneurons present in the motor cortex and brain stem that signal to brain stem motor
nuclei and spinal cord. Lower motoneurons in brainstem and spinal cord project to muscle fibers.
Glutamatergic upper motoneurons triggers depolarization of lower motoneurons present in the
ventral horn of the spinal cord, either directly or indirectly via interneurons, which in turn causes
action potential to propagate along axons that innervating the muscle, thereby causing it to
contract (movement). Injury or cell death of upper motoneurons leads to spasticity, stiffness of
limb muscles, hyperactivity of tendon reflexes. The degeneration of lower motoneurons causes

progressive weakening and wasting of muscles and rapid twitching of muscles (fasciculation).
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Motoneuron diseases are classified depending on the cell types that are affected (Donaghy,
1999). First, combined upper and lower motoneurons disorders as observed in amyotrophic
lateral sclerosis (Christensen et al., 1990), second, pure lower motoneuron disorder such as
spinal muscular atrophy (SMA) and third, pure upper motoneuron disorder such as hereditary
spastic paraplegia (HSP) where loss of upper motoneurons in pyramidal tract leads to loss of
control of lower motoneurons and thereby results in spasticity in limbs (Fink et al., 1996).
Several pathological mechanisms are thought to cause motoneuron diseases and have propagated

research to identify therapeutic strategies. Some of them are reported in the following section.

3.1.1 Etiology of motoneuron disease

Amyotrophic lateral sclerosis

Amyotrophic Lateral Sclerosis is the most common form of motoneuron disease with a
prevalence of 2 per 100,000 people. The mean age of onset is 55-60 years, although rare juvenile
form of ALS is also observed. The disease progression varies among individuals with mean
survival of 3 years after onset of symptoms, however some individuals are observed to have
extended life span. Over 90-95% cases of ALS are sporadic. Several sporadic and familial
inherited mutations in various genes have been found in ALS patients. Understanding the
functions of these proteins is essential for identifying the pathomechanism of motoneuron
diseases. First breakthrough in finding a causative gene for ALS was the identification of 11
different missense mutations in Cu/Zn-binding superoxide dismutase gene from 13 different
ALS families (Rosen, 1993). Mutation in the SODI gene is observed in 20% of familial ALS
patients. Several other genes that are associated with fALS are COORF72 (Renton et al., 2011),
Senataxin (Chen et al., 2004), Fused in sarcoma (Vance et al., 2009), TAR DNA binding protein

(Sreedharan et al., 2008), Valosin containing protein (Johnson et al., 2010).
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Spinal muscular atrophy (SMA)

Spinal muscular atrophy is characterized by degeneration of anterior horn cells of the
spinal cord leading to limb. This is an autosomal recessive disorder caused by mutation observed
in survival motor neuron gene SMNI (Bussaglia et al., 1995; Lefebvre et al., 1995). The
incidence of this disease is 1 in 6000. Humans have 2 nearly identical SMN genes, namely
telomeric SMNI and cetromeric SMN2. SMNI codes for full-length protein of molecular weight
32 kDa, whereas the C-T nucleotide exchange at +6 position of exon7 in the SMN2 gene leads to
altered splicing pattern (exclusion of exon 7) and produces SMNA7 protein that eventually gets
degraded in the cell. SMN2 could still code for full-length SMN protein but almost 80-90% of
transcripts are alternatively spliced and thus lack exon 7. Due to deletions or mutations leading
to conversion of SMNI to SMN2, SMA patients show absence of SMNI exon 7, and therefore
reduced amount of SMN full-length protein (Wirth et al., 2006). The severity of the disease

depends on the amount of SMN full-length protein produced SMN2 gene.

Studies so far suggest that in motoneuron diseases there might be a complex interplay
between genetic factors, oxidative stress, protein aggregation, impaired axonal transport,

dysregulated RNA processing and signaling (Ferraiuolo et al., 2011).

3.1.2 Increased oxidative stress

Oxidative stress is caused by an imbalance between generation of reactive oxygen species
and the ability of the cell to detoxify them. Resulting accumulation of free radicals damages all
components of the cell, such as proteins, lipids and DNA. Accumulation of reactive oxygen
species during ageing in post mitotic neurons reduces its ability to cope with toxic mutation,

further exacerbates the symptoms in many neurodegenerative disorders. Higher levels of 4-
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hydroxynonenal, a marker of lipid peroxidation caused by free radicals, was observed in
cerebrospinal spinal fluid (Smith et al., 1998) and serum (Simpson et al., 2004) of SALS patients.
SODI1 is an enzyme that catalyzes the conversion of superoxide (free radical) to oxygen and
hydrogen peroxide. Mutation in SOD1 gene in fALS cases led to the study of role of oxidative
stress in ALS. Increased level of 3-nitrotyrosine, an indicator for peroxynitrite damage, was
observed in spinal cord motoneurons of both fALS and sALS (Beal et al., 1997). Transgenic
mice carrying the mutations in SOD1 develop clinical and pathological phenotypes that closely
resemble human motoneuron disease; therefore, the mutations in SOD1 functions as a toxic gain
of function mutation. The mutations extensively studied are SOD19”** (Gurney et al., 1994),
SOD1%"® (Wong et al., 1995) and SOD1°** (Bruijn et al., 1997). These mice differ in the onset
and severity of disease progression. Increased levels of oxidative damage in DNA, RNA,
proteins, lipids have been observed both in patients and all the mouse model of transgenic SOD1
mice (Andrus et al., 1998; Ferrante et al., 1997). However, mutant SOD1 that is enzymatically
inactive did not modify the onset and progression of motoneuron disease in SOD1 mutant mice
(Subramaniam et al., 2002), suggesting that oxidative damage is not the major cause for

motoneuron disease in ALS.

3.1.3 Impaired axonal transport in motoneuron disease

Motoneurons are highly polarized cells with very long axons and therefore, transport of
mitochondria (energy source), proteins, RNA for protein synthesis, synaptic components to the
distal part of neurons are vital for maintenance of the motoneuron itself. Impaired transport
along the axon (both anterograde and retrograde) is a hallmark feature of many motoneuron
diseases. For instance, mutant SOD1 disrupts both anterograde and retrograde mitochondrial
transport (Marinkovic et al., 2012; Williamson and Cleveland, 1999). Similarly, other mouse
models of motoneuron disease such as pmn- caused by mutation in the 7hce gene that alters a

microtubule assembly (Sagot et al., 1998), SMNA7 (Dale et al., 2011), wobbler- caused by
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mutation in vesicle sorting protein (vps54) (Schmitt-John et al., 2005) also exhibit axonal
transport defects. Microtubule based fast axonal transport is dependent on motor proteins such as
kinesins (anterograde) and dyneins (retrograde). Mutations observed in the components
facilitating the axonal transport are prime targets to understand the disease mechanism in
motoneuron degeneration. Mice carrying missense mutation in dynein heavy chain results in
progressive motoneuron degeneration (Loa mice). Using fluorescent-tagged tetanus toxin, it was
identified that the retrograde transport was perturbed in Loa mice (Hafezparast et al., 2003). A
mutation in the pl150 subunit of dynactin has also been found in a family with a slowly
progressive autosomal dominant form of motoneuron disease with vocal cord paralysis (Puls et
al., 2003). Mutations in KIFSA and KIF1B-beta have been associated with early onset of
heriditary spastic paraplegy (Reid et al., 2002) and Charcot Marie Tooth-type 2A (Zhao et al.,
2001) respectively. Disruption of axonal transport eventually leads to accumulation of cargos
such as mitochondria, vesicles, neurofilaments that are characteristic feature of motoneuron

disease.

3.1.4 Dysregulated RNA metabolism in SMA and ALS

Recent findings in the field of spinal muscular atrophy (SMA), a pure lower motoneuron
disorder, led to intensive studies to understand the role of RNA processing and its transport
along the axons. SMN protein plays a pivotal role in assembly of small nuclear ribonucleo
protein (snRNP) complexes that functions in pre m-RNA splicing (Burghes and Beattie, 2009).
SMN protein is observed both in the nucleus and the cytoplasm. Analysis in spinal cord of
mouse models of SMA showed reduced activity of snRNP assembly in the cytoplasm and
comparable reduction was also observed in other tissues (Gabanella et al., 2007). Therefore, it is
still unclear why motoneurons appear more vulnerable than other types of cells under the
specific conditions of SMN reduction. Primary motoneurons from Smn”;SMN2'® | mouse model

of the severe form of SMA where human SMN2 is introduced to Smn null background (Monani
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et al.,, 2000), exhibit shorter axons and smaller growth cones in-vitro. Ectopic expression of
mutant Smn that retains the ability to induce snRNP assembly did not rescue the axonal
phenotype observed in Smn”;SMN2'® (Carrel et al., 2006) indicating Smn function in
motoneuron goes beyond its classical snRNP biogenesis and presumably SMN might have a
motoneuron specific function. Subsequent studies showed a significant reduction of f-actin
mRNA and protein in growth cones of primary motoneurons while overall levels -actin mRNA
were unaltered (Rossoll et al., 2003). This led to the hypothesis that Smn protein is also involved
in axonal mRNA transport and local translation. Conversely, restoration of f-actin mRNA and
protein levels in Smn”";SMN2'¢ using cAMP treatment (Jablonka et al., 2007) or inhibition of
PTEN (Ning et al., 2010) rescues the axonal defects and increased the life span of SMA mice.
Smn has been observed to interact with mRNA binding proteins hnRNP-R (Glinka et al., 2010),
HuD (Atlas et al., 2004), KSRP (Gu et al., 2002). These proteins bind mRNAs, and are found in
axons. Suppression of hnRNP R in isolated motoneurons or in zebrafish embryos leads to axonal
defects in motoneurons that resemble those identified in Smn deficient motoneurons, thus
supporting the hypothesis that these proteins act together in maintenance of axons. Moreover,
local translation of f-actin mRNA in axonal growth cones is deregulated in primary
motoneurons from Smn”;SMN2® mice (Rathod et al., 2012). These findings indicate that the
mechanisms to facilitate mRNA trafficking and local translation are disturbed in Smn deficient
motoneurons (Fallini et al., 2012).

Recent studies in ALS patients led to identification of some more mutations in
RNA/DNA binding proteins. TAR DNA binding protein-43 (TDP-43) has recently been
identified as a major component of ubiquitinated inclusion bodies in patients with ALS
associated with Frontotemporal lobe dementia (FTLD) (Neumann et al., 2006). Several
mutations have been identified in the glycine rich C-terminal domain of TDP-43 that is
responsible for protein —protein interactions (Mackenzie et al., 2010). TDP-43 is mainly a

nuclear protein with multiple roles in RNA processing, transcriptional regulation, alternative
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splicing and micro RNA processing. Like wise, mutations in another DNA/RNA binding protein
named Fused in sarcoma (Gouilleux-Gruart et al.) were also observed in ALS-FTLD. These
mutations also lead to ubiquitinated inclusions bodies (Drepper et al., 2011; Mackenzie et al.,
2010). However, it still remains elusive whether the mutations observed in FUS/TDP-43 causes
loss of function or toxic gain of function in motoneurons. Since most of the mutations occur in
glycine rich domain of TDP-43 that is involved in protein-protein interactions, it is widely
speculated that mutation disrupt the RNA transport complex, thus leading to motoneuron
degeneration (Ferraiuolo et al., 2011). Various missense mutations in Senataxin, a DNA/RNA
helicase functions in separating RNA/DNA hybrids at transcriptional pause sites (R loops)
(Skourti-Stathaki et al., 2011), was observed in a rare form of juvenile ALS (Chen et al., 2004).
Most recently, a large hexanucleotide repeat expansion (GGGGCC) in the first intron of
C90RF72 chromosome 9p21 has been identified in both familial and sporadic ALS in a Finnish
population (Renton et al., 2011). Function of this protein and how this repeats causes
motoneuron diseases are still unknown. The levels of C9orf72 transcript was observed to
reduced in ALS patients with repeat expansions linking to haploinsufficiency mechanism
(DeJesus-Hernandez et al., 2011). Alternatively, it is also believed that the expansion in RNA
editing process might be impaired due to such large repeats (Polymenidou et al., 2012). These
observations show that RNA metabolism and its transport plays a major role in pathomechanism

of motoneuron disease.
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3.2 Mouse models of motoneuron diseases
Mouse models have been used extensively to study disease mechanism in various forms of
motoneuron disease.

1. SOD1%4, SOD1%7%, SOD1%*’%: mouse models of familial ALS

2. Smn”;SMN2%, Smn™";SMN2'%:SMNA7®: mouse models for SMA

3. pmn: motoneuron disease caused by defective microtubule biogenesis

4. wobbler: motoneuron disease caused by mutation in vesicle sorting protein (Vps54)

5. nmd : mouse model for SMA with respiratory distress-SMARD

3.2.1 Progressive motor neuronopathy (pmn) mouse

The pmn mouse mutant is a spontaneous mutant that was first identified in a stock of
Pan:NMRI (Naval Medical Research Institute) mice at the Panum Institute, Copenhagen in 1988.
Disease inheritance follows an autosomal recessive pattern. Heterozygote animals are normal
and indistinguishable from wildtype mice, where as all homozygous mutants (25 %) developed
clinical symptoms. Atrophy in hind limbs becomes first detectable at an age of 3 weeks and
affected mice die 4 — 6 weeks after birth due to respiratory failure (Schmalbruch et al., 1991).
The hind limb muscle of 4 week old pmn mutant mice showed features of neurogenic atrophy
(Schmalbruch et al., 1991). The motor endplates in gastrocnemius muscle show distinct post
synaptic fold covered with degenerating axons, indicative of dying back neuropathy.
Histological analysis of these mice showed loss of myelinated axons in phrenic nerve that
innervates the diaphragm. Moreover, 30% loss of motoneurons in facial nucleus was observed in
homozygous mutants (Sagot et al., 1996; Sendtner et al., 1992b). These clinical phenotypes
resemble amyotrophic lateral sclerosis (ALS) by progressive death of motoneurons in early

postnatal period (Schmalbruch et al., 1991).
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The underlying mutation in pmn mice was genetically mapped to chromosome 13 in the
region defined by the markers D13Mitl72 and D13Mit207 (Martin et al., 2001). Subsequent
analysis using expression sequence tags and 5’ rapid amplification of cDNA ends (5’RACE)
helped to identify the mutation in the 7hce (Tubulin specific binding chaperone E) gene locus.
Sequencing of pcr products from brain samples of pmn and NMRI mice revealed a T-G
transition at nucleotide position 1682 of the Thce gene. This muation results in a missense
mutation exchanging amino acid tryptophan to glycine at position 524 of the TBCE protein. This
mutation in the 7hce gene co-segregated with the pmn phenotype (Bommel et al., 2002; Martin
et al., 2002).

The protein encoded by the Thce gene is also known as cofactor E and plays an important
role in microtubule assembly. TBCE along with TBCB assists in proper folding of a-tubulin and
also formation o/f tubulin heterodimers, the components of which microtubules are assembled
(Lewis et al., 1997; Lewis et al., 1996; Tian et al., 1996). TBCE protein comprises of three
functional domains, a glycine rich cytoskeleton associated protein (CAP-Glycine) domain,
Leucine rich repeat domain (LRR) and a ubiquitin-like domain (Hahnen et al., 2006). The CAP-
Glycine domain is the site for interaction with a-tubulin (Bartolini et al., 2005; Grynberg et al.,
2003; Parvari et al., 2002). The mutation in 7bce gene causing Typ534Gly substitution affects
stability of the protein. The mutant protein is more susceptible to trypsin digestion indicating
difference in confirmation between the wildtype and mutant TBCE (Martin et al., 2002).
Electron microscopic analysis of phrenic nerve of pmn mice showed loss of microtubule and
increase in neurofilaments (Martin et al., 2002), which was also consistent in cultured primary
motoneurons from pmn mutant embryos (Bender F.L.P Ph.D thesis). Mutations in other regions
of the Tbce gene that abolish the enzymatic activity of the corresponding protein (c.155-
166dell2; p.del 52-55) have been associated with the hypoparathyroidism-retardation-

dysmorphism syndrome (Parvari et al., 2002; Rohde et al., 2003) a rare autosomal recessive
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disorder characterized by short stature due to GH insufficiency, mental retardation, facial

dysplasia and endocrinological defects such as hypocortisolemia.

3.3 Ciliary neurotrophic factor: Effects in the pmn model of motoneuron disease
Neurotrophic factors are members of several families of secreted proteins that are
involved in growth, survival, and maintenance of neurons. Ciliary neurotrophic factor (CNTF) is
a member of neuropoetic cytokine family. CNTF was first identified in chicken eye (hence the
name) supporting survival of ciliary ganglionic neurons in-vitro (Adler et al., 1979). This factor
is also present in high amounts in adult sciatic and other peripheral nerves. Further research has
shown that CNTF is involved in survival of embryonic motoneurons in-vitro (Arakawa et al.,
1990) and in-vivo (Masu et al., 1993), sympathetic neurons (Saadat et al., 1989; Sendtner et al.,
1991) oligodendrocytes (Lillien and Raff, 1990). Cloning and sequence pattern matching
analysis predicted similarities between CNTF and LIF, IL6 (Bazan, 1991). Unlike other
neurotrophic factors, CNTF does not possess a leader sequence that facilitates secretion by
classical ER-Golgi pathway and so far its unclear how CNTF is exposed to the target neurons
(Lin et al., 1989). Expression CNTF is mostly confined to the nervous system, in adult rat,
CNTF mRNA was mainly identified at the optic nerve, olfactory bulb (Stockli et al., 1991),
spinal cord and peripheral nerves such as sciatic nerve (Sendtner et al., 1992¢). In contrast to the
other neurotrophic factors such as BDNF and GDNF, CNTF expression is absent in target
skeletal muscle (Stockli et al., 1989). Expression of CNTF starts early postnatal and does not
peak until 4t postnatal week, which parallels with the differentiation of Schwann cells in the
nerve (Jessen and Mirsky, 1992). In-situ hybridization and immunocytochemistry analysis have
shown CNTF is localised at Schwann cells in the sciatic nerve (Friedman et al., 1992; Simon et
al., 2010). CNTF knockout mice showed no signs of developmental defects until early postnatal

life. After 3 weeks of birth CNTF”" mice develops progressive loss of spinal motoneurons (Masu
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et al., 1993), which parallels with the expression pattern. These findings indicate that CNTF is
important for maintenance of mature neurons but not essential during early development of mice.
Neuropoetic property of CNTF led to studies whether it has therapeutic potentials on
motoneuron diseases. Subcutaneous injections of CNTF to wobbler mice prolonged the disease
progression by 1 month, as measured by behavioural and histological analysis (Mitsumoto et al.,
1994a; Mitsumoto et al., 1994b). In pmn mouse, CNTF treatment was given by intraperitoneal
injection of stable D3 cell line transfected with leader sequence / CNTF genomic DNA construct
that was expressed under control of CMV promoter. CNTF treatment increased the survival and
improved the motor function of pmn mice. Moreover the histological manifestations, such as loss
of axons in phrenic nerve and degeneration of facial motor nucleus were greatly reduced upon
CNTF treatment (Sendtner et al., 1992b). Interestingly, treatment of pmn mice with another
potent neurotrophic factor GDNF improved the loss of spinal and facial motoneuron cell bodies,
but the loss of motor axon in phrenic nerve and the survival of mice were not altered (Sagot et
al., 1996). Similarly, over expression anti-apoptotic protein Bcl-2 in pmn mice also prevented the
loss of facial motoneurons but did not prevent axon degeneration and subsequent death of pmn
mice (Sagot et al., 1995). These findings highlight the role of unique unknown function of CNTF
in axon maintenance of peripheral nervous system. Clinical trials performed by treating ALS
patients with subcutaneous injection of CNTF led to side effects such as fever, cough and local
reactions at the site of injection (BROOKES et al., 1993b). Some group of patients resisted loss

of muscle strength during the time of treatment when compared to placebo treated group.

3.3.1 CNTF signalling components

The receptor that binds to CNTF was identified using ‘tagged ligand panning’ method
and named CNTFRa (Davis et al., 1991). Unlike the receptors used by other neurotrophins -
Trk, receptor for CNTF was similar to Interleukin-6 (IL6) receptor sharing 30% identity but

lacked the cytoplasmic domain. It is anchored to the cell membrane via glycosyl-phosphstidyl-
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inositol linkage (GPI) (Davis et al., 1991). Subsequent screening for CNTF receptor complex led
to the finding that CNTF induce heterodimerization of Glycoprotein 130 (GP130) and Leukemia
Inhibitor Factor Receptor-p (LIFRp), receptors involved in LIF and IL6 signaling (Ip et al.,
1992). CNTF activation is observed only when all three receptors (CNTFR, GP130, LIFRp)
were overexpressed in COS cells, whereas LIF activates GP130 and LIFRP in absence of
CNTFR, moreover, immunoprecipitation studies identified CNTFR to form a tripartite complex
with GP130 and LIFRP (Davis et al., 1993). Expression of CNTFRa is largely confined to
nervous system and skeletal muscle, with prominent expression in upper and lower motoneurons
(Helgren et al., 1994). Unlike mice lacking CNTF, CNTFRa knockout mice die perinataly due
to severe loss of facial motor neurons and lumbar spinal motoneurons (DeChiara et al., 1995).
CNTF binding to this tripartite receptor leads to the activation of Tyk2, a member of Janus
Kinase (BROOKES et al.), which in turn phosphorylates cytoplasmic tail of gp130 and LIFRf
(Stahl et al., 1994; Stahl et al., 1993; Stahl and Yancopoulos, 1994). Prior to CNTF activation,
JAK kinases are inactively associated with LIFRP and Gpl30 and are activated after
heterodimerization (Hirano et al., 1997). The phosphorylated receptors become the docking site
of Signal Transducer and Activation of Transcription 3 (STAT3) (Stahl et al., 1995). STAT3
upon activation gets phosphorylated at tyrosine 705, dimerizes, translocates to nucleus and

activates transcription of target genes.

