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Abstract
Signalling endosomes are essential for neuronal survival, trafficking of essential ligand
receptor complexes and propagating the distal signalling of activated growth receptors.
Deficits in their transport have been linked to multiple neurodegenerative diseases,
therefore it is essential that we understand the mechanisms controlling their transport in
both healthy and disease phenotypes. In this study we describe a new modulator of signalling
endosome trafficking, the insulin-like growth factor 1 receptor (IGF1R). We show that IGF1R
inhibition increases the velocity of signalling endosomes both in vitro and in vivo. This effect
is specific to signalling endosomes, since IGF1R inhibition does not alter the trafficking of
mitochondria or lysosomes. We find that this change in trafficking is likely to be linked to the
dynein adaptor bicaudal-D1 (BICD1), as upon IGF1R inhibition we see substantial increase in
the de novo synthesis of this protein in the axon of motor neurons, without any significant
alteration of the microtubule cytoskeleton or the levels of cytoplasmic dynein. Finally, we
demonstrate that IGF1R inhibition can improve the deficits found in signalling endosomes
transport in the SOD1G93A mouse model of amyotrophic lateral sclerosis (ALS). These data
suggest that IGF1R inhibition could be a viable therapeutic target for ALS.
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Impact statement
In neurons, the long-range axonal retrograde transport of signalling endosomes is essential
for synaptic plasticity, axon growth and nerve repair. The spatial positioning and trafficking
of these organelles, together with mitochondria, RNA granules and lysosomes, is vital for
neuronal survival and maintenance. Consequently, impairments in axonal transport have
been linked to multiple neurodegenerative diseases. Therefore, it is critical that we not only
further our understanding of the mechanisms governing axonal transport but also elucidate
how these lead to neurodegeneration.
The work presented here identifies a novel role for the insulin-like growth factor 1 receptor
(IGF1R) in regulating the retrograde transport of signalling endosomes. We demonstrate that
following IGF1R inhibition there is an increase in the retrograde velocity of signalling
endosomes both in vitro, in primary motor neurons, and in vivo, in the intact sciatic nerve of
adult mice. In this study, we show that this mechanism may be regulated by alterations in
the dynein adaptor protein, bicaudal-D1 (BICD1). These data significantly improve our
understanding of axonal transport and will aid in the development of future studies.
Importantly, a better comprehension of axonal transport will help us decipher the role it
plays in the development of neurodegenerative disease. Amyotrophic lateral sclerosis (ALS)
is a devastating neurodegenerative disease that predominantly targets motor neurons. This
leads to progressive weakness, culminating in respiratory failure within two to five years
after diagnosis. To date, there is no cure. In the SOD1G93A mouse model of ALS, retrograde
axonal transport deficits in signalling endosomes occur pre-symptomatically, therefore, may
represent a key pathomechanism in the development of the disease. In this study, we
demonstrate that IGF1R inhibition can improve the deficits in the SOD1G93A mouse suggesting
IGF1R could be an important target for therapeutic intervention in ALS.
The research presented in this study will therefore have a beneficial impact on research
investigating the mechanisms underpinning axonal transport and highlights a potential
therapeutic node for ALS.
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Introduction

Chapter 1: Introduction
1.1 Axonal transport
Axonal transport is essential for the function, growth, survival and maintenance of the
neuron, allowing the movement and positioning of organelles such as mitochondria, RNA
granules, lysosomes and signalling endosomes. The reliance of the neuron on axonal
transport is illustrated by the fact that perturbations of this process has been associated with
multiple neurodevelopmental and neurodegenerative diseases (Maday et al., 2014). With
this in mind, it is important that we fully understand the mechanisms underpinning axonal
transport.

1.1.1 Fast vs slow axonal transport

Our early understanding of axonal transport derived from studies using a pulse-chase of
radiolabelled proteins followed by their analysis using autoradiography (Black and Lasek,
1980; Lorenz and Willard, 1978). These studies identified two distinct types of axonal
transport. The first, classified as slow axonal transport, involves the movement of
cytoskeletal proteins, as well as other cytosolic/soluble proteins. These typically move at a
rate of 0.2-10 mm/day (Roy, 2014). On the other hand, fast axonal transport involves the
transport of membranous cargo including endosomes, mitochondria, and lysosomes, at a
rate of 50-400 mm/d (Roy, 2016). Interestingly, recent studies have suggested that slow and
fast axonal transport are connected, with disruptions in fast axonal transport causing a
reduction in the slow axonal transport rate of synapsin (Tang et al., 2013). Furthermore, slow
axonal transport is responsible for the localisation of cytoplasmic dynein, a key molecular
motor protein, at the distal axon tip, thus facilitating retrograde transport (Twelvetrees et
al., 2016). In this thesis we will focus on fast axonal transport and the trafficking of
membrane-bound cargo.
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1.1.2 Neuronal morphology and cytoskeleton

One key determinant of intracellular transport is the morphology of the neuron itself. Both
in vitro and in vivo the neuron is asymmetric, forming two morphologically, molecularly and
functionally distinct compartments; the axon and the somatodendritic compartments
(Kevenaar and Hoogenraad, 2015). These structures are established and maintained by the
neuronal cytoskeleton. This is comprised of microtubules, actin filaments and
neurofilaments. Both microtubules and actin are dynamic structures that can grow and
shrink in order for the cytoskeleton to deal with the unique challenges presented.
Neurofilaments are abundant in the axon and are needed to maintain the calibre of the axon
and transmission of electrical impulses along the axon (Yuan et al., 2012).

1.1.2.1 The microtubule cytoskeleton

Microtubules are crucial for long-range intracellular transport. This was first shown in studies
where transport rates were severely disrupted in the axon by using colchicine (Kreutzberg,
1969), a drug that inhibits the polymerisation of microtubules (Vandecandelaere et al.,
1997). The core microtubule structure is built from heterodimers of a- and b- tubulin which
are nucleated from a g-tubulin ring complex (g-TuRC) (Kollman et al., 2011). These bind in a
head-to-tail fashion to form linear protofilaments (Kapitein and Hoogenraad, 2015). In the
axon, microtubules have a mainly plus-end out uniform morphology (Baas et al., 1989)
whereas in dendrites they display a mixed polarity (Baas and Lin, 2011). This asymmetry
helps specify the directionality of the two motor proteins involved in axonal transport, with
the kinesin motor protein powering anterograde transport (plus end directed) and
cytoplasmic dynein driving retrograde transport (minus end directed). Interestingly, a recent
study suggested that motor proteins are important for the preservation of polarity in
neurons by removing minus-end out microtubules from the axon (Rao et al., 2017). These
data highlight the complex relationship between motor proteins and the microtubule
network.

1.1.2.2 Post-translation modifications and microtubule-associated proteins
The microtubule cytoskeleton can also be modified either by post-translational modifications
(PTMs) or the binding of microtubule associated proteins (MAPs). These can result in changes
16
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to the stability of tubulin and can alter the binding of motor proteins (Gadadhar et al., 2017).
PTMs include glutamylation, acetylation and detyrosination each conveying a specific
‘tubulin code’ that allows certain functions (Wloga et al., 2017). Polyglutamylation occurs
due to the enzymatic addition of glutamate to the C-terminal tail of either a- or b-tubulin
(Edde et al., 1990). This has been shown to influence the binding of MAPs, such as MAPT
(tau) and MAP1b (Bonnet et al., 2001), both of which have can regulate transport (JiménezMateos et al., 2006; Chen et al., 2018). Furthermore, polyglutamylation can directly influence
the binding and processivity of motor proteins, with increased polyglutamylation leading to
an upregulation in the motility of kinesin-1 (Sirajuddin et al., 2014). This PTM also appears to
be important for neuronal survival, with the loss of deglutamylase CCP1 leading to
neurodegeneration (Rogowski et al., 2010; Shashi et al., 2018). Acetylation of tubulin occurs
primarily at lysine 40 (K40) a-tubulin (Gadadhar et al., 2017). The functional role of this PTM
is yet to be fully understood, however it does appear to influence the trafficking of proteins,
with an increase in acetylation leading to the mis-localisation of the kinesin-1 cargo JIP3
(Reed et al., 2006). In addition, acetylated tubulin, along with detyrosinated tubulin are
thought to represent stable microtubules (Witte et al., 2008). These stable microtubules
have been shown to promote efficient dynein-mediated transport in dendrites (Yogev et al.,
2017). As previously implied, tyrosinated a-tubulin is detected on newly formed and dynamic
microtubules, occurring at the C-terminal of a-tubulin subunit (Gadadhar et al., 2017). This
has been shown to be important for cytoplasmic dynein- and kinesin- mediated transport
(Dunn et al., 2008; McKenney et al., 2016; Nirschl et al., 2016).

MAPs also play a key role in regulating microtubule dynamics, turnover and stabilisation as
well as influencing intracellular axonal transport (Monroy et al., 2018). MAPs bind along the
length of microtubules, with their recruitment being controlled by phosphorylation
(Semenova et al., 2014). Regarding transport, tau (also known as MAPT), MAP2 and MAP4
appear to inhibit transport by blocking the path of motor proteins (Atherton et al., 2013).
Tau itself appears to have multiple roles in axonal transport; stabilising microtubules,
participating in signalling cascades and inhibiting both kinesin and dynein mediated
transport (Stern et al., 2017; Chen et al., 2018). Given tau’s role in the development of
multiple neurogenerative diseases, including Alzheimer’s disease (AD), frontotemporal
dementia (FTD) and Parkinson’s disease (PD) (Guo et al., 2017), it is incredibly important to
fully understand its precise role in regulating transport. Other MAPs have been shown to
enhance microtubule-based transport. Monroy et al found that MAP7 and tau compete with
17
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each other for binding the microtubule lattice (Monroy et al., 2018). As MAP7 dynamically
recruits kinesin-1 to the microtubules, this competition helps regulate transport (Tymanskyj
et al., 2018). Doublecortin, has also been revealed to regulate the transport of synaptic
vesicles by enhancing the binding of the kinesin-3 motor to the microtubules (Liu et al.,
2012). These data point to the importance of the microtubule cytoskeleton and its associated
in proteins in regulating axonal transport.

1.1.2.3 The actin cytoskeleton

Actin polymers consist of a fast-growing ‘barbed’- and a slow-growing ‘pointed’-end and
display a highly specialised and dynamic organisation. This allows the actin cytoskeleton to
support a diverse set of functions including cell migration and division. Specifically in
neurons, actin is important for specific functions such as neurite outgrowth, neurite
regeneration and synaptic function (Schevzov et al., 2012). Actin has been shown to play an
important role in microtubule-based transport, with the disruption of actin leading to a
decrease in retrograde transport of signalling endosomes (Lalli et al., 2003). Furthermore,
super-resolution imaging techniques have allowed the discovery of actin rings, periodically
spaced along the axon (Xu et al., 2013). These appear to be involved in microtubule stability
as neurons treated with an actin-destabilizing drug displayed breaks in their microtubule
network (Qu et al., 2017). These data suggest that the actin cytoskeleton could play an
integral role in axonal transport.

1.1.3 Molecular motor proteins

As previously mentioned, axonal transport is driven by two families of ATP-dependent motor
proteins: kinesins and cytoplasmic dynein. Both use ATP to step along the microtubule to
deliver cargo to the required cellular location.

1.1.3.1 Axonal anterograde transport and the kinesin superfamily

In the axon, anterograde transport refers to the movement of cargo from the soma towards
the distal tip (Fig 1.1). This process is powered by the kinesin superfamily. This consists of 45
mammalian genes, 38 of which are expressed in the nervous system (Miki et al., 2001). These
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are separated in to 14 subfamilies that have similarities in their structure and function. Three
of these have been associated with axonal transport: the kinesin-1, kinesin-2 and kinesin-3
families (Maday et al., 2014). These molecular motors are involved in the transport of
vesicles, mitochondria, late endosomes, lysosomes and RNA (Hirokawa et al., 2009). Kinesin1 motors consist of a dimer of kinesin heavy chains which are encoded by three genes: KIF5A,
KIF5B and KIF5C; as well as a dimer of two kinesin light chains (KLC1-4). KIF5A, KIF5B and
KIF5C are expressed in neurons but vary depending on neuronal type. In cells, kinesin-1 is
found in two conformations: an autoinhibited folded form and an ATP-bound extended
active conformation (Cai et al., 2007). This motor protein is thought to move processively
along a single microtubule protofilament in discrete steps of 8 nm (Visscher et al., 1999). In
order to recognise its diverse cargo, kinesin not only relies on adaptor proteins, that can bind
multiple sites on both the KHCs and KLCs, but also contains a tetrtricopeptide repeat domain
(TPR) in the KLC (Pernigo et al., 2018). This domain recognises short peptide stretches within
relatively disordered regions of its target (Pernigo et al., 2013). Kinesin-2 and kinesin-3 are
also important for axonal transport. Kinesin-2 can assemble into homodimeric and
heterodimeric motor, and when moving can produce a force similar to kinesin-1. However,
unlike kinesin-1, it is more likely to detach and has a shorter run-length (Schroeder et al.,
2012). Kinesin-2 is involved in the transport of N-cadherin, b-catenin, choline
acetyltransferase and is associated with Rab7 positive late endosomal vesicles (Maday et al.,
2014). Intriguingly, monomeric kinesin-3 undergoes diffusion along the microtubule network
but upon dimerization becomes a robust processive motor, driving the transport of synaptic
vesicles precursors and dense core vesicles (Mallik et al., 2013).
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Figure 1.1: Schematic of microtubule-based axonal transport
The microtubule cytoskeleton is comprised of heterodimers of a- and b- tubulin (orange and green).
In the axon these have an asymmetric morphology with the growing (plus-end) end of the
microtubules pointing outwards. This structure helps specify the direction of transport. Kinesin (light
blue) directs cargo (red circle) including vesicles, mitochondria and RNA towards the distal axon.
Dynein (green) transports cargo (red circle) in the retrograde direction (towards the cell soma).
Dynein’s cargo includes mitochondria, signalling endosomes, lysosomes and RNA.

1.1.3.2 Axonal retrograde transport and cytoplasmic dynein
Retrograde transport in the axon is defined by the movement of cargo towards the cell soma
(Fig 1.1). This process is powered by the 1.4 MDa cytoplasmic dynein motor protein (ReckPeterson et al., 2018). Unlike the kinesin family, which consists of 38 proteins, there is only
cytoplasmic dynein. Therefore, to carry out its myriad of functions, it binds an array of
adaptor proteins and cofactors. The dynein motor protein is a complex multi-subunit
machine made up of different polypeptides (Fig 1.2). The complex includes two dynein heavy
chain subunits (DHC; encoded by DYNC1H1), two intermediate chains (DIC, encoded
20
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by DYNC1IC1 and DYNC1IC2), two light intermediate chains (DLIC; encoded by DYNC1LI1 and
DYNC1LI2) and then three light chain families: roadblock (Robl; encoded by DYNLRB1 and
DYNLRB2), LC8 (encoded by DYNLL1 and DYNLL2) and Tctex (encoded by DYNLT1 and
DYNLT3) (Reck-Peterson et al., 2018). The core motor is formed of two heavy chains (DHC)
that bind to microtubules and hydrolyse ATP. This motor domain is formed of an ATPases
Associated with diverse cellular Activities (AAA+) ring and a microtubule binding stalk that is
~10 nm long and protrudes from AAA+ ring. This separates the sites of microtubule binding
and ATP hydrolysis providing flexibility to the dynein motors (Cho and Vale, 2012). This allows
dynein to not only navigate around obstacles on the a microtubule but also efficiently
cooperate with each other to move cargo (Mallik et al., 2013). Intriguingly, by itself this
molecular motor complex is mainly non-processive and relies on accessory and adaptor
proteins to efficiently transport cargo in a cell.

Figure 1.2: Schematic of dynein
The figure shows the subunits which make up the cytoplasmic dynein motor complex with dynein in
the processive state. Figure adapted from Reck-Peterson et al 2018. MTBD- microtubule binding
domain, DIC- dynein intermediate chain, Robl- roadblock, DHC- dynein heavy chain, DLIC- dynein light
intermediate chain.
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1.1.3.3 Dynactin
Dynactin is considered an essential cofactor for almost all known functions of dynein, and is
itself a 1.1 MDa complex formed of 23 subunits built around a short actin-like filament made
of actin related protein-1 (Carter et al., 2016). At the top of the filament is a large bundle of
a-helices, called the shoulder; this consists of four copies of p50/dynamitin, two copies of
p24 and two copies of p150Glued (Reck-Peterson et al., 2018). Studies have found that the
p150Glued subunit plays a key role in dynein mediated transport (Moughamian and Holzbaur,
2012), binding both dynein and the microtubule cytoskeleton. Dynein alone, exists in two
states: the phi-state and open-state, with both forms showing little to no processive
movement. Dynactin binds the open-state and aligns the motors to activate processive
movement (Zhang et al., 2017).

1.1.3.4 Dynein’s adaptor proteins
Underlying dynein’s ability to transport multiple cargo types is a collection of adaptor
proteins that bind the dynein/dynactin complex conferring unique characteristics. These
include activating adaptors such as Bicaudal-D2 (BICD2) and the Hook proteins (ReckPeterson et al., 2018). The BicD family was originally identified in Drosophila, being involved
in the transport of mRNA during development (Bullock et al., 2006). BICD2 is the best
characterised isoform of the mammalian BICD family (BICD1, BICD2, BICDR1, BICDR2) having
been shown to be a potent enhancer of minus end directed transport by substantially
increasing the processivity of the dynein/dynactin complex (Kapitein et al., 2010; McKenney
et al., 2014; Schlager et al., 2014). Interestingly, only the N-terminal of BICD2 is required for
this effect (Splinter et al., 2012). This domain of BICD2 contains two coiled-coil domains (CC1
and CC2), which associate with dynein and dynactin, while the C-terminal, contains a third
coiled-coil domain (CC3) and is involved in cargo binding (Liu et al., 2013). Many other
activating adaptors feature coiled-coil domains, which are key for their interaction with the
dynein/dynactin complex (Carter et al., 2016). These include the Hook family of proteins
which have been shown to be potent dynein activators (Olenick et al., 2016). Not only do
these adaptors effect dynein’s processivity, but also its recruitment to cargo (Urnavicius et
al., 2018).
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1.1.3.5 Dynein regulation by Lis1/Ndel
Two other key regulators of dynein are Lis1 and Ndel. Lis1 binds directly to the motor domain
of dynein and has recently been found to have two opposing modes of regulating dynein
(DeSantis et al., 2017). Depending on the stoichiometry of Lis1 on the dynein complex, it can
either lead to increased or decreased microtubule binding (DeSantis et al., 2017). This adds
to the complexity surrounding dynein regulation by Lis1, with previous studies suggesting it
can both increase and decrease the velocity of dynein (Huang et al., 2012; Baumbach et al.,
2017). Ndel is a coiled-coil containing protein that interacts with dynein via the DIC and LC8
subunits, as well as Lis1 (Reck-Peterson et al., 2018). There is evidence that Ndel can tether
Lis1 to the dynein complex however, it is not clear whether Ndel inhibits Lis1 function or
enhances it, with studies providing support for both modes of action (McKenney et al., 2011;
Zyłkiewicz et al., 2011). Interestingly, a recent study suggested that the Ndel/Lis1 complex
may be important for regulating the polarised sorting of cargo at the axon initial segment
through the activation of dynein on somatodendritic cargo (Kuijpers et al., 2016).