3.3.2 Signal Transducer and Activation of Transcription (STAT3)

STAT3 was initially identified as a factor involved in IL6 or LIF mediated acute phase
response in liver hence named as Acute Phase Response Factor (APRF). In HepG2 cells,
phosphorylation of APRF/STAT3 was observed by treatment with LIF or IL6 (Wegenka et al.,
1993). The tyrosine phorphorylation of APRF was stimulated with other cytokines (CNTF,
OncostatinM) that uses the GP130 receptor as a signaling receptor (Akira et al., 1994; Wegenka

et al., 1994). Purification from rat liver and sequencing of APRF revealed a 87 kDa band with
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high homology with STAT family of proteins (Akira et al., 1994; Zhong et al., 1994). Upon
cytokine stimulus, STAT3 is phosphorylated; activated STAT3 then dimerizes and subsequently
translocates to the nucleus, binds to the CTGGGA motif in the DNA and activates transcription
of certain target genes (Akira et al., 1994; Darnell et al., 1994). Several genes have been
identified as STAT3 targets, namely, cyclin D1, c-myc, Bcl-2, Bcel-xI, SOCS3 (Turkson and
Jove, 2000). STAT3 functional motifs include an amino terminus involved in dimerization,
coiled coil domain for protein-protein interactions, a central DNA binding domain, a SRC
homology domain (SH2) containing the conserved tyrosine phosphorylation site at 705, and a C-
terminus which plays a roles in transcription activation (Reich and Liu, 2006). Sequence
alignment of STAT3 to STATI, in which tyrosine 701 is phosphorylated revealed high similarity
and that tyrosine (Y) in STAT3 at position 705 could be a putative site of phosphorylation. Site
directed mutagenesis of tyrosine (Y) at position 705 to phenylalanine (F) completely abolished
IL6 induced phosphorylation and downstream signaling (Kaptein et al., 1996). Moreover, it was

also observed that over-expression of mutant STAT3Y'*F

suppressed the phosphorylation
endogenous STAT3 indicating that this mutant form acts in a dominant negative way (Kaptein et
al., 1996). Another phosphorylation at serine 727 of STAT3 was also induced by IL6, although
the time course was slightly slower than tyrosine phosphorylation (Lutticken et al., 1995;
Lutticken et al., 1994). STAT3 dimerization could be homodimer or heterodimer with other
STAT molecules especially STATI. STAT3 homodimerization is favored when serine 727 is
also phosphorylated. Phosphorylation at both sites is required for maximum transcriptional
activity of STAT3 (Shen et al, 2004; Wen et al, 1995). Embryonic fibroblasts from
STAT3%"*""/ STAT3%"*"* mice had 50% loss of transcriptional activity when compared to
wildtype cells (Shen et al., 2004). DNA binding domain of STAT3 was characterized and
localized to the region of 400-500 aminoacids of STAT3 protein. Mutations at two highly

conserved regions within this 400-400 aminoacid stretch of STAT3 completely abolished the

DNA binding capacity of STAT3. First, the aminoacids EE at position 434-435 were mutated to
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AAA and second, aminoacids VVV at position 461-463 were mutated to AAA. These mutants
were phosphorylated and dimerized upon cytokine stimulus, but the DNA binding capacity and
further transcriptional activation were abolished (Horvath et al., 1995; Rajan and McKay, 1998)
Unlike other STAT molecules, STAT3 translocation to nucleus is phosphorylation independent
and mediated by interaction of importin -3a to coiled-coil domain of STAT3 (Liu et al., 2005)
Classical STAT3 knock out mouse in which exons 20, 21 and 22 are excised die at embryonic
day 6-7, indicating that STAT3 plays an important role in early embryonic development before
implantation (Takeda et al., 1997). Conditional ablation of STAT3 in mature neurons using
NFL-Cre as a driver did not reveal any significant difference in survival of motoneurons present
in facial nucleus and spinal cord. However, motoneuron survival after axotomy was impaired in
conditional STAT3 knockout mice (Schweizer et al., 2002). Activated STAT3 has been observed
in various human tumors and tumor cell lines such as breast cancer (Watson and Miller, 1995),
leukemia (Gouilleux-Gruart et al., 1996) and lymphoma (Weber-Nordt et al., 1996) and therefore

STATS3 is considered as an oncogene.

3.3.3 Transcriptional independent activity of STAT3

Although canonical pathway of STAT3 activation leads to translocation to the nucleus
and regulation of its target genes, most of the activated STAT3 remains localized in cytoplasm
and recent studies have identified alternative cytoplasmic targets of STAT3 in various biological
process (Figure 3.1).

First, STAT3 is involved in regulation of microtubule dynamics by antagonizing the
depolymerization activity of Stathmin. Yeast two-hybrid screen of mouse brain library using the
C-terminus of STAT3 (amino acids 395-770) as bait lead to the identification of its interaction
with SCLIP and Stathmin. Stathmin is widely characterized as a microtubule destabilizing
protein and thereby aids in depolymerizing the microtubule network. The interaction of STAT3

with Stathmin attenuates microtubule depolymerization induced by Stathmin in mouse
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embryonic fibroblasts. STAT3 deficient fibroblasts also showed impaired microtubule network,
indicating that it plays an important role in microtubule dynamics (Ng et al., 2006). This
interaction has also been shown to play a role in microtubule dynamics for T-cell migration
(Verma et al., 2009).

Second, STAT3 is involved in cellular respiration by regulating the activity of
mitochondrial complexes I and II of electron transport chain. STAT3 was observed to localize in
mitochondria and interact with complex I components and GRIM 19. Conditional ablation of
STAT3 in heart cells of mice, showed significant reduction in activities of complex I and II of
electron transport chain. Moreover, the mitochondrial activity of STAT3 was confined to serine
phosphorylation at position 727, as overexpression of STAT3%"*™* in STAT3™ cells did not
restore the mitochondrial complex I activity. Surprisingly, STAT3Y7®" and STAT3FF#@+#3344
mutants completely restored mitochondrial activity in STAT3 deficient cells, indicating that
transcriptional activity is not required for this effect (Wegrzyn et al., 2009).

Third, synaptic plasticity was induced by STAT3 independent of its transcriptional
activity. JAK2 inhibition using pharmacological or genetic approaches inhibited NMDA receptor
dependent long-term depression (LTD). The downstream signaling molecule STAT3 was also
involved in JAK2 mediated LTD. Interestingly, LTD was not impaired by blocking the
transcriptional activity of STAT3 using Gallielalactone (Nicolas et al., 2012). The mechanism by

which STAT3 regulates LTD still remains unknown.
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Figure 3.1 Various role of STAT3 in the cell

Schematic representation of various signaling pathways stimulated by STAT3 after cell
stimuation by cytokines.
1. p-STAT3""® wupon cytokine stimulus translocates to the nucleus and activates
transcription of genes required for survival and differentiation (follow red arrows).
2. p-STAT3Y"% in cytosol alters microtubule dynamics by sequestering Stathmin from o/f
tubulin heterodimers and also potentiates LTD via an unknown mechanism (follow green
arrows).

3. p-STAT3%"* localizes to mitochondria and regulates cellular respiration (follow magenta
arrows).
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3.4  Microtubule biogenesis: Role in motor axon growth and maintenance
Microtubules are important component of the cytoskeleton, which helps in maintenance
of shape and integrity of cells. Moreover, microtubules acts as rails along which cytosolic
components are transported within the neuron (fast axonal transport). Microtubules are long
hollow cylinders made up of polymerized o/f tubulin heterodimers. o-tubulin and p-tubulin
heterodimers form a protofilament and 13 such protofilaments yield a helical arrangement
(Figure 3.2A) The head to tail orientation of microtubules renders as polarized structures. The
polarity of the microtubule depends on the orientation of o and f tubulin, with -tubulin exposed
at the faster growing ‘plus’ end and a-tubulin exposed at slower growing ‘minus’ end. In axons,
the microtubules are oriented with their ‘plus’ ends directed towards the axon terminals whereas
in dendrites both orientations are observed. Dynamic instability during polymerization is based
on the effect that a and f tubulin of the heterodimers are bound to GTP that could be hydrolyzed
to GDP. GTP bound to o-tubulin in o and f tubulin heterodimers gives rise to stable

microtubules; whereas GDP bound oa-tubulin are prone to microtubule to depolymerization.

3.4.1 Chaperonin mediated folding of Tubulin

Tubulins monomers (o and 3) interact after translation with prefoldin, a heterohexameric
protein which functions as a chaperone transferring the tubulin monomer to cytosolic chaperone
(CCT) (Vainberg et al., 1998). Chaperonins facilitate the proper folding and formation of a and
B tubulin subunits utilizing GTP as energy source (Gao et al., 1993). The tubulin subunits then
bind to series of tubulin binding cofactors (TBCA-TBCE). a-tubulin binds to TBCB and TBCE
whereas p-tubulin binds to TBCA and TBCD. The tubulin monomers are dimerized by a
complex formation of monomers attached to their respective chaperone (TBCE-a-tubulin and
TBCD-B-tubulin), finally, the o/f tubulin heterodimer are released in presence of TBCC (Lewis

et al., 1997) (Figure 3.2B)
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Figure 3.2: Microtubule biogenesis
(A)Schematic diagram showing microtubule polymerization / depolymerization cycle
(Conde and Caceres, 2009)
(B)Scheme of chaperone mediated formation of o/f tubulin heterodimers (Szolajska and
Chroboczek, 2011)
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3.4.2 Post-translational modifications of Tubulin

In neurons, microtubules are greatly involved in neuronal polarization, trafficking of
components across the axon, remodeling of dendritic spines etc. Although the structure and
components of microtubules are highly conserved, different posttranslational modifications in
tubulins make them highly dynamic and versatile. Nascent a-tubulin after translation has a C-
terminal tyrosine aminoacid (Tyr-Tubulin), and this is found in most of the a-tubulin genes
across different species. Newly assembled o/f} tubulin heterodimers exhibit this C-terminal
tyrosine thus marking highly dynamic and readily available subunits for polymerization into
microtubules. Removal of tyrosination from a-tubulin was initially observed in 1973, this
process is mediated by at least one unknown carboxypeptidase (Barra et al., 1973). The process
is reversed by the enzyme Tubulin tyrosine ligase (Raybin and Flavin, 1977). Tyrosinated
tubulin was observed to be crucial for kinesin-1 to distinguish axon and dendritic compartment.
The tyrosinated tubulin which is abundant in dendrite prevents binding of kinesin-1 to
microtubules, thereby navigating it and its associated cargo to axons (Konishi and Setou, 2009).
Furthermore, CLIP170, a +TIP end binding protein, interacts with tyrosinated tubulin and its
activity is thus concentrated in growth cone (Robson and Burgoyne, 1989). Detyrosinated
tubulin can be further modified by removal of a penultimate glutamate residue resulting in A2-
tubulin that cannot be reversed to detyrosinated state. Once the glutamate residue is removed it
cannot be reversed, this makes microtubules more stable and less vulnerable for
depolymerization. Another important tubulin posttranslational modification observed is
acetylation at lysine 40 of o-tubulin (L'Hernault and Rosenbaum, 1985). Several
acetyltransferases such as ARD1-NATI1 (Ohkawa et al., 2008) and Elongator protein complex
(ELP complex) (Creppe et al., 2009) have been shown to increase the acetylation of tubulin. This
reaction is reversible involving deacetylases such as Histone deacetylase 6 (Hubbert et al., 2002)
and Sirtuin2 (North et al., 2003). Acetylation occurs in the microtubule polymer state and is

widely consideredto mark a stable form of tubulin. Overexpression of HDAC6 led to reduced
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levels of acetylated tubulin and increased its propensity to microtubule depolymerization (Tran
et al., 2007). Microtubule acetylation is often associated with neuronal differentiation (Falconer
et al., 1989). Microtubule dynamics is critical for neuronal polarization; recent evidence from
cultured hippocampal neurons in-vitro showed increased microtubule stability in the axonal shaft
of single neurites, which then develops into the future axon. The neurites where the microtubules
are highly unstable (high tyrosinated tubulin) develops into dendrites (Witte and Bradke, 2008;
Witte et al., 2008). Alteration of tubulin dynamics towards stabilization by treatment with taxol
has been shown to reduce tissue scarring after spinal cord injury and to support axon
regeneration (Hellal et al., 2011). These findings suggest that the post-translational modifications
of tubulin are important in providing the basis for regulatory mechanisms of neuronal

differentiation, transport and axon guidance (Janke and Bulinski, 2011).

3.4.3 Stathmin, a microtubule destabilizing protein

Various proteins other than o and 3 tubulin and its own posttranslational modifications
regulate microtubule dynamics. They fall into two categories, the first category represents
microtubule associated proteins (MAPs) that induce microtubule polymerization by either
promoting microtubule polymerization or by arresting their depolymerization. Tau and MAP1B
were observed to associate with microtubules near the growth cone region and promote axon
length. The second category includes microtubule-destabilizing proteins such as Stathmin family
members. This protein family includes Stathminl, SCG10, SCLIP and RB3. Stathminl is a 19
kDa oncoprotein that was identified as a regulatory phosphoprotein in signal transduction
controlling cell proliferation and differentiation. Sequence analysis of Stathmin showed the
regulatory domain with phosphorylation sites to be present in the amino terminal and carboxy
domain contains o helixes, presumably for interaction with coiled coil domain proteins (Beretta
et al.,, 1993; Maucuer et al., 1993). Search for interacting proteins to carboxy terminal of

Stathmin revealed tubulin as a binding partner (Curmi et al., 1997). Characterization of this
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interaction helped to understand the function of Stathmin protein in microtubule dynamics,
Stathmin interacts with two molecules of soluble o/f tubulin heterodimers in phosphorylation
dependent manner to form a tight ternary T2S complex. The o/f tubulin heterodimers bound to
Stathmin T2S complex cannot polymerize to microtubules, and thereby Stathmin acts as a
tubulin sequestering factor that arrests microtubule polymerization. Stathminl does not bind to
the microtubules to promote microtubule catastrophe (Jourdain et al., 1997). There are 4 serine
phosphorylation sites in Stathmin at positions 16, 25, 38, 63 that negatively regulates the
sequestering of tubulin by Stathmin (Di Paolo et al., 1997). Other members of the Stathmin
family have similar domain pattern such as Stathmin. The amino terminal regulatory domain and
carboxy terminal interaction domain are highly conserved, and variations occur in length of
amino terminal presumably for specific targeting. Stathminl is ubiquitously expressed unlike
other members that are exclusively present in the nervous system. The function of SCGIO,
SCLIP and RB3 are very similar to Stathminl in sequestering o/f tubulin heterodimers,
although they vary in the kinetics and the strength of T2S complex formation. Surface plasmon
resonance analysis on different members of the Stathmin family for binding to o/f tubulin
heterodimers showed higher stability and slow kinetics for RB3 and medium stability and
kinetics for SCLIP, SCG10 and Stathminl (Charbaut et al., 2001).

High expression of Stathmin family members in nervous system prompted functional
studies on the role of these molecules in neuronal differentiation. Stathmin knock out mice did
not show any obvious developmental phenotype, but aging mice developed axonopathy both in
the central and peripheral nervous system. Stathmin” mice showed degenerating axons,
demyelination, reduced motor nerve conduction velocity (Liedtke et al., 2002), deficits in long-
term potentiation and decreased learning in amygdala fear conditioning (Shumyatsky et al.,
2005). SCG10 is found to be phosphorylated by c-Jun N-terminal Kinase, this phosphorylation
regulates microtubule dynamics and leads to increased neurite outgrowth in cortical neurons

(Tararuk et al., 2006). Another study showed that activation of voltage gated calcium channels
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leads to CaMKII dependent phosphorylation of Stathmin at serine 16, and subsequent
microtubule stabilization and formation of dendritic arborization (Ohkawa et al., 2007). Thus,
the functional correlation between Stathmin and neurite outgrowth by altering microtubule
dynamics in various models provides evidence that Stathmin might play a vital role in axonal

maintenance and possible therapeutic target to treat neurodegenerative diseases.

3.5 Role of TBCE in synapses

Microtubule and microfilament dynamics in the neuronal growth cone are critical for
reaching the target tissue and for forming mature synapse. The dynamic growth cone responds to
the external stimuli such as ephrins, laminin by locally altering microtubule and microfilament
dynamics.

Recent studies in Drosophila melanogaster have opened a new perspective on the
function of microtubules in synapses. Futsch, the Drosophila homologue for MAP1B, was
observed to regulate the formation and stabilization of microtubule loops in synaptic boutons.
Formation of these microtubule loops in which Futsch was present correlated with bouton
division. Futsch null mutants that are unable to maintain microtubule loops and had reduced
number of boutons (Roos et al., 2000). Another intriguing finding is the localization of TBCE in
NMJ’s of Drosophila melanogaster in-vivo (Jin et al., 2009) and the enrichment in growth cones
of mouse primary motoneurons in-vitro (Bender FLP Ph.D thesis) suggesting that TBCE might
have a novel function at synapse. Tissue specific knockdown of TBCE in neurons and target
muscle lead to locomotion defects in Drosophila melanogaster (Jin et al., 2009). Closer look at
the NMJ revealed increased bouton number and decreased bouton size demonstrating that TBCE
is required for normal development of NMJ. Increased neurotransmission, reflected by higher
excitatory junction potential, was observed upon pre-synaptic alteration of TBCE, presumably
because of increased synaptic vesicle size. Interestingly, overexpression and knockdown of

TBCE in the pre-synaptic compartment resulted in similar phenotype both in number of boutons
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and synaptic transmission suggesting that TBCE expression is involved in the precise control of
microtubule dynamics required for normal NMJ function (Jin et al., 2009).

A recent study from Dr. N Funk identified TBCE-like protein, a homologue of TBCE in
Drosophila and Human, as an interaction partner in yeast-two-hybrid screen using Synapse
Associated Protein 47 (SAP47) as a bait (unpublished results). SAP47 was identified from a
screen using a hybridoma antibody library of Drosophila brain extracts (Hofbauer et al., 2009).
Selective staining of synaptic terminals in immunohistochemical preparations was used as a
parameter to screen the antibodies. Western blot analysis of Drosophila brain homogenates with
MAB nc-46 recognized a protein of 47 kDa size (Hofbauer et al., 2009; Reichmuth et al., 1995).
Ultrastructural analysis showed that SAP47 was localized within 30 nm of a synaptic vesicle.
Functional analysis of SAP47 was carried out using Sap47'°° null allele, SAP47 null flies are
viable and fertile, they exhibit normal motor performance and neurotransmission at NMJ.
However, these flies showed 50% loss of associative learning in odorant conditioning
(Saumweber et al., 2011). The mouse homologue of SAP47 is Synapse associated protein 1
(SYAPI). The function of this protein is still unknown. The Syapl gene maps to the X-
chromosome in mouse and codes for a transcript length of 2087 bp and translated to a protein of
365 aminoacids. Expected molecular weight of this SYAP1 protein is around 42 kDa. In
hindsight, with the existing knowledge of SAP47 interaction with TBCE-like protein, functional

characterization of SYAP1 might be helpful for understanding the role of TBCE in synapses.
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3.6  Goal of the thesis

Neurotrophic factors produced by the target tissues promote survival, regeneration of
injured axons and axonal maintenance. Treatment with CNTF prevents axonal degeneration of
motoneurons and death in pmn mutant mice (Sendtner et al., 1992b) which carries a point
mutation in Thce gene leading to a unstable mutant protein TBCE"**“ (Bommel et al., 2002;
Martin et al., 2002). On the contrary, GDNF, another potent neurotrophic factor only rescued the
loss of motoneurons but did not prevent axon degeneration and disease progression in pmn mice
(Sagot et al., 1996). Similarly, over expression of Bcl-2 in motoneurons in pmn mutant mice
prevented the death of cell bodies, but did not influence the disease onset or progression (Sagot
et al., 1995) Taken together these findings indicate CNTF has a distinct role in axonal
maintenance. The work presented in this thesis aimed to characterize the molecular mechanism
by which CNTF in contrast to other neurotrophic factors prevents axon degeneration in pmn
mutant motoneurons in-vitro. Additionally, regulation of the mutant form of TBCE that is
responsible for motoneuron degeneration in pmn mice was analyzed with respect to its stability.
We also checked whether CNTF could regulate TBCE at the transcriptional and translational
level.