1.2 Axonal transport and disease
Due the importance of axonal transport in the survival and maintenance of neurons, any
perturbations of these processes, either through mutations in the transport machinery or via
indirect mechanisms, can severely effect cell health and lead to disease.

1.2.1 Mutations in the transport machinery
To date, there have been over 30 heterozygous missense mutations in the DYNC1H1 gene
found in patients with spinal muscular atrophy with lower extremity predominance
(SMALED) or malformations of cortical development (MCD) (Hoang et al., 2017; Schiavo et
al., 2013). SMALED is characterised by muscle weakness in the legs, caused by childhoodonset loss of spinal cord motor neurons (Scoto et al., 2015). MCD arises from defective
neuronal proliferation and migration during development (Poirier et al., 2013). A recent
study explored the effect of 17 of these mutations on dynein motility, with two mutations,
R1962C and H3822P, severely effecting dynein’s motility and the others displaying a
decrease in run-length in an in vitro assay (Hoang et al., 2017). These results highlight the
importance of dynein motility in order to maintain neuronal health. However, it is worth
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noting the disparity in symptoms displayed by patients with DYNC1H1 mutations. For
example, individuals carrying the R1962C mutation present with severe intellectual
disabilities but also normocephaly. In contrast, patients carrying the R3384Q mutation,
displayed only minor alterations in cytoplasmic dynein function, yet presented with
microcephaly and other CNS malformations, suggesting that the severity of symptoms may
not correlate with dynein function (Poirier et al., 2013). Mouse models have also provided
insight into the importance of the dynein mediated transport machinery. The Legs at odd
angles (Loa) mouse, which carries a point mutation in the DYNC1H1 gene, presents with
retrograde axonal transport deficits causing motor and sensory abnormalities (Hafezparast
et al., 2003). This study provided evidence that axonal transport defects and neuronal loss
were linked.
Mutations in cytoplasmic dynein’s adaptor proteins have also been linked with neurological
disease. BICD2 mutations have been found in patients with SMA, with mutations occurring
in the coiled-coil domains (Neveling et al., 2013; Oates et al., 2013; Peeters et al., 2013;
Synofzik et al., 2014). BICD2 has been shown to influence the formation of the Golgi
apparatus, with studies finding that mutations in BICD2 lead to the fragmentation of the
Golgi apparatus (Martinez-Carrera and Wirth, 2015) and also appears to alter the transport
of Rab6 positive vesicles (Peeters et al., 2013). Additionally, mutations in the Lis1 gene,
PAFAH1B1, were the first to be identified as causal for lissencephaly. Most PAFAH1B1
mutations are de novo and lead to haploinsufficiency of the Lis1 protein (Cardoso et al.,
2003). This is characterised by defects in neuronal migration during development, leading to
the absence of brain gyri and disorganisation of neurons in the cortex (Fry et al., 2014).
Furthermore, Lis1 has been shown to play an important role in exclusion of dendritic cargo
from the axon via the regulation of Ndel (Kuijpers et al., 2016), therefore any mutation in
Lis1 could severely effect neuronal health.

1.2.2 Axonal transport and neurodegeneration
There is also increasing evidence that deficits in axonal transport occur early in
neurodegenerative disease and therefore may be key for their pathogenesis.
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1.2.2.1 Alzheimer’s disease
AD is characterised by memory loss and progressive cognitive impairment. AD has two
pathological hallmarks: extracellular amyloid-b (Ab) plaques and intracellular neurofibrillary
tau tangles (Z. X. Wang et al., 2015). Genetic causes of AD include dominant mutations in
the amyloid precursor protein (APP) and presenilin 1 (PSEN1) (Kamboh, 2018). Interestingly,
both of these proteins have been implicated in axonal transport, with mouse models of AD
displaying axonal swellings containing accumulations of APP, neurofilament and ubiquitin
(Wirths et al., 2006). Moreover, a study in the Tg-swAPPPrp mouse, which exhibits aberrant
production of Ab leading to senile plaques, showed that the axon swellings contained
abnormal amounts of microtubule-associated factors and motor proteins, including kinesin1 (Stokin et al., 2005). These swellings not only appeared before Ab-related pathology, but
were also found in human AD brain samples, suggesting they could be causative. Supporting
this evidence that deficits in axonal transport are a key mechanism in AD, a recent study
found that perturbing the transport of lysosomes caused axonal swellings containing APP
and led to elevated Ab levels in the cerebral cortex (Gowrishankar et al., 2017). Interestingly,
a study exploring the role of presenilin in drosophila, which has a ~50% overlap with human
PSEN1, found that it can influence the transport of both kinesin-1 and dynein in vivo, via its
interaction with glucose synthesis kinase-3b (GSK-3b) (Dolma et al., 2014), suggesting that
AD-linked mutations could alter transport via an in-direct mechanisms.
Several factors associated with AD pathology have also been proposed to influence axonal
transport. Like PSEN1, Ab has been revealed to influence axonal transport via GSK-3b, with
soluble Ab causing defects in the transport of dense core granules and mitochondria in
primary cultured hippocampal neurons. This effect was prevented by inhibition of GSK-3b
(Decker et al., 2010). Soluble Ab has also been shown to alter the cytoskeleton, causing an
increase in F-actin polymerisation and a decrease in a-tubulin acetylation (Henriques et al.,
2010).
Furthermore, AD is characterised by synaptic defects. One potential mechanism for this
pathological outcome is an impairment in neurotrophic signalling. Corroborating this theory,
a study found that in primary hippocampal neurons cultured from an AD mouse model there
was a reduction in brain derived neurotrophic factor (BDNF) retrograde transport. As
previously mentioned, tau significantly influences axonal transport in normal conditions and
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is important for microtubule stability (Chen et al., 2018). In AD, tau is hyperphosphorylated
leading to detachment from the microtubule (Gong and Iqbal, 2012). This can lead to
microtubule instability therefore negatively impacting transport. Furthermore, tau can
influence the attachment of kinesin to the microtubules (Seitz et al., 2002; Monroy et al.,
2018), therefore the changes in tau associated with AD (Kopeikina et al., 2012) could have a
significant impact on axonal transport rates. Taken together, these studies highlight the
wide-ranging causes of axonal transport deficits in AD and postulate that they might be
significant in the development of the disease.

1.2.2.2 Parkinson’s disease
PD is the second most common adult-onset neurodegenerative disease and is characterised
by motor dysfunction caused by the loss of dopaminergic neurons in the substantia nigra
(Lamberts et al., 2015). Almost all PD patients develop intraneuronal protein aggregates,
called Lewy bodies. These aggregates are primarily formed of a-synuclein (a-syn), a protein
involved in neurotransmission and dopamine homeostasis (Goedert et al., 2013). Deficits in
axonal transport are thought to be a key mechanism in the development of disease, with a
reduction in a-syn transport shown in multiple models of PD (Saha et al., 2004; Yang et al.,
2010). Furthermore, a-syn oligomers can directly impact the cytoskeleton and the axonal
transport machinery. Prots et al, revealed that Lund Human Mesencephalic cells,
immortalised dopaminergic neuronal precursor cells, expressing mutant a-syn displayed
decreased levels of acetylated a-tubulin and had less kinesin-1 and mitochondria present in
neurites (Prots et al., 2013). However, it appears that deficits in axonal transport are not
limited to the transport of a-syn. A recent study found that BNDF retrograde transport was
severely reduced in cultured cortical neurons isolated from an PD mouse model. This was
thought to be through an interaction with dynein and an increase in activation of two key
components of the endocytic pathway, Rab5 and Rab7 (Fang et al., 2017).

1.2.2.3 Huntington’s disease
HD is characterised by muscle incoordination, cognitive decline and dementia and is caused
when the number of CAG repeats in the coding region of the huntingtin (HTT) gene is above
36, leading to the production of polyQ HTT. This leads to the degeneration of striatal and
cortical neurons (Millecamps and Julien, 2013), potentially caused by polyQ HTT aggregates.

26

Introduction
Interestingly, multiple lines of evidence point to both HTT and huntingtin-associated protein
(HAP1) being involved in axonal transport (Reck-Peterson et al., 2018), therefore any
mutations in HD could lead to defects in transport. Studies have shown deficits in transport
in autophagosomes (Wong and Holzbaur, 2014), mitochondria (Shirendeb et al., 2012; Weiss
and Littleton, 2016) and TrkB-containing vesicles (Liot et al., 2013). How these alterations
occur are of great interest. Despite early studies suggesting that HTT aggregates could
physically block transport (Li et al., 2001), it appears that HTT does not directly interact with
microtubule-based motors. In fact, Morfini et al revealed that HTT can influence axonal
transport through c-Jun N-terminal kinase 3 (JNK3). The activation of JNK3 lead to the
phosphorylation of kinesin-1, reducing its binding to the microtubules (Morfini et al., 2009).
Additionally, HD has been shown to influence the microtubule cytoskeleton, with acetylated
a-tubulin being reduced in HD patient brains (Dompierre et al., 2007). Intriguingly,
Dompierre et al showed that transport deficits in HD can be rescued by inhibiting histone
deacetylase 6 (HDAC6). This increases the amount of acetylated a-tubulin and recruits motor
proteins to the microtubules (Dompierre et al., 2007). Unfortunately, the genetic knockout
of HDAC6 failed to influence the onset or disease progression of HD in the R6/2 model of HD
(Bobrowska et al., 2011). However, this study showed that levels of BDNF in both the cortex
and the striatum were not altered between mutant and wild type mice (Bobrowska et al.,
2011). As most BDNF located in the striatum originates from the cortex (Altar et al., 1997),
this result suggests that these mice did not have a deficit in axonal transport, although live
transport experiments, analysing multiple cargo would have to be completed to confirm this
result.

1.2.2.4 Charcot-Marie-tooth disease
Charcot-Marie-tooth disease (CMT) is a group of genetically diverse peripheral neuropathies
which share pathological features including atrophy of distal muscles and a mild sensory loss
(Rossor et al., 2016). MCT is classified into two clinical subtypes: CMT1, in which motor nerve
conduction velocity is drastically reduced due to myelin degeneration and CMT2 where there
is only slight reduction caused by axonal degeneration (Millecamps and Julien, 2013). There
are currently more than 90 genes linked with the development of CMT (Benoy et al., 2018).
One of the most common mutated genes in CMT2 is mitofusin2 (MFN2). To assess how this
mutation led to the development of CMT2, Baloh et al expressed mutant forms of MFN2, in
culture dorsal root ganglia. The authors found that mutant proteins led to the formation of
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abnormal clusters of fragmented mitochondria and significantly impaired mitochondrial
transport (Baloh et al., 2007). Mutations in neurofilament light chain, the major intermediate
filament in neurons, can also cause CMT2 (Mersiyanova et al., 2000). These mutations not
only disrupt neurofilament assembly and transport but also lead to mitochondrial
mislocalisation (Brownlees et al., 2002). In fact, the disruption of mitochondrial transport
appears to be a common theme in CMT2, with another mutation in the small heat shock
protein hsp27 also leading to abnormal mitochondrial retrograde axonal transport (Kalmar
et al., 2017). However, other organelles are also affected in CMT2. In vivo, mutations in the
glycyl-tRNA synthase (GlyRS) gene, GARS, have led to defects in retrograde signalling
endosomes transport (Sleigh, personal communication 2019). Taken together the evidence
here heavily implicate axonal transport in neurodegeneration.

1.3 Amyotrophic lateral sclerosis
ALS is a neurodegenerative disease that predominantly targets motor neurons (MNs) located
in the spinal cord, motor cortex and brainstem. This leads to a progressive muscle weakness,
culminating in respiratory failure within two to five years (Taylor et al., 2016). It normally
presents in adulthood, with the average age of onset being 55 years old, and has an incidence
rate of 1-2 per 100,000 people in the western world (Van Damme et al., 2017). Currently,
there are only two approved treatments for ALS, Riluzole and Radicava, however they only
have a minimal effect on survival and symptoms (Abe et al., 2017). It is therefore imperative
that we further our understanding of this devastating disease, in order to develop a more
effective treatment. Notably, there appears to be significant overlap with frontotemporal
dementia (FTD). Around 50% of ALS patients display cognitive and/or behavioural defects,
resembling FTD, and 15% of ALS patients display the criteria for an FTD diagnosis (Nguyen et
al., 2018). Furthermore, 97% and 45% of ALS and FTD patients, respectively, displaying
pathological intracellular inclusions containing TDP-43 (Ferrari et al., 2011). Given that ALS
and FTD display a substantial amount of clinical, genetic and pathological overlap, they are
now thought of as a disease spectrum rather than two separate diseases (Nguyen et al.,
2018). Alongside this, ALS has also been shown to occur with Paget’s disease of the bone
and inclusion body myopathy (Taylor et al., 2016). These added layers of complexity present
a major challenge in fully understanding the mechanisms underlying ALS and the
development of therapeutics for ALS, FTD and Paget’s disease of the bone and inclusion body
myopathy.
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1.3.1 Genetics of ALS
Around 10% of ALS is familial (fALS), almost always caused by a dominant trait that is passed
on with a high prevalence. The other 90% of cases are sporadic (sALS), without any clear
genetic inheritance (Taylor et al., 2016). The first gene implicated in fALS was SOD1 in 1993,
and the study of mutations in this gene forms the basis of much of our knowledge on ALS
(Rosen et al., 1993). SOD1 encodes the ubiquitously expressed cytoplasmic enzyme called
Cu-Zn superoxide dismutase. This is an important antioxidant, which normally converts free
radical oxygen species into hydrogen peroxide or oxygen (Brasil et al., 2017). Evidence
suggests that the damage caused to motor neurons during SOD1-induced ALS is principally
caused by a toxic gain of function, and is independent of its antioxidant role (Taylor et al.,
2016). However, this is still debated.
Over the past decade, improvements in genetic screening methods, including next
generation sequencing, have led to the discovery of multiple new genes involved in ALS,
including TARDBP, FUS, OPTN, VCP and C9orf72. All of these appear to be involved in sporadic
and familial forms of the disease with C9orf72 being the most common, comprising around
40% of familial and 7% of sporadic cases (Renton et al., 2013).

1.3.2 Pathomechanisms involved in the development of ALS
Although we do not yet fully understand the fundamental pathophysiological mechanisms
leading to the development of ALS, a major neuropathological hallmark of the disease is the
accumulation and aggregation of ubiquitylated proteinaceous inclusions in motor neurons.
The main component of these inclusions is TDP-43, with ~97% of ALS patients having features
of TDP-43 proteinopathy, yet mutations in the TARDBP gene are found very rarely in ALS
patients (Hardiman et al., 2017). Other proteins found in inclusions include SOD1 and fused
in sarcoma (FUS) (Farrawell et al., 2015; Ayers et al., 2017). Cytoplasmic inclusions have been
shown to be pathogenic in several animal models of ALS (Verbeeck et al., 2012; Sharma et
al., 2016). However, if these inclusions are the main cause of the neuronal toxicity observed
in ALS is still under debate. It may be that the loss of multiple proteins as they are
sequestered into inclusions leads to a loss of function phenotype within the cell, ultimately
causing the degeneration seen in ALS. To date, multiple mechanisms have been implicated
in ALS (Figure 1.3). These include mitochondrial dysfunction, hyper-activation of microglia,
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astrocyte dysfunction, inhibition of monocarboxylate transporter 1 (MCT1) and
demyelination caused by the dysfunction of oligodendrocytes, glutamate excitotoxicity and
synaptic failure (Van Damme et al., 2017). Yet, like other neurodegenerative disease, deficits
in axonal transport have been heavily implicated.

Figure 1.3: Proposed mechanisms involved in amyotrophic lateral sclerosis

1.3.3 ALS and deficits in axonal transport
In motor neurons, the process of axonal transport gains extra significance as their axons can
be up to one metre long (Brady and Morfini, 2017). Specifically, in ALS, the first evidence
presented itself in studies of post-mortem tissue, where abnormal accumulation of
phosphorylated microfilaments, mitochondria and lysosomes at the distal end of motor
neurons was seen (De Vos and Hafezparast, 2017). Genes associated with ALS also provide
support that deficits in axonal transport are an important pathomechanism. Firstly, ALS
causing mutations have been found in KIF5A (Nicolas et al., 2018) and DCTN1 (Vilariño-Güell
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et al., 2009), directly implicating the transport machinery in ALS pathologies. However, a
precise understanding of how these mutations drive motor neuron death is still to be found.
Secondly, ALS causing mutations have been discovered in the TUBB4A gene, with functional
studies suggesting this leads to microtubule instability (Smith et al., 2014).
Deficits in axonal transport have also been observed in mouse models of ALS. Analysis of
retrograde transport using a fluorescently labelled heavy chain fragment of tetanus toxin
(HcT), indicated a reduction in dynein-mediated transport in motor neurons cultured from
SOD1G93A transgenic embryonic mice (Kieran et al., 2005). Furthermore, in vivo analysis of the
sciatic in the SOD1G93A transgenic mouse showed that deficits in retrograde axonal transport
occurred pre-symptomatically, thus suggesting that this may be a key pathological event
(Bilsland et al., 2010; Gibbs et al., 2018). Disruptions in endosomal transport are also not
limited to SOD1 models of ALS, with a recent study finding the transport of signalling
endosomes was perturbed in the TDP-43M337V model of ALS (Sleigh et al., 2018; Gordon et al.,
2019). Additionally, two other mutations in ALS2 and CHMP2B display changes in
endolysosomal trafficking (Devon et al., 2006; Urwin et al., 2010; Clayton et al., 2018).
However, Sleigh et al found that the FusΔ14/+ displayed no changes in signalling endosome
transport (Devoy et al., 2017; Sleigh et al., 2018), suggesting this pathogenic phenotype
might only be present in a subset of ALS mutations.
Axonal transport deficits are also not limited to endosomal trafficking in ALS since perturbed
mitochondrial transport has been found both in vivo and in vitro (De Vos et al., 2007; Bilsland
et al., 2010). In cellular models of ALS, mutant SOD1 has been shown to cause anterograde
specific deficits in mitochondrial transport (De Vos et al., 2007). Interestingly, this
mechanism appears to regulated through a reduction in Miro1, an outer mitochondrial
membrane protein mitochondrial Rho GTPase 1, which is essential for mitochondrial
transport (Moller et al., 2017). Furthermore, mitochondrial deficits present before
symptomatic onset in vivo (Bilsland et al., 2010; Magrané et al., 2014), in both the SOD1G93A
and TDP-43A351T mouse models of ALS, highlighting their potential importance in the
development of the disease. Mitochondrial trafficking deficits have also been found in other
models of ALS, with FUS-mutants displaying deficits in mitochondrial transport in drosophila
(Baldwin et al., 2016; Chen et al., 2016). However, one study found that the specific rescue
of mitochondrial trafficking defects in the SOD1G93A mouse did not lead to any improvements
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in motor neuron death or lifespan (Zhu and Sheng, 2011). This result suggests that
mitochondrial trafficking may not be a key determinant in ALS pathogenesis.
As TDP-43 and FUS, both important RNA-binding proteins, are heavily implicated in ALS, it is
unsurprising RNA transport defects have been detected in models of the disease (Taylor et
al., 2016). Alami et al showed that TDP-43 formed cytoplasmic mRNP granules which are
important for the delivery of mRNA to its target. Furthermore, this transport was disrupted
in motor neurons carrying ALS-associated TDP-43 mutations (Alami et al., 2014). More
recently, FUS mutations have been shown to cause RNA mislocalisation. This appeared to be
caused by the sequestering of kinesin-1 mRNA within FUS aggregates and the disruption of
the microtubule network (Yasuda et al., 2017).
Overall, the data presented here heavily implicate axonal transport deficits as a key
pathomechanism of ALS, with many of these presenting before symptom onset. Therefore,
therapeutically targeting axonal transport could lead to improvements in the clinical
presentation of the disease.