Since TBCE has been observed to play a role in maintenance of the neuromuscular
junction and the regulation of neurotransmission in Drosophila (Jin et al., 2009) and its
homologue E-like protein was identified in yeast-two-hybrid screen to interact with Drosophila
Synapse Associated Protein 47 (SAP47), this present study by utilizing various molecular
techniques addressed whether TBCE interacts with mouse synapse associated protein 1
(SYAPI), a homologue of SAP47. Moreover, this work also characterized the mouse SYAPI

protein, with the goal to understand the function of TBCE in synapse.
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4. MATERIALS AND METHODS

4.1 MATERIALS

4.1.1 Animals

All laboratory animals were bred in the animal husbandry of Institute of clinical
neurobiology, University of Wiirzburg. They were maintained in 12h/12h day night cycle with
proper access to food and water. Following animals were used in this present study.
4.1.1.1 CD-1

CD-1 mice were used as a wildtype mouse in this study. These were maintained as an
outbred line obtained form Charles River animal facility.
4.1.1.2 pmn

pmn mouse was identified as spontaneous mutant in a colony of Pan: NMRI mice at the
animal department of the Panum Institute in Copenhagen (Schmalbruch et al., 1991). These mice
were maintained as an outbred strain (NMRI background) as the litter size was larger than inbred
strain (C57 BL/6).
4.1.1.3 NFL-Cre*®

NFL-Cre" mouse line was generated and characterized by Ulrich Schweizer (Schweizer
et al.,, 2002). The Cre recombinase was cloned under human NF-L promoter. The transgenic
mice expressed Cre recombinase in brain and spinal cord, but not in other organs such as kidney,
liver and spleen. This mouse line was cross bred to STAT3" to generate STAT3*?;NFL-Cre'?"¢,
and subsequently used to generate conditional ablation of STAT3 in primary motoneurons
(Schweizer et al., 2002).
4.1.1.4 STAT3"? and STAT3™

STAT3"? and STAT3™ mouse were generated in Shizuo Akira’s laboratory. The Mouse
STAT3 gene consists of 24 exons spanning a region greater than 37 kb and located in

chromosome 11. The gene structure is similar to human STAT2 (Shi et al., 1996). STAT3X?
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mice was generated by targeting genomic fragment containing exons 20, 21 and 22 of STATS3.

Mice heterozygous for STAT3XC

were phenotypically normal and viable. The homozygous mice
dies at embryonic day 7.5 (Takeda et al., 1997). The STAT3"" mouse was generated so that the
STAT3 tyrosine phosphorylation could be removed by tissue specific expression of Cre
recombinase. The mouse carries loxP sites flanking exon 22 (Takeda et al., 1998), which codes
for region containing tyrosine 705 aminoacid.

Conditional STAT3 knockout (KO) was achieved by crossing a mouse line homozygous
for NFL-Cre' and carrying a STAT3 null allele (STAT3Y“*O;NFL-Cre'®'¢) with mice
homozygous for loxP flanked STAT3 (STAT3"M), as previously described (Schweizer et al.,
2002). To obtain STAT3 deficient pmn mutant (pma™ ™ ;STAT3"*O;NFL-Cre'®) embryos,
STAT3*O™.NFL-Cre'®"¢ and STAT3"" mice were crossed with pmn™™" mice to generate

STAT3"XO;NFL-Cre';pmn™"™" and STAT3"™:pmn™™"' animals. These 2 lines served as

parental generation for litters that contain STAT3 deficient pmn mutant embryos.

4.1.2 Cell Lines

4.1.2.1 HEK 293T cell line:

Human Embryonic Kidney 293 cells were used to generate lentiviruses and protein
expression studies. HEK 293T cells are a highly transfectable derivative where simian virus 40
(SV 40) large T antigen was inserted (DuBridge et al., 1987). This allows episomal replication of
transfected plasmids containing the SV40 origin of replication.
4.1.2.2 Neuro2A cell line

Mouse neuroblastoma cell line was used for protein expression studies.
4.1.2.3 NSC 34 cell line

NSC 34 cells are mouse-mouse hybrid cell lines generated by fusion of neuroblastoma
and motoneuron isolated from embryonic day 12-14 spinal cord. These cells possess motoneuron

like properties such as generating action potentials, acetylcholine synthesis, storage and release
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(Cashman et al., 1992). These cells are also used for studies in neurotrophin receptor trafficking

(Matusica et al., 2008).

4.1.3 Buffers and Reagents

4.1.3.1 SDS-PAGE and Western Blot

Resolving gel:
Percentage of the Gel
Reagents 6 8 10 12
30% Acrylamide bis-acrylamide (29:1) 3ml 4 ml 5ml 6 ml
1.5 M Tris-HClI pH 8.8 3.75 ml 3.75 ml 3.75 ml 3.75 ml
10% SDS 150 pl 150 pl 150 pl 150 pl
10% Ammonium persulfate 150 pl 150 pl 150 pl 150 pl
T.EM.E.D 10 pul 10 pl 6 ul 6 ul
Water (Millipore grade) 7.95 ml 6.95 ml 5.95 ml 4.95 ml
Stacking gel:
Reagents 4%
30% Acrylamide bis-acrylamide (29:1) 1.7 ml
1 M Tris-HCI pH:6.8 1.25 ml
10% S.D.S 100 pl
10% Ammonium persulfate 100 pl
T.EM.E.D 10 pl
Water (Millipore grade) 6.8 ml

Table 4.1: Composition of SDS polyacrylamide gel

31



SDS running buffer (10 X) 1L

Laemmli buffer (5X)

TBS pH:7.4 (10X) 1L

TBST pH:7.4

Blocking buffer and diluent for antibody:

Diluent for antibodies raised against

phosphorylated proteins

Stripping buffer pH:2.2 1L

4.1.3.2 Buffers for protein extraction

RIPA buffer (Total protein)

Materials & Methods

30.3 g Tris Base
144 g Glycine
10 g SDS

4% SDS

125 mM Tris-HCI pH 6.8
10% mercaptoethanol
20% glycerol

0.004% bromophenol blue

0.2 M Tris Base
1.5 M NaCl

100 ml 10X TBS
0.5% Tween 20

Made up to 1L with millipore water

5% Non fat milk diluted in TBST, boiled for 10

minutes at 99°C

5% Bovine serum albumin diluted in TBST

15 g glycine
1 g SDS
10 mL Tween 20

50 mM Tris HCI pH: 7.6
150 mM NacCl

1% NP 40

1% Sodium deoxycholate
0.1% SDS

2 mM EDTA
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Nuclear fractionation buffer

(Also used for immunoprecipitation)

Microtubule fractionation buffer

(Also called PHEM Buffer)

Materials & Methods

Protease inhibitor 1X (Soto et al.)
1 mM Sodium fluoride

10 mM Sodium pyro phosphate

1 mM okadoic acid

2 mM Sodium orthovanadate

50 mM Tris HCI

150 mM NacCl

1% NP 40 or 1% TritonX 100
Protease inhibitor 1X

2 mM EDTA

1 mM Sodium fluoride

10 mM Sodium pyro phosphate
1 mM okadoic acid

2 mM Sodium orthovanadate

60 mM PIPES
25 mM HEPES
10 mM EGTA
2mM MgCl2

4.1.3.3 Buffers for DNA extraction and Agarose gel electrophoresis:

DNA extraction buffer

TAE buffer (50X) 1L

10 mM Tris pH: 7.5
200 mM NaCl
0.2% SDS

5mM EDTA

2M Tris Base

50 mM EDTA pH:8.0

57.2 ml Glacial acetic acid
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Sodium Boric acid buffer (20X)
4.1.3.4 Buffers for cell culture:

Borate buffer

Depolarization buffer

10 mM Tris HCI pH:9.5

137 mM NacCl
725 mM Boric acid

0.15 M Boric acid ph: 8.35

30 mM KCl1
0.8% NaCl
2 mM CaCl2

Poly D-L-ornithine 1X diluted in borate buffer

4.1.3.5 Buffers for immunocytochemistry:

Paraformaldehyde 4% pH:7.4

PBS (1X) IL

Blocking buffer

4 g paraformaldehyde

50 ml water

Materials & Methods

Few drops of NaOH dissolved at 60°C

41 ml of 0.2 M Na,HPOq,
9 ml of 0.2 M NaH,PO,

8 g NaCl
0.2 g KCl
1.44 g Na,HPOy4
0.24 g NaH,PO4

15% Goat serum
0.3% TritonX 100
Diluted in TBST

4.1.3.5 PHEM buffer microtubule re-growth assay:

60 mM PIPES
25 mM HEPES
10 mM EGTA

2 mM MgCl,

Protease inhibitor 1X
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4.1.4 Media for cell culture

4.1.4.1 Motoneuron cell culture

Materials & Methods

Neurobasal with 1X Glutamax
2% horse serum

1X B27 supplement

BDNF 5 ng/ml, CNTF 10ng/ml

4.1.4.2 HEK 293T, NSC 34, N2A cell lines

4.1.4.3 Neural stem cells

4.1.5 Chemicals

30% Acrylamide bis acrylamide (29:1)
Acetic acid

Agarose

Ammonium persulfate

B-27 supplement

Basic FGF

BDNF

Bromophenol blue

Bovine serum albumin

Boric acid

CNTF

Di-Sodium hydrogen phosphate
DMEM

EDTA

EGTA

DMEM with 1X Glutamax
10% fetal bovine serum
1X non essential amino acids

1X penstrep

Neurobasal with 1X Glutamax

1X B27 supplement

1X Penstrep

bFGF 20 ng/ml, EGF 20 ng/ml, LIF 10 ng/ml

Applichem

Merck

Applichem

Sigma
GIBCO-Invitrogen
Cell concepts
Home made
Merck

Applichem
Applichem
Institute of Clinical Neurobiology
Merck
GIBCO-Invitrogen
Merck

Sigma
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EGF

Ethanol

Glutamax

Glycine

Goat serum

HBSS

HEPES

Horse serum

Laminin

LIF ESGRO"

Magnesium chloride
Mercaptoethanol

Methanol

Milk powder

Non essential amino acids
Neurobasal

Okadoic acid

Page ruler pre stained protein ladder
Penstrep

PIPES

Poly D-L-Ornithine

Protease inhibitor complete mini
Proteinase k

Sodium chloride

Sodium di-hydrogen phosphate
Sodium pyrophosphate
Sodium Fluoride

STAT3 inhibitor VI, S31-201
TEMED

Tris Base

TritonX 100

Tween 20

Trypsin

Trypsin inhibitor

Cell concepts
Sigma
GIBCO-Invitrogen
Merck
Liniaris

PAA

Sigma
Liniaris
Invitrogen
Millipore
Sigma
Merck

Sigma
Applichem
Invitrogen
GIBCO-Invitrogen
Calbiochem
Fermentas
Invitrogen
Sigma
GIBCO
Roche

Roche

Merck
Merck
Merck
Merck

Santa Cruz Biotechnology, inc.

Merck
Merck
Sigma
Sigma
Worthington

Sigma
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4.1.6 List of Antibodies

Materials & Methods

Antibody Species Dilution Company
a-tubulin Mouse WB-1:5000 IF-1:2000 Sigma
Acetylated tubulin Mouse WB-1:5000 IF-1:2000 Sigma
GAPDH Mouse WB-1:5000 Calbiochem
Y-tubulin Rabbit IF-1:1000 Abcam
GFAP Mouse WB-1:5000 Abcam
B-tubulin Mouse WB-1:2500 IF-1:1000 Sigma
Histone3 Rabbit WB-1:20000 Abcam
Stathmin Rabbit WB-1:2000 Abcam
Stathmin Rabbit WB-1:2000 IP-1:100 Abcam
STAT3 Mouse WB-1:5000 IF-1:1000 Cell signaling
pSTAT3Y"” Rabbit WB-1:2000 Cell signaling
pSTAT3%7? Rabbit WB-1:2000 Cell signaling
p75" ™R Mouse Panning: 15 ng/ml Prof. Rush lab
TBCE Rabbit WB-1:2000 IF-1:1000 Prof. Sendtner lab
Tyrosinated tubulin Rat WB-1:2000 IF-1:2000 Abcam
SYAP1 Rabbit WB: 1:1000, IF:1:1000 Sigma

Table 4.2: List of Antibodies
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4.1.7 List of Plasmids

Materials & Methods

Vector

Source

pLL3.7 sh-Stathmin

Cloned by Dr. Florian Bender

pLL3.7 sh-Stathmin mismatch

Cloned by Dr. Florian Bender

pMDG VSVG Institute of Virology, Wiirzburg
pRSV-REV Institute of Virology, Wiirzburg
pMDLg/pRRE Institute of Virology, Wiirzburg

FuGW-STAT3-EYFP

Cloned by Nicolas Frank

FuGW-STAT3Y705F-EYFP

Cloned in this work/ Nicolas Frank

FuGW-STAT3EE434-435AA-EYFP

Cloned by Nicolas Frank

pGJ3-HA-TBCE

Cloned by Dr. Florian Bender/Dr. N.Funk

pGJ3-HA-TBCE"***¢

Cloned by Dr. Florian Bender/ Dr.N.Funk

pGJ3-FLAG-SYAPI1

Cloned by Dr. Natalja Funk

pcDNA3-FLAG-SYAP1

Cloned by Dr. Natalja Funk

Table 4.3: List of plasmids

4.1.8 List of Oligonucleotides

pmn fw : 5’-TGA CCA ACC AAA TCA CTG TAG TG-3’

pmn rev

ST3 KO a
ST3KOb
ST3KO ¢
STAT3 FL fw
STAT3 FL rev
Tbee fw

Tbce rev
beta_actin_fw
beta_actin_rev
ST3 Y705F fw
ST3 Y705F rev

5’-TAG CAT GCA CCA TCA GAT CG-3°

5’-AGC AGC TGA CAA CGC TGG CTG AGA AGC T-3’
5’-TTG CTG CTC TCG CTG AAG CGC AGT AGG-3’
5’-ATC GCC TTC TAT CGC CTT CTT GAC CAG-3’
5’-CCT GAA GAC CAA GTT CAT CTG TGT GAC-3’
5’-CAC ACA AGC CAT CAA ACT CTG GTC TCC-3’
5’-TCA TTA TCG CCA AGA TTG CTC-3’

5’-GCC TGT TTT TGT CTG GAT CTG-3’

5’-AGA TTA CTG CTC TGG CTC CT-3’

5’-GGA CTC ATC GTA CTC CTG CT-3°

5’-GTA GTG CTG CCC CGT TCC GAA GAC CAA G-3°
5’-CTT GGT CTT CAG GAA CGG GGC AGC ACT AC-3’
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4.1.8

4.1.9

List of Commercial Kits

1. Superscript First strand synthesis system for RT PCR - Roche
2. Endofree Plasmid maxi kit - Qiagen

3. LightCycler Fast Start DNA Master SYBR Greenl- Roche

4. RNeasy® mini kit — Qiagen

5. Quick Change Lightning multi site-directed mutagenesis kit

Software

1. Adobe Photoshop CS3
2. Image)
3. Leica LAS-AF lite (Leica SP2, SP5 software)

4. GraphPad prism 4.0
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4.2 METHODS

4.2.1 DNA isolation (Phenol-Chloroform)

Mouse DNA was isolated from tail or head biopsie of day 14 embryos. DNA extraction
buffer (500 pl) with proteinase K (20 pl) was added and mixed at 55°C overnight until the tail
was dissolved. Next day, equal volume of buffered phenol was added, mixed vigorously and
centrifuged at 12,000 x g for 5 minutes. Aqueous layer was removed and mixed with equal
volume of phenol:chloroform:isoamyl alcohol at a ratio of 25:24:1 and centrifuged again at
12,000 x g for 5 minutes. The aqueous layer was again removed and DNA was precipitated by
adding 1 ml of 2-propanol to the aqueous phase and centrifuged at 20,000 x g for 10 minutes.
Pellet was washed with 500 pl of 70% ethanol and centrifuged again at 20,000 x g for 10
minutes. The pellet obtained was then air dried and dissolved in 200 pl of TE buffer. This DNA

is used for genotyping the embryos by PCR analysis.

4.2.2 RNA isolation

RNA isolation was performed on cultured primary motoneurons using RNeasy® mini kit.
Cells (approx. 200,000 cells) were washed 3 times with DEPC treated PBS (RNAse free). Cells
were lysed using 350 pl RLT buffer with 4 pl B-mecaptoethanol, scraped off and pipetted 10
strokes to mix. 350 pl of 70% ethanol was added to the homogenised lysate. This mixture was
then added to RNeasy spin column and centrifuged at 8000 x g for 15 seconds. This allows the
RNA to bind to the column. The flow through was discarded and 700 pl of buffer RW1 was
added to the column. The column was centrifuged again at 8000 x g for 15 seconds. RNA bound
to the column was then washed 2 times with buffer RPE containing ethanol and centrifuged at
8000 x g for 2 minutes. The RNA was then eluted with 30 pl of RNAse free water (provided in
the kit) by centrifuging 8000 x g for 1 minute. The quantity and of RNA was analyzed by
measuring it in nanodrop and the quality was also assessed by ratio of absorption at 260nm and

280nm. Ratio of 260/280 should be close to 2 for RNA.
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4.2.3 Genotyping of mouse lines

4.2.3.1 pmn mouse line

Pmn genotyping is performed using restriction fragment length polymorphism (RFLP)
analysis. RFLP analysis can be used to identify a change in nucleotide sequence (mutation in the
case of pmn mouse line) that results change in restriction digestion pattern. The transition of T-G
at position 1682 in Thce gene lead to additional Mnll restriction site and unique for mutant
allele. The strategy for pmn genotyping is depicted in Figure 4.1. Briefly, a region (441 bp) of
Thbce gene was amplified from genomic DNA isolated from tail biopsies (either by phenol
chloroform isolation or boiling (99°C) tail biopsies in 100 ul water for 10 min) using polymerase
chain reaction (PCR) with pmn fw and pmn rev primers. The pcr amplicon was then digested
with Mnll restriction enzyme and digestion pattern was observed in 3% agarose gel
electrophoresis performed with SB buffer. PCR amplicon from WT allele has 1 Mnll restriction
site, therefore 2 products of size 226 bp and 215 bp were observed. Mutant allele has an
additional Mnll site thereby generating 3 products of size 226 bp, 136 bp and 79 bp. Following
table shows the expected product size for different genotypes. PCR conditions and Mnll

restriction digestion composition are listed as follows.

Reagents Volume PCR cycle :
. Duration
Tbce Fw (50 pmol/ul) 02 ul conditions
Tbee Rev (50 pmol/pl) 0.2 pul 94°C 2 min
dNTP’s (10 mM) 1 ul 94°C 10s
5’ Taq polymerase 0.3 pul 530C 15 s 30
5° Taq buffer 2 ul cycles
72°C 30s
DNA 1 pl of purified DNA or
3 ul of supernatant 72°C 7 min
Water Made up to 20 pl 4°C hold

Table 4.4: PCR components and cycling conditions for genotyping pmn mutant mice
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Mnll restriction digestion:

PCR product
Buffer Green
Mnll enzyme

Water

:20 ul
:2.5ul
:0.2 ul
123l

Materials & Methods

Following table 4.5 shows the expected product size for different genotypes.

Genotype

Product size observed

(bp)

Wildtype (+/+)

226 and 215

Heterozygous (+/-)

226, 215, 136 and 79

Pmn homozygous (-/-)

226, 136 and 79

Table 4.5: Expected product sizes for different genotypes of pmn after Mnll restriction digestion

A
Amplicon size: 441 bp

wildtype allele
215 bp

pmn T1682G allele

136bp _ 79 bp

Figure 4.1: Genotyping of pmn mouse line

(A) Scheme of Mnll restriction digestion pattern in wildtype and pmn allele

(B) Representative agarose gel of pmn genotyping from mouse tail biopsies, showing
different Mnll digestion pattern for wildtype, heterozygous and homozygous pmn

mutants.

226 bp

226 bp

3000 bp

1000 bp

500 bp
400 bp

300 bp
200 bp

100 bp
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4.2.3.2 STAT3 floxed mouse line

Genotyping of STAT3 floxed mouse line was performed using standard PCR analysis.
The primers are located outside loxP sites flanking exon 22 of STAT3, thereby the wildtype
allele produces PCR amplicon of size 250 bp whereas the floxed allele generates amplicon of
size 400 bp. Following table (Table 4.6) shows the PCR reagents and the cycling conditions
required for genotyping STAT3 floxed mouse line. Figure 4.2 shows representative gel

electrophoresis image for genotyping of STAT3 floxed mouse line.

Reagents Volume PCR cycle :
. Duration
St3 f1 Fw (50 pmol/ul) 0.2 pl conditions
St3 fl Rev (50 pmol/pl) 0.2 ul 94°C 2 min
dNTP’S (10 l’l'lM) 1 ul 94°C 30 s
5’ Taq polymerase 0.3 ul 56°C 30 s 35
5’ Taq buffer 3ul cycles
72°C 1 min
Betaine 5SM 6 ul
DNA 1 pl of purified DNA 72°C 15 min
Water 18.3 ul 4°C hold

Table 4.6: PCR components and cycling conditions for genotyping STAT3"" mice

2% Agarose gel

Marker (bp)
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samples

Figure 4.2: Genotyping of STAT3" mouse line
Representative agarose gel picture of STAT3"™" genotyping from mouse tail biopsies.
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4.2.3.2 STAT3 knock out mouse line

Genotyping of STAT3 knockout mouse line was performed using standard PCR analysis. Two
different PCR’s (wildtype and knockout allele) were performed to determine the genotype.
Wildtype allele was detected using primer pair St3 ko a + St3 ko b, whereas the knock out allele
was detected using primer pair St3 ko a + St3 ko c. Both the PCRs generated an amplicon size of
1 kb. Following table 4.7 shows the PCR reagents and the cycling conditions required for
genotyping STAT3 knock out mouse line. Figure 4.3 shows representative gel electrophoresis

image for genotyping of STAT3 knock out mouse line.