1.4 Targeting kinases as a therapeutic in ALS
Protein kinases have been shown to play an important role in axonal transport, altering
trafficking dynamics by either directly influencing motor protein activity or regulating how
they bind to the microtubule network (Morfini et al., 2009; Mitchell et al., 2012; Gao et al.,
2015). Furthermore, abnormal activation of specific protein kinases has been shown to be
causative for transport deficits detected in an animal model of neurodegeneration (Gibbs et
al., 2018). Due to this, protein kinases represent an excellent avenue to explore the
mechanisms regulating axonal transport, which might lead to potential therapeutic
opportunities. In this thesis, we will focus on the insulin-like growth factor 1 receptor (IGF1R).

1.4.1 IGF1R structure and signalling
IGF1R is a transmembrane tyrosine kinase receptor that is involved in cell metabolism,
growth and development. It is a 1,367 amino acid protein, comprised of two a- and two bchains held together by disulphide bonds (Adams et al., 2000). Along with the insulin
receptor (IR) and the insulin-like growth factor 2 receptor (IGF2R), it makes up the insulin
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superfamily. The IGF1R shares a 58% sequence homology in the ligand binding domain with
the IR (Siddle, 2011). Therefore, there is a degree of promiscuity in terms of its ligand binding,
but overall IGF1 has a much higher affinity for IGF1R than it does for the IR (Fernandez and
Torres-Alemán, 2012). After the binding of IGF1, the receptor is auto-phosphorylated at
tyrosine 1161/1165/1166, leading to the recruitment of docking proteins (IRS1/2, Grb2 and
Shc) and the activation of downstream signalling cascade (Fig 1.4) (Dyer et al., 2016). These
include: I) PI3K-AKT pathway that is important for protein synthesis, apoptosis and cell
survival and II) Ras-Raf-MAP kinase pathway which is involved in transcription and cell
proliferation (Siddle, 2011). Interestingly, a recent study found that although the IR and
IGF1R share downstream signalling pathways, the IR receptor leads to an higher increase in
IRS1, compared to Shc for IGF1R (Cai et al., 2017). To further complicate this scenario, IGF1R
and IR can form hybrid receptors, which may alter this preferential pattern of downstream
signalling pathway activation (Cai et al., 2017). In contrast, IGF2R acts primarily as a
scavenging system, targeting IGF2 to lysosomes. Due to the importance of IGF1 in multiple
signalling processes, there are six IGF binding proteins (IGFBP) which tightly regulate the
bioavailability of extracellular IGF1 (Fernandez and Torres-Alemán, 2012).

Insulin

IGF2

IGF1

IGF2R

IGF1R

InsR

pP P
IRS1/2

Shc

PI3K/AKT

Raf/ERK/p38

mTORC1

éProliferation,
éGene transcription

êApoptosis,
éProtein synthesis

Figure 1.4: A schematic of the IGF1R pathway
IGF1 can bind either IGF1R or IR, leading to the activation of downstream signalling pathways including
AKT and ERK.
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1.4.2 IGF1R function in the nervous system
During development, IGF1R is highly expressed in many regions of the brain, including the
cortex, hippocampus, cerebellum, brainstem and spinal cord, but its expression is reduced
in the adult brain (Bach et al., 1991). IGF1R and IGF1 are essential in neuronal development
and have been shown to play a role in the regionalisation of the neural tube and the
production and migration of GABAergic and glutamatergic neurons (Fernandez and TorresAlemán, 2012). Mice lacking neuronal IGF1R die shortly before birth or present
with microcephaly (Kappeler et al., 2008). Furthermore, IGF1R is critical for neuronal
polarisation in vitro and in vivo (Sosa et al., 2006; Guil et al., 2017). Altogether, these studies
highlight the importance of IGF1R in brain development.
Interestingly in the adult brain, systemic IGF1, which is mainly produced by the liver, plays a
major role in brain vessel remodelling (Lopez-Lopez et al., 2004), adult neurogenesis (Aberg
et al., 2000) and neuron excitability (Nuñez et al., 2003), with neuronal activity driving its
transport across the blood-brain barrier into the central nervous system (Nishijima et al.,
2010). Furthermore, pre-synaptic IGF1R mediates synaptic release and short-term plasticity
in excitatory hippocampal neurons (Gazit et al., 2016). Upon neuronal injury, IGF1R and IGF1
are upregulated, conferring a neuroprotective effect after cerebral ischemia and reducing
neuronal loss (Wang et al., 2013). Additionally, IGF1 treatment after spinal cord injury
promotes corticospinal tract regrowth and functional recovery (Liu et al., 2017). The main
source of IGF1 in these conditions is activated microglia, with astrocytes and neurons
expressing IGF1R being the primary target of this growth factor (Fernandez and TorresAlemán, 2012).

1.4.3 Targeting IGF1R in ALS
sALS patients have decreased IGF1 and increased expression levels of IGF1R in skeletal
muscle compared to healthy and disease controls (patients with denervated muscles not
related to ALS) (Lunetta et al., 2012). Interestingly, although SOD1G93A mice also have
reduced IGF1 they have been shown to have decreased IGF1Ra in skeletal muscle and the
spinal cord (Steyn et al., 2012). The reason for this discrepancy is unknown but may be due
to the assessment of different muscles. Unfortunately, Lunetta et al do not state which
muscles they biopsied. Furthermore, neurons lacking ALS2, a gene associated with ALS, had
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impaired IGF1R endocytosis suggesting IGF1R signalling could be impaired in ALS (Devon et
al., 2006).
IGF1 has been shown to dramatically improve the lifespan and delay the onset of symptoms
in the SOD1G93A mouse (Kaspar et al., 2003; Lin et al., 2016; Wang et al., 2018). These studies
all used adeno associated viruses (AVV) to deliver IGF1 to the spinal cord. Specifically, Wang
et al systemically administered AVV-hIGF1 to 90-day old symptomatic SOD1G93A mice. This
led to a reduction in motor neuron death, myelin pathology in the ventral root and an
improvement in lifespan. Additionally, mice treated with the AVV-hIGF1 performed better
on the rotarod and had decreased apoptosis and inflammation (Wang et al., 2018). It should
also be noted that the knockdown of spinal cord IGF1 exacerbated the disease phenotype
(Wang et al., 2018). Despite these promising results, clinical trials involving subcutaneous
injections of IGF1 failed to improve outcome or symptoms in ALS (Sorenson et al., 2008). This
lack of improvement may be due to the inability of exogenous IGF1 to reach the spinal cord.
On the other hand, studies have provided evidence that inhibiting the IGF1R may prove
beneficial. IGF1 was the first life-extension pathway to be discovered, whereby an inhibition
of the pathway increased lifespan and delayed age-related disease onset in C. elegans
(Kenyon, 2011). Biondi et al showed that a reduction in IGF1R lead to a significant
improvement in lifespan and motor function in a spinal muscular atrophy mice model (Biondi
et al., 2015). Furthermore, knocking out neuronal IGF1R in an model of Alzheimer’s disease,
the APP/PS1 mouse, alleviated amyloid plaque load and improved spatial memory (Gontier
et al., 2015). Therefore, exploring the role of IGF1R inhibition may prove beneficial in ALS.
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1.5 Aims
Deficits in axonal transport have been implicated in the development of multiple
neurogenerative diseases, including ALS. Yet, the mechanisms involved in regulating axonal
transport are still not fully understood. Previous work in the laboratory highlighted that
IGF1R may be a modulator of retrograde signalling endosome transport (Gibbs thesis, 2015).
Therefore, the overall aim of this thesis is to fully explore the role of IGF1R in axonal
transport. Not only will this provide a deeper understanding of the mechanisms that regulate
transport but could also help us develop therapeutics to combat neurodegenerative
diseases.
The specific aims of this thesis are as follows:
1. Characterise the ability of IGF1R to influence axonal transport
2. Investigate the mechanisms underpinning the effect of IGF1R on axonal transport
3. Explore if IGF1R has any role in the development of ALS
4. Explore if IGF1R inhibition can improve transport deficits in the SOD1G93A mouse
5. Assess if motor neurons derived from human iPSCs are a viable model in AL
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Chapter 2: Materials and methods
2.1 Reagents and media
Reagents were purchased from Sigma Aldrich unless otherwise stated. MilliQ water (MilliQ
H2O) was provided by the Institute of Neurology (ION, UCL). Phosphate buffered saline (PBS)
was made from 100X tablets (Oxiod, UK) in milliQ H2O.
All chemical inhibitors and recombinant proteins used in this project our listed in table 2.1:
Table 2.1: Chemical inhibitors and recombinant proteins
Compound

Company

Working

Mechanism

concentration
E4

GlaxoSmithKline

2 μM

IGF1R inhibitor

PPP

Tocris

1 μM

IGF1R inhibitor

IGF1

PromoKine

50 ng/ml

IGF1R ligand

Vimentin

PROSPEC

50 ng/ml

Intermediate filament

(GSK1713088A)

protein
Cycloheximide

Sigma Aldrich

50 μg/ml

Protein synthesis
inhibitor

Anisomycin

Sigma Aldrich

40 μM

Protein synthesis
inhibitor

MG-132

Sigma Aldrich

10 μM

Proteasome inhibitor

Bafilomycin

Sigma Aldrich

200 nM

Inhibits vacuolar H +
ATPase

Puromycin

Sigma Aldrich

2 μM

Protein synthesis
inhibitor/ quantification
of newly synthesized
protein
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2.2 Animals
2.2.1 SOD1G93A C57BL/6J - SJL transgenic
Transgenic mice heterozygous for the mutant human SOD1 gene (G93A) on a C57BL/6-SJL
mixed background (B6SJLTg [SOD1*G93A]1Gur/J) were acquired from The Jackson
Laboratory. Colonies were maintained at the UCL Institute of Neurology Biological Services
Unit. Heterozygous males were mated with wild-type C57BL/6-SJL F1 generation females to
obtain experimental colonies. Mouse genotypes were confirmed using DNA extracted from
ear biopsies and PCR amplification of the human SOD1 transgene as described by The
Jackson Laboratory. Animals were housed in a controlled temperature and humidity
environment and maintained on a 12 h light/dark cycle with access to food and water
provided ad libitum.
All experiments were carried out under license from the UK Home Office in accordance with
the Animals (Scientific Procedures) Act 1986 and were approved by the UCL Institute of
Neurology Ethical Review Committee.

2.2.2 Genotyping
To assess whether mice and cultured PMNs contained the SOD1G93A mutation, ear biopsies
and embryonic tails were genotyped respectively. Each sample was added to 120 μl lysis
reagent (Viagen) containing 1.2 μl proteinase K and incubated at 55 °C with shaking (900
rpm). Incubating at 85 °C for 15 min stopped the reaction. PCR was performed using 15 μl of
PCR Megamix Blue (Taq polymerase in 1.1X reaction buffer (2.75 mM MgCl2, 220 μM dNTPs,
blue agarose loading dye and stabilizer, Microzone Ltd)), 0.25 μl of each primer pair (Table
2) 8 μl RNase-free H2O and 1 μl of DNA sample. Samples were run for 95 °C for 30 s, 60 °C for
30 s, 72 °C for 45 s repeated 35 times and finally 72 °C for 2 min. PCR samples were run on a
2% agarose gel in 1X Tris-Borate-ethylenediaminetetraacetic acid (EDTA) (TBE) (90 mM TrisHCl, 90 mM boric acid, 2 mM EDTA, pH 8.0) with ethidium bromide (0.5 μg/ml). Samples
were electrophoresed at 130 V for 30 min in 1X TBE buffer. Gels was imaged using the
ChemiDocTM Touch imaging system (732BR1025, Bio-Rad) and samples were assessed for the
SOD1G93A mutations (Fig 2.1).
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Table 2.2: Sequencing primers

IMR00113

CATCAGCCCTAATCCATCTGA

IMR00114

CGCGACTAACAATCAAAGTGA

+/SOD1G93A

GTAGGTGGAAATTCTAGCATCATC

+/+

IMR 0043

+/SOD1G93A

CTAGGCCACAGAATTGAAAGATCT

+/SOD1G93A

IMR0042

+/SOD1G93A

Sequence (5’-3’)

+/+

Primer name

(bp)
300
200

Figure 2.1: Genotyping of SOD1G93A and wild type mice
The SOD1 gene was detected as a product at 236 bp. Wild type mice showed a band at 324 bp for the
presence of IL-2 DNA.

2.3 Fluorescent labelling of HCT with AlexaFluor dyes
1.5 mg HcT protein was diluted in labelling buffer (10 mM HEPES-NaOH pH 7.4, 250 mM NaCl)
containing a 10X molar excess of tris-(2-carboxyethyl) phosphine hydrochloride (TCEP). The
reaction mixture was kept at 4 °C for 30 min and then a 25X molar excess of AlexaFluor 555
C2 maleimide in DMSO (Thermo scientific) was added under gentle vortexing. The reaction
was then incubated at 4 °C overnight in the dark. The labelling reaction was stopped the next
day by the addition of 4 mM reduced glutathione in Tris-HCl (pH 8.0). The labelled protein
was isolated from free dye using a PD10 desalting column (GE Healthcare), equilibrated with
ice-cold PBS, and then dialyzed for two days in dialysis buffer (10 mM HEPES-NaOH, 100 mM
NaCl, pH 7.4) at 4 °C in the dark. Dialysis buffer was changed after one day for fresh buffer.
Finally, the labelled protein was concentrated using Amicon Ultra-0.5 filter devices (EMD
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Millipore) according to manufacturer’s instructions and then aliquoted, snap frozen in liquid
nitrogen and stored at -80 °C.

2.4 Monocrystalline-iron oxide nanoparticles (MION)- HcT conjugation
MIONs were conjugated to HcT as previously described (Debaisieux et al., 2016). Briefly, 5
mg of MIONs were activated with 1 mM EDTA and 3 mM succinimidyl 4-(Nmaleimidomethyl) cyclohexane -1- carboxylate (SMCC, Life technologies) for 30 min at room
temperature. 3 mM SMCC was added again and mixture was incubated at room temperature
for an additional 30 min. Resulting mixture was centrifuged at 3000 x g for 5 min. The
resulting supernatant contained the activated MION and was run on PD desalting column
(GE healthcare) to remove SMCC. MIONs were then concentrated using a 15 ml
concentration tube (30,000 MWCO, Millipore). MIONs were conjugated to 6 nmol HcT,
previously reduced by 1 mM TCEP for 30 min at room temperature, at 4°C for two days. The
reaction was stopped by adding 2 mM glutathione and incubating the mixture for 1 h at 4°C.
Conjugated MIONs were purified using a Sephacryl S100HR column (GE healthcare).

2.5 Antibodies
Secondary antibodies for immunofluorescence were purchased from Invitrogen and used at
a dilution of 1:1000 except for anti-chicken 488 that was used at 1:500. Horseradish
peroxidase (HRP)-conjugated secondary antibodies for western blotting were from DAKO
and were used at a dilution of 1:2000.
All primary antibodies used are listed within table 2.3:

Table 2.3: Antibodies

Antibody

Company

Western

Immunofluorescence Species

blot
Total IGF1Rβ (D23H3)

Cell

1:500

1:250

Rabbit

signalling
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Total IGF1Rβ (C20)

Santa Cruz

1:1000

-

Rabbit

pIGF1R (ABE332)

EMD

1:500

-

Rabbit

1:1000

-

Rabbit

1:1000

-

Rabbit

1:1000

-

Rabbit

1:1000

1:400

Rabbit

1:2000

1:250

Rabbit

1:1000

Rabbit

Millipore
ERK1/2 (9102)

Cell
signalling

pERK1/2 (9101)

Cell

(Thr 202/ Tyr 204)

signalling

AKT (9272S)

Cell
signalling

pAKT D9E XP (4060)

Cell

(Ser473)

signalling

SOD1 (ab16831)

Abcam

β3-tubulin (T2200)

Sigma

β3-tubulin

BioLegend

-

1:1000

Mouse

Synaptic

-

1:500

Chicken

(801201)
β3-tubulin (302305)

systems
GAPDH

EMD

1:5000

Mouse

Millipore
Puromycin

EMD

(MABE343)

Millipore

HA (3F10)

Roche

BICD1 (HPA041309)

Atlas

1:2000

Mouse

-

1:500

Rat

1:400

1:500

Rabbit

1:500

1:500

Rabbit

1:150

1:500

Mouse

-

1:100

Rabbit

1:100

-

Mouse

1:500

-

Mouse

antibodies
BICD2 (HPA023013)

Atlas
antibodies

Dynein intermediate chain EMD
(MAB1618) clone 74.1

Millipore

Dynein heavy chain (sc- Santa Cruz
9115)
KHC (MAB1614)

EMD
Millipore

Hook3 (C-10)

Santa Cruz
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Tyrosinated

tubulin EMD

(MAB1864)

-

1:500

Rat

-

1:500

Rabbit

-

1:1000

mouse

Millipore

Clone YL1/2
De-tyrosinated tubulin

EMD

(AB3201)

Millipore

GFP (4E12/8)

CRUK

2.6 Bacterial transformation
For each construct, a minimum of 20 ng/ml DNA was added to 25 μl competent bacteria. The
mix was incubated on ice for 30 min and then heat shocked at 42 °C for 45 s. Bacteria were
chilled on ice for 2 min and then 200 μl Super optimal broth with catabolite repression (SOC)
medium (2% Tryptone, 0.5% Yeast Extract 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM
MgSO4, 20 mM glucose) was added. The bacteria were shaken at 37 °C for 1 h, plated on prewarmed LB (lysogeny broth) agar (50X tablet) plate containing ampicillin (100 μg/ml) and
then grown overnight at 37 °C. Single colonies were picked the next day and expanded in the
appropriate amount of LB medium (50X tablet) containing 100 μg/ml ampicillin over night at
37 °C.