Reagents Volume PCR cycle :
. Duration
St3 ko a (50 pmol/ul) 0.2 pl conditions
St3 ko b or ¢ (50 pmol/pl) 0.2 ul 94°C 5 min
dNTP’s (10 mM) 1l 94°C 30s
5’ Taq polymerase 0.3 ul 56°C 30s 35
5’ Taq buffer 3ul cycles
72°C 90 s
Betaine SM 6 ul
DNA 1 ul of purified DNA 72°C 15 min
Water 18.3 ul 4°C hold

Table 4.7: PCR components and cycling conditions for genotyping STAT3*° mice

Wildtype PCR Knockout PCR

-
1 . Wildtype

B — 1111 8] (S r samples
e LLLETT ] '
SRR L L AT I l.".

Figure 4.3: Genotyping of STAT3*? mouse line
(A-B) Representative agarose gel pictures of STAT3*C genotyping from mouse tail
biopsies.
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4.2.4 Reverse transcriptase PCR

Reverse transcriptase PCR was performed using SuperScript™ first strand synthesis
system from Invitrogen. The RNA/primer mixture (RNA upto 5 pug, 1 pl of 10 mM dNTP’s, 1 pl
of 0.5 pg/ul oligo dT primer made upto 10 pl with DEPC water) was incubated at 65 °C for 5
min and kept in ice immediately for 1 min. Then the RT-PCR reaction mix was prepared as
follows: 2 ul of 10X RT buffer, 4 pl of 25 mM MgCl,, 2 ul of 0.1 M DTT, 1 pl RNase out. This
RT reaction mix was added to the RNA/Primer mixture and incubated for 2 min at 42 °C. Then,
1 pl of Superscript III reverse transcriptase was added and incubated for 50 min at 42 °C. No-RT
control was performed as a negative control. Finally, the RT-PCR reaction was terminated by

denaturing the enzyme at 70 °C for 15 min.

4.2.5 Real time quantitative PCR analysis

Quantitative real time polymerase chain reaction is used to amplify and simultaneously
quantify the PCR amplicons. This was performed in Lightcycler 1.5 from Roche using
lightcycler fast start DNA master SYBR green kit. Following table shows the PCR reagents and

cycle conditions performed to analyse the Tbce mRNA level.

Reagents Volume PCR cycle :
. Duration
Tbee Fw (5uM) 2 ul conditions
Tbce Rev (5uM) 2ul 94°C 10min
SYBR Green 2 ul 94°C 0Os
MgCl; (25 mM) 1.6 ul 5500 5 s 45
c-DNA (1:10) 2l cycles
72°C 10s
Water 18.3 ul
83°C 5s

Table 4.8: PCR components and cycling conditions for real time PCR analysis of 7bce mRNA
level.
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4.2.6 Isolation of mouse embryonic motoneurons

Primary motoneurons from lumbar spinal cord served as a model to understand the
molecular mechanism in motoneuron diseases. The culturing of primary motoneurons was
performed as described previously (Wiese et al., 2010). Briefly, ventrolateral parts of spinal cord
were dissected from E13.5 mouse embryo and stored in 180 ul HBSS and kept on ice. Tail or
head biopsy was taken for genotyping the embryos. Incase of wildtype embryos 3-4 spinal cords
were pooled in 360 pl of HBSS. The tissues were then trypsinized with 0.1% trypsin for 15 min
at 37°C. Trypsin digestion was arrested by adding 0.1% trypsin inhibitor. The tissues were then
triturated mechanically to form single cell suspension. To enrich the motoneurons from mixed
population of cells derived from spinal cord, “immuno-panning” method was performed using
the p75""™ antibody. Cells were plated on 24-well Nunclon™A surface dish (1 embryo per well)

precoated with p75™'~

antibody (clone: MLR2, 45 ng/ml) for 45 min, for wildtype motoneuron
culture the cells were pooled and plated onto a 10 cm Nunclon™A surface dish. Cells were then
washed three times with NB media to remove unspecific binding to cells to the antibody and
eluted with 300 pl (3 ml for 10 cm dish) depolarization solution. 500 ul (5 ml for 10 cm dish) of
NB media + 2% heat inactivated horse serum + 2% B27 supplement was then added to the dish
and cells were eluted. Enriched motoneurons were counted in haemocytometer and plated in
poly-DL-ornithine, laminin coated dishes. One hour after seeding, the cells were fed with NB
medium containing horse serum, B27 and neurotrophic factors BDNF (5 ng/ml), CNTF (10
ng/ml). Fifty percent of the medium was exchanged on the next day and followed by alternative
days.

Number of cells plated for different experiments as listed in the following table 4.9.

Size of Dishes Number of cells Application
Coverslip 10 mm or 12 mm 1500 - 2000 Immunocytochemistry
Coverslip 12 mm 5000 Microtubule regrowth assay
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Size of Dishes Number of cells Application

24 well dish 0.1-0.2x10° Western blot

12 well dish 0.3-0.5x10° Western blot
10 cm dish 1-3x 10° Immunoprecipitation

Table 4.9: Number of motoneurons plated for different experiments

4.27 Immunocytochemistry

Immuocytochemistry analysis was performed to analyze the sub-cellular distribution of
specific protein and axon length measurements. Motoneurons were cultured either for 5 DIV in
the presence of appropriate neurotrophic factors. Cells were washed once with PBS to remove
serum components and fixed with 4% paraformaldehyde for 15 min at room temperature. Cells
were then washed three times with PBS for 15 minutes at RT. The fixed cells were blocked and
permeablised with blocking buffer containing 15% goat serum, 0.3% TritonX-100 in TBS-T for
20 min at RT. The cells were then incubated overnight with primary antibody diluted in blocking
buffer at 4 °C. Cells were subsequently washed three times with TBST, each for 15 min, and
treated with corresponding secondary antibody for 1 h at RT. Cells were washed 3 times with
TBST and mounted on glass slide with poly aqua mount. Imaging was performed with Leica
TCS SP2 microscope with 40X oil immersion objective, NA 1.25. Axon length and intensity

measurements were performed with LAS-AF lite software (Leica)

4.2.8 Nuclear fractionation

Nuclear translocation of p-STAT3 Y705 after CNTF application was studied by
biochemical fractionation of nucleus and cytoplasm from cultured primary motoneurons.
Primary motoneurons (approx. 250,000 cells) were cultured for 4 DIV with culture medium
containing BDNF (5 ng/ml). Cells were washed 3 times with neurobasal medium to remove

serum components and further cultured overnight in serum free medium with BDNF. CNTF (10
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ng/ml) was applied for 5 min, 15 min, 30 min. In parallel, CNTF was applied for 5 days
continuously to one culture. Cells were washed once with 1X PBS and lysed with the nuclear
fractionation buffer, containing 50 mM Tris-HCl pH 7.4,150 mM NaCl, 1% NP-40; 2 mM
EDTA pH 8.0, 1X - protease inhibitor, 10 mM sodium pyrophosphate, 2 mM sodium
orthovanadate,] mM sodium fluoride, 1 mM okadaic acid, for 10 min at 4 °C. Cells were
scrapped off and centrifuged at 1,000g for 15 min at 4 °C. Supernatant was removed and used as
cytoplasmic fraction. Pellet was washed once with PBS, and centrifuged again at 20,000g for 10
min at 4 °C. Pellet was used as nuclear fraction. Cytoplasmic and nuclear fractions were
controlled using GAPDH (Calbiochem, clone 6C5, CB 1001) and histone 3 (abcam) antibodies

as respective markers.

4.2.9 Immunoprecipitation (IP)

Immunoprecipitation is a technique of precipitation a protein of interest from total cell
lysate using a specific antibody against the protein. This technique is widely used to enrich low
abundance protein, to study protein-protein (Co-IP), protein-RNA (RNA IP) interactions and to
identify the DNA binding site for protein (Chromatin IP).

Co-Immunoprepitation analysis was performed to study whether CNTF activation of
STATS3 alters the interaction with Stathmin. Primary motoneurons (approx. 3 million cells) were
cultured for 5 DIV. Nuclear and cytoplasmic proteins were extracted as described in nuclear
fractionation methods. CNTF was applied for 30 min on day 5 prior to fractionation.
Cytoplasmic extracts were used for immunoprecipitation as Stathmin is a cytoplasmic protein.
Cell lysates from BDNF (5 ng/ml) and BDNF + CNTF (10 ng/ml) cultured motoneurons were
incubated with 5 pl of rabbit anti-Stathmin antibody overnight at 4 °C. IgG control was included
by incubating the lysate with irrelevant rabbit anti-TrkB antibody. Protein-G agarose beads were
washed with PBS and equilibrated with lysis buffer. Protein lysate with antibody were incubated

with equilibrated beads for 1hr under rotary agitation at 4 °C. After incubation, supernatant was
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removed by centrifugation at 1000 g and beads were washed 3 times with lysis buffer.
Immunoprecipitated proteins were eluted by boiling the beads with 2X Laemmli buffer.
Immunoblotting was performed for STAT3, stathmin, tyrosinated tubulin and GFP to confirm
co-immunoprecipitation. Densitometry analysis was performed using ImagelJ software using the

following protocol http://lukemiller.org/index.php/2010/1 1/analyzing-gels-and-western-blots-

with-image-j/

4.2.10 Transient transfection of HEK 293T or N2A cells

Transient transfection is used to introduce a foreign DNA into the cells to achieve over-
expression of protein of interest. Transient transfections were done using Lipofectamine™™ 2000
following the recommended protocol. Briefly, HEK293T or N2A cells were seeded at 70-80%
confluent the previous day of transfection so that it becomes 90-95% confluent at the time of
transfection. Alternatively, transfection was also done in suspension on the day of transfection,
in such cases, the amount of cells used were equivalent to 95% confluent state. The DNA-
liposomes mixture was prepared as follows, DNA required for transfection was diluted in
OptiMEM® and similarly Lipofectamine™ 2000 was diluted in OptiMEM® for 5 minutes.
Later, the diluted DNA mixture was transferred into the lipofectamine mixture and incubated for
20 min at room temperature to form liposomes. This liposome mixture was then added to the
cells and mixed gently. Cells were incubated at 37°C for 24 - 48 h until they are ready for assay.

Following table lists the amount of cells and lipofectamine used in different experiments.

Lipofectamine™
DNA (ng) and
Number of 2000 (nl) and
Experiment Size of the dish dilution volume
cells dilution volume
(ul)
(ul)
Western Blot 24 well (2 cm?) 0.2 *10° 0.8 ug in 50 pl 2 ulin 50 pl
Immunoprecipitation | 6 well (10 cm?) 1.2 *10° 4 ng in 250 pl 10 plin 250 pl
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4.2.11 Fluorescent in-situ hybridization

Primary motoneurons were cultured for 5 DIV in presence of BDNF (5 ng/ml) and CNTF
(10 ng/ml). Cells were fixed with 4% paraformaldehyde for 20 min at room temperature. Cells
were then washed 3 times with PBS (DEPC treated) 15 minutes each, permeabilized with 0.3%
triton-X 100 for 20 min at room temperature and subsequently washed 3 times with PBS (DEPC
treated) 15 minutes each. As a negative control, cells were treated with RNAse at a concentration
of 0.1 pg/ul diluted in PBS (DEPC treated) for 1 h at 37°C. Cells were then washed 3 times with
PBS (DEPC treated) for 15 minutes each. Pre-hybridization was performed with hybridization
solution (Sigma) for 1 h at 37°C. Cells were then hybridized overnight with 100 ng/ml antisense
Greenstar*™ biotinj oligonucleotide probe against TBCE mRNA
(TGGGCTGAGAAACGCTGCATTTGGCCTGTTTTTGTCTGGATCTGGG).  Hybridization
with sense probe was used as a negative control. Cells were then washed twice with 1X SSC +
10 mM DTT at 55°C followed by 2 times wash with 0.5X SSC + 10 mM DTT at 55°C and
equilibrated with TBST at room temperature. Biotinylated probes were then conjugated with
streptavidin-HRP at a dilution of 1:100 (DAKO kit) for 20 min at room temperature and washes
3 times with TBST 5 min each. The signal was amplified by tyramide signal amplification (TSA
from DAKO) for 20 min at room temperature and subsequently washed trice with TBST for 5
minutes each. Finally, cells were treated with avidin-rhodamine (1:100) for 15 minutes at room
temperature. Cells were then washed 3 times with TBST and proceeded either for

immunocytochemistry or mounted on a object carrier with mowiol.

4.2.12 Microtubule regrowth assay

An established MT regrowth assay was performed in cultured motoneurons (Ahmad and
Baas, 1995; Schaefer et al., 2007). Briefly, motoneurons were plated on laminin 111 coated
coverslips, 1 h after attachment the cells were treated with 10 uM nocodazole and incubated for

6 h at 37 °C to depolymerize the microtubule network. Cells were washed with Neurobasal
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medium and treated with CNTF (10 ng/ml) for 5 min. Cells were rinsed with MT stabilizing
buffer PHEM (60 mM Pipes, 25 mM Hepes, 10 mM EGTA, 2 mM MgCl,). Cells were extracted
with 0.5% TritonX-100, 10 uM paclitaxel (Sigma Aldrich) in PHEM buffer for 3 min which
washes away the soluble tubulin fraction and retains polymerized tubulin. Cultures were fixed
with equal volume of PHEM buffer containing 4% PFA. Cells were immunostained for y-tubulin
to label the centrosome and a-tubulin to label polymerized MTs. Images were acquired by

confocal microscopy with 63X oil immersion objective, 4X magnification and 1.4 N.A. Images

were loaded in one stack using MBF Image] (www.macbiophotonics.ca), enhanced by
background subtraction radius 50, filter median to reduce noise and a threshold was set to all
pictures. Sholl analysis was performed with ImagelJ with steps of 0.25 pum.

The total length of MTs formed in each cell was calculated by determining the number of
intersections crossed by MTs and multiplying this number with the corresponding distance from
the MTOC. This analysis was done starting from the periphery to the centre. Individual MTs
were only included once in this analysis when they crossed the most outer circle around the
MTOC. Average length was calculated by summing up the length of microtubules obtained and
divided by the total number of MTs measured: Y ((n, — ny+1)* AMTOCy) / N, where n is the
number of intersection and x is the circle of interest, x+1 is the next outer circle, AMTOC is the

distance from MTOC to the circle of interest and N is the total number of MTs.

4.2.13 Cortical precursor cell culture

Cortical precursor cells cultures were prepared as previously described (Gotz et al.,
2005). Briefly, embryonic forebrains were dissected at E12, trypsinized and cultured as
neurospheres in Neurobasal medium (Invitrogen) containing 500 uM Glutamax, 50 U/ml
penicillin G sodium and 50 U/ml streptomycin sulphate (Invitrogen), 2% B27 Supplement
(Invitrogen), basic fibroblast growth factor (bFGF) and epidermal growth factor (EGF; Cell

Concepts) at final concentrations of 20 ng/ml each. The cells were grown at 37°C in a 5% CO;
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humidified atmosphere. Cells were dissociated cultured on poly-DL-ornithine and Lamininl
coated 12 well cell culture dishes at a density of 100,000 cells per well in culture medium with
bFGF and EGF. Appropriate lentiviral infections were done prior to plating of the cells. bFGF

and EGF were withdrawn after 48 h and cells were then treated with LIF (10 ng/ml)for 24 h.

4.2.14 Dephosphorylation assay

Dephosphorylation assay was performed to check the specificity of antibody against
phosphorylated STAT3 at tyrosine 705 (cell signaling cat. no. 9131). Calf intestine phosphatase
(CIP) was used to dephosphorylate the proteins. Protein extracts were isolated from NSC34 cells
(approx. 1x10° cells) using RIPA buffer without EDTA. Phosphatase inhibitors (okadoic acid,
sodium ortho-vanadate, sodium fluoride, sodium pyrophosphate) were added only to the control
protein extracts, whereas calf intestine phosphatase (20 units) was added to the sample that had
to be dephosphorylated. The sample were incubated at 37 °C for 1 h and subsequently laemmli
buffer was added and boiled at 99 °C for 10 min. Western blot analysis was performed with p-

STAT3 Y705 antibody (cell signaling cat. no. 9131) and GAPDH served as a loading control.

4.2.15 Drug treatment

4.2.15.1 Proteasome inhibitor

HEK 293T cells and N2A cells were transfected with pcDNA-HA-TBCE (wt and
W534G) and empty GFP vector as described in above protocol. One day after the transfection,
cells were treated with three different proteasome inhibitors, namely, MG132 (5 uM),
Lactacystein (5 uM) and PS1 (5 uM) for additional 24 h. DMSO (0.1%) was added as a vehicle
control. Subsequently, cells were lysed and proteins were extracted using 2X laemmli buffer and
boiled at 99°C for 10 minutes. Protein samples were subjected to western blot analysis and

probed for GFP, HA and GAPDH.
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4.2.15.2 STAT3 inhibitor VI, S31-201

STAT3 inhibitor VI, S3I-201 was used to check the specificity of antibody against
phosphorylated STAT3 at tyrosine 705 (cell signaling cat. no. 9131). It inhibits the STAT3
activity by blocking its phosphorylation and subsequent dimerization. Primary motoneurons
were cultured for 4 DIV with BDNF. CNTF was applied to activate the phosphorylation of
STATS3 at tyrosine 705, this served as a positive control for phosphorylation. In another set, the
CNTF along with STAT3 inhibitor VI, S31-201 (100 uM) was added. Cells were cultured for
further 24 h, proteins were extracted and western blot analysis was performed for p-STAT3

Y705 and GAPDH.

4.2.16 Site-Directed mutagenesis of STAT3Y"*" EYFP

STAT3-EYFP-NI1 expression vector was kindly provided to us by Prof. F.Horn from
University hospital of Leipzig (Kretzschmar et al., 2004). Site directed mutagenesis for dominant
negative STAT3 (STAT3 Y705F) was performed using QuickChange lightning multi site-
directed mutagenesis kit. It is a PCR based method performed using the vector containing the
insert and two oligonucleotide primers with the desired mutation and are complementary to the
opposite strand of the vector. PCR was performed with oligonucleotides carrying the mutation
and PfuTurbo DNA polymerase, which generates mutated plasmid with nicks. Following the
cycle PCR, the producted was digested with Dpnl endonuclease enzyme that cleaves methylated
and hemi-methylated parental DNA. The parental vector DNA produced from E.Coli is dam
methylated and therefore it is prone to digestion by Dpnl. The mutated vector is then

transformed to X1-Blue compentant cells.
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Following table 4.8 shows the PCR reagents and cycling conditions used to generate

STAT3Y705F-EYFP

PCR cycle
Duration

conditions

95°C 2 min

95°C 30s

30
55°C 30s
cycles
65°C 7min
65°C 5 min
4°C hold

Reagents Volume

ST3 Y705F fw 1 ul

ST3 Y705F rev 1 ul

dNTP’s (10 mM) 1 ul

QuickChange lightning multi Ll

enzyme blend

QuickSolution 1.5 ul

ds plasmid DNA (100 ng) Il
10X QuickChange lightning

multi reaction buffer 23ul

Water 16 pl

Table 4.10: PCR components and cycling conditions for site directed mutagenesis

STAT3Y705F-EYFP
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3. RESULTS

5.1 CNTF rescues axonal pathology in pmn mutant mouse

Neurotrophic factors play a major role in survival of motoneurons in-vivo and in-vitro
(Henderson et al., 1994; Sendtner et al., 1996). GDNF prevents cell death of facial motoneurons
which were deprived of target muscle by axotomy in-vivo and potent survival factor for cultured
rat motoneurons in-vitro (Henderson et al., 1994). Similarly, CNTF has been shown to influence
axon degeneration in variety of mouse models of motoneuron disease, such as pmn (Sendtner et
al., 1992b) (Haase et al., 1997) wobbler (Mitsumoto et al., 1994a). Although, these neurotrophic
factors have the same role in preventing motoneuron death, they have distinct mechanisms and
targets. CNTF treatment prolong the survival and improves the motor function of pmn mice. It
also rescues the motor axon loss in phrenic nerves and degeneration of facial motoneurons
(Sendtner et al., 1992b). In contrast to CNTF, GDNF application in pmn mice significantly
rescued the loss of facial motoneurons, but did not have an effect on nerve degeneration and life
span of these mice (Sagot et al., 1996). Overexpression of Bcl-2, an anti-apoptotic protein, in
pmn mutant mice rescued the facial motoneuron loss but not the nerve degeneration, indicating a
dichotomy between motoneuron survival and axon maintenance (Sagot et al., 1995). These
findings show that CNTF plays a distinct role in axon maintenance of motoneurons in pmn mice.
To understand the specific role of CNTF in axon maintenance, primary motoneurons from pmn
mice appeared as a suitable tool. Previous studies have shown that pmn mutant motoneurons
exhibit shorter axons in-vitro (Bommel et al., 2002). We compared the effect of different
neurotrophic factors, namely, BDNF, CNTF, GDNF, in cultured pmn and wildtype
motoneurons. Isolated wildtype and pmn mutant motoneurons were cultured with BDNF (5
ng/ml), CNTF (10 ng/ml) and GDNF (5 ng/ml) for 7 days in-vitro (DIV), percentage survival of
motoneurons of initially plated cells was approximately 60% with all three neurotrophic factors

(Figure 5.1.1).