2.7 Isolation of plasmid DNA
Plasmid DNA was purified from bacterial cultures using either the QIAprep Mini Prep Kit
(Qiagen) or Maxi Prep kit (Qiagen) according to manufacturer’s instructions.

2.8 Nucleic acid quantification
Isolated DNA was diluted in 50 μl of MilliQ H2O and its optical density was measured at 260
(OD 260) using a Nanodrop spectrophotometer (Labtech International). 1 unit of OD 260
corresponds to 50 mg/ml of double-stranded DNA.
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2.9 Cell culture methods
2.9.1 Mouse Neuroblastoma 2a cells
Mouse Neuroblastoma 2a (N2A) cells were maintained in adherent conditions with culture
medium (Dulbecco’s Modified Eagle Medium (DMEM), 10% heat-inactivated horse serum
(HRS), 1X Glutamax) at 37 °C in a 5% CO2 incubator. When cells became confluent, the
medium was removed and cells were washed once with PBS. Cells were then detached from
the dish by incubating with pre-warmed trypsin (0.25%) for 3 min. Trypsin was inactivated
by the addition of pre-warmed culture medium and cells were transferred to a 15 ml falcon
tube. Resuspended cells were centrifuged at 150 x g for 3 min at room temperature and then
plated in fresh culture dishes or 6 well plates ready for experiments.

2.9.2 Coating of plates, MaTeK dishes, coverslips
Plates, MaTek (MaTek corporation) dishes and coverslips were coated with poly-D-ornithine
(15 μg/ml in H2O) overnight at 37 °C in a 5% CO2 incubator. The next morning the poly-Dornithine was removed, and laminin (3 μg/ml in Neurobasal medium) was added for 4 h at
37 °C in a 5% CO2 incubator. Just before plating, the excess of laminin was removed and the
plates/MaTek dishes/coverslips were washed with Neurobasal medium.

2.9.3 Microfluidic chambers
Two microfluidic chamber designs were used in this project (Fig 2.2). To make the chambers,
the

SylgardTM 184

silicone

elastomer

kit

was

used

(Sylgard).

This

contains

polydimethylsiloxane (PDMS) and curing agent. PDMS, is a polymer that is a liquid in its
unpolymerized form and turns into a flexible, transparent material when polymerized.
Polymerized PDMS was produced by mixing the base component of PDMS with a curing
agent (10:1, according to manufacturer’s instructions). This mixture was put under vacuum
to eliminate bubbles for 30 min and then poured into the appropriate microfluidic mould.
These were then transferred into an oven at 65 °C for 1 h. The polymerized PDMS was
removed from the moulds and cut using 28 mm diameter Wad Punch (Roebuck). Finally, 4
or 6 wells were cut depending on the design, using either an 8 mm or 5 mm borer.
Microfluidic moulds were stored until needed.
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50 mm diameter glass bottom dishes were used for live cell and fixed imaging. To attach the
microfluidic mould to the dish, dishes were coated with poly-D-lysine (1:50 in H2O) for 5 h at
37 °C in a 5% CO2 incubator. At the same time, microfluidic moulds were washed in 70%
ethanol (diluted in milliQ H2O) and left to air dry. After 5 h, poly-D-lysine was removed and
dishes were washed 5 times with milliQ H2O and left to dry. Once dry, moulds were attached
to dishes and the wells were coated with 0.8% bovine serum albumin (BSA, factor V) (diluted
in Leibovitz 15 medium (L-15)) overnight at 37 °C in a 5% CO2 incubator. The next day, the
BSA was removed and poly-D-ornithine (15 μg/ml in H2O) was added for 6 h. After this, the
poly-D-ornithine was removed and laminin (3 μg/ml in Neurobasal medium) was added
overnight at 37 °C in a 5% CO2 incubator. Before plating, laminin was removed and
microfluidic chambers were washed once with Neurobasal medium, followed by one wash
with pre-warmed primary motor neuron (PMN) medium (Neurobasal, 2% B27, 2% HRS, 1X
Glutamax, 24.8 μM b-mercaptoethanol, 10 ng/ml ciliary neurotrophic factor (CNTF,
Peprotech), 0.1 ng/ml rat glial cell line-derived neurotrophic factor (GDNF, Peprotech), 1
ng/ml BDNF (Peprotech) and 1% Penicillin/Streptomycin.
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Figure 2.2: Schematic of microfluidic chambers
A) A two-compartment microfluidic. Typically, one mould has 100 microgroves, 500 μm in length, 10
μm in width and 3 μm in height. Each microgrove is separated by 60 μm. B) A tripartite microfluidic.
The microgroves are the same diameter as the two-compartment microfluidic.

2.9.4 Primary ventral horn culture
Primary motor neurons (PMNs) were isolated from embryonic day 12.5-13.5 SOD1G93A mouse
embryos. Pregnant females were euthanized by cervical dislocation and the embryos
removed. The embryos were placed in ice-cold Hibernate-e medium (ThermoFisher)
containing 2% B27 and 1X Glutamax. Tails were removed for genotyping. Embryos were
placed in ice-cold Hank’s Balanced Salt Solution (HBSS) for the dissection. The skin covering
the spinal cord was removed and the cord detached from the spinal cavity. The meninges
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were removed along with the dorsal regions of the spinal cord. The remaining ventral cord
was roughly chopped and added to 1 ml of HBSS with 0.025% trypsin for enzymatic digestion
for 10 min at 37 °C. After incubation with trypsin, the spinal cords were mechanically
dissociated by trituration in two different concentrations of DNase (0.1 mg/ml and 0.02
mg/ml) in 1 ml L-15 medium + 0.4% BSA. 4% BSA-L15 was added, to act as a cushion, and
cells were spun at 300 x g for 5 min. The supernatant was removed and the cell pellet was
re-suspended in PMN medium before the cells were seeded onto either 12-well plastic
plates, 13/25 mm glass coverslips, MaTeK dishes or microfluidic devices. The wells were then
topped up to the correct volume with PMN medium and kept at 37 °C in a 5% CO2 incubator
for 5-7 days.

2.9.5 Culture of undifferentiated mouse embryonic stem cells
Prior to cell plating, tissue culture flasks (T25) were coated in fish skin gelatin (0.2% in milliQ
H2O) at 37 °C in a 5% CO2 incubator for 10 min. Excess gelatin was removed before plating.
Wild type embryonic stem (ES) cells were maintained at 37 °C in a 5% CO2 incubator in ES cell
growth medium (DMEM/F12, 5% ES cell tested fetal bovine serum (FBS), 5% knockout serum
replacement (Gibco), 1X Glutamax, 0.1 mM β-mercaptoethanol, 1,000 units/ml leucocyte
inhibitory factor (LIF)). ES cells were passaged every other day. Growth medium was
removed and Accutase (1X, in Dulbecco’s PBS, 0.2 g/l KCl, 0.2 g/l KH2PO4, 8 g/l NaCl, and 1.15
g/l Na2HPO4, 0.5 mM EDTA-4Na and 3 mg/l phenol red) was added for 3 min at 37 °C in a 5%
CO2 incubator. Growth medium was added to inhibit the Accutase and wash off the cells from
the culture dish. Cells were resuspended in 10 ml of growth medium and centrifuged at 300
x g for 3 min. The cells were resuspended in growth medium and plated.

2.9.5.1 Differentiation of mouse embryonic stem cells into motor neurons
ES cells were differentiated into motor neurons using a previously described method
(Wichterle and Peljto, 2008). Cells were first detached as before, using Accutase, then
resuspended in growth media and counted. 2 x 108 cells were taken for each dish and
centrifuged for 3 min at 300 x g. Cells were resuspended in 10 ml differentiation medium
(DFNK) containing DMEM/F12 and Neurobasal (1:1 ratio), 0.43X Glutamax, 10% knockout
serum replacement and 0.1 mM β-mercaptoethanol. Cells were plated in non-cell treated 50
mm petri dishes and kept at 37 °C in a 5% CO2 incubator.
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The next day, the forming embryoid bodies were collected in a 15 ml falcon tube and allowed
to settle by gravity. Embryoid bodies were washed once in fresh pre-warmed DFNK medium
and then resuspended in 10 ml DFNK medium and plated in a new 50 mm petri dish. The
following day these steps were repeated but the fresh DFNK medium was supplemented
with 1 μM all-trans retinoic acid (RA) and 333 nM sonic hedgehog agonist (SAG). The
embryoid bodies were collected and transferred to a new dish with fresh DFNK medium
containing RA and SAG until the embryoid bodies were dissociated.

2.9.5.2 Dissociation of embryoid bodies
Embryoid bodies were collected, allowed to settle and then washed in pre-warmed L-15. The
embryoid bodies were then incubated with pre-warmed Accumax (1X, in Dulbecco’s PBS, 0.2
g/l KCl, 0.2 g/l KH2PO4, 8 g/l NaCl, and 1.15 g/l Na2HPO4, 0.5mM EDTA-4Na) for 10 min in a
water bath at 37 °C. During this period the cells were agitated every 3-4 minutes. After, the
embryoid bodies were mechanically disaggregated gently using a P1000 pipette. Cells were
then passed through a cell strainer (0.22 μm) and 10 ml of motor neuron medium (MNM)
(Neurobasal, 2% B27, 2% HRS, 1X Glutamax, 10 ng/ml CNTF, 0.1 µg/ml GDNF, and 1%
Penicillin/Streptomycin) containing fresh RA and SAG was added. The resuspended cells
were centrifuged at 300 x g for 5 min. Medium was removed and cells were resuspended in
1 ml of MNM, counted and then plated at the desired concentration on polyornithine/laminin coated dishes.

2.9.6 Human induced pluripotent stem cells (hiPSCs)
Motor neurons derived from patient hiPSCs were generated and differentiated by the Patani
lab (Claire hall, Giulia Tyzack and Jamie Mitchell, UCL). Motor neuron differentiation was
carried out using an adapted version of a previously published protocol (Chen et al., 2014).
HiPSCs were first differentiated to neuroepithelium by plating to 100% confluency in
chemically defined medium. Treatment with small molecules from day 0-7 was as follows: 1
μM dorsomorphin (EMD Millipore), 2 μM SB431542 (Tocris Bioscience), and 3 μM CHIR99021
(Miltenyi Biotec). At day 8, the neuroepithelial layer was enzymatically dissociated using
dispase (GIBCO, 1 mg/ml), and the cells were re-plated onto MaTeK dishes, coated with
laminin. They were patterned for 7 days with 0.5 μM RA and 1 μM purmorphamine. At day
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14 spinal cord motor neuron precursors were treated with 0.1 μM purmorphamine for a
further 4 days before being terminally differentiated in 0.1 μM Compound E (Enzo Life
Sciences) to promote cell cycle exit. The cells were analysed at D32-35.

2.10 Genetic manipulation of cells
2.10.1 Transfection of N2A cells with shRNA
N2A cells in 6 wells plates were transfected with 2.5 μg DNA using Lipofectamine 3000 (Life
Technologies) according to manufacturer’s instructions. N2A cells were then incubated 37 °C
in a 5% CO2 incubator overnight. The next day fresh medium was applied. Cells were assayed
48 h after initially transfection.

2.10.2 Production of lentiviral shRNA particles
shRNA constructs directed against IGF1R and scrambled controls were bought from
GeneCopoeia OmicsLinkTM shRNA clone collection. Constructs were in a psi-LVRU6GP
plasmid with an eGFP reporter gene. Together with packaging and envelope plasmid vectors
(PAX and VSV-G), the shRNAs were transfected into Human Embryonic Kidney 293 cells
(HEK239) cells using Lipofectamine 3000 (Life Technologies) according to manufacturer’s
instructions. Medium containing lentiviral particles was collected for the next two days.
Samples were centrifuged for 10 min at 300 x g to remove debris. Supernatant was collected
and mixed with LentiX concentrator (ClonTech) at a 3:1 ratio. Resulting mixture was left for
48 h at 4 °C. Next, the mixture was centrifuged for 45 min at 1,300 x g and the supernatant
was removed. Finally, virus particles were resuspended in Opti-Mem (Gibco), aliquoted, flash
frozen with liquid nitrogen and stored at -80 °C.

2.10.3 Transduction of primary motor neurons
To transduce primary motor neurons, shRNA lentiviral particles were added to the culture
medium 6 h after plating. After a further 16 h, the medium was replaced with fresh primary
motor neuron medium. Cultures were assayed at 6 days in vitro (DIV6), either via western
blot or live imaging.
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2.10.4 Magnetofection of primary motor neurons with EB3-GFP plasmid
PMN were plated on 25 mm coverslips and grown until DIV5 in 2 ml of PMN medium. Before
magnetofection, the medium was replaced with 1.6 ml transfection medium (2% B27, 1X
Glutamax, 0.04% β-mercaptoethanol, 10 ng/ml GDNF, 10 ng/ml BDNF, 10 ng/ml CNTF in
neurobasal). The old medium was kept and mixed at a 50:50 ratio with fresh medium. The
cells were left to acclimatize for 1 h then the transfection mix was added (400 µl MEM, 1.5
µg EB3-GFP plasmid DNA and 1.75 µl NeuroMag (magnetic nanoparticles)). Cells were then
placed on a magnet for 15 min at 37 °C in a 5% CO2 incubator. Next, the magnet was removed
and cells were kept for an additional 25 min at 37 °C in a 5% CO2 incubator. After this, the
magnetofection medium was removed and replaced with the 50:50 old/new medium mix
(pre-warmed). Cells were incubated at 37 °C in a 5% CO2 incubator for 5 h before imaging.

2.11 Immunofluorescence
2.11.1 Primary motor neurons
Cells were fixed in 4% paraformaldehyde (PFA) in PBS for 10 min at room temperature.
Coverslips were then washed three times with PBS and permeabilised and blocked for 15
min using a solution of 0.5% BSA, 10% HRS, 0.2% Triton-X100 in PBS. Primary antibodies were
diluted in a solution of 0.5% BSA, 10% HRS in PBS. Cells were then incubated with this
solution for 1 h at room temperature. Cells were then washed three times in PBS and
incubated for 1 h at room temperature with the appropriate fluorescently-conjugated
secondary antibody and DAPI (1:2000) diluted in 0.5% BSA, 10% HRS in PBS. Finally; cells
were washed three times and mounted on to slides using DAKO mounting media. Cells were
imaged using either an inverted Zeiss LSM 780 or 510 confocal microscopes using a 63X, 1.4
NA DIC Plan-Apochromat oil immersion objective. Images were analysed using ImageJ.

2.12 Puromycin-BICD1 proximity ligation assay (Puro-PLA)
PMNs cultured in tripartite microfluidic chambers were treated with either dimethyl
sulfoxide (DMSO), picropodophyllotoxin (PPP, 1 μM), or PPP (1 μM) and anisomycin (40 μM)
in the axonal compartments. HcT (30 nM) was also added to all the axonal medium at the

49

Materials and methods
same time. The cells were incubated for 30 min at 37 °C in a 5% CO2 incubator. After, the
medium was replaced with fresh pre-warmed medium containing the same compounds.
Puromycin (2 μM) was also added to the medium. Puromycin is a structural analogue of
aminoacyl-transfer RNA and can be incorporated into elongating peptide chains via the
formation of a peptide bond. However, due to the formation of a non-hydrolysable ester
bond between the tRNA ribose moiety and the attached amino acid molecule, puromycin
prevents the peptide chain from elongating any further and leads to the release of the
truncated puromycin bound peptide from the ribosome (Goodman and Hornberger, 2013).
Cells were then incubated at 37 °C in a 5% CO2 incubator for a further 30 min. Next, cells
were put on ice for 1 min, washed once with ice-cold acid wash (0.2 M acetic acid, 0.5 M
NaCl, pH 3.2) and then twice with ice-cold PBS before fixation with ice-cold 4% PFA (5 min
on ice, followed by 15 min at room temperature).
Detection of newly synthesized BICD1 by proximity ligation assay (PLA) was carried out using
an anti-BICD1 antibody (1:400, ATLAS antibodies) in combination with an anti-puromycin
antibody (1:2000, EMD Millipore) and Duolink reagents. After fixation, cells were
permeabilized in 0.5% BSA, 10% HRS, 0.2% Triton-X100 in PBS for 15 min. They were then
incubated in primary antibodies overnight at 4 °C in blocking buffer (0.5% BSA, 10% HRS in
1X PBS). Primary antibodies for b3-tubulin (1:500, Synaptic Systems) and HA (1:500, Roche)
were also including in this step. Cells were then washed in PBS and PLA probes (rabbit PLAPLUS
and mouse PLAMINUS) were applied in 1:5 dilution in blocking buffer for 1 h at 37 °C. Next,
cells were washed in buffer A (0.01 M Tris, 0.15 M NaCl, 0.05 % Tween20 in milliQ H2O) three
times in 10 min and incubated with the ligation reaction for 30 mins at 37 °C. Secondary
antibodies were included in this step for the fluorescent labelling of b3-tubulin and HA. This
contained the circularization oligos (1X ligation buffer) and T4 ligase (1:40) diluted in filtered
milliQ H2O. Amplification and label probe binding was performed after further washes with
buffer A. The amplification reaction contained Phi29 Polymerase and the fluorophorelabelled detection oligo and was incubated at 37 °C for 100 min. this reaction was stopped
by 5 min washes in buffer B (0.2 M Tris, 0.1 M NaCl pH 7.5 in milliQ H2O) four times, followed
by one wash in 0.01% buffer B.
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2.13 Live cell based-assays
2.13.1 Microtubule dynamics- EB3
In order to measure microtubule dynamics, PMNs were magnetofected with EB3-GFP. 4 h
after transfection either DMSO, H2O, PPP (1 µM) or insulin-like growth factor 1 (IGF1) (50
ng/ml) was added to the existing medium. After a 30 min incubation period at 37 °C in a 5%
CO2 incubator the medium was replaced with fresh pre-warmed PMN medium containing
either DMSO, H2O, PPP (1 µM) or IGF1 (50 ng/ml) for a further 30 min. Next, the 25 mm
coverslips were put in an Attofluorâ cell chamber (ThermoFisher) and topped up with
imaging medium (PMN medium plus 20 mM HEPES-NaOH, pH 7.3). An image was taken every
second over a period of 3 min (180 frames). An inverted Zeiss LSM 780 microscope equipped
with a Zeiss 63X, 1.3 NA DIC Plan-Apochromat oil-immersion objective was used whilst cells
were kept at 37 °C. Microtubule dynamics were assessed using KymoAnalyzer imaging
software (Neumann et al., 2017) and R (R, 2014).

2.13.2 In vitro axonal transport
2.13.2.1 Signalling endosomes
PMNs were cultured on MaTeK dishes for 6 DIV. Neurons were incubated with 30 nM HcT
labelled with AlexaFluor555 for 30 min at 37 °C (Lalli and Schiavo, 2002). Cultures were
washed once with fresh PMN medium and then imaging medium was applied, both were
pre-warmed to 37 °C. After a 15 min washout period axonal transport was analysed using
time-lapse confocal microscopy. Two images were taken every second over a period of
between 2-4 min (300-500 frames). An inverted Zeiss LSM 780 microscope equipped with a
Zeiss 40X, 1.3 NA DIC Plan-Apochromat oil-immersion objective was used whilst being kept
at 37 °C in an environmental chamber. Retrograde transport was assessed using TrackMate
imaging software (Tinevez et al., 2017) and R (R, 2014). Output data from analysis consists
of link data and track data. The link data contains information of each individual movement
a cargo undergoes during the video, while the track data summarizes the entire track. Pauses
were defined as moving slower than 0.2 μm/s.
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2.13.2.2 Lysosomes
PMN were cultured in microfluidic chambers for 6 DIV. LysoTrackerTM Green DND-26 (50 nM)
(ThermoFisher) was added to the axonal compartment of the microfluidic chambers and cells
were incubated for 30 min at 37 °C. Medium was then removed from both sides of the
microfluidic chambers and replaced with imaging medium pre-warmed to 37 °C. After a 15
min washout period, lysosomal axonal transport was analysed using time-lapse confocal
microscopy. An image was taken every second over a period of 4 min (240 frames). An
inverted Zeiss LSM 780 microscope equipped with a Zeiss 40X, 1.3 NA DIC Plan-Apochromat
oil-immersion objective was used whilst being kept at 37 °C. Transport was assessed using
KymoAnalyzer imaging software (Neumann et al., 2017) and R (R, 2014). Moving cargo was
classified as having speeds above 0.1 μm/s.

2.13.2.3 Mitochondria
PMN were cultured in microfluidic chambers for 6 DIV. Tetramethylrhodamine, methyl ester
(TMRM) (20nM) (ThermoFisher) was added to the axonal compartment of the microfluidic
chambers and cells were incubated for 30 min at 37 °C. Medium was then removed from
both sides of the microfluidic chambers and replaced with fresh imaging medium with 20nM
TMRM pre-warmed to 37 °C. After 15 min at 37 °C, mitochondrial axonal transport was
analysed using time-lapse confocal microscopy with TRITC filter settings applied. Imaging
conditions were the same as lysosomal imaging.

2.13.3 In vivo axonal transport
2.13.3.1 Signalling endosomes
In vivo axonal transport assays were performed on 72/73-day old wild type (non-transgenic)
and SOD1G93A mice. Mice were anesthetized using isoflurane, and HcT conjugated with
AlexaFluor555 (13 µg) and BDNF (25ng per muscle) (Lalli and Schiavo, 2002) were injected
intramuscularly (i.m) into the exposed tibialis anterior and gastrocnemius muscles of the
right hind leg and the wounds were sutured. At the same time, mice were also injected
intraperitoneally (i.p) with either 150 μl of a stock 5 mg/kg PPP or an equivalent volume of
vehicle control (1% methyl cellulose). The mice were then left to recover from the procedure
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for 4 h and kept under standard conditions. 4 h later, the mice were re-anesthetized using
isoflurane and the sciatic nerve of the right hind leg was exposed. The mouse was placed on
a heated stage in an environmental chamber kept at 37 °C. The mouse was kept under
anaesthetic for the entire procedure. Axonal transport was imaged in the intact sciatic nerve
by time-lapse microscopy (Gibbs et al., 2016). Two images were taken every second over a
period of at least 5 min (600 frames). An inverted Zeiss LSM 780 microscope equipped with
a Zeiss 40X, 1.3 NA DIC Plan Apochromat oil immersion objective was used. Retrograde
transport was assessed in the same way as in vitro signalling endosomes.

2.14 Purification of signalling endosomes
ES derived neurons were plated in 10 cm dishes coated with poly-ornithine/laminin. Motor
neuron medium was changed at 50:50 ratio every other day and neurons were kept until DIV
6. Neurons were incubated with MION-HcT (1:200) and either DMSO, PPP (1 μM), or IGF1
(50 ng/ml) for 30 min at 37 °C in a 5% CO2 incubator. At this point, the medium was removed
and replaced with fresh, pre-warmed medium containing either DMSO, PPP (1 μM), or IGF1
(50 ng/ml). The cells were incubated for a further 30 min at 37 °C in a 5% CO2 incubator. ES
derived neurons were then cooled on ice for two min and washed with ice-cold acid wash
(0.2 M acetic acid, 0.5 M NaCl, pH 3.2). After a further wash in ice-cold HBSS (containing 1x
Halt phosphatase and protease inhibitor cocktail), cells were lysed in breaking buffer (10 mM
HEPES-KOH (pH7.2), sucrose 0.25 M, 1 mM Mg acetate, 1 mM EDTA, 1X Halt phosphatase
and protease inhibitor cocktail in PBS). Neurons were mechanically lysed, firstly by scraping
the cells off the dish and then via a cell cracking device (18 μm clearance, European
Molecular Biology Laboratory, Heidelberg, Germany) in which the lysate was passed through
15 times. Samples were then centrifuged at 690 X g for 10 min at 4 °C to eliminate nuclei and
unbroken cells.
The post-nuclear supernatant (PNS) was passed through a MS column placed in a SuperMACS
II magnet (Miltenyi Biotech). MS columns were pre-rinsed with ice-cold breaking buffer and
then equilibrated with breaking buffer containing 0.4% BSA. The PNS was passed through
the column 3 times and then the column was washed with breaking buffer. The column was
then removed from the magnetic field and eluted using breaking buffer containing 300 mM
KCl. Proteins were then precipitated by adding 0.05% sodium deoxycholate followed by 6.5%
trichloroacetic acid (TCA). Samples were incubated at room temperature for 30 min,
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centrifuged at 2000 x g for 2 min and supernatant removed. To remove the excess of lipid
contaminants, acetone was added to the samples briefly, and spun at ~12,000 x g for 20 s.
The supernatant was removed, Laemmli buffer was added, samples were boiled for 4 min
and then snap frozen with liquid nitrogen before being stored at -80 °C.

2.15 Mass-Spectrometry analysis of axonal signalling endosomes
Isolated signalling endosomes in Laemmli buffer were digested with trypsin using the
paramagnetic bead Single-Pot Solid-Phase-enhanced Sample Preparation (SP3) protocol
(Hughes et al., 2014). The resulting proteolytic digests in 50 mM HEPES were labelled using
the 0.2 mg Tandem Mass Tag (TMT) 6plex isobaric reagent kit (Thermo Scientific)
resuspended in acetonitrile. The reactions were quenched with hydroxylamine before
generating a pooled sample from which acetonitrile was removed by vacuum centrifugation.
Upon acidification, a C18 MacroSpin column (Nest Group) was used to clean up the pooled
samples prior to phosphopeptide enrichment. The eluted TMT labelled peptides were dried
by vacuum centrifugation and phosphopeptide enrichment was subsequently carried out
using the High Select Fe-NTA enrichment kit (Thermo Scientific). Eluates were combined and
vacuum dried prior further analyses. The flow-through from the phosphopeptide enrichment
step was also dried by vacuum centrifugation prior to fractionation with the Pierce High pH
Reversed-Phase Peptide Fractionation kit (Thermo Scientific).
Samples were resuspended in 0.1% TFA for LC-MS/MS analysis using a U3000 RSLCnano
system (Thermo Scientific) interfaced with an Orbitrap Fusion Lumos (Thermo Scientific).
Injected samples were pre-concentrated on an Acclaim PepMap 100 trapping column before
separation on a 50 cm, 75 μm I.D. EASY-Spray Pepmap column at 40 °C over a 3 h gradient
run and eluted directly into the mass spectrometer. The instrument was run in data
dependent acquisition mode with the most abundant peptides selected for MS/MS
fragmentation based on the MS2 HCD strategy as previously described (Jiang et al., 2017).
Raw mass spectrometric data was processed for peptide and protein identification using
MaxQuant (version 1.6.0.13) (Cox and Mann, 2008).Database search was performed using
the Andromeda search engine against the Mus Musculus canonical sequences from
UniProtKB (release 2017_08). Fixed modifications were set as Carbamidomethyl (C) and
variable modifications set as Oxidation (M) and Phospho (STY). The estimated false discovery
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rate was set to 1% at the peptide, protein and site level. A maximum of two missed cleavages
was allowed. Reporter ion MS2 6 plex TMT was set as the experiment type. Other parameters
were used as pre-set in the software. The MaxQuant output file PhosphoSTY Sites.txt, an
FDR-controlled site-based table compiled by MaxQuant from the relevant information about
the identified peptides was imported into Perseus (v1.4.0.2) for data evaluation.

2.15.1 Go analysis
Go

analysis

was

completed

using

the

online

GO

analysis

software

at

http://geneontology.org/page/go-enrichment-analysis

2.16 Protein extraction
2.16.1 Spinal cord
Spinal cords were extracted from either embryos at E12.5-13.5 or 35, 73, 95, 115 days old
SOD1G93A transgenic mice and wild type littermates. Cords were homogenized in ice cold RIPA
(50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium
dodecyl sulfate (SDS), 1 mM EDTA, 1 mM EGTA and 1X Halt phosphatase and protease
inhibitor cocktail (added fresh each time)) buffer on ice and then lysates were incubated at
4 °C for 2 h on a rotating wheel. The lysates were then spun at 14,800x g for 20 min at 4 °C
and the supernatant was collected. These samples were then added to 4X Laemmli buffer
(250 mM Tris-HCl pH 6.8, 8% SDS, 40% glycerol, 0.02% bromophenol blue, 10% bmercaptoethanol (added fresh each time)) and denatured at 100 °C for 4 min.

2.16.2 Sciatic nerve
The right sciatic nerve was removed from 72/73-day old SOD1G93A transgenic mice and wild
type littermates directly after in vivo analysis of axonal transport. Sciatic nerve was flash
frozen in liquid nitrogen and stored at -80 °C. Sciatic nerve was homogenized in ice cold RIPA
on ice and then lysates were incubated at 4 °C for 2 h on a rotating wheel. Samples were
centrifuged, collected and denatured as for spinal cord samples above.
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2.16.3 Primary motor neurons and N2A cells
Cell cultures were washed in ice cold PBS before adding chilled RIPA buffer to the culture
plates. Cells were scraped in 60 µl (PMN) or 100 µl (N2A) of buffer and collected into
Eppendorfs before incubating at 4 °C for 30 min. Samples were centrifuged, collected and
denatured as for spinal cord samples above.

2.16.4 Protein quantification
The protein content of cell lysates was determined using the bicinchoninic acid (BCA) protein
assay (ThermoFisher). Briefly, in a 96 well plate, 10 µl of lysate or BSA standards (0-2000 µg)
were added to a well and then the BCA reagents (50:1 ratio of reagent A to reagent B) were
added. Samples were incubated for 30 min at 37 °C and then the absorption at 562 nm was
measured using the Fluostar Omega plate reader (BMG Labtech). The BCA standards were
used to determine the protein concentration of the lysates.

2.17 SDS-PAGE and western blotting
Samples were loaded into precast 4-15% gradient gels (Bio-Rad) and electrophoresed at 150
V for approximately 50 min. The gel was the transferred onto a methanol-activated
polyvinylidene difluoride (PVDF) membrane (Bio-Rad) using the Trans-Blot TurboTM Transfer
system (Bio-Rad) run for 10 min (1.3 A, 25 V). Membranes were blocked in 5% BSA or milk
dissolved in Tris-buffered saline containing 0.1% Tween-20 (TBST) for 1 h at room
temperature and then incubated with primary antibody diluted in 5% BSA or milk overnight
at 4 °C. Blots were washed four times for 5 min each with TBST and then incubated with the
appropriate HRP-conjugated secondary antibody diluted in 5% BSA or milk in TBST. Blots
were incubated with secondary antibodies for 1 h at room temperature and then washed
four times for 5 min each with TBST. Finally, Immunoreactivity was detected using
chemiluminescent substrates (EMD Millipore) and the Bio-Rad imaging system. Images were
analysed using Imagelab software (Bio-Rad).
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2.18 Statistics
All statistical analysis was performed using R software. Data was assumed to be normally
distributed, given data previously collected in the lab. When comparing the change between
two groups, Welch's unequal variances t-test was used. If there were multiple groups, a
one/two-way analysis of variance (ANOVA) was used, followed by tukey’s multiple
comparison test. All statistical tests used, along with associated P values are indicated in the
figure legends. Statistical significance is noted as follows: *, P ≤ 0.05, **, P ≤ 0.01, and ***, P
≤ 0.001.
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Chapter 3: Characterisation of the role of IGF1R in
axonal transport
3.1 Introduction
Signalling endosomes are responsible for the trafficking and distal signalling of activated
growth factor receptors in all cell types. In neurons, the long-range axonal retrograde
transport of signalling endosomes containing neurotrophins is essential for synaptic
plasticity, axon growth and nerve repair (Villarroel-Campos et al., 2018). The spatial
positioning and trafficking of these organelles, together with mitochondria, RNA granules
and lysosomes, is vital for neuronal survival and maintenance. This is illustrated by the fact
that perturbations of these processes have been associated with multiple diverse
neurodevelopmental and neurodegenerative diseases (Maday et al., 2014). Specifically,
deficits in the transport of signalling endosomes have been detected in many animal models
of neurodegenerative diseases, such as ALS, AD and HD (Bilsland et al., 2010; Liot et al., 2013;
Poon et al., 2013). Since the molecular determinants of these deficits are currently unknown,
it is important to elucidate the mechanisms regulating the trafficking of these organelles.
Protein kinases have been shown to play an important role in axonal transport, with the
ability to alter trafficking dynamics by either directly influencing motor proteins or affecting
how they bind to the microtubule network (Gao et al., 2015; Mitchell et al., 2012; Morfini et
al., 2009). Furthermore, protein kinases have been found to play a key role in the
development of transport deficits seen in ALS and other neurodegenerative pathologies
(Gibbs et al., 2018, 2015). Protein kinases therefore represent excellent targets to explore
the mechanisms regulating axonal transport and may identify potential therapeutic options
in ALS.
In order to identify novel regulators of retrograde axonal transport, Katherine Gibbs, a
previous PhD student, adapted an assay already set up in the laboratory and used it to test
a small molecule library of kinase inhibitors (Terenzio et al., 2014a; Terenzio et al., 2014b;
Gibbs et al., 2018). This assay used the accumulation of the binding fragment of tetanus toxin
(HcT) and an antibody directed against the extracellular domain of the p75 neurotrophin
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receptor (a-p75NTR) in mouse embryonic stem (ES) cell-derived motor neurons as a biological
readout of axonal transport.
The non-toxic binding fragment of the tetanus toxin (HcT 441, residues 875-1315) is a well
characterised probe that undergoes clathrin-mediated endocytosis and robust retrograde
axonal transport. HcT has been shown to be co-transported with p75NTR, NGF, BDNF and TrkB
and is regulated by the GTPases Rab5 and 7 (Lalli and Schiavo, 2002; Deinhardt et al., 2006).
The a-p75NTR probe specifically targets endogenous p75NTR. This is a transmembrane
receptor, that binds neurotrophic factors such as BDNF, NGF and neurotrophin-3/4, and can
regulate a variety of biological processes including cell death/survival, axon growth and
synaptic plasticity (Vicario et al., 2015). Like other neurotrophin receptors, p75NTR is activated
at the distal region of the axon, internalised and then retrogradely transported to the soma
(Deinhardt et al., 2006). Therefore, both probes represent excellent choices for exploring the
retrograde transport of signalling endosomes and the effect of kinase inhibitors on this
process.
In this study, we used ES cell-derived motor neurons expressing green fluorescent protein
(GFP) driven by the Hb9 homeobox gene enhancer, which allowed us to unequivocally
identify motor neurons and overcome the intrinsic cellular heterogeneity found in primary
ventral horn cultures. Using a reliable, nonbiased automatic protocol (Gibbs et al., 2018), we
screened a library of kinase inhibitors, with all compounds initially being tested at a
concentration of 2 µM. Compounds increasing the mean staining intensity of HcT and ap75NTR by at least three standard deviations above control levels (DMSO) (Fig 3.1, yellow
rectangle) were selected as putative enhancers of retrograde axonal transport. Erythro-9-(2hydroxy-3-nonyl) adenine (EHNA), an established inhibitor of cytoplasmic dynein, which has
been previously shown to block the retrograde transport of HcT along the axon (Lalli et al.,
2003), was used as a negative control. EHNA successfully decreased both HcT and a-p75NTR
accumulation, further validating our approach (Fig 3.1). We identified three active
compounds (Fig 3.1; A1, C3 and E4) in our screen, with E4 (GSK1713088A) being the most
effective at the tested concentration. Therefore, compound E4 was taken forward for further
analysis. The analysis of A1 has recently been published (Gibbs et al., 2018).
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This Chapter will focus on the further characterisation of the E4 molecule and the
identification of IGF1R as a specific modulator of signalling endosome transport. Our results
suggest that IGF1R specifically regulates the retrograde trafficking of signalling endosomes.