55



Results

A
§ 100 = *kk
% ] no factor
8 [0 B BDNF 5 ng/ml
ELTT B8 CNTF 10 ng/ml
2 a == I @@ GDNF 5 ng/ml
£ 5501 — B BDNF/CNTF/GDNF
S 25=
< -
g —
3 —
2 =

wildtype pmn
Figure 5.1.1: Survival of motoneurons with various neurotrophic factors
Motoneurons were grown for 7DIV with BDNF (5 ng/ml), CNTF (10 ng/ml),
GDNF (5 ng/ml) and combination of these three neurotrophic factors. Survival is
shown as percentage relative to originally plated cells. Bars shown represents mean
+/- SEM from 3 independent experiments. Statistical analysis: ***P<(.001,
ANOVA with Bonferroni post-hoc test.

We then analyzed the axon length of pmn mutant motoneurons in-vitro. According to
previous observations, pmn mutant motoneurons cultured with BDNF for 5 DIV alone exhibited
shorter axon length when compared to wildtype motoneurons (Bommel et al., 2002).
Interestingly, addition of CNTF together with BDNF for 5 DIV rescued axon growth deficits in

pmn mutant motoneurons, resembling previous in-vivo studies that CNTF but not other

neurotrophic factors (BDNF or GDNF) rescues pmn mutant mouse (Figure 5.1.2).
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Figure 5.1.2: CNTF rescues axon outgrowth in pmn mutant motoneurons
Motoneurons from wildtype and pmn mutant embryos were cultured for 7DIV with
BDNF (5 ng/ml) or BDNF (5 ng/ml) and CNTF (10 ng/ml). Pmn mutant
motoneurons cultured with BDNF alone showed shorter axons when compared to
wildtype. Application of CNTF rescued the axon length outgrowth in pmn mutant
motoneurons. Bars shown represents mean +/- S.E.M from 3 independent
experiments. Statistical analysis: ***P<0.001, ANOVA with Bonferroni post-hoc
test.

CNTF is a member of the IL-6 type cytokine family characterized by a four-a-helix
bundle structure (Bazan, 1990). Unlike many other neurotrophic factors, CNTF binds to a
tripartite cytokine receptor complex. It binds to CNTFRa, a cell membrane receptor anchored via
glycosyl-phosphatidylinositol linkage (GPI) (Davis et al., 1991) to the cell surface, LIFRP and
gp130 (Davis et al., 1993). CNTF binding to these receptors results in activation of Tyk2, a
member of janus kinase family, which in turn phosphorylates cytoplasmic tail of GP130. The
phosphorylated GP130 becomes the docking site of STAT3 (Stahl et al., 1995). STAT3 upon
activation gets phosphorylated at tyrosine 705, dimerizes, translocated to nucleus and activates
transcription of target genes.

Previous studies have shown that conditional ablation of STAT3 in pmn mutant neurons
abolished the CNTF effect on axon elongation. In the presence of CNTF, axon length of
STAT3" %;NFL-Cre'®;pmn motoneurons was shorter when compared to wildtype and pmn
mutant motoneurons cultured with CNTF (Bender F.L.P Ph.D thesis). This result indicated that

STAT3 signaling mechanism plays a vital role in CNTF mediated rescue of pmn mutant mice.
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5.2 CNTF induces phosphorylation of STAT3

5.2.1 Cytoplasmic localization of activated STAT3 in primary motoneurons

Neuropoietic cytokine CNTF has been shown to activate multiple signaling pathways,
such as Janus kinase, mitogen activated protein kinase (MAPK), phosphoinosityl 3 kinase
(PI3K) and mammalian target of rapamycin (mTOR) pathways. CNTF activity leads to
phosphorylation of STAT3 at tyrosine 705 and serine 727 although by different kinase. Tyk2 is
known to phosphorylate STAT3 at Y705 (Heinrich et al., 1998) and mTOR S6 kinase
(Yokogami et al., 2000). Phosphorylation at both the sites is required for maximal transcriptional
activity of STAT3 (Wen et al., 1995). With this background study, it became indispensable in
current study to identify which phosphorylation plays a role in CNTF mediated rescue of pmn
axonal pathology and rescue mechanism is transcription dependent. Primary motoneurons were
cultured for 5 DIV in the presence of BDNF and CNTF was pulsed for 5, 15, 30 min or
continuously applied for 5 days. Cells were then lysed to obtain nuclear and cytoplasm
fractionation. Continuous application or pulse application of CNTF resulted in activation of p-
STAT3 Y705 and the amount of phosphorylation increased quantitatively from 5 min to 30 min
application of CNTF. Surprisingly, most of the p-STAT3 Y705 was detected in the cytoplasmic
fraction and very little STAT3 could be found in nuclear fraction at any point of time in primary

motoneurons (Figure 5.2.1).
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Figure 5.2.1: CNTF activated p-STAT3Y705 localized in cytoplasm of primary
motoneurons

(A) Nuclear and cytoplasmic fractionation followed by western blot analysis from
primary motoneurons showing activation of p-STAT3 Y705 upon CNTF stimulation.
Activated STAT3 is mainly found in the cytoplasm at all time points investigated.
Fractionation was controlled with GAPDH (cytosolic) and histone 3 (nuclear) as
markers.

(B) Quantification of activated p-STAT3 Y705 in the cytoplasmic fraction of
motoneurons after CNTF stimulation, n = 3 independent experiments.

These results indicate that CNTF activates STAT3 at tyrosine phosphorylation in primary
motoneurons, and the presence of p-STAT3 Y705 in the cytoplasm indicates that the effects of
CNTF activated STAT3 in pmn mutant motoneurons could involve a local effect in the

cytoplasm rather than nuclear transcription (Figure 5.2.1).
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5.2.2 Specificity of p-STAT3Y""® antibody

Dephosphorylation assays and pharmacological blockade of STAT3 activity using S31I-
201 was performed to check the specificity of the p-STAT3 Y705 antibody (rabbit polyclonal
obtained from cell signaling cat no: 9131). The dephosphorylation assay was carried out with
NSC34 cells. Protein lysates treated from NSC34 cells were treated with calf intestine
phosphatase for 1 h at 37°C showing reduced phosphorylation of STAT3 Y705 when compared
to untreated lysates (Figure 5.2.2A). As an alternative approach, antibody specificity was also
tested using a selective chemical probe inhibitor of STAT3 activity, S3I-201. S31-201 was
identified through in-silico computational approach to dock to the SH2 domain of STATS3,
thereby inhibiting its phosphorlyation, dimerization and DNA binding activity (Siddiquee et al.,
2007). Western blot analysis with p-STAT3 Y705 antibody showed that the treatment of
motoneurons with S31-201 reduced the levels of phosphorylation of STAT3 Y705 (Figure
5.2.2B). CNTF application for 24 h increased the levels p-STAT3 Y705 when compared to

BDNEF treated cultures that served as a control.
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Figure 5.2.2: Specificity of p-STAT3Y705 antibody (cell signaling 9131)

(A) Treatment of protein extracts from NSC34 cells with calf intestine phosphatase
(CIP) abolishes phosphorylation of STAT3 at Y705.

(B) Treatment of primary motoneurons with STAT3 inhibitor S3I-201 reduced the
levels p-STAT3 Y705. These experiments confirm the specificity of the p-STAT3
Y705 antibody.
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These results indicate that detection of STAT3 phosphorylation at tyrosine 705 with rabbit

polyclonal antibody (cell signaling 9131) used in this study is indeed specific.

5.2.3 Axonal fractionation of primary motoneurons using Xona microfluidic chambers

STAT3 dynamics after CNTF application in primary motoneurons was investigated using
fluorescent recovery after photobleaching (FRAP) technique (Frank.N Ph.D thesis). FRAP
analysis in the axons showed no significant retrograde movement of STAT3 towards the nucleus
after CNTF treatment.

To understand whether CNTF could activate STAT3 locally in distal compartments of
axons, we cultured primary motoneurons in compartmentalized culture system. Xona
microfluidic chambers with 150 pm grooves were used to separate cell bodies and dendrites
from axons (Taylor et al., 2005). Primary motoneurons were cultured in these chambers for 7
DIV, pulsed with CNTF for 30 min in the axonal compartment and analyzed whether p-STAT3
Y705 remains in axonal compartment or is retrogradly transported to the nuclear compartment.
The experimental paradigm of the Xona microfluid chamber is depicted in figure 5.2.3A. Protein
lysates of cell body and axonal compartments from 8 chambers were pooled. Immunoblot for
total STAT3 and tubulin (abundant protein in axon) was performed to compare the amount of
protein obtained from different compartments. (Figure 5.2.3B). Comparison of tubulin in the
axonal fraction (100% volume) and the cell body fraction (1.6%-12% of volume) indicated that
the amount of protein extracted from axonal compartment is far too less to do quantitative
analysis. Amount of tubulin obtained from axonal compartment was less than 1.6% of tubulin
obtained from cell body compartment. Amount of STAT3 detected was even less than tubulin,
thereby under the current experimental setup this study was inconceivable. Silver staining of
these samples and comparing with known standards of bovine serum albumin fraction V also

revealed that very low amounts of protein were obtained from axonal compartment. Most of the
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proteins observed in axonal compartment were background from medium used for culturing
motoneurons. The yield was primarily less because only 10% - 20% of the motoneurons plated

close to the boundaries were able to project axons towards the axonal compartment (Figure

5.2.3C).
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Figure 5.2.3: Compartmentalized cultures to study the localization of activated
STAT3

(A) Schematic representation of experimental paradigm with Xona microfluidic
chamber. Primary motoneurons were grown for 7 DIV, pulsed with CNTF (C) in the
axonal compartments for 30 min and analyzed the localization of p-STAT3 in cell
body and axonal compartment.

(B) Westernblot analysis of protein extracts from cell body (1.6% - 12% v/v) and
axonal (100%) compartments. Blots probed with STAT3 and Tubulin revealed that
amount of proteins obtained from axonal compartment was less to do quantitative
analysis.

(C) Silver staining of protein extracts from cell body, axonal compartment and
medium components showed that the proteins present in axonal compartment were
background from medium components.
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5.3  Transcriptional independent activity of STAT3 necessitates rescue of axon
pathology in pmn mutant motoneurons

STAT3 has been shown in many nerve injury models that it is retrogradely transported
and is necessary for regeneration of axons after lesion (Ben-Yaakov et al., 2012; Sun et al.,
2011). In the present study with primary motoneurons, CNTF mediated activated STAT3 was
found mainly in the cytoplasm and there was no significant retrograde transport observed upon
CNTF application. This raised the question whether CNTF-STAT3 mediated rescue of axon
growth in pmn mutant motoneurons is transcription independent. To address this question,
STAT3 DNA binding activity was abolished by genetic approach where in STAT3 was mutated

at EE 434-435 AA.

5.3.1 Generation of STAT3 DNA binding and phosphorylation mutants

STAT3 has a central function of signal transduction from the ligand activated receptor
kinase complex followed by nuclear translocation and DNA binding to activate transcription
(Darnell et al., 1994). Signal transduction is mediated by phosphorylation at tyrosine 705 and the
DNA recognition motif comprises of 2 highly conserved regions of STAT3 around 400-500
aminoacid. Mutation at site 434-435 causing aminoacid exchange of EE-AA completely
abolishes binding affinity of STAT3 to DNA but retains its tyrosine phosphorylation (Horvath et
al., 1995). To understand the role of tyrosine phosphorylation and DNA binding activity of
STATS3 in the context of present study, two mutants of STAT3 (phospho negative and DNA
binding) were generated by site directed mutagenesis in STAT3V 'EYFP-N1 vector (kindly
provided by Prof. Friedmann Horn, University hospital of Leipzig, Germany). The phospho-
negative mutation was achieved by mutating tyrosine at position 705 to phenylalanine
(STAT3Y"”F) and DNA binding mutant was achieved by mutating aminoacids glutamate at

position 434-435 to alanine (STAT3%**°A%)  Lentiviral vectors (FUGW) expressing
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STAT3V'EYFP, STAT3Y"®" EYFP and STAT3"™**>**EYFP were cloned and respective
lentiviruses were generated.

Primary motoneurons were infected with lentiviruses expressing STAT3V'EYFP,
STAT3Y®" EYFP and STAT3""***>**EYFP and cultured for 5 DIV. Immunoblot analysis
confirmed the expression of overexpressed STAT3 EYFP protein detected by GFP and STAT3
antibody. As expected both STAT3V'EYFP and STAT3"™ *****EYFP but not STAT3Y"*"

EYFP can be activated and phosphorylated at tyrosine 705 (Figure 5.3.1).

uninfected STAT3 EYFP
Wildtype Y705F EE-AA

GFP 115KD - d

STAT3 ' 1°KD
88KD

‘-‘
115KD ——
p-STAT3 | ——
88KD

Figure 5.3.1: Expression of STAT3“EYFP, STAT3""“***AEYFP and
STAT3Y"*EYFP mutants in primary motoneurons

Lentiviral overexpression of STAT3™EYFP, STAT3"™******EYFP and
STAT3Y®"EYFP in primary motoneurons. Wildtype and EE434-435AA mutant
STATS3 can be activated at tyrosine 705, but not STAT3" " mutant.

53.2 STAT3"F¥+544 mutant does not induce transcription

STAT3 phosphorylation and its subsequent transcriptional activity are necessary for LIF
induced astrocyte differentiation from neural stem cells (Rajan and McKay, 1998). In this study,

it was shown that STAT3"VV*** mutant, which cannot bind to DNA, did not induce GFAP

expression (marker for astrocytes like cells) from neural stem cells. To test whether STAT3"F"*

P32 mutant does not induce transcription of its target genes, LIF induced astrocyte

differentiation was used as an assay. Neural stem cells were induced with LIF (10 ng/ml) for 16
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h. Phosphorylation of STAT3 and GFAP expression was observed by western blot analysis. As
shown in figure 5.3.2 neural stem cells cultured in presence or absence of bFGF and EGF that
stimulated proliferation did not induce GFAP expression. LIF treatment for 16 h induced
phosphorylation of STAT3 at tyrosine 705, which subsequently induced expression of GFAP.

3WT

Neural stem cells transduced with STAT3" EYFP lentiviruses and subsequent LIF induction

also stimulated GFAP expression, but neural stem cells transduced with STAT3 ¥+ AAEYFP
repressed the expression of GFAP, indicating the DNA binding activity of STAT3#*
BAAEYFP is impaired. As a positive control, a pharmaceutical inhibition of STAT3 DNA
binding activity was performed using Galiellalactone (10 uM). Treatment of Galiellalactone

completely abolished LIF induced GFAP expression.

STAT3-EYFP
EGF @ LIF longml wildtype  EE-AA

g Gallac @ LIF Q LIF

115KD L — ——
TAT
ST gk | S ee— g ——
p-STAT3 115KD pon ..__.__’-
Y705 88KD| — - — R g
GFAP 55KD B A, -

Figure 5.3.2: STAT3""#**SAAEYFP does not induce GFAP induction in neural
stem cells

LIF induced GFAP induction in neural stem cells is dependent on STAT3
transcriptional activity. GFAP induction was reduced by over-expression of
STAT3 P+ AAEYFP or treatment with 10 pM Galiellalactone (GalLAc) indicating
that mutant STAT3*******EYFP represses transcription of its target genes.
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5.3.3 STAT3 phosphorylation but not its transcriptional activity is necessary for CNTF

dependent axon growth in pmn mutant motoneurons

To understand whether transcriptional activity of STAT3 is required for CNTF dependent
axon outgrowth in pmn mutant motoneurons, STAT3 deficient pmn mutant motoneurons
(STAT3KO/ﬂ;NFL-Cretg;pmn'/') were transduced with STAT3®#**AAEYFP, STAT3Y "EYFP,
STAT3V'EYFP lentiviruses, cultured with either BDNF or BDNF+CNTF and subsequently
axon length was measured after 5 DIV. STAT3 deficient pmn mutant motoneurons
(STAT3*Y ﬂ;NFL-Cretg;pmn'/ 7) cultured with BDNF alone showed shorter axons when compared
to wildtype littermates. Over-expression of STAT3“'EYFP and STAT3™™“****4EYFP in
BDNF treated motoneurons marginally increased axon length. Over-expression of
STAT3V'EYFP and STAT3"****>**EYFP both completely rescued CNTF dependent axon
growth in STAT3*Y;NFL-Cre'¢;pmn™ motoneurons, showing that transcriptional activity is not
required for this effect. Over-expression of STAT3Y “*EYFP was not capable to rescue CNTF
mediated restoration of axon outgrowth, thus providing evidence that STAT3 activation is
necessary but not its transcriptional activity for CNTF mediated rescue of axon growth in pmn
mutant motoneurons. Interestingly, wildtype motoneurons over-expressing STAT3" *FEYFP
also showed shorter axons, presumably because of a STAT3Y***EYFP dominant negative effect

(Figure 5.3.3A-B)
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Figure 5.3.3: STAT3 phosphorylation but not its transcriptional activity is
required for CNTF mediated axon growth in pmn mutant motoneurons
(A) Overexpression mutant STAT3EFR44344 4y STAT3KO;pmn mutant motoneurons
completely rescues axon growth upon CNTF application, in contrast to mutant
STAT3Y"®", Numbers in bars indicate numbers of cells analyzed. Data shown
represent mean £ S.E.M., n = 3 independent experiments. o, wt, EE-AA, Y705F
represents uninfected, STAT3VEYFP, STAT3 " **AAEYFP and STAT3Y'*FEYFP
respectively. Statistical analysis: ns (not significant), *P<0.05, **P<0.01, ***P<0.001;
ANOVA with Kruskal-Wallis with Dunn’s multiple comparison test.
(B) Representative images of STAT3"?;pmn mutant motoneurons overexpressing
STAT3YEYFP, STAT3*"***>*AEYFP and STAT3""*"EYFP , cultured with BDNF
and CNTF. Scale bar: 100 pm.
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Furthermore, inhibition of transcription with actinomycin D did not abolish the CNTF
mediated axon length rescue in pmn mutant motoneurons (Frank.N Ph.D thesis) thus providing
further support that there must be another local function of cytoplasmic STAT3 in CNTF

dependent rescue of axon elongation in pmn mutant motoneurons.

5.4 STAT3 interacts with Stathmin, a microtubule destabilizing protein

A transcription independent role of STAT3 has been implicated in few recent studies.
The study by (Verma et al., 2009) showed that STAT3 regulates microtubule dynamics in
migrating T-cells. Further more cytoplasmic STAT3 has been shown to induce NMDA receptor
dependent long term depression (LTD) (Nicolas et al., 2012). Earlier yeast-two-hybrid using
STAT3 as a bait and co-immunoprecipitation studies in non-neuronal cells have shown that
STAT3 interacts with the microtubule destabilizing protein Stathmin (Ng et al.,, 2006) in
phosphorylation dependent manner (Verma et al., 2009). Stathmin binds to o/f tubulin
heterodimers in a 1:2 ratio and thereby sequesters them and inhibits tubulin polymerization
(Charbaut et al., 2001). Therefore, we studied the role of Stathmin in CNTF-STAT3 mediated

rescue of axonal pathology in cultured pmn mutant motoneurons.

5.4.1 Colocalization of Stathmin and STAT3

First, the localization of STAT3 and Stathmin was analyzed in cultured primary
motoneurons. Primary motoneurons over-expressing STAT3-EYFP were stained for antibodies
against Stathmin and tyrosinated tubulin by immunocytochemistry. Stathmin and STAT3 were
found to colocalize in cell body, dendrites and axons of motoneurons (Figure 5.4.1A).

Interestingly, the colocalization was enriched in growth cone of axons (Figure 5.4.1B).
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STAT3-EYFP Stathn\lir\l ' merge

Figure 5.4.1 Co-localization of STAT3-EYFP and Stathmin in cultured motoneurons
(A) Primary motoneurons transduced with STAT3“'EYFP lentiviruses were
immunostained with antibodies against Stathmin and tyrosinated tubulin.
STAT3Y'EYFP and Stathmin were co-localized in cell body and dendrites. Scale bar:
50 pm.

(B) STAT3Y'EYFP and Stathmin were also colocalized in axons of primary
motoneurons and specifically enriched at the growth cones. 1-Stathmin (Cy3), 2-
STAT3Y'EYFP (Cy2), 3 - tyrosinated tubulin (Cy5), 4- merge of STAT3V'EYFP and
Stathmin, 5- merge of Stathmin and tyrosinated tubulin, 6- merge of STAT3Y'EYFP
and tyrosinated tubulin. Scale bar: 10 um.

5.4.2 Co-immunoprecipitation of Stathmin and STAT3

Co-localization of two proteins may not necessary mean that the two proteins physically

interact. To understand whether STAT3 could sequester Stathmin from o/f tubulin heterodimers,
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co-immunoprecipitation studies were performed by using Stathmin antibody. Efficient co-
immunoprecipitation is normally achieved when antibody used for pull down is potent enough to
immunoprecipitate at least 90% of the protein. In this regard, 2 commercially available Stathmin
antibody rabbit polyclonal anti-Stathmin (ab 47468) and rabbit monoclonal anti-Stathmin (ab
52630 clone EP:1573Y) were tested for the efficiency of immunoprecipitation. Approximately 3
x 10° NSC34 cells were lysed with nuclear fractionation buffer. 5 ul of antibody and 15 pl of
protein A beads were added to the cytoplasmic extracts for immunoprecipitation. Approximately
5% of input and supernatant and 30% of eluate were loaded to the SDS-PAGE to compare the
efficiency of pull down. Figure 5.4.2 shows the efficiency of immunoprecipitation of different
Stathmin antibody, comparison of input and supernatant exhibited distinct difference between
two antibodies, the rabbit monoclonal antibody (ab 52630 clone: EP1573Y) pulled down almost
90% of the Stathmin protein, whereas the rabbit polyclonal antibody (ab 47468) was less
efficient. Absence of GAPDH in the eluate shows the pull down was specific for Stathmin.

Further experiments were carried out with rabbit monoclonal anti-Stathmin antibody.

Input  Sup  Eluate Input Sup Eluate

GATDH | e— GAPDH | e

36 KD 36 KD

= - gy
Stathmin Stathmin

21 KD —_— 21KD | mm— —
(ab47468) (ab52630)
IP: anti-Stathmin-1 antibody IP: anti-Stathmin-1 antibody
Rabbit polyclonal (ab47468) Rabbit monoclonal (ab52630)
(EP1573Y clone)

Figure 5.4.2 Testing of Stathmin antibodies for immunoprecipitation

Two commercially available antibodies against Stathmin (from abcam: ab47468 and
ab52630) were tested for efficiency immunoprecipitation in NSC 34 cells. Western
blot against Stathmin after immunoprecipitation showed that rabbit monoclonal
antibody against Stathmin (ab52630) was efficient in immunoprecipitation analysis.
Western blot against GAPDH showed that the immunoprecipitation was specific.
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3.4.3 CNTF application enhances STAT3-Stathmin interaction in primary motoneurons

To analyze whether STAT3 and Stathmin interaction is dependent on STAT3
phosphorylation, immunoprecipitation analysis was performed on cultured primary motoneurons
after application of CNTF. Primary motoneurons were grown for 4DIV with BDNF (10 ng/ml),
deprived of serum overnight and stimulated with CNTF (10 ng/ml) the following day. Cells were
then harvested with nuclear fractionation buffer. The cytoplasmic fraction was used for
immunoprecipitation, Stathmin was immunoprecipitated and levels of STAT3 co-
immunoprecipitated was analyzed by immunoblot. Figure 5.4.3 shows the western blot analysis
after immunoprecipitation and quantification of amount of STAT3 co-immunoprecipitated by
Stathmin after CNTF application. Amount of protein used for immunoprecipitation in both
BDNF and BDNF+CNTF treated samples were equal as shown in the input lanes for Stathmin,
STAT3 and tyrosinated-tubulin. Intensity of Stathmin in eluate lane shows the pull down
efficiency. It was equal in both samples and the signal was specific, as Stathmin was not pulled
down by IgG control. Intensity of antibody light chain shows equal amount of antibody was
bound to protein-A beads. The amount of STAT3 co-immunoprecipitated by Stathmin was
increased in CNTF treated lysates, indicating enhanced interaction between STAT3 and
Stathmin upon CNTF application. Interestingly, under the same condition the interaction
between Stathmin and tyrosinated tubulin was reduced. Densitometric quantification showed two
fold increase of STAT3 interaction to Stathmin and 50% loss of Stathmin interaction with
tyrosinated tubulin in cultures treated with CNTF (Figure 5.4.3B). This result indicates increased

interaction of STAT3 with Stathmin leads to release of a/f tubulin heterodimers from Stathmin.
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Figure 5.4.3: CNTF enhances STAT3 Stathmin interaction

(A) Immunoprecipitation of Stathmin from motoneurons cultured for 5 DIV. Western
blot analysis after immunoprecipitation shows that STAT3 interaction with Stathmin is
enhanced after CNTF application. Lane 1-2: Input and eluate from IgG control, lane 3-
4: input and eluate from motoneurons cultured with BDNF, lane 5-6: input and eluate
from motoneurons cultured with BDNF and pulsed with CNTF for 30 min on day 5.
(B) Quantification of western blot signals shows two-fold increase in STAT3-Stathmin
interaction and reduced Stathmin-tyrosinated tubulin interaction after CNTF
application, n = 3 independent experiments.

5.4.4 STATS3 phosphorylation at Y705 is required for its interaction with Stathmin

Since previous experiment showed that CNTF application enhances the interaction
between STAT3 and Stathmin, it was inevitable to check whether tyrosine phosphorylation of
STAT3 at position 705 is necessary for observed STAT3-Stathmin interaction. For this

experiment, a dominant negative STAT3 mutant (STAT3"'**EYFP) was used in which the
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aminoacid tyrosine (Y) at position 705 of STAT3 was mutated to phenylalanine (F) by site
directed mutagenesis, thus inhibiting its phosphorylation. Primary motoneurons were infected
with lentiviruses over-expressing STAT3V'EYFP and STAT3Y®'EYFP. Stathmin was
immunoprecipitated from motoneurons over-expressing STAT3V'EYFP and STAT3"*FEYFP
and tested for co-immunoprecipitation of over-expressed STAT3 with GFP antibody. Figure
5.4.4 shows western blot analysis for Stathmin and GFP after immunoprecipitation. Western blot
analysis of Stathmin showed that the amount of protein used (Input) and the amount of Stathmin
immunoprecipitated were equal (Eluate) among all conditions. Western blot analysis with GFP
antibody showed the co-precipitation of over-expressed STAT3 (WT or Y705F mutant). The
interaction of Stathmin with STAT3" ' *EYFP was reduced when compared to STAT3V 'EYFP,
indicating that phosphorylation of STAT3 at tyrosine 705 by CNTF is necessary for its

cytoplasmic interaction with Stathmin (Figure 5.4.4).

uninfected STAT3YTEYFP STAT3Y"FEYFP
In E In E In E In E In E

GFP R S - — e, —
115 KD

Stathmin g u L: {E d

IP IgG Stathmin

Figure 5.4.4: STAT3 phosphorylation at Y705 is required for its interaction with
Stathmin

Immunoprecipitation of Stathmin from primary motoneurons over-expressing
wildtype and dominant negative STAT3 (STAT3Y**EYFP) show loss of STAT3-
Stathmin interaction when phosphorylation at Y705 is abolished.
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5.5 Stathmin knockdown rescues axonal pathology in pmn mutant motoneurons

5.5.1 Lentiviral knockdown of Stathmin in primary motoneurons

Stathmin binds to o/f tubulin heterodimers and thereby reduces the availability of free
o/P tubulin heterodimers. This mechanism reduces the kinetics of microtubule polymerization.
Co-immunoprecipitation studies showed that STAT3 sequesters Stathmin in a phosphorylation
dependent manner and that this results in release of tubulin from Stathmin, which could be
available for microtubule polymerization. This raises a question whether the CNTF application
to pmn mutant motoneurons locally increases the availability of o/B tubulin heterodimers via
increase STAT3 Stathmin interaction and thereby increases the axon elongation. To test this
hypothesis, we knocked down Stathmin in pmn mutant motoneurons by lentiviral RNAi
approach and observed whether we could rescue axon elongation in absence of CNTF. Short
hairpin RNA for Stathmin and a mismatch control were generated by cloning into pLL 3.7 RNAi
vector (Bender.F.L.P, Ph.D thesis). Lentiviruses expressing siRNA for Stathmin and mismatch
control were infected in primary motoneurons that were cultured for SDIV. Immunostaining of
Stathmin in these cells showed considerable knockdown of Stathmin. GFP labeling was used to
identify the infected motoneurons (Figure 5.5.1B). Knockdown of Stathmin was also validated
through westernblot analysis, as shown in figure 5.5.1A Stathmin protein levels were reduced in
motoneurons infected with lentivirus expressing siRNA against Stathmin in comparison to
uninfected motoneurons. The mismatch control did not reduce indicating that RNAi oligo is

indeed specific.
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Figure 5.5.1: Lentiviral knockdown of Stathmin in primary motoneurons

(A) Lentiviral transduction of primary motoneurons with Stathmin siRNA oligo and
mismatch oligo control for 5 DIV. Western blot analysis from these protein extracts
showed reduction of Stathmin protein in cultures treated with Stathmin siRNA. Levels
of Stathmin were unaltered in untreated and mismatch oligo treated controls.

(B) Lentiviral knock down of Stathmin was also observed through
immunocytochemistry method. Cells were labeled with GFP, Stathmin and o-tubulin.
Scale bar: 100 um
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5.5.2 Stathmin knockdown rescues axon growth defect in pmn mutant motoneurons

We then analyzed whether Stathmin knockdown could rescue axonal pathology in pmn
mutant motoneurons. Wildtype and pmn mutant motoneurons infected with Stathmin siRNA and
mismatch control were cultured for SDIV in the presence of BDNF alone. As expected, axon
outgrowth of pmn mutant motoneurons recovered to wildtype levels upon lentiviral Stathmin
knockdown. Pmn mutant motoneurons treated with BDNF and mismatch control virus exhibited
shorter axons. CNTF addition did not lead to any further increase in axon growth, indicating that
Stathmin inhibition is the major pathway how CNTF rescues axon growth in pmn mutant
motoneurons. Surprisingly, Stathmin knockdown did not alter the axon length of wildtype

motoneurons (Figure 5.5.2A-B)
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Figure 5.5.2: Stathmin knockdown rescues axonal pathology in pmn mutant
motoneurons

(A) Axon length is restored in pmn mutant motoneurons after lentiviral Stathmin
knockdown. Wildtype and pmn mutant motoneurons were cultured for 5 DIV.
Stathmin knockdown rescues axon length in pmn mutant motoneurons. CNTF
application did not induce additional axon growth in motoneurons with Stathmin
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knockdown. Numbers in bars indicate number of cells measured; Data shown
represent mean £ S.E.M., n = 3 independent experiments. ***P<(0.001, Kruskal-
Wallis with Dunn’s multiple comparison test.

(B) Representative images of pmn mutant motoneurons after lentiviral Stathmin
knockdown. Cells were labelled with GFP, and a-tubulin (Cy-3). Scale bar: 100

pum.

5.5.3 Stathmin levels are not altered in pmn mutant motoneurons

Stathmin has been shown to be upregulated on the protein level in spinal cord and sciatic
nerve of Smn”;SMN2'€ mice, a mouse model for spinal muscular atrophy (Wen et al., 2010).
Since phenotype of pmn mice closely resemble to spinal muscular atrophy, it was of high interest
to investigate the level of Stathmin in pmn mutant motoneurons. Primary motoneurons from
wildtype and pmn embryos were cultured for 5 DIV with BDNF or BDNF+CNTF. Western blot
analysis from these protein lysates showed no alteration in Stathmin protein between wildtype
and pmn mutant motoneurons. Similarly, addition of CNTF did not change Stathmin protein

level (Figure 5.5.3).
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Figure 5.5.3: Stathmin levels are not altered in pmn mutant motoneurons
Western blot analysis from primary motoneurons shows that amount Stathmin
protein is not altered between wildtype and pmn. Levels of Stathmin were same
even with application of CNTF
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5.6 CNTF alters the microtubule dynamics in pmnr mutant motoneurons

Active transport along lengthy axons is necessary to replenish materials made in cell
body to the farthest region of the axons (example growth cone). Impairment of microtubule
dynamics has been reported in many neurodegenerative disorders. The transgenic SOD1%*,
mouse model for ALS, has been reported to show impaired axonal transport accompanied by
hyperdynamic microtubules. Moreover stabilization of microtubules via microtubule-modulating
agent (MTMA) delayed the symptoms in SOD19”** mice (Fanara et al., 2007). Cultured pmn
mutant motoneurons also exhibit impaired mitochondrial transport when compared to wildtype
motoneurons. Application of CNTF rescues impaired microtubule based transport. (Bender FLP
and Frank N Ph.D thesis). Moreover, recent evidence showing CNTF dependent interaction

between Stathmin and STAT3 releases a/f tubulin heterodimers from Stathmin, necessitated to

study whether microtubule dynamics is altered in pmn mutant motoneurons.

5.6.1 Post-translation modifications in a.-tubulin represent microtubule dynamics

Posttranslational modifications in tubulin are known to specify properties and functions
of microtubules. Tyrosinated tubulin has been shown as a characteristic feature of nascent and
dynamic microtubules (Janke and Bulinski, 2011). Once the o/f tubulin heterodimers are
attached to microtubule lattice, they are detyrosinated and thereby resistant to depolymerization.
Acetylation of o-tubulin at lysine 40 causes the microtubules to be stabilized and long lived
(Janke and Bulinski, 2011). In hippocampal neurons, tyrosinated tubulin is present all over the
axon and dendrites and most importantly enriched in the growth cones and protrusions, whereas,
acetylated tubulin is predominantly present in axonal shaft and absent in dendrites (Witte et al.,
2008). Confirming previous reports with other neuronal cell types (Witte et al., 2008) showing
that acetylated tubulin is present in all parts of the axon but relatively excluded from axonal

growth cones and dendrites, where most microtubules are thought to be more stable than in distal
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parts. Tyrosinated tubulin was in all regions of the neuron, including regions close to the axonal

growth cone and in dendrites (Figure 5.6.1)

Acetylated -Tubulin

Tyrosinated-Tubulin

Figure 5.6.1: Localization of different posttranslational modified forms of o-
tubulin

Wildtype motoneurons were stained with antibodies against acteylated and
tyrosinated a-tubulin. Acetylated tubulin (Cy2) labels stabilized microtubules and is
enriched in the axons but relatively excluded from dendrites and axonal growth
cones (arrow heads). Tyrosinated tubulin (Cy3) labels dynamic and unstable
Microtubules, including those in dendrites and axonal tips as shown by arrowheads.
Scale bar: 20 pm.
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Levels of tyrosinated and acetylated tubulin were measured in pmn mutant motoneurons.
Pmn mutant motoneurons cultured in the presence of BDNF showed significantly higher levels
of tyrosinated tubulin in axons when compared to wildtype motoneurons, indicating that there
are more nascent or dynamic microtubules in axons of pmn mutant motoneurons. Addition of
CNTF or knockdown of Stathmin significantly reduced the levels of tyrosinated tubulin
indicating that CNTF influences dynamics of microtubules and stabilizes them, presumably by
counteracting Stathmin activity. Surprisingly, the levels of acetylated tubulin were not
statistically different in pmn and wildtype motoneurons. Moreover CNTF treatment or Stathmin

knockdown did not affect the levels of acetylated tubulin (Figure 5.6.2)
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Figure 5.6.2: Levels of tyrosinated and acetylated tubulin in pmn mutant
motoneurons

(A) Levels of tyrosinated tubulin were increased in pmn mutant motoneurons when
compared to wildtype motoneurons. CNTF treatment [10 ng/ml] or Stathmin
knockdown in pmn mutant motoneurons reduced tyrosinated tubulin levels to
wildtype levels.

(B) Levels of acetylated tubulin were unchanged under conditions investigated.
Numbers in bars indicate number of cells analyzed. BDNF and CNTF are indicated
by B and C, respectively. Bars shown represent mean = S.E.M from 3 independent
experiments. Statistical analysis: ***P<0.001, ANOVA with Bonferroni post-hoc
test.
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5.6.2 Microtubule fractionation

Microtubule fractionation to isolate polymerized and soluble tubulin is an alternative
method to understand microtubule dynamics. Motoneurons cultured for 5 DIV were extracted
with microtubule stabilization buffer with 0.5% Triton X-100 for 5 min. Polymerized and
soluble tubulin was separated by centrifugation. To control whether fractionation is achieved,
cells were treated with paclitaxel (10 uM) for 2 h to polymerize microtubules. Figure 5.6.3A
shows western blot analysis of microtubule fractionation from wildtype motoneurons under
physiological condition and after treatment with paclitaxel. Fractionation was analyzed with a-
tubulin (detects tubulin irrespective of its post-translational modification), tyrosinated tubulin
(detects the nascent form of tubulin) and acetylated tubulin (detects the stable microtubules).
Under physiological conditions, a-tubulin was observed in both polymerized and soluble
fraction, where as after paclitaxel treatment most of the tubulin was present in polymerized
fraction. Immunoblot analysis with tyrosinated tubulin and acetylated tubulin showed they are
present mostly in the soluble fraction and polymerized fraction respectively. This confirms that
the tubulin fractionation technique can be adopted to analyse with in cultured motoneurons and
that antibodies against acetylated and tyrosinated tubulins are specific (Figure 5.6.3A).
Microtubule fractionation was performed on wildtype and pmn mutant motoneurons to test
whether the altered microtubule dynamics observed reflects in microtubule fractionation.
Motoneurons from 4-5 embryos for wildtype and pmn embryos were pooled to perform
microtubule fractionation assay. Western blot analysis was performed for a-tubulin, tyrosinated
tubulin and acetylated tubulin. Histone 3 and GAPDH served as a loading control. Western blot
analysis with a-tubulin showed that slight increase in the soluble form of tubulin in pmn mutant
motoneurons when compared to wildtype motoneurons. This was also confirmed with antibodies
for tyrosinated tubulin. This observation indicates that microtubule dynamics is altered in pmn

mutant motoneurons (Figure 5.6.3B). Since the amount of protein is critical for such a
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fractionation experiment, it was difficult to perform this experiment in mutant embryos and

therefore could not be tested with CNTF treatment.
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Figure 5.6.3: Microtubule fractionation in primary motoneurons

(A) Primary motoneurons were cultured for SDIV and microtubules were fractionated
to polymerized and soluble form using microtubule stabilization buffer. Western blot
analysis against various isoforms of Tubulin indicated that acetylated tubulin was
observed predominantly in the polymerized fraction and tyrosinated tubulin was
observed in the soluble fraction. As a control, cells treated with taxol to polymerize the
microtubules showed absence of tyrosinated o-tubulin and total a-tubulin depletion in
the soluble fraction.

(B) Microtubule fraction performed in wildtype and pmn mutant motoneurons showed
slight increase in the tyrosinated a-tubulin and corresponding increase of total a-
tubulin levels in soluble fraction of pmn mutant motoneurons. Histone and GAPDH
were used as loading controls.
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5.6.3 Microtubule stabilization promotes axon growth in pmn mutant motoneurons

Since previous results showed that axons of pmn mutant motoneurons possessed high
levels of nascent and dynamic form of tubulin (tyrosinated tubulin) corresponding to shorter
axons, it became essential to test whether stabilization of microtubule is sufficient to promote
axon elongation in pmn mutant motoneurons. For this experiment, pmn and wildtype
motoneurons were cultured in the presence of BDNF and 10 nM paclitaxel, a microtubule-
stabilizing drug for 5 DIV. Paclitaxel at such a concentration has been reported earlier to
promote axon elongation (Witte et al., 2008). Taxol treatment promoted increased axon growth

in pmn mutant motoneurons comparable to wildtype and pmn mutant motoneurons cultured with

CNTF (Figure 5.6.4A-B).
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Figure 5.6.4: Stabilization of microtubules with taxol promotes axon growth in pmn
mutant motoneurons
(A) Representative pictures of pmn mutant motoneurons cultured with BDNF, 10 nM
taxol, BDNF and CNTF showing increased axon length upon stabilization of

microtubules. Scale bar: 100 pm.