Figure 3.1: The results of a small-molecule kinase inhibitor screen.
Data are shown as an XY plot of normalised mean staining intensity of HcT-conjugated AlexaFluor 555
versus a-p75NTR. The a-p75NTR was detected using an AlexaFluor 647-conjugated donkey anti-rabbit
secondary antibody. Compounds that increased the accumulation of HcT or a-p75NTR by at least three
standard deviations (yellow box) were classified as active compounds (A1-light blue, C3-purple, E4dark blue). The negative control (EHNA) is shown in red (³ 25 cell bodies were imaged per condition,
N=3 independent experiments).
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3.2 Results
3.2.1 Compound E4 is a true enhancer of signalling endosome transport
The results of the small kinase inhibitor screen identified compound E4 as a positive regulator
of the accumulation of both HcT and a-p75NTR (Fig 3.1). However, this effect could be due to
increased internalisation and not because E4 regulates transport. In order to investigate
internalisation rates, the incubation time of HCT and a-p75NTR was reduced so that the
accumulation in the cell body was assessed before significant axonal transport had begun.
Using this protocol, we found that E4 had no effect on the internalisation of either HCT or ap75NTR (Gibbs, 2015).
To validate the E4 compound as a true enhancer of axonal transport, we next assessed the
effect of this compound in a live in vitro retrograde axonal transport assay (Lalli and Schiavo,
2002). This assay uses HcT labelled with a fluorescent tag to visualise retrograde axonal
transport. PMNs were treated with 0.5 µM E4 and 30 nM AlexaFluor-555 labelled HcT (HcT555) for 30 min at 6-7 DIV. Cells were washed with fresh media and new media containing
E4 was added. 15 min later the retrograde transport of signalling endosomes was quantified.
Neurons treated with compound E4 showed a substantial increase in retrograde velocities
compared to control treated (DMSO) cells (Fig 3.2A). These results corroborate our kinase
screen, which showed that E4 can enhance the retrograde trafficking of signalling
endosomes.
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Figure 3.2: E4 speeds up retrograde signalling endosome transport.
A) Speed distribution profile of primary motor neurons treated with 0.5 µM compound E4 for 30 min
compared to DMSO. The graph shows an increase in velocities upon E4 treatment (DMSO- 153
endosomes, 13 axons; E4- 165 endosomes, 13 axons; N= 4 independent experiments, data shown
mean ± SEM). B) Primary motor neuron cultures treated with 0.5 µM compound E4 for 30 min showed
a significant decrease in phospho-IGF1R levels (detected with a phosphospecific IGF1R antibody)
compared to controls. Protein levels were normalised to b-actin (*** P< 0.001, students t-test, N=3).

3.2.2 The identification of IGF1R as a regulator of signalling endosome transport
Following unblinding, it was revealed that E4 is an established inhibitor of IGF1R
(Chamberlain et al., 2009). To confirm E4’s effect in primary motor neurons, we treated DIV67 PMN with 0.5 µM E4 for 60 min before cells were lysed and assayed for levels of
phosphorylated IGF1R (Tyr1161/1165/1166) via western blot. We found a significant
decrease in the levels of phosphorylated IGF1R in cells treated with E4 compared to controls
(Fig 3.2B). These data indicate that E4 is modulating the retrograde transport of signalling
endosomes via the IGF1R pathway.
To investigate the role of IGF1R in retrograde axonal transport, we first wanted to ensure
that the changes in velocity were not due to off-target effects of the E4 compound. To this
end, we used the commercially available IGF1R inhibitor, picropodophyllotoxin (PPP). PPP is
an IGF1R-specific inhibitor, which works by stopping the phosphorylation of Tyr1166 (Girnita
et al., 2004; Vasilcanu et al., 2004), a crucial residue in receptor activation. Importantly, it
has been shown to have very limited in vivo toxicity (Yin et al., 2010; Renna et al., 2013). We
therefore tested PPP (1 µM) in our live in vitro retrograde axonal transport assay. PPP
treatment caused a significant increase in the mean retrograde signalling endosome speed,
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with a velocity of 1.77 ± 0.06 µm/s compared to 1.55 ± 0.05 µm/s in control conditions (Fig
3.3A-C). Interestingly, this effect was only significant when measure the average velocity per
endosome or per experiment and not per cell. This increase was not caused by a change in
pausing events (17 ± 7.2% vs 14.7 ± 6.5%, DMSO vs PPP respectively; Fig 3.3D). Instead, the
increase was driven by an increase in instantaneous velocities, as shown in Fig 3.3E.

Figure 3.3: PPP accelerates retrograde signalling endosome transport.
Primary motor neurons were treated with 1 µM PPP for 45 min and then axonal transport was
assessed with 30 nM HcT labelled with AlexaFluor 555. Graphs A-C show the average velocity of HcT
positive organelles including pausing events, with PPP treatment significantly increasing the velocity
compared to controls (DMSO- 138 endosomes, 24 axons, 6,433 movements; PPP- 130 endosomes, 23
axons, 5,222 movements; N=4 independent experiments). A) The average velocity per HcT positive
organelle (** P= 0.006, Welch's unequal variances t-test). B) The average velocity of HcT positive
organelles per cell (P= 0.15, Welch's unequal variances t-test). C) The average velocity of HcT positive
organelles per experiment (* P=0.017, Welch's unequal variances t-test). D) The percent of time HcT
positive organelles spent paused per axon. There was no difference in pausing between PPP-treated
neurons or controls (P=0.45, Welch's unequal variances t-test, data shown are mean ± SEM). E) A
speed distribution graph of PPP-treated neurons and controls. PPP caused an increase in
instantaneous velocities of HcT particles (data shown are mean ± SEM).

Next, we hypothesised that if IGF1R inhibition caused an increase in retrograde trafficking,
activation of IGF1R may lead to a decrease in the transport velocity of signalling endosomes.
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In line with this, we saw a decrease in mean velocity when we treated PMN with 50 ng/ml
IGF1 (1.94 ± 0.06 µm/s to 1.54 ± 0.07 µm/s; Fig 3.4A-C). In contrast to PPP treatment, this
effect was caused by both an increase in pausing events (11.8 ± 1.8% to 20.95 ± 2.9%; Fig
3.4D), and a decrease in instantaneous velocities (Fig 3.4E). These data lend further support
to the possibility that IGF1R is a modulator of retrograde signalling transport.

Figure 3.4: IGF1 treatment slows down retrograde signalling endosome trafficking.
Primary motor neurons were treated with 50 ng/ml IGF1 for 45 min and axonal transport was
assessed. Graphs A-C show the average velocity of HcT positive organelles including pausing events,
with IGF1 treatment reducing the velocity compared to control (water- 138 endosomes, 22 axons,
5,119 movements; IGF1- 106 endosomes, 20 axons, 5,202 movements, N=3 independent
experiments). A) The average velocity per HcT positive organelle (*** P=2.83x10-5, Welch's unequal
variances t-test). B) The average velocity of HcT positive organelles per cell (** P=0.001, Welch's
unequal variances t-test). C) The average velocity of HcT positive organelles per experiment (P=0.09,
Welch's unequal variances t-test). D) The graph shows the percent of time HcT positive organelles
spent paused per axon. IGF1 treatment significantly increased the amount of time HcT positive
organelles spent paused (* P=0.011, Welch's unequal variances t-test, data shown are mean ± SEM).
E) Speed distribution graph of IGF1-treated neurons and controls. IGF1 caused a decrease in
instantaneous velocities of HcT positive organelles compared to controls (data shown are mean ±
SEM).
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3.2.3 The effect of PPP and IGF1 on downstream signalling components
Following IGF1 binding, IGF1R has been shown to activate two main downstream signalling
pathways, PI3K/Akt and MAPK/Erk (Kleinridders, 2016). To elucidate if the retrograde
trafficking of signalling endosomes is modulated by one or both of these pathways, we next
measured the activation of key components of these signalling cascades after treatment with
PPP or IGF1.

3.2.3.1 The effects of IGF1R modulation on downstream signalling in N2A cells
Firstly, we treated N2A cells, a neuronal cell line, with either 1 µM PPP or 50 ng/ml IGF1.
Using a cell line allowed us to investigate the effect of IGF1R modulation in a genetically and
physiologically identical population of cells. In this experiment, we treated N2A cells for
either 20 or 60 min. This allowed us to measure the effect of acute treatment and also assess
the activation at a time that matched our trafficking assay window. After either 20 or 60 min
treatment, the N2A cells were lysed and the activation of Akt was quantified. The PI3K/Akt
pathway is essential for multiple cellular processes including cell survival, metabolism and
proliferation (Manning and Toker, 2017). There are two key phosphorylation sites which are
characteristic of Akt activation, T308 and S473. After growth factor receptor binding, T308 is
phosphorylated by PDK1, leading to partial activation. In this state Akt is able to activate
mTORC1 which in turn causes Akt to be phosphorylated at S473, stimulating full activity
(Hemmings and Restuccia, 2012). In this study, we quantified Akt activation using an
antibody directed against the S473 Akt phosphorylation site. After PPP treatment, we found
that Akt activation in N2A cells was significantly reduced at both time points (Fig 3.5A, B).
The effect of PPP appeared to get stronger over time, with a ~30% decrease at 20 min
compared to ~50% decrease by 60 min. Surprisingly, when we incubated N2A cells with IGF1
there was no significant change in Akt activation levels (Fig 3.5A, C). Despite large increases
in the average activation levels of Akt at both times points there was a large variability
between experiments, so that results did not reach significance (P=0.069).
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Figure 3.5: The effect of PPP and IGF1 on Akt activation in N2A cells.
A) Western blot showing the levels of pAKT (ser473) and total Akt after treatment of N2A cells with 1
µM PPP or 50 ng/ml IGF1. Cells were treated for either 20 or 60 min and then lysed. Protein was
normalised to total Akt. B) Quantification of Akt activation via western blots shown in A). N2A cells
treated with PPP showed a significant decrease in Akt activation (20 min: DMSO- 100%, PPP-73.8 ±
24.2%; 60 min: DMSO- 105.8 ± 5.3%, PPP-55.4 ± 17.6%, P=0.03 (treatment), P=0.68 (time), Two-way
ANOVA, N=3 independent experiments). C) IGF1 appeared to increase Akt activation at both time
points, however this was not significant (20 min: water- 100%, IGF1-279.8 ± 128%; 60 min: water- 76.2
± 22.9%, IGF1-207.3 ± 91.7%, P=0.07 (treatment), P=0.54 (time), Two-way ANOVA, N=3 independent
experiments). All data shown are mean ± SEM.

Next, we investigated the effect of modulating IGF1R on Erk1/2 activation. This pathway has
been extensively studied and is important for processes such as cell proliferation,
differentiation, transcription and apoptosis (Mebratu and Tesfaigzi, 2009). Erk1 and Erk2
share a 85% homology, and all known activators of the pathway lead to parallel activation of
both proteins (Mebratu and Tesfaigzi, 2009; Sun and Nan, 2017). It is not currently known if
the two proteins have different or unique functions within a cell. We found that activation
of Erk1/2 was significantly reduced at both time points following treatment of N2A cells with
1 µM PPP (Fig 3.6A, B). Intriguingly, Erk1/2 levels increased at the 60 min time point in both
control and treated groups. This phenomenon has been observed by other members of our
laboratory in other experimental set ups and appears to be a result of cold shocking the cells
when treating the cells outside the incubator and treatment with DMSO. Like Akt, 50 ng/ml
IGF1 had no significant effect on the activation state of Erk1/2 (Fig 3.6A, C). The lack of
activation of Erk1/2 after treatment with IGF1 may be due to the presence of serum in the
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media. Most studies exploring kinase activation normally starve cells before treatment.
However, as we wanted to replicate the experimental conditions of our trafficking analysis,
we refrained from doing this. Taken together, these data suggest that PPP strongly inhibits
both components of the IGF1R signalling pathway.

Figure 3.6: The effect of PPP and IGF1 on Erk1/2 activation in N2A cells.
A) Western blot showing protein levels of pErk1/2 (Thr 202/ Tyr 204) and total Erk1/2 after treatment
with 1 µM PPP or 50 ng/ml IGF1. Cells were treated for either 20 or 60 min and then lysed. Protein
was normalised to total Erk1/2. B) Quantification of Erk1/2 activation via western blots shown in A).
N2A cells treated with PPP showed a significant decrease in Erk1/2 activation at both time points (20
min: DMSO- 100%, PPP-46.5 ± 10.5%; 60 min: DMSO- 211.7 ± 35.7%, PPP-80.1 ± 6%, P=0.002
(treatment), P=0.009 (time), Two-way ANOVA, N=3 independent experiments). C) Although IGF1 did
appear to increase Erk1/2 activation at 20 min this was not significant (20 min: water- 100%, IGF1117.2 ± 44.8%; 60 min: water- 126.6 ± 45.1%, IGF1-65.4 ± 10.9%, P=0.52 (Treatment), P=0.71 (Time),
Two-way ANOVA, N=3 independent experiments). All data shown are mean ± SEM.

3.2.3.2 The effects of IGF1R modulation on downstream signalling in primary motor neurons
It is important to note that when assessing activation of downstream signalling in neurons,
we wanted to replicate the conditions during the previous analysis of trafficking. To this end,
we treated PMN with either 1 µM PPP or 50 ng/ml IGF1 for 30 min, then washed the cells
with motor neuron medium and added fresh medium containing PPP or IGF1. After a further
30 min, neurons were assessed for activation of Akt and Erk1/2 via western blotting. A ~30%
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decrease in Akt activation was detected when PMN were treated with PPP compared to
controls (100% to 70.1 ± 10.7%; Fig 3.7A, B). However, PPP had no significant effect on Erk1/2
activation (100% to 77.3 ± 9.3%; Fig 3.7A, B). In agreement with these findings, PPP has been
previously shown to preferentially decrease Akt activation instead of Erk (Vasilcanu et al.,
2004). Conversely, we did see a decrease of Erk1/2 activation in N2A cells, highlighting that
some cells types may be more sensitive to PPP’s effect than others. When PMN were treated
with IGF1, we found a robust increase in Akt activation (100% to 135 ± 5.7%; Fig 3.7A, B)
without a significant change in Erk (100% to 102 ± 14.2%; Fig 3.7A, B). However, it has been
shown that activation of Erk1/2 peaks around 10 min after IGF1 stimulation (Subramaniam,
2005; Shen et al., 2012), and therefore, we may be outside a suitable temporal window to
observe Erk activation in our conditions. This may also explain why we see no significant
activation in N2A cells after IGF1 treatment (Fig 3.6).

Figure 3.7: The effect of IGF1R modulation on downstream signalling pathways in PMN
A) Western blot showing protein levels of pAKT (Ser473), total Akt, pErk1/2 (Thr 202/ Tyr 204) and
total Erk1/2 after treatment with 1 µM PPP or 50 ng/ml IGF1 for 60 min. Protein was normalised to
GAPDH protein levels. B) The quantification of western blots shown in A). Primary motor neurons
treated with PPP showed a significant decrease in Akt activation (* P=0.049, N=5 independent
experiments, Welch's unequal variances t-test) but no effect was seen on Erk1/2 activation (P=0.07,
Welch's unequal variances t-test, N=5 independent experiments). IGF1 treated neurons showed a
significant increase in Akt activation (** P=0.008, Welch's unequal variances t-test, N=3 independent
experiments), however there was no change in Erk1/2 activation (P=0.88, Welch's unequal
variances t-test, N=3 independent experiments). All data shown are mean ± SEM.
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Given the heterogeneity of PMN cultures, we specifically measured neuronal pAkt (S473)
levels using immunofluorescence. As shown in Fig 3.8A and B, treatment with PPP caused a
significant decrease in pAkt mean staining intensity compared to DMSO controls (100% to
66.6 ± 10.2%), thus confirming the results obtained with our previous approach (Fig 3.7A, B).
Surprisingly, when we incubated PMN with IGF1, the change in pAkt was non-significant
(100% to 112 ± 8.3%; Fig3.8A, B). Like in N2A cells, this result may be partially explained by
the presence of growth factors in our medium, which would determine a steady-state
activation of Akt in neurons in control conditions. Overall, these data suggest that IGF1R
inhibition via PPP preferentially targets the PI3K/Akt signalling in neurons and therefore
suggests that this pathway is involved with the increase in velocity of signalling endosomes.

69

Characterisation of the role of IGF1R in axonal transport

Figure 3.8: The assessment of Akt activation in PMN after IGF1R modulation by
immunofluorescence.
A) Immunofluorescence images of pAkt in primary motor neurons treated with PPP or IGF1. Scale bar
is 10 µm. B) Quantification of images in A). PPP treatment reduces the mean pAkt intensity in primary
motor neurons (* P=0.046, Welch's unequal variances t-test, 32 cells for each condition, N=3
independent experiment). IGF1 caused no significant change in pAkt levels (P=0.25, Welch's unequal
variances t-test, 32 cells for each condition, N=3 independent experiments). All data shown are mean
± SEM.
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3.2.4 Genetic knockdown of IGF1R increases the velocity of retrograde signalling
endosomes in PMN
To confirm the results obtained by pharmacological inhibition of IGF1R, we generated a
lentiviral shRNA vector targeting this receptor. The shRNA construct contained an eGFP
reporter to allow easy identification of transducted cells. PMN were treated with the shRNA
viral vector 6 h after plating. After 6 DIV, the cells were lysed and assessed for
phosphorylated IGF1R levels. Cells treated with IGF1R shRNA showed a decrease in pIGF1R
when compared to the scrambled shRNA control (Fig 3.9A and B). It should be noted that we
only measured pIGF1R expression and not total IGF1R. Therefore, caution should be taken
when analysing the effects of this knockdown.

Figure 3.9: shRNA knockdown of IGF1R in PMN
A) A western blot of pIGF1R after lentiviral delivery of a shRNA targeting IGF1R or scrambled control
in PMN. Cells were lysed 6 days after treatment. B) The quantification of western blot in A). The shRNA
viral construct effectively decreases levels of pIGF1R compared to scrambled control (N=1).

After confirming that our viral shRNA vector could lower the levels of pIGF1R in neurons, we
next wanted to assess the effect of long-term IGF1R knockdown on the retrograde transport
of signalling endosome. Reducing pIGF1R levels caused a significant increase in the mean
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velocity of signalling endosomes compared to the scrambled shRNA control (1.57 ± 0.07
µm/s to 1.85 ± 0.09 µm/s; Fig 3.10A-D). These results appear to confirm the effects observed
following short-term pharmacological inhibition. This change in axonal transport rate
occurred without any noticeable effects on the overall morphology of PMN. Together, these
data suggest that both short (pharmacological) and long-term (genetic) inhibition of IGF1R
modulate retrograde axonal transport in PMN and confirm that the effects observed
following treatment with small molecule inhibitors are not due to pharmacological off-target
effects of these compounds. However, due to the limitations of our analysis, further work
must be done to confirm these data.