(B) Stabilization of microtubules in pmn mutant motoneurons in the presence of 10
nM of taxol increased axon length in pmn motoneurons to wildtype levels. Numbers in
bars represent the number of cells measured. Bars shown represent mean = S.E.M
from 3 independent experiments. Statistical analysis: ns (not significant), ***P<0.001
ANOVA with Bonferroni post-hoc test.
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5.7 CNTF enhances microtubule polymerization in primary cultured motoneurons
Mutation in 7BCE gene in pmn mice contributes to less o/f tubulin heterodimers
formation. Previous studies with primary pmn mutant motoneurons showed impaired
microtubule polymerization (Schaefer et al., 2007). Since CNTF alters the microtubule dynamics
in pmn mutant motoneurons, it was also suspected whether CNTF could influence microtubule
polymerization. To test this hypothesis, microtubule regrowth assay was performed after
nocodazole treatment (Ahmad and Baas, 1995; Schaefer et al., 2007). Wildtype and pmn mutant
motoneurons were plated on coverslips and treated with microtubule destabilizing drug,
nocodazole, (10 uM) for 6h to depolymerize the existing microtubule network (Figure 5.7.1A).
Microtubule regrowth after nocodazole washout was observed within 5 minutes. The
polymerized microtubules were extracted and subsequently fixed with 2% PFA. Cells were
stained with a-tubulin and y-tubulin to label polymerized microtubule network and microtubule
organizing center (MTOC) respectively. To measure the number of microtubules emanating
from the MTOC, Sholl analysis was performed with radius increments of 0.25 um (Figure
5.7.2A). Graphs were plotted against mean number of intersection and distance from MTOC. As
shown in the figure 5.7.1B & 5.7.2B pmn mutant motoneurons showed lower number of
intersections when compared to wildtype motoneurons, corresponding to less microtubules
emanating from MTOC and the microtubules formed were shorter than wildtype. Application of
CNTF significantly increased the number of microtubule formed and length of microtubule
formed in pmn mutant motoneurons (Figure 5.7.1B & 5.7.2C). Interestingly, application of
CNTF to wildtype motoneurons significantly increased the microtubule polymerization (Figure
5.7.2F). To understand whether CNTF mediated microtubule polymerization is dependent of
STAT3, microtubule regrowth assay was performed with primary motoneurons from
STAT3XOFL.NFL-Cre'®. STAT3XOT:NFL-Cre®®. These motoneurons showed less intersection

when compared to the wildtype. Importantly, the CNTF application did not enhance number of
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microtubules formed indicating that STAT3 mediates microtubule polymerization, presumably
by counteracting Stathmin (Figure 5.7.2E). Surprisingly, STAT3KO/FL;NFL-Cretg;pmn‘/’
motoneurons exhibited significantly less numbers of microtubules when compared to
STAT3*?FLNFL-Cre'® motoneurons, indicating that two distinct phenomena contribute to an
additive effect. Firstly, the TBCE mutation in pmn mutant motoneurons leads to less amount of
o/ tubulin heterodimers formed and secondly, lack of STAT3 to counteract Stathmin and
thereby o/p tubulin heterodimers are not released from Stathmin (Figure 5.7.2E). The average
length of microtubule formed was increased upon CNTF stimulation (back calculated form the
Sholl analysis described in materials and methods). These data suggests that CNTF and STAT3
plays a novel role in microtubule polymerization and thereby induce axon elongation in pmn

mutant motoneurons (Figure 5.7.2D).
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Figure 5.7.1: CNTF enhances microtubule regrowth in cultured motoneurons
Representative images of primary motoneurons analyzed for micortubule regrowth assay. Cells
were immunostained with y-tubulin (Cy2) to label the centrosome and a-tubulin (Cy3) to label
microtubules

(A) Microtubules were depolymerized with nocodazole for 6 h. Cells were fixed right after
soluble proteins were extracted by washing out with tritonX-100.

(B) Microtubule regrowth analyzed at 5 min after CNTF application in cultured wildtype and
pmn mutant motoneurons. Scale bar: 2 um.
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Figure 5.7.2: CNTF enhances microtubule regrowth in cultured motoneurons
(A) Representative image from Sholl analysis performed on primary motoneurons
with 0.25 pm step concentric circles. Scale bar: 2 pm.

(B-C, E-F) Graphs obtained from Sholl analysis depicting number of intersections
on y-axis and distance from MTOC on x-axis.

(B) Comparison of MT regrowth between pmn mutant and wildtype motoneurons.
(C) CNTF enhances MT regrowth in pmn mutant motoneurons.

(D) Graphical representation of average length of polymerized MTs formed in
wildtype and pmn mutant motoneurons with and without CNTF, and in
STAT3" ;NFL-Cre'® motoneurons. Numbers in columns represent the number of
analysed motoneurons. Bars shown represent mean + S.E.M from 4 independent
experiments. Statistical analysis: ***P<0.001 ANOVA with Bonferroni post-hoc
test.

(E) CNTF mediated MT regrowth was abolished in STAT3" %;NFL-Cre'® and
STAT3" %;NFL-Cre'¢;pmn mutant motoneurons.

(F) CNTF enhances MT regrowth in wildtype motoneurons. Statistical analysis:
*P<0.05, **P<0.01, ***P<0.001; Two way ANOVA with Bonferroni post-hoc test.
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5.8  Stability of TBCE protein

Autosomal recessive mutation in pmn mouse was mapped to chromosome 13 (Martin et
al., 2001) and the point mutation was identified in the TBCE gene causing a T—G transition at
position 1682 which leads to Trp—Gly substitution at the last amino acid of the TBCE protein
(Bommel et al., 2002; Martin et al., 2002). Pulse chase experiment of wildtype and mutant
TBCE protein after metabolic labeling with *°S labeling showed the that mutation in TBCE
protein rendered it unstable and more susceptible to trypsin digestion when compared to
wildtype protein, indicating putative conformational change due to this amino-acid substitution
(Martin et al., 2002). Moreover it has also been shown that overexpression of mutant TBCE in
pmn mutant motoneurons partially rescued axon length deficit in cultured motoneurons
indicating that the mutant TBCE protein is still functional (Bender FLP Ph.D dissertation). These
findings raised the question whether CNTF could alter the stability of the TBCE protein and

thereby able to rescue axon elongation defect.

5.8.1 Tyrptophan to Glycine mutation in TBCE renders it unstable

Firstly, to understand the stability of mutant TBCE protein in-vitro, HEK 293T cells
(human cell line) and N2A cells (mouse cell line) were transiently transfected with wildtype
(TBCE™") and mutant (TBCE""**“) TBCE expression vector (pcDNA3.1). The overexpressed
protein was tagged with HA at the amino terminal end. Co-transfecting the cells with a GFP
expressing vector controlled efficiency of transfection. 24 hours post transfection, cells were
treated with three different proteasome inhibitors, namely, Lactacystin (5 uM), MG132 (5 uM)
and Proteasome Inhibitor 1 (5 uM) for 24 h. The amount of HA-TBCE was analyzed by standard
western blot and quantified with Image J software. Amounts of GFP and GAPDH protein were

also measured as internal normalization control.
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As shown in western blots of Figure 5.8.1, the total amount of HA-TBCE was detected
by anti-HA antibody. HA-TBCE"*** was found to be less abundant that the HA-TBCE"" in
both cell types studied (HEK 293T and N2A). Releative amount of the HA-TBCE protein was
quantified by for GFP which was co-transfected and had the same promoter as HA-TBCE (CMV
promoter). In HEK 293T cells, the amount of HA-TBCEY***“ was reduced by 40% when
compared to HA-TBCE™'. The reduction of HA-TBCE"***“ in N2A cells was even more
striking as the protein was reduced by approximately 60%. To analyze whether this reduction is
caused by increased degradation of HA-TBCEY***° cells were treated with proteasome
inhibitors to inhibit ubiquitin proteasome degradation pathway. Upon treatment with proteasome
inhibitors, the amount of HA-TBCEY"**“ was restored to the levels of HA-TBCEV", indicating
HA-TBCE"”**¢ is highly unstable and undergoes proteasomal degradation. The amount of both
GFP and GAPDH was found to be reduced after the treatment of proteasome inhibitors possibly
due of increased cell death or arrest in cell cycle. Quantification of HA-TBCE™" and HA-
TBCE"Y***Y after proteasome inhibitors showed approximately 3 fold increase than the untreated

cells, possibly the turnover of TBCE protein is much higher that GFP and GAPDH.
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Figure 5.8.1: Tryptophan to Glycine (W-G) substitution in TBCE renders it unstable
(A, C) Western blot analysis of overexpressed HA-TBCE™" and HA-TBCE">** in
N2A (A) and HEK293T (C) cells showed that amount of HA-TBCE">**“ was reduced
when compared to HA-TBCE™'. Treatment with proteasome inhibitors restored

comparable levels.

(B, D) Quantification of HA-TBCE"" and HA-TBCE">**“ from N2A (B) and HEK

293T (D) cells, n=3 independent experiments.
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5.8.2 CNTF does not alter the stability of TBCE protein

Previous studies have shown that the neurotrophic factor CNTF prolongs the survival and
improves motor function of pmn mutant mouse (Sendtner et al., 1992b). In order to understand
whether CNTF somehow plays a role in stabilizing the TBCE protein and thereby rescues the
phenotype, TBCE protein levels in cultured pmn mutant motoneurons were analyzed. Primary
motoneurons form wildtype and pmn mutant embryos were cultured for 5 days in-vitro in
presence and absence of CNTF (10 ng/ml). Approximately 0.1 - 0.2 x 10° cells were plated per
condition. To obtain such large number of cells, cells from different embryos of the same
genotype were pooled before plating. Cells were harvested after 5 days for westernblot analysis.
Figure 5.8.2 shows the levels of TBCE in pmn mutant motoneurons. As expected the amount of
TBCE protein in pmn mutant motoneurons was significantly reduced when compared to
wildtype motoneurons. CNTF application to motoneurons for 5 days did not change the levels of
TBCE protein in wildtype motoneurons. Similarly, CNTF did not restore the reduced TBCE
protein level in pmn mutant motoneurons, indicating the CNTF does not rescue the pmn mutant

mouse by altering the stability of the TBCE protein.
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Figure 5.8.2 CNTF does not increase the levels of TBCE

Western blot analysis from wildtype and pmnr mutant motoneurons showed reduced
amount of TBCE protein in pmn mutant motoneurons. Addition of CNTF (10 ng/ml) for 5
days did not increase the levels of TBCE in both wildtype and pmn mutant motoneurons,
indicating CNTF does not alter the stability of TBCE">**“
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5.8.3 CNTF does not regulate the expression of Thce gene

STAT3 has been known as a transcription factor and upon activation it increases the
expression of various genes such as Bcl-X1, Bel-2 and SOCS3. This raised the question whether
TBCE could possibly be a downstream target of CNTF-STAT3. Therefore, expression of TBCE
mRNA upon CNTF activation was analyzed in primary wildtype motoneurons.

Firstly, localization of TBCE mRNA in primary motoneurons was observed by
Fluorescent in-situ hybridization (FISH) technique. Primary motoneurons were cultured for 5
days in-vitro. TBCE mRNA specific antisense (from genedetect) probe was used to detect the
TBCE mRNA in primary motoneurons. Sense control and RNAse treated sample were used as
negative control for in-situ hybridization. Immunocytochemistry for tau protein was coupled
with FISH to observe the morphology of the motoneuron. TBCE mRNA is localized in
dendrites, axons and cell body (relatively less) of primary motoneurons. Treatment of
motoneurons with RNAse prior to labeling with antisense helped to judge the specificity of the
antisense probe. Sense control was used to control the unspecific binding of the probe to RNA

(Figure 5.8.3).
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Figure 5.8.3 Localization of TBCE mRNA in primary motoneurons

Primary motoneurons were labeled with antisense oligonucleotide probe specific to
TBCE mRNA showing the presence of TBCE mRNA in axon, dendrites and cell
body (relatively less). Sense probe and RNAse treatment served as negative
controls. Immunostaining of Tau was performed to visualize the morphology of the
cell. Scale bar: 100 pm.
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Secondly in order to analyze expression of TBCE mRNA upon CNTF activation real
time quantitative reverse transcriptase (RT) PCR was performed on primary motoneurons
cultured for 5 days in-vitro with BDNF (10 ng/ml) and motoneuron cultured with BDNF (10
ng/ml) and CNTF (10 ng/ml). Total RNA was extracted, reverse transcribed to c-DNA and real
time quantitative pcr was performed for TBCE and actin c-DNA. Actin was used as a control
house keeping gene in this experiment. Relative expression of TBCE was not significantly

altered upon CNTF activation in cultured primary motoneurons (Figure 5.8.4)
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Figure 5.8.4: CNTF does not alter expression of TBCE mRNA in primary
motoneurons

Quantitative real time PCR analysis on day 5 primary motoneurons showed no
significant difference in TBCE mRNA between BDNF and BDNF+CNTF treated
culture. B-Actin mRNA was used as a control house-keeping gene.
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5.9 STAT3 activation in sciatic nerve of pmn mouse

The sciatic nerve is a large nerve originating from the lumbar spinal cord that extends to
the entire length of hind limb. It is a mixed nerve containing both sensory and motor axons. It is
widely used to study peripheral nerve regeneration after lesion. Early studies have shown that
STATS3 is phosphorylated after sciatic nerve transection and unlike ERK1/2 (which is also
activated after injury), p-STAT3Y705 was observed more in the proximal site of injury when
compared to distal site of injury (Sheu et al., 2000). Furthermore, activated STAT3 has been
shown to be retrogradely transported and translocated to the nucleus after injury (Ben-Yaakov et
al., 2012) indicating that it might send the signal to nucleus for axonal regeneration. Since sciatic
nerve is also affected in pmn mice with loss of motor axons, we checked whether phosphorylated
STATS3 is altered in sciatic nerve of pmn mice. Sciatic nerve from 4 week old wildtype and pmn
mice was isolated, proteins was extracted and subjected to western blot analysis. As shown in the
figure 5.9A the levels of p-STAT3Y’" was increased in sciatic nerve of pmn mice when
compared to wildtype littermates. To check whether the increased level of STAT3
phosphorylation is also observed in pre-symptomatic mice, western blot analysis was performed
from postnatal day 10 and 17 old pmn mice. Interestingly, the levels of p-STAT3Y"" were
increased in both the analyzed time points analyzed, indicating this observation is pre-
symptomatic (Figure 5.9B). Further analysis needs to be performed to characterize whether

CNTF release from Schwann cell is responsible for this phosphorylation.

96



Results

A p 28
wildtype

p-STAT3
Y705

STAT3

Tyr-Tubulin

Tubulin

GAPDH

p-STAT3
Y705

STAT3

Figure 5.9 pSTAT3""" is upregulated in sciatic nerves of pmn mutant mice

(A) Western blot analysis from sciatic nerve of postnatal day 28 old wildtype and
pmn mutant mice indicated increased levels of phosphorylation of STAT3 at
tyrosine 705

(B) Western blot analysis from sciatic nerve of postnatal day 10 and 17 old
wildtype and pmn mutant mice indicated increased levels of phosphorylation of
STATS3 at tyrosine 705
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5.10 Characterization of Synapse associated protein 1 (SYAP1) and interaction with
TBCE

Synapse associated protein 47 (SAP47) is a novel drosophila protein identified by
screening hybridoma library of several monoclonal antibodies that selectively stain synaptic
terminals in immunohistochemical studies (Hofbauer et al., 2009; Reichmuth et al., 1995).
SAP47 is expressed in synaptic regions of larval brain. Deletion mutant of SAP47 showed
impaired short term plasticity and odorant-tastant associative learning ability (Saumweber et al.,
2011). Yeast 2 hybrid studies were performed by Dr. N. Funk to identify the interacting partners
for SAP47. One of the interacting partners identified was TBCE like protein (TBCE-L). TBCE-L
is a highly conserved protein across several species (Bartolini et al., 2005) and as the name
suggests it has high similarity to TBCE. Over expression studies in Hela cells have shown that
TBCE-L has microtubule destabilizing activity by degrading o/f heterodimers and thus reduce
the availability for microtubule polymerization (Bartolini et al., 2005). Mouse homologue of
SAP47 is synapse associated protein 1 (SYAP1). TBCE has been shown to localize in cell body,
axons and enriched in the growth cones of motoneurons (Bender F.L.P PhD thesis). This raised a
question whether TBCE might have a novel role in the pre-synapse in association with SYAP1.
In line with this question, SYAP1 localization and its interaction with TBCE was analyzed in the

present study.

5.10.1 Characterization of antibodies against SYAP1

Antibodies are prerequisite for characterization of a protein. Since not many studies have
been done on SYAPI, it was necessary to characterize available antibodies against SYAP1. Dr.
N. Funk generated a mouse polyclonal serum against SYAP1 using a peptide as an immunogen.

Another commercial antibody against SYAP1 was obtained from SIGMA-Aldrich, however this
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antibody was raised against the human SYAP1 protein. Sequence similarity between peptide
used for immunogen and mouse SYAP1 was around 93%, so this human specific SYAP1
antibody was also tested in this study. To test the specificity of these antibodies, HEK 293T cells
were transfected with 2 expression vectors for mouse SYAP1 (pcDNA3 and pGJ3 vector
system). SYAP1 was N-terminally tagged with a FLAG amino acid sequence (Dr. N. Funk).
Proteins extracts obtained were subjected to western blot analysis for 2 different SYAP1
antibodies and FLAG antibody. Protein extracts from mouse primary motoneurons were also
analyzed in parallel. As shown in figure 5.10.1 endogenous SYAPI in HEK293T cells was
observed migrating at approximately 55 kDa when probed with both mouse and human specific
antibody. Overexpressed FLAG-SYAPI1 in both expression systems was observed to migrate at
60 kDa. Protein extracts were also probed with anti-FLAG antibody to detect overexpressed
protein alone and compare the running behaviour observed with the SYAP1 antibodies. The
FLAG antibody detected a prominent band at approximately 60 kDa similar to the protein
detected by the SYAP1 antibodies. Untransfected cells did not show a positive signal for FLAG
antibody. Protein extracts from primary motoneurons also showed a prominent band at 55 kDa
similar to HEK 293T cells. Additionally, another band at approximately 45 kDa was detected by
human specific SYAP1 antibody, which was absent when detected with mouse SYAP1 antibody.
This could be unspecific or reflect another isoform of SYAP1 which needs to be characterized.

These results indicated that both SYAP1 antibodies were binding to SYAP1 protein.
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Figure 5.10.1: Characterization of antibodies against SYAP1

Western blot analysis of protein extracts isolated from motoneurons and HEK cells
over-expressing with FLAG-SYAP1 and probed with antibodies o-human SYAPI,
a-FLAG and a-mouse SYAPI.

5.10.2 Lentiviral knock down of SYAP1 in primary motoneurons

Specificity of the antibody could be tested using a protein knockdown approach. Dr. N.
Funk had previously cloned 4 different siRNA oligos against mouse SYAP1 into pLL3.7 lentilox
RNAI vector. All four plasmids were tested for their knock down efficiency by western blot
analysis. HEK 293 T cells were co-transfected with pcDNA3 FLAG-SYAP1 and 2 different
concentrations (0.4 pg and 0.6 pg) of pLL3.7 vector containing the knockdown oligo (24 well).
As a transfection control pcDNA3 FLAG-SYAP1 and GFP-pLL3.7 vector was used. Western
blot analysis was performed and blots were probed for FLAG antibody to detect FLAG-SYAP1
and GFP to measure the rate of transfection. Over-expression of mouse FLAG-SYAP1 was
performed to overcome the problem of HEK cells being a human cell line and the associated
problem whether knockdown is specific for mouse SYAP1. As shown in the figure 5.10.2A, out
of four different oligos generated only oligo 3 was functional for knock down of SYAPI protein.

This positive clone was used to generate lentivirus in order to check the antibody specificity and
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to study the function of SYAPI protein. Lentiviruses expressing SYAP1 knockdown oligo3 were
further tested in primary motoneurons. Primary motoneurons were cultured for 5 DIV with
neurotrophic factors BDNF and CNTF. SYAPI oligo 3 virus and control GFP virus were added
on the day of plating. Western blot analysis showed a reduction in SYAPI protein level were
SYAPI oligo 3 virus was added (Figure 5.10.2B)

———— pcDNA FLAG-SYAP1(0.4 ng)

FLAG = .
SYAPI

GAPDHP—A

GFP ‘—_. p— —— ——— -
GFP ——{

pLL3.7 04 0.6 04 06 04 06 04 06 04 0.6
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Figure 5.10.2: SYAP1 knockdown in primary motoneurons

(A) SYAP1 knockdown oligos were tested for its efficiency by co-transfection of
pcDNA FLAG SYAPI and pLL3.7 SYAP1 oligos in HEK 293T cells

(B) Lentivirus knockdown of SYAPI (oligo 3) in primary motoneurons.

5.10.3 Colocalization of Thce and SYAP1

Localization of TBCE in primary motoneurons was previously studied by Dr.Florian
Bender (Bender FLP PhD thesis). TBCE was observed to be localized in centrosome, golgi
apparatus, axon and also enriched in growth cone of primary motoneurons. To understand
whether SYAP1 and TBCE colocalize with each other, primary motoneurons were stained with
antibody against TBCE (rabbit anti-TBCE) and SYAP1 (mouse anti-SYAP1).
Immunocytochemistry analysis showed that both TBCE and SYAP1 colocalize in distinct
perinuclear region, supposedly in the golgi apparatus and are enriched in the growth cones of
primary motoneurons pointing to an alternative function of TBCE other than its classical

chaperone activity (Figure 5.10.3).
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Figure 5.10.3: Co-localization of TBCE and SYAP1 in primary motoneurons
Primary motoneurons cultured for 5 DIV were labeled with rabbit TBCE and
mouse SYAP1 antibody. Both proteins colocalized near the cell body presumably
in the Golgi apparatus and are enriched in growth cones of axons of primary
motoneurons.

5.10.4 SYAPI1 interaction with TBCE

Since previous results through colocolization studies and Yeast 2 hybrid screens suggests
that TBCE and SYAP1 might interact with each other, it was inevitable to study whether these
protein interact through immunoprecipitation studies. Moreover, since TBCE mutation
(TBCE"“**%) at the last amino acid causes progressive neurodegeneration in pmn mouse, it was
analyzed if the mutation has any functional relevance in interaction with SYAPI.
Immunoprecipitation study was performed in HEK 293T cells. HEK cells were over-expressed
with FLAG-SYAP1 (pcDNA3) and HA-TBCE"" (pcDNA3) or HA-TBCE“"**“ (pcDNA3).
Proteins were isolated and subjected to immunoprecipitation with anti-FLAG antibody. Western

blot was performed using FLAG and HA antibodies to detect the amount of FLAG-SYAPI and
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HA-TBCE immunoprecipitated respectively. As shown in the figure 5.10.4, input levels of both
FLAG-SYAPI1 and HA-TBCE (wt and W524G) were similar in both conditions indicating equal
amounts of protein were used for immunoprecipitation. Amount of FLAG-SYAPI
immunoprecipitated (eluate) were also similar in both the conditions validating equal amount of
FLAG-SYAPI has been immunoprecipitated by the anti-FLAG antibody. Westernblot analysis
with anti-HA antibody showed TBCE is co-precipitated along with SYAPI. Interestingly, the

interaction between TBCE"Y>?%¢

and SYAP1 was reduced when compared to wildtype TBCE,
indicating C-terminal region of TBCE is required for interaction with SYAPI1. Absence of
GAPDH in the eluate lanes showed the specificity of anti-FLAG antibody in immunprecipitating

the FLAG tagged proteins.
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Figure 5.10.4: SYAP1 interaction with TBCE

Immunoprecipitation studies were performed in HEK 293T cells co-transfected
with FLAG-SYAP1 and HA-TBCE (WT or W524G mutant). a-FLAG antibody
was used to immunoprecipitate SYAP1. HA-TBCE was co-immunoprecipitated
along with FLAG-SYAP1 and the interaction of FLAG-SYAPI to HA-TBCE""**¢
was reduced when compared to HA-TBCE""
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6. DISCUSSION

Neurotrophic factors are a major class of growth factors, which influence proliferation,
survival, and maintenance of neurons, differentiation and apoptosis of both neuronal and non-
neuronal cells. They also regulate synaptic plasticity in mature neurons. In this present study, we
investigated the mechanism how ciliary neurotrophic factor (CNTF), in contrast to other
neurotrophic factors such as BDNF and GDNF, supports motoneuron axon maintenance in
progressive motor neuronopathy mice, a model of motoneuron disease caused by a mutation in
the Thce gene. The Thce gene codes for a chaperone that is involved in the formation of o/f-
tubulin heterodimers. Activation of STAT3 by CNTF stimulates microtubule formation in pmn
mutant motoneurons. Activated STAT3 sequesters Stathmin, a microtubule destabilizing protein
that binds o/B-tubulin heterodimers (Ng et al., 2006), and thereby increases the availability of

o/B-tubulin heterodimers for microtubule formation.

6.1 CNTF has a specific role in axon maintenance

Neurotrophic factors from several gene families, including BDNF, GDNF and CNTF
have originally been identified as potent survival factors for embryonic motoneurons (Arakawa
et al., 1990; Henderson et al., 1994; Sendtner et al., 1996; Sendtner et al., 1992a; Sendtner et al.,
1990). These neurotrophic factors were able to prevent motoneuron cell death after nerve lesion
in early stages after birth (Sendtner et al., 1990). Moreover, when both BDNF and GDNF were
applied together survival of the motoneurons was increased reflecting the presence of an
heterogeneous population of motoneurons in the spinal cord responding to different neurotrophic
factors. (Vejsada et al., 1998). Although these neurotrophic factors converge similarly in survival
of motoneurons during development and neonatal stage, they tend to differ in their capacity to
maintain axons after injury. For instance, CNTF, but not other neurotrophic factors, such as

bFGF, BDNF, GDNF, was not able to regenerate lesioned retinal ganglion cell axons (Cui et al.,
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1999). Another recent study showed that Schwann cells localized CNTF compensates for loss of
motoneurons in Smn"" mice, a mouse model of type-IIl SMA, by increasing axonal sprouting
and thereby increase the size of motor units in skeletal muscle of Smn™" mice before the disease
phenotype becomes apparent (Simon et al., 2010). It remained open from these studies whether
signaling cascades for neuron survival and maintenance of axons are similar. Treatment of pmn
mutant mice with CNTF or GDNF results in different effects on survival of these mice, despite
similar survival effects these two neurotrophic factors for motoneuron cell bodies (Sagot et al.,
1996; Sendtner et al., 1992b). This distinct and specific effect of CNTF but not GDNF was the
basis of our study with pmn mutant mice that was designed to understand the mechanism how

CNTF treatment results in axon maintenance.

Primary motoneurons from pmn mutant mice exhibit shorter axons with increased
number of axonal swellings when compared to wildtype motoneurons (Bommel et al., 2002). All
three neurotrophic factors (BDNF, CNTF, GDNF) investigated in this study were potent for
survival of pmn mutant motoneurons. Interestingly, similar to the in-vivo observation, CNTF but
not BDNF or GDNF was able to rescue axon elongation in-vitro (Figure 5.1.1 and 5.1.2). This
points to a specific role of CNTF in axonal maintenance of primary motoneurons. CNTF is
expressed in Schwann cells of the peripheral nervous system and in astrocytes of central nervous
system (Sendtner et al., 1992c; Stockli et al., 1991). Expression of CNTF is observed around first
postnatal week and reaches a maximum by 4 weeks after birth correlating with the maturation of
Schwann cells. The amount of CNTF produced by Schwann cells in the peripheral nervous
system did not differ between 4 week old wildtype and pmn mutant mice (Sendtner et al., 1997).
This opened a question why endogenous CNTF produced by pmn mice could not rescue the
observed motoneuron degeneration. The plausible explanation for this is that the CNTF that is
expressed in Schwann cells at 4 weeks after birth is not available to degenerating motoneurons

and thus cannot to overcome the symptoms observed in this mouse model. This can only be
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explained by the fact that CNTF is not secreted by Schwann cells at sufficient amounts. CNTF is
a soluble protein lacking a conventional hydrophobic leader sequence and therefore seems to be
released at high amounts only after injury (Stockli et al., 1991). Alternatively, when pmn mice
were treated with NGF leader sequence /CNTF expressing D3 cells at postnatal day 20 the
survival of the mice was prolonged when compared to untreated littermates (Sendtner et al.,

1992b) indicating that CNTF is a lesion factor.

4.2 Local function of STAT3 is necessary for CNTF mediated axon outgrowth in pmn
motoneurons

CNTF binds to a tripartite receptor complex containing LIFR, GP130 and CNTFRao and
activates signal transduction through the transcription factor STAT3 (Stahl et al., 1995).
Conditional ablation of STAT3 in motoneurons does not have influence on survival of spinal
motoneurons during embryonic development and after birth. However, after axotomy STAT3 is
necessary for survival (Schweizer et al., 2002) and axon regeneration (Sun et al., 2011) of
neurons in the peripheral nervous system. Recent studies have shown that transcriptional effects
of STAT3 through upregulation of Bcl-x1 and Reg-2 expression is required for survival of facial
motoneurons (Schweizer et al., 2002) and dorsal root ganglionic neurons after axotomy (Ben-
Yaakov et al, 2012; Nishimune et al., 2000). Nevertheless, it remained open whether
transcriptional effects of STAT3 are required for axon regeneration and maintenance. In cultured
primary motoneurons CNTF mediated STAT3 at tyrosine 705, surprisingly did not lead to
nuclear accumulation of activated STAT3. As shown by nuclear fractionation of primary
motoneurons, most of the activated STAT3 was observed in the cytoplasm at any point of time
and was not transported to the nucleus (Selvaraj et al., 2012). These results indicated that an
alternative cytoplasmic function of STAT3 might be responsible for STAT3 dependent axon

growth in pmn mutant motoneurons.
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CNTF mediated rescue of axon outgrowth in pmn mutant motoneurons was dependent on
STAT3. STAT3"?;pmn motoneurons exhibited short axons. Lentiviral over-expression of either
wildtype STAT3 or DNA binding mutant of STAT3 in STAT3 deficient motoneurons did not
abolish the effects of CNTF on axon growth in pmn mutant motoneurons. Interestingly, in the
absence of CNTF both over-expression of wildtype and DNA binding mutant STAT3 marginally
increased axon length of STAT3*;pmn motoneurons. The observed increase was statistically
significant, p<0.05, (although significantly shorter than wildtype motoneurons). This moderate
increase reflects a rescue effect of STAT3, signifying that STAT3 is important for axon
elongation in primary motoneurons. However, phosphorylation of STAT3 was important for the
rescue of axon elongation observed in pmn mutant motoneurons. Over-expression of tyrosine
phosphorylation mutant of STAT3 in STAT3"?;pmn motoneurons did not increase axon
elongation. Moreover the tyrosine mutant of STAT3 was observed to be dominant negative as it
reduced the effect of endogenous STAT3 protein on axon elongation of wildtype motoneurons.

A Cytoplasmic function of STAT3 has been reported in few recent studies, cytoplasmic
STAT3 is involved in regulating synaptic plasticity in the hippocampus (Nicolas et al., 2012)
although its mechanism of function still remains elusive. Another study by Verma et al., showed
that STAT3 interaction with Stathmin was critical for T-cell migration (Verma et al., 2009).
Taken together, these studies suggest that local signaling pathways could be involved for STAT3

effects on axon stability and maintenance.

6.3 Stathmin - a downstream target of STAT3

Stathmin is a member of a family of microtubule destabilizing proteins; other members
include superior cervical ganglion protein 10 (SCG10), SCG10 like protein (SCLIP) and RB3,
all sharing a conserved C-terminal domain and an amino terminal domain of varying lengths
(Charbaut et al., 2001). Stathmin functions primarily in binding to two molecules of o/f3 tubulin

heterodimers and sequestering them from microtubule polymerization. p-STAT3Y7*-Stathmin
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interaction has been observed upon cytokine stimulation in a number of cell types, including T-
lymphocytes (Verma et al., 2009) and various cell lines (Ng et al., 2006). These studies showed
that STAT3, when over-expressed together with Stathmin, binds to its C—terminus, the same
region that also interacts with tubulin heterodimers (Ng et al., 2006). Our results from primary
motoneurons confirm that STAT3 and Stathmin interact with each other in a phosphorylation
dependent manner. Since STAT3 binds to the C-terminal end of Stathmin, the same region
where tubulin heterodimers, it is likely both STAT3 and tubulin heterodimers compete with each
other for binding with Stathmin. This was evident in our co-immunoprecipitation analysis. After
CNTF treatment Stathmin interaction with tubulin was reduced by 40%. The released tubulin
heterodimers from Stathmin presumably increases the pool of available tubulin dimers for
polymerization of microtubules and thereby shifting the dynamics towards polymerization.
Alternatively, when Stathmin was depleted from pmn mutant primary motoneurons, axon
outgrowth was recued to wildtype levels. The fact that we did not observe an additional effect
upon CNTF treatment suggests that Stathmin is the downstream molecule of CNTF-STAT3
mediated axon elongation in pmn mutant motoneurons. Surprisingly, depletion of Stathmin in
wildtype motoneurons did not enhance axon growth suggesting that Stathmin dependent tubulin
dynamics is tightly regulated to maintain the status quo. Recent studies showed that over-
expression of Tbce and Tbce like protein degrades tubulin heterodimers (Bartolini et al., 2005;
Voloshin et al., 2010) and that Stathmin counteracts and protects the degradation of tubulin
heterodimers (Sellin et al., 2008). Stathmin depletion thus shifts the balance between
preservation of o/B-tubulin heterodimers to degradation. Our study and previous studies have
identified that the mutation caused in 7hce gene in pmn mice renders TBCE protein unstable and
prone to proteasomal degradation (Martin et al., 2002) when compared to the wildtype TBCE.
This could explain why effect of Stathmin depletion on axon outgrowth is highly pronounced in

pmn mutant motoneurons.
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6.4  Role of Stathmin in neuronal differentiation

Recent reports suggested that Stathmin is involved in maintenance of axons and
neuromuscular junctions and that disturbances of Stathmin function are also associated with
different neurodegenerative processes in disease models. Despite Stathmin is expressed in higher
levels during development, Stathmin™™ mice did not show any development phenotype. However,
Stathmin™ adult mice develop both central and peripheral axonopathy suggesting Stathmin could
play a major role in axon maintenance (Liedtke et al., 2002). Stathmin null mutants in
Drosophila melanogaster exhibit synapse retraction and reduced size of NMJ (Graf et al., 2011).
On the contrary, in the Smn™;SMN2 mouse model of spinal muscular atrophy where impaired
maturation of NMJ is also observed Stathmin levels were significantly upregulated in both
central and peripheral nervous system (Wen et al., 2010). In this present study, we did not find
difference in expression of Stathmin in pmn mutant motoneurons. These discrepancies indicate
that Stathmin dynamics are tightly regulated and play a vital role in axon maintenance.
Moreover, additional regulatory mechanism might be involved in fine-tuning Stathmin activity.
One such regulatory mechanism is the phosphorylation of Stathmin by serine kinases at 4
different sites (Curmi et al., 1999). Stathmin phosphorylation inactivates its microtubule
destabilizing activity and thereby plays an essential role in neuronal polarity and other
developmental aspects in neurons. Two recent studies have shown inactivation of Stathmin by
serine phosphorylation is vital for generating normal axons and dendrites in hippocampal
neurons and essential for inducing axonal branching. Stathmin phosphorylation in a Rac
dependent manner via DOCKY7 in the leading edge of axonal tips is necessary to form polarized
neurons (Watabe-Uchida et al., 2006). Similarly, BDNF induced axon branching in cortical
neurons by MAP kinase phosphatase-1 involves downstream suppression of Stathmin activity by
negatively regulating c-Jun N-terminal Kinase (Jeanneteau et al., 2010). In summary, regulation
of Stathmin by altering expression level or inactivation of its activity by phosphorylation is key

in development of axons and forming proper synaptic contacts.
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6.5  Microtubule dynamics in neurodegenerative diseases

Microtubules dynamics play a vital role in many neurodegenerative diseases. Altered
axonal microtubule dynamics was reported in sciatic nerve, spinal cord and cortex of SOD1%**
mouse model of ALS. Moreover, when SOD1%** mice were treated with noscapine, a
microtubule-modulating agent, delayed the onset of symptoms while prolonging survival (Fanara
et al., 2007). Similarly stabilization of microtubules by paclitaxel increases total polymerized
tubulin and decreases tyrosinated tubulin after axonal lesion, and thus promotes regeneration of
dorsal root sensory nerve fibers after spinal cord lesion (Hellal et al., 2011). These findings
indicate that mechanisms modifying the turnover and stability of microtubules could play a
central role under conditions when axons regenerate and possibly also under conditions of
axonal degeneration, such as in motoneuron disease. In pmn mutant motoneurons, we observed
enhanced level of tyrosinated tubulin in axons, a marker for highly dynamic and newly
synthesized tubulin, and it was normalized to wildtype level upon treatment with either CNTF or

by depleting its downstream target Stathmin.

Similarly, our data and previous work from Schaefer et al., also confirmed that the
amount of soluble unpolymerized tubulin was increased in pmn mutant motoneurons and in
TBCE depleted NSC34 cells (Schaefer et al., 2007). These results suggest that microtubule
dynamics is impaired in pmn motoneurons. Moreover, application of paclitaxel rescued axon
elongation in pmn motoneurons indicating that microtubule stabilization is sufficient that
STAT3-Stathmin interaction could alter the dynamics of microtubules towards polymerization,

thus increasing axon growth, stabilization and maintenance.
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6.6 Microtubule dynamics observed in pmn mutant motoneurons

The in-vitro microtubule growth assay used in our study (Selvaraj et al., 2012) is a fast
and a precise tool to study microtubule dynamics in isolated pmn motoneurons. It allows to
assess the rate of microtubule polymerization. In pmn mutant motoneurons the rate of o/p
heterodimer formation is impaired due to reduced amount of functional TBCE. This is reflected
in the microtubule regrowth assay, as the number of microtubules emanating from MTOC and
the length of the polymerized microtubule in pmn motoneurons were lower when compared to
wildtype motoneurons (Schaefer et al., 2007; Selvaraj et al., 2012). A distinct fraction of o/
heterodimers is bound to Stathmin. Since the amount of Stathmin is not dysregulated in pmn
motoneurons, it is likely that similar proportion of o/f tubulin heterodimers are bound to
Stathmin in wildtype and pmn motoneurons and that remaining o/f tubulin heterodimers are
freely available for microtubule polymerization. Therefore, the amount of freely available o/p
tubulin heterodimers is reduced in pmn mutant motoneurons. CNTF addition activates STAT3
phosphorylation, subsequent interaction of p-STAT3 with Stathmin releases bound o/f
heterodimers, thereby increasing the pool of available o/f§ heterodimers for polymerization and
this induces increased number and average length of polymerized microtubules. STAT3 depleted
motoneurons also showed reduced numbers of polymerized microtubules due reduced Stathmin
interaction. Thus o/ tubulin heterodimers are not released for polymerization. Therefore,
enriching the freely available pool of a/f heterodimers either by normalized activity of TBCE or
release of bound o/f heterodimers from Stathmin induces microtubule polymerization. These
two mechanisms are independent of each other as STAT3"*°;pmn motoneurons showed further
reduction in number of polymerized microtubules formed when compared to STAT3*? and pmn

motoneurons (Figure 6.1).
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@O o/P tubulin heterodimer

Figure 6.1: Scheme of CNTF mediated microtubules observed in pmn mutant motoneurons
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6.7 TBCE"***¢ protein is functional but highly unstable

Tubulin binding chaperone E is an important protein for generation of tubulin
heterodimers. TBCE along with TBCB binds to o-tubulin and functions as a chaperone in
formation of o/f tubulin heterodimers (Tian et al., 1996). Microtubule formation is critical in
various cellular events such as mitosis, maintenance of cellular architecture, transport etc. The
mutation in the 7hce gene that is responsible for the disease is found in the last coding exon and

leads to an amino acid exchange from tryptophan to glycine (TBCE">**¢

). Our data and previous
study has shown that the mutant TBCE (TBCE"“"**) is highly unstable (Martin et al., 2002) and
is degraded by proteasome dependent degradation, and therefore results in instable microtubules
that cause a neurodegenerative disease that predominantly affects motoneurons. It is still unclear
why this mutation in 7bce gene affects motoneurons predominantly and not the other type of

W524G

cells. Interestingly, over-expression of mutant TBCE in pmn mutant motoneurons was

sufficient for normalizing axon outgrowth to the same levels as observed in cultured wildtype
motoneurons (Bender FLP, Ph.D thesis) indicating that the amount of TBCE"***Y is critical in
pmn mutant motoneurons and that the enzymatic function is still retained. This could explain
why the mutation in 7hce gene affects motoneurons specifically and not the other type of cells.
One possibility could be that the amount of o/f tubulin heterodimers required for motoneuron is
higher when compared to other proliferating cells. Therefore, when the amount of TBCE"*** is
too low in pmn mutant motoneurons this results in less o/f tubulin heterodimers in proximal part
of axons and less axon growth (Selvaraj et al., 2012). The same mutation or mutations in the last
coding exon of 7BCE were not observed in more than 700 patients with sporadic and familial
forms of motoneuron disease (M. Beck, F. Bender and M. Sendtner, unpublished results).

Therefore, mutation in Thce gene in pmn mice provides a valuable model to study the role of

microtubules in motoneuron diseases.
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6.8  Possible role of TBCE in synapse maintenance

Microtubules and microfilaments are the main source of anchor for synaptic vesicles in
the pre-synaptic compartment and also essential for release of neurotransmitters into the synaptic
cleft. Depolymerization of microtubule and microfilaments by colchicine and cytochalasin-D
respectively, attenuates tetanus toxin induced blockage of neurotransmitter release (Ashton and
Dolly, 1997) suggesting that alterations of microtubule and microfilament dynamics are
prerequisite for release of bound synaptic vesicles. Drosophila TBCE in presynaptic neurons
regulates NMJ development and its precise expression is necessary for neurotransmission (Jin et
al., 2009). Interaction of the presynaptic protein SAP47 with TBCE like (E-Like) protein in
Drosophila led to this study to identify whether TBCE has another novel role in synapse
maturation or neurotransmitter release. Preliminary work performed in this study shows that
SYAP1, mouse homologue of SAP47, is expressed in motoneurons and localized in the golgi
apparatus as well as in axons and it is also enriched in growth cones. The mouse anti-serum
generated by Dr. N.Funk was specific and detected SYAP1 protein at a size of 55 kDa. We also
tested another commercial antibody from SIGMA due to the scarce availability of mouse anti-
serum. This antibody also detected a 55 kDa band and an additional unknown 40 kDa band.
Further analysis has to be performed to check the specificity of this antibody. Our data also
confirms interaction of SYAP1 with TBCE. Interestingly this interaction is weaker with mutant
TBCE possibly due to the structural alteration in mutant TBCE. It would be interesting to know
whether TBCE has a novel function in synapse. Using lentiviral knockdown of SYAPI
generated in this study, it will be feasible to study the function of the SYAP1 protein in this
context. One such functional study would be to study the role of SYAP1 and TBCE in synaptic
vesicle recycling using FM1-43 lipophilic dye in motoneurons or hippocampal neurons. Recent
report has elucidated a functional role of SYAP1 in stimulating growth factor dependent
adipocyte differentiation by promoting mTORC2 mediated phosphorylation of Akt (Yao et al.,

2013). SYAPI interacts with mTORC2 and Akt and facilitates Akt phosphorylation at serine
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473. mTORC?2 has been shown as a key regulator in polarization of actin cytoskeleton (Liu et al.,
2010). These findings suggest that SYAP1 might be a key signaling molecule mediating growth
factor induced receptor tyrosine kinase signaling in altering actin cytoskeleton and synaptic

plasticity.
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