Figure 3.10: The knockdown of IGF1R leads to increased retrograde signalling endosomes speeds.
Primary motor neurons were treated with either an shRNA targeting IGF1R (1 µl) or a scrambled
control 6 h after plating. At DIV 6-7 retrograde axonal transport was analysed using 30 nM HcT labelled
with AlexaFluor 555. Knockdown of IGF1R caused a significant increase in the average velocity of
signalling endosome compared to controls. (IGF1R shRNA- 108 endosomes, 21 axons, 801
movements; Scrambled shRNA- 94 endosomes, 20 axons, 777 movements, N=3 independent
experiments). A) The average velocity per HcT positive organelle (* P=0.011, Welch's unequal
variances t-test). B) The average velocity of HcT positive organelles per cell (** P=0.001, Welch's
unequal variances t-test). C) The average velocity of HcT positive organelles per experiment (P=0.26,
Welch's unequal variances t-test). D) Speed distribution graph of neurons treated with an shRNA
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targeting IGF1R or a scrambled control. IGF1R knockdown caused an increase in instantaneous
velocities of HcT particles and a decrease in the amount of pausing (data shown are mean ± SEM).

3.2.5 The effect of IGF1R on the trafficking of other organelles
3.2.5.1 Lysosomes
To investigate the specificity of IGF1R modulation on the different aspects of axonal
transport, we next analysed the motility of lysosomes. These organelles undergo bidirectional axonal transport with a preference towards retrograde movements (Ferguson,
2018). Like signalling endosomes, lysosome retrograde motility is powered by cytoplasmic
dynein (Reck-Peterson et al., 2018). We hypothesised that if the IGF1R signalling pathway
influenced the retrograde transport of these organelles, it may directly affect the activity of
cytoplasmic dynein.
In order to resolve this, PMN were cultured in microfluidic chambers (Fig 2.2A) and treated
with either 1 µM PPP or 50 ng/ml IGF1 at DIV 6 prior to assessing lysosomal motility.
Lysosomes are a key component of the cellular degradation pathway, linking both the
autophagosome and endosome pathways (Ferguson, 2018). To measure lysosomal
trafficking, we used 50 nM LysoTrackerTM Green DND-26. This probe is acidotrophic,
therefore accumulating in acidic organelles. Kinetic analysis of lysosomal trafficking in PMN
axons after PPP treatment showed that inhibiting IGF1R had no effect on the net movement
of lysosomes, with the majority of cargo remaining stationary (Fig 3.11A, C). As previously
stated, lysosomes showed a preference for retrograde transport with ~30% moving
retrogradely compared to ~15% in the anterograde direction (Fig 3.11A, C). When
quantifying the mean velocity between PPP and control treated neurons, we found that
there was no difference in speeds in either direction (Fig 3.11A, E-F, Anterograde- DMSO:
0.48 ± 0.05 µm/s, PPP: 0.40 ± 0.05 µm/s; Retrograde- DMSO: 0.53 ± 0.04 µm/s, PPP: 0.57
± 0.03 µm/s).
In PMN treated with IGF1, lysosomes also showed no change in net movement compared to
controls, but yet again displayed a bias to retrograde transport (Fig 3.11B, D). When
comparing velocities of anterograde and retrograde transport in these cells we found no
significant difference in the average speed (Fig 3.11B, E-F). Taken together, these data
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suggest that IGF1R activity specifically regulates the axonal transport of signalling
endosomes and that cytoplasmic dynein is indirectly targeted by IGF1R on these organelles.

Figure 3.11: The effect of IGF1R modulation on lysosome trafficking.
A) Kymographs of LysoTrackerTM Green DND-26 labelled lysotracker in DIV 6 primary motor neurons
after treatment with 1 µM PPP or control for 45 min. B) Kymographs of LysoTrackerTM Green DND-26
labelled lysotracker in DIV 6 primary motor neurons after treatment with 50 ng/ml IGF1 or control for
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45 min. C) The quantification of the kymographs from A). There was no change in the directionality of
lysosome transport after PPP treatment compared to controls (Anterograde: DMSO-14.4 ± 1.2%,
cargo- 48; PPP-15.6 ± 2.1%, cargo- 81, P=0.65; Retrograde: DMSO-27.0 ± 2.8%, cargo-88, PPP-29.4 ±
2.5%, cargo-160, P=0.58; stationary: DMSO-58.6 ± 1.6%, cargo-194; PPP- 55.0 ± 1.8%, cargo-295, P=
0.24, Welch's unequal variances t-test, data shown are mean ± SEM). D) IGF1 didn’t change the
directionality of lysosomes after treatment. Quantified from B) (Anterograde: water-15.1 ± 6.9%,
cargo-55; IGF-8.9 ± 1.1%, cargo- 39, P= 0.53; Retrograde: water- 15.9 ± 1.0%, cargo-55, IGF-25.3 ±
5.4%, cargo-120, P= 0.22; stationary: water-69.0 ± 7.9%, cargo-232, IGF-65.8 ± 6.3 %, cargo-290,
P=0.783, Welch's unequal variances t-test, data shown are mean ± SEM). E) The analysis of IGF1R
modulation on retrograde lysosomal velocity. Neither PPP or IGF1 treatment had any effect on
retrograde transport of lysosomal (DMSO: 0.53 ± 0.04 µm/s, cargo-65; PPP: 0.57 ± 0.03 µm/s, cargo112; P=0.41, Welch's unequal variances t-test; water: 0.44 ± 0.04 µm/s, cargo- 38; IGF1: 0.52 ± 0.03
µm/s, cargo- 91, P=0.13, Welch's unequal variances t-test). F) The analysis of IGF1R modulation on
anterograde lysosomal velocity. PPP and IGF1 caused no significant change in anterograde transport
rates (DMSO: 0.48 ± 0.05 µm/s, cargo-19, videos-13, N=2 independent experiments; PPP: 0.4 ± 0.05
µm/s, cargo-33, videos-22, N=3 independent experiments; P=0.68, Welch's unequal variances t-test;
water: 0.49 ± 0.04 µm/s, cargo-32, video- 13; IGF1: 0.41 ± 0.05 µm/s, cargo-21, videos-21; P= 0.22,
Welch's unequal variances t-test).

3.2.5.2 Mitochondria
To further confirm that IGF1R specifically influences the transport of signalling endosomes,
we also analysed the motility of mitochondria. Like lysosomes, these organelles display bidirectional motility (Maday et al., 2014). Deficits in mitochondrial motility have been linked
to several ALS models (Smith et al., 2017). Therefore, if IGF1R can alter mitochondrial
trafficking, it would be of great therapeutic value.
In order to measure mitochondrial motility, PMN were cultured in microfluidic chambers (Fig
2.2A) and treated with either 1 µM PPP or 50 ng/ml IGF1 at DIV 6 prior to assessing
mitochondrial motility. To measure mitochondrial trafficking, we used 20 nM
tetramethylrhodamine, methyl ester, perchlorate (TMRM), a cell-permeable dye that
accumulates in mitochondria with intact membrane potential. When treating with PPP, we
found that mitochondria showed bi-directional transport, which was unaffected by IGF1R
inhibition (Fig 3.12A, C). The majority (~50%) of mitochondria were stationary throughout
the experiment with a slight preference towards anterograde movements compared to
retrograde (Fig 3.12A, C). Significantly, treatment with PPP yet again had no effect on the
retrograde or anterograde transport velocity of mitochondria (Fig 3.12A, E-F), corroborating
our previous findings obtained with lysosomes (Fig 3.11).
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Figure 3.12: The effect of IGF1R modulation on mitochondrial trafficking
A) Kymographs of TMRM labelled mitochondria in DIV 6 primary motor neurons after treatment with
1 µM PPP or control for 45 min. B) Kymographs of TMRM labelled mitochondria in DIV 6 primary
motor neurons after treatment with 50 ng/ml IGF1 or control for 45 min. C) The quantification of the
kymographs from A). There was no change in the directionality of mitochondria transport after PPP
treatment compared to controls (Anterograde: DMSO-23.2 ± 5.0%, cargo- 93; PPP-31.5 ± 5.6%, cargo177, P=0.35; Retrograde: DMSO-16.0 ± 0.1%, cargo-64, PPP-18.0 ± 3.0%, cargo-105, P=0.58;
stationary: DMSO- 61.0 ± 5.0%, cargo-248; PPP- 50.6 ± 3.0%, cargo-291, P=0.24, Welch's unequal
variances t-test, data shown are mean ± SEM). D) IGF1 didn’t change the directionality of
mitochondria after treatment. Quantified from B) (Anterograde: water-27.0 ± 3.0%, cargo-119; IGF-
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22.6 ± 3.4%, cargo-136, P=0.39; Retrograde: water- 22.9 ± 11.0%, cargo-95, IGF-19.2 ± 4.3%, cargo115, P=0.79; stationary: water-50.1 ± 8.0%, cargo-222, IGF-58.3 ± 7.1%, cargo-340, P=0.51, Welch's
unequal variances t-test, data shown are mean ± SEM). E) The analysis of IGF1R modulation on
retrograde mitochondrial velocity. Neither PPP or IGF1 treatment had any effect on retrograde
transport of mitochondria (DMSO: 0.6 ± 0.06 µm/s, cargo-45; PPP: 0.6 ± 0.05 µm/s, cargo- 57; P=0.66,
Welch's unequal variances t-test; water: 0.6 ± 0.05 µm/s, cargo- 57; IGF1: 0.6 ± 0.05 µm/s, cargo- 56,
P=0.56, Welch's unequal variances t-test). F) The analysis of IGF1R modulation on anterograde
mitochondrial velocity. PPP caused no significant change in transport rates (DMSO: 0.54 ± 0.04 µm/s,
cargo-50, videos-14, N=2 independent experiments; PPP: 0.6 ± 0.03 µm/s, cargo-105, videos-21, N=3
independent experiments; P=0.32, Welch's unequal variances t-test), however, IGF1 treatment
significantly slowed down anterograde mitochondrial velocities (water: 0.76 ± 0.05 µm/s, cargo-75,
video-14; IGF1: 0.6 ±0.04 µm/s, cargo-98, videos-21; ** P=0.009, Welch's unequal variances t-test).

Interestingly, although IGF1 caused no change in mitochondrial net movement or retrograde
velocities, there was a significant effect on anterograde velocities (Fig 3.12B, D, E-F). In cells
treated with IGF1, we found that mitochondria displayed a decrease in average anterograde
velocity, 0.8 ± 0.05 µm/s to 0.6 ± 0.04 µm/s. Given that IGF1 has been shown to inhibit
GSK3b, these data agrees with previous literature suggesting that inhibiting GSK3b leads to
a decrease in the anterograde movement of mitochondria (Llorens-Martin et al., 2011).
These data strongly indicate that IGF1R inhibition specifically enhances the trafficking of
signalling endosomes and that this is not caused by direct modulation of cytoplasmic dynein.

3.3 Discussion
The aim of this Chapter was to confirm the effects of compound E4 and other IGF1R inhibitors
on axonal transport, previously observed in our laboratory (Gibbs, 2015), in motor neurons
and further elucidate the role of IGF1R in this process.
The results presented in this Chapter demonstrated that compound E4 is capable of
increasing the speed of retrograde transport of signalling endosomes in vitro. Given that E4
was identified as an enhancer of the accumulation of HCT and a-p75NTR in the soma of motor
neurons (Gibbs, 2015), it was imperative to confirm this phenomenon was caused by an
increase in the trafficking of HCT and a-p75NTR-positive organelles. As briefly mentioned
earlier, the increase in accumulation could have been caused by other mechanisms, such as
increased internalisation or decreased degradation and recycling. Therefore, it was
important to rule out the possibility that E4 was a false positive in this assay.
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One potential limitation of the assay used in these experiments was that ES-derived motor
neurons were used at a very early stage of development (DIV 3). This raises the question of
whether the neurons are fully developed and functional. It has been previously
demonstrated that ES-cell derived motor neurons only fire repetitive trains of action
potentials at DIV 6 onwards (Bryson et al., 2014). How neuronal maturity affects axonal
transport is an important topic. Recently, one study found that as an organism ages, there is
a reduction in the transport of mitochondria (Vagnoni and Bullock, 2018). This was caused
by a reduction in the levels of Kinesin-1 and the cyclic AMP/protein kinase pathway.
Conversely, signalling endosome transport in the mouse sciatic nerve has been shown not to
decline with age (Sleigh and Schiavo, 2016). Given the importance of trafficking in synaptic
development it is likely that the mechanisms governing transport are present at an earlier
time point. In line with this, DIV3 ES-cell derived motor neurons were shown to have robust
retrograde transport that was comparable to DIV6 mouse primary motor neurons (Gibbs,
2015). Importantly, E4 was found to robustly increase the velocity of HCT transport in PMN
in our trafficking assay, confirming that is it an enhancer of retrograde transport.
IGF1R has previously been indicated as the target for E4 (Chamberlain et al., 2009),
suggesting that the increase in retrograde transport shown in figure 3.2 is due to the
activation of this receptor and its downstream signalling cascade. In order to establish
whether IGF1R was the target of compound E4 we selected another commercially available
IGF1R inhibitor, PPP, and quantified its effects on axonal transport. We hypothesised that if
E4’s effect was via an off-target mechanism, we would not see an increase in signalling
endosome velocities. Following treatment of PMN with PPP, we observed an increase in
retrograde transport (Figure 3.3) indicating that IGF1R was involved in regulating the
retrograde axonal transport of signalling endosomes. Further corroborating this result, when
we treated with IGF1 we saw the opposite result, with an overall decrease in rates of
retrograde transport.
Our model does have some limitations however, since cultures of primary neurons are a
mixed culture with interneurons and glial cells. Because of this we are unable to identify
motor neurons from other neuronal types. Furthermore, due to the high confluency it can
be hard to identify axons and therefore we rely on the behavioural characteristics of the HcT
probe. In dendrites, due to the mixed microtubule structure at the proximal segment, HcT
can undergo frequent bi-directional movement, whereas in axons HcT is largely
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unidirectional. One approach to overcome these limitations is the use of microfluidic
chambers (Fig 2.2A and B), as used in some experiments presented in this chapter. Despite
these technical limitations, we have nevertheless, unequivocally identified IGF1R as a
modulator of axonal transport in motor neurons. This result is strengthened by the fact that
we have observed the effect in both primary motor neuron cultures and ES-derived motor
neurons. Going forward it would also be beneficial to understand if this effect is limited to
motor neurons or applies to other neuronal types. Since IGF1R plays a significant role in
energy homeostasis, it would potentially be interesting to investigate this effect in
hypothalamic neurons.
Protein kinases have previously been shown to influence axonal transport (Gibbs et al.,
2015). Yet there have been very few links between IGF1R and trafficking in neurons. After
establishing that IGF1R was a specific modulator of retrograde signalling endosome
transport, we sought to understand how this kinase regulates transport via its downstream
signalling cascade. When treating with PPP, we found a significant decrease in the activation
of Akt compared to controls. The PI3K/Akt pathway has previously been shown to influence
axonal transport. Gao et al showed that inhibition of GSK3b, a downstream target of Akt,
lead to decreased phosphorylation of the dynein intermediate chain (S88/T89) in dorsal root
ganglion neurons, allowing binding to the dynein adaptor protein Ndel1. This ultimately led
to an increase in lysosomal retrograde trafficking. GSK3b is negatively regulated by Akt,
therefore inhibition of IGF1R would increase GSK3b activation. The mechanism proposed in
this study conflicts with our data. Indeed, we saw no change in lysosomal transport and an
increase in retrograde signalling endosomes trafficking after IGF1R inhibition. This suggests
that this mechanism is likely to be specific to dorsal root ganglion neurons. To reconcile these
differences, a possible strategy would be to analyse signalling endosome transport in dorsal
root ganglion neurons after IGF1R inhibition.
Intriguingly, treatment of hippocampal neurons with insulin has been shown to positively
regulate the retrograde transport of BDNF (Takach et al., 2015). In this study, the authors
found that either genetically or pharmacologically upregulating Akt lead to the rescue of
BDNF trafficking deficits associated with amyloid-b oligomers (Takach et al., 2015). This
increase in transport was via inhibition of GSK3b. However, in Alzheimer’s disease, amyloidb oligomers have been found to cause over activation of GSK3b, leading to deficits in axonal
transport (Kanaan et al., 2013). Therefore, insulin’s effect may be due to the pattern of kinase
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activity found in the disease. This may not be the case in healthy neurons or even different
disease states. This highlights the importance of assessing kinase effects on different
neuronal populations and organelles as well as during different disease states. It is also
possible that even despite the high homology and shared downstream signalling cascades
between IGF1 and insulin, they might differentially regulate transport. In the future it would
be interesting to assess the effect of insulin treatment on neuronal trafficking in motor
neurons.
Two other studies have also implicated PI3K/Akt/GSK3b in axonal transport. Morfini et al
proposed that upregulation of GSK3b lead to phosphorylation of kinesin light chain causing
a detachment from membrane-bound organelles (Morfini et al., 2004). This reduced the
rates of anterograde transport. Additionally, another study suggested that Akt
phosphorylated the huntingtin protein leading to recruitment of kinesin-1 to the dynactin
complex (Zala et al., 2008). This led to an increase in BDNF at the synapse via increased
anterograde transport. Taken together these studies propose a model where Akt activation
leads to increased anterograde transport via the alteration of kinesin recruitment and its
subsequent binding to the microtubule network. To date, there have been three proposed
models

of

bi-directional

transport:

1)

coordination,

2)

tug-of-war

and

3)

association/dissociation (Encalada and Goldstein, 2014). The coordination model states that
both kinesin and cytoplasmic dynein are present on the organelle and directionality is
dictated by regulators which activate or deactivate the motors. The tug-of-war hypothesis
states that both kinesin and dynein motors are simultaneously bound to the cargo but the
direction and velocity of movement are controlled by the strongest pool of motors present
on the cargo (Hendricks et al., 2010). Finally, the model of transport association/dissociation
postulates that only motors of one directionality bind at a given time. There is supporting
evidence for all three models (Encalada and Goldstein, 2014). As both kinesin and dynein
have been found simultaneously on signalling endosomes it suggests that the first two
models are involved in their trafficking. Since Akt appears to influence kinesin binding to
organelles, it may be that the increase in average velocities after IGF1R inhibition is caused
by a shift in the motor pools allowing dynein to win the “tug of war”.
Another key component of the IGF1R signalling pathway is Erk1/2. In our study we found
that in N2A cells, PPP successfully reduced the activation of Erk1/2 at both 20 and 60 min.
However, when inhibiting IGF1R in PMN, we saw no change in Erk1/2 activation. This
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suggests that these kinases are not involved in the increase in velocity detected. In
agreement with this, PPP has been found to preferentially inhibit the Akt pathway (Vasilcanu
et al., 2004). Our results also suggest that N2A cells are more susceptible to PPP than mixed
primary motor neuron cultures. However, the high level of growth factors present in our
neuronal medium may have influenced the basal state of Erk1/2 activation. Furthermore,
given that motor neurons are outnumbered by glial cells and fibroblasts in our PMN cultures,
if they are less sensitive to PPP than motor neurons, they may mask any effect. One method
to overcome this would be assessing Erk1/2 activation via immunofluorescence, allowing the
identification of phosphorylated ERK1/2 specifically in motor neurons.
It was also surprising that we saw very little change in both Akt and Erk1/2 after IGF1
treatment. As previously stated, we believe this is due to the presence of growth factors in
the medium, which drives the cells to a high activation state. This raises the question of how
IGF1 effects the transport of signalling endosomes, given the high levels of activation. One
potential explanation is that IGF1 leads to a subtle or rapid activation of Akt in neurons that
we were unable to detect due to the time frame of our experiment and the sample size used.
A solution to this would be to treat a pure ES-derived motor neuron culture with IGF1 and
analyse activation levels of Akt and Erk1/2 at different time points via western blot and
immunofluorescence.
In conclusion, the results presented in this chapter have shown that IGF1R inhibition causes
a specific enhancement of signalling endosome transport. Our data suggest this can be
achieved both pharmacologically and genetically, however due to limitations in our shRNA
analysis further experiments are necessary to confirm this. This could be achieved by
culturing motor neurons from IGF1R knockout mice. Furthermore, when investigating the
role of downstream signalling pathways, it appears that this effect may be dependent on
Akt. The next chapter focuses on investigating potential mechanisms behind the increased
velocity of signalling endosomes observed after IGF1R inhibition.
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Chapter 4: Investigating the mechanisms underpinning
IGF1R’s role in axonal transport
4.1 Introduction
As demonstrated in Chapter 3, IGF1R modulation can influence the rate of retrograde
transport of signalling endosomes, although how these changes occur is yet to be
established. Three potential mechanisms may underlie this process: 1) alterations in the
cytoskeleton, 2) an increase in the amount of cytoplasmic dynein or kinesin present in the
neuron, and 3) changes in the amount of motor adaptors.
The microtubule network is highly regulated, with axons containing a highly polarised,
uniform, plus-end out structure. This is essential for neuronal function and the correct
trafficking of organelles (Baas et al., 1989); because of this, any changes in microtubule
stability or polarity are likely to have a significant impact on the retrograde transport of
signalling endosomes. Furthermore, post-translational modifications of the microtubule
cytoskeleton can influence transport. Tyrosinated a-tubulin has been shown to be important
for the initiation step of dynein-dynactin processivity (McKenney et al., 2016) and cargo
binding to microtubules (Nirschl et al., 2016). Given that IGF1R has already been implicated
in the establishment of microtubule polarity both in vitro and in vivo (Sosa et al., 2006; Guil
et al., 2017), we wanted to investigate how acute inhibition of IGF1R altered the
cytoskeleton.
As the retrograde transport of signalling endosomes is powered by the microtubule motor
cytoplasmic dynein, it was important to investigate the effect of IGF1R activity on this motor
and its adaptor proteins. Although a direct effect on cytoplasmic dynein is unlikely, as IGF1R
modulation was shown to be specific to signalling endosomes, it may be possible that the
amount of dynein is altered. This could be either through a higher recruitment of dynein to
the signalling endosome or increased translation of the protein complex itself, allowing more
efficient transport.
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Finally, dynein’s adaptor proteins play an integral part in regulating the processive
retrograde movement of organelles. Intriguingly, dynein itself is non-processive and relies
upon dynactin, a 1-MD protein complex, to move (Gill et al., 1991). However, the dyneindynactin complex has been shown to be unstable, requiring the additional binding of other
adaptor proteins to stabilize the complex and allow specific cargo binding (Splinter et al.,
2012; McKenney et al., 2014; Schlager et al., 2014). Not only do adaptor proteins allow cargospecific binding but they have also been shown to change the velocity of dynein in single
molecule assays (Olenick et al., 2016). We therefore hypothesised that alterations in the
cellular levels of adaptor proteins could cause the changes in signalling endosome trafficking
we observed in Chapter 3. Furthermore, this could also explain the cargo-specific nature of
the changes found in the rate of transport upon modulation of the IGF1R signalling cascade.
Therefore, in this Chapter we explore the effect of IGF1R modulation on these mechanisms
as well as the changes on the signalling endosome pool itself. Our data suggests that soon
after IGF1R inhibition, there is an increase in the protein synthesis of the dynein adaptor
BICD1 in PMN, which may be responsible for the observed changes in velocity. Furthermore,
mass spectrometry analysis revealed that IGF1R modulation causes significant changes not
only in the composition of the signalling endosome pool, but also the make-up of the motor
proteins which are attached.

4.2 Results
4.2.1 The effect of IGF1R on the microtubule cytoskeleton
4.2.1.1 The effect of IGF1R on microtubule dynamics

To assess microtubule dynamics, DIV5 PMN were magnetofected with a GFP-EB3 construct.
End binding (EB) proteins bind to the plus-end of growing microtubules (Maurer et al., 2012),
and consequently enable the detection and analysis of microtubule dynamics. Following
treatment with 1 µM PPP or 50 ng/ml IGF1, there was no change in axon polarity (Fig 4.1AD). In both treatment and control groups, ~95% of EB3 comets moved anterogradely,
suggesting a uniform plus-end out polarity (Fig 4.1A-D). To our knowledge, this is the first
determination of microtubule polarity in cultured primary spinal cord motor neurons, which
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confirms the highly organised architecture of the microtubule cytoskeleton among different
neuronal types. Intriguingly, modulation of the activity of IGF1R significantly altered EB3
comet velocity. Inhibiting IGF1R decreased the velocity of EB3 comets (0.14 ± 0.04 µm/s to
0.09 ± 0.03 µm/s; Fig 4.1A, E), whilst treatment with 50 ng/ml IGF1 caused an increase in
velocity compared to controls, 0.1 ± 0.02 µm/s to 0.14 ± 0.04 µm/s (Fig 4.1B, E). These
findings suggest that the IGF1R pathway regulates microtubule dynamics in the axon but
does not alter polarity, at least at this time point. This is corroborated by previous studies
showing that IGF1 induces axonal outgrowth (Ozdinler and Macklis, 2006).
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Figure 4.1: The effect of IGF1R modulation on the microtubule cytoskeleton.
A) Kymographs of GFP-EB3 comets following treatment with 1 µM PPP and DMSO for 45 min. B)
Kymographs of GFP-EB3 comets after treatment with 50 ng/ml IGF1 and water for 45 min. C) The
quantification of EB3-GFP directionality after PPP treatment. There was no change in polarity of new
microtubules (anterograde: DMSO- 96.05 ± 3.9 %; PPP- 97.55 ± 1.3 %, P=0.77; retrograde: DMSO-3.94
± 3.9 %; PPP- 2.44 ± 1.3%, P=0.77, Welch's unequal variances t-test, N=4 (PPP), 2 (DMSO), data shown
are mean ± SEM). D) The quantification of EB3-GFP directionality after IGF1 treatment. IGF1 also
caused no change in polarity of new microtubules (anterograde: Water- 94.18 ± 2.0%; IGF1-96.64 ±
1.0%; P=0.23; retrograde: Water- 5.82 ± 2.0%; IGF1-3.36 ± 1.0%; P=0.23, Welch's unequal variances t-
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test, N=4 independent experiments (IGF1), 2 independent experiments (water), data shown are mean
± SEM). E) The analysis of GFP-EB3 comet velocity following treatment with PPP and IGF1. PPP
significantly reduced the average velocity of GFP-EB3 comets compared to controls (DMSO- 91 EB3
comets, 10 axons; PPP- 138 comets, 23 axons; P= 2.6x 10-10, N=4 independent experiments, Welch's
unequal variances t-test). IGF1 increased the growth rate of GFP-EB3 comets compared to controls
(water- 85 comets, 14 axons; IGF1- 213 comets, 25 axons; P=1.7x 10-10, N=4 independent experiments,
Welch's unequal variances t-test). *** P ≤ 0.001.

4.2.1.2 The effect of IGF1R on microtubule post-translational modifications

Given the alteration in microtubule growth rate, we wanted to understand if IGF1R
modulation would change the post-translational modifications of tubulin. DIV6 PMN were
stained with tyrosinated a-tubulin, detyrosinated a-tubulin and b3-tubulin after 1 h of 1 µM
PPP or 50 ng/ml IGF1 treatment. The results were then analysed by assessing the amount of
tyro/detyrosinated tubulin relative to b3-tubulin. Staining of both tyrosinated and
detyrosinated a-tubulin appeared to be located mainly in the neurites of the motor neurons
in all treatments (Fig 4.2A). Due to lack of fluorophores, no axonal or dendritic markers were
used so all processes are referred to as neurites. Despite the change in EB3 velocity,
treatment with PPP or IGF1 did not cause a significant change in tyrosinated or detyrosinated
a-tubulin levels compared to controls (Fig 4.2A-C). As this analysis would be affected by any
change in microtubule levels, the amount of b3-tubulin in all experimental conditions was
assessed. There was no significant change in the intensity of b3-tubulin between conditions
suggesting that neither PPP or IGF1 altered the overall microtubule structure, at least within
the time frame of our experiment (Fig 4.2A, D). Unfortunately, in this experiment DMSO was
used as a sole control. When undertaking this experiment, we were not aware of the
differences in downstream activation between DMSO and water as presented in Chapter 3,
and therefore caution should be used in extending these conclusions to samples treated with
water soluble compounds.
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Figure 4.2: The effect of IGF1R modulation on microtubule post-translational modifications.
A) The staining of tyrosinated, detyrosinated a-tubulin and b-tubulin in primary motor neurons
following treatment with 1 µM PPP or 50 ng/ml IGF1 for 60 min. Scale bar is 10 µm. B) The
quantification of tyrosinated a-tubulin levels from A). Results were normalised relative to b-tubulin.
IGF1R modulation had no effect on the amount of tyrosinated a-tubulin (DMSO- 100%, PPP- 89.95 ±
13.8%, IGF1- 105.3 ± 9.9%, P=0.55, one-way ANOVA, N=4 independent experiments, 31-32 cells per
condition). C) The quantification of detyrosinated a-tubulin levels from A). Results were normalised
relative to b-tubulin. There was no change after treatment (DMSO- 100%, PPP-88.2 ± 10.9%, IGF197.5 ± 8.0%, P=0.55, one-way ANOVA, N=4 independent experiments, 31-32 cells per condition). D)
The quantification of b-tubulin levels from A). Treatment with PPP or IGF1 had no effect on the
amount of b-tubulin present in primary motor neuron cultures (DMSO-100%, PPP- 105 ± 15.2%, IGF187.9 ± 13.1%, P=0.59, one-way ANOVA, N=4 independent experiments, 31-32 cells per condition). All
data shown are mean ± SEM.
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4.2.2 The effect of IGF1R on cytoplasmic dynein and its adaptors
4.2.2.1 IGF1R has no effect on cytoplasmic dynein expression or localisation
PMN were treated with either 1 µM PPP or 50 ng/ml IGF1 for 1 hr. Cells were then lysed and
levels of cytoplasmic dynein quantified by western blot, this was done using an antibody
directed against the dynein intermediate chain (DIC1). There was no significant change in
expression levels of the dynein intermediate chain (Fig 4.3A, B), however, there was a trend
towards higher expression in PMN treated with PPP. It has also been shown that the dynein
relies on the kinesin motor protein family to function, with mutations in kinesin heavy chain
or pharmacological inhibition of kinesin causing an impairment in retrograde transport (Lalli
et al., 2003; Pilling et al., 2006). Furthermore, the localisation of dynein to the distal tip of
the axon relies on kinesin-1 (Twelvetrees et al., 2016). As a result of this, any change in
kinesin-1 levels could lead to significant changes in dynein-regulated transport. Therefore,
we measured the expression of kinesin-1/KIF5 in the PMN lysates with an antibody directed
against kinesin heavy chain but found no difference between treatment groups (Fig 4.3A, B).

Figure 4.3: The effect of IGF1R modulation on levels of kinesin and cytoplasmic dynein
A) PMN were treated with 1 µM PPP or 50 ng/ml IGF1 for 60 min and the expression of dynein (DIC1)
and kinesin-1 (KHC/KIF5) were assessed by western blot. B and C) The quantification of western blots
in A). Protein levels were normalised to GAPDH. There was no significant change in levels of either
motor proteins after treatment with PPP (DIC1: DMSO-100%, PPP-135 ± 14.1%, N=5 independent
experiments, P=0.067, Welch's unequal variances t-test; KHC/KIF5: DMSO-100%, PPP-110.2 ± 4.7%,
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N=3 independent experiments, P=0.16) or IGF1 (DIC: water-100%, IGF1-94.7 ± 2.1%, N=3 independent
experiments, P=0.12, Welch's unequal variances t-test; KHC: water-100%, IGF1-101.76 ± 3.2%, N=3,
P=0.63). All data shown are mean ± SEM.

Due to the limitations of measuring protein levels in a mixed culture, we next analysed
dynein levels in neurons by immunofluorescence. For this experiment we used an antibody
targeting the dynein heavy chain. This was due to the fact that the DIC 74.1 antibody has
been shown to bind to the first 60 amino acids on the N-terminal of the DIC protein
(Datasheet, EMD Millipore). This region is essential for the dynein motor complex’s binding
to dynactin (Vaughan and Vallee, 1995), therefore we could not be sure if this would affect
our detection of active dynein complexes. In line with this, when we compared staining of
antibodies directed against DIC and dynein heavy chain (DHC) in PMN we found that their
localisation differed (Fig 4.4).

Figure 4.4: PMN stained with two dynein antibodies.
DIV6 PMN stained with either an antibody directed against DIC1 (green) or DHC (magenta). Scale bar
is 10 µm. These images demonstrate partial colocalization of these two essential components of the
dynein motor complex.

Consequently, motor neuron cultures were treated with either 1 µM PPP or 50 ng/ml IGF1
for 60 min, fixed and then stained with antibodies targeting DHC, b-tubulin, and DAPI. IGF1R
had no significant effect on the cellular expression of dynein, therefore corroborating the
previous results (Fig 4.5A, B). It also emerged that treatment had no effect on the localisation
of DHC within the neuron, with the staining being primarily in the soma (Fig 4.5C). One caveat
is that due to the confluency required for ensuring the viability of cultured PMNs, it is difficult
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to identify the distal tips of neurites, therefore we were unable to compare levels of motor
proteins at these sites. These data, along with the lack of changes in mitochondrial or
lysosomal trafficking, suggest that IGF1R does not directly modulate the cellular levels of
cytoplasmic dynein (and conventional kinesin), but rather works via an alternative
mechanism.

Figure 4.5: The effect of IGF1R modulation on dynein heavy chain staining.
A) Staining of DHC, b-tubulin, and DAPI in DIV6 PMN after treatment with 1 µM PPP or 50 ng/ml IGF1
for 60 min. Scale bar is 10 µm. B) Quantification of DHC staining in A). Results were relative to DMSO.
b-tubulin was used as a mask for analysis. There was no difference between total staining in either
treatment groups compared to controls (DMSO- 100 ± 9.18%, PPP-95.8 ± 8.13%, IGF1-84.5 ± 8.7%,
P=0.45, One-way ANOVA, N=3). C) Quantification of DHC localisation (Soma intensity/Total intensity
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(Soma + neurite intensity)). Dynein distribution was not altered by an agonist or antagonist of IGF1R
(DMSO-0.58 ± 0.07, PPP- 0.61 ± 0.09, IGF1- 0.57 ± 0.06, P=0.54, One-way ANOVA, neurons- 24 in each
condition, N=3). All data shown are mean ± SEM.

4.2.2.2 The effect of IGF1R modulation on motor adaptor proteins
The Hook family of proteins has been found to play an important role in the retrograde
transport of organelles (Olenick et al., 2016; Schroeder and Vale, 2016; Olenick et al., 2018a).
We therefore decided to analyse expression levels of Hook3 during IGF1R modulation along
with two other dynein adaptors: BICD1 and BICD2. Intriguingly, although there was no
change in Hook3 protein expression following either 1 µM PPP or 50 ng/ml IGF1 treatment
(Fig 4.6A, B), PPP caused a ~37% increase in BICD1 expression (Fig 4.6A, C), whilst the
decrease induced by IGF1 was not significant. BICD1 has been shown to be important for the
endosomal sorting of internalised neurotrophin receptors (Terenzio et al., 2014a) and the
retrograde transport of Rab6-positive organelles (Wanschers et al., 2007). This effect is
specific, since no changes in the expression levels of the closely related BICD2 adaptor were
detected (Fig 4.6A, D).
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Figure 4.6: The expression of dynein adaptor proteins after treatment with PPP or IGF1
A) Western blot of PMN treated with 1 µM PPP or 50 ng/ml IGF1 for 60 min. Cells were lysed and
assessed for expression levels of dynein adaptor proteins. B) Hook3 expression did not change
following treatment with PPP or IGF1 compared to controls (DMSO, 100%; PPP, 102.16 ± 4.3%, P=0.67,
Welch's unequal variances t-test, N=3; water, 100%; IGF1, 93.48 ± 4.2%, P=0.26, N=3). C) BICD1
expression was significantly increased in PMN treated with PPP compared to control (DMSO, 100%;
PPP, 137.1 ± 7.3%, **P=0.002, Welch's unequal variances t-test, N=7 independent experiments). In
contrast, IGF1R stimulation by IGF1 had no significant effect on BICD1 expression (water, 100%; IGF1,
88.1 ± 14.0%, P=0.49, Welch's unequal variances t-test, N=3). D) BICD2 expression did not change
following treatment with PPP or IGF1 compared to controls (DMSO- 100%; PPP- 104.44 ± 6.5%,
P=0.51, N=3: water- 100%; IGF1- 106 ± 7.5%, P=0.51, Welch's unequal variances t-test, N=3). All data
shown are mean ± SEM.

To confirm this finding, we treated neurons with 1 µM PPP or 50 ng/ml IGF1 and stained for
BICD1. Surprisingly, when treating neurons with either PPP or IGF1 we found no difference
in the intensity of BICD1 staining (Fig 4.7A, B). It may be that quantitative
immunofluorescence is not sensitive enough to detect the changes we detected by western
blot. Additionally, the small number of cells imaged in this experiment compared to total
number present on the coverslip may compound this issue. IGF1R modulation also did not
appear to change the localisation of BICD1, with staining present throughout the cell, and
equally distributed between the soma and neurites (Fig 4.7C).
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Figure 4.7: Assessment of BICD1 Staining after IGF1R modulation
A) Staining of BICD1, b-tubulin, and DAPI in DIV6 PMN after treatment with 1 µM PPP or 50 ng/ml
IGF1 for 60 min. Scale bar is 10 µm. B) Quantification of BICD1 staining in A). Results were relative to
control. b-tubulin was used as a mask for analysis. There was no difference between total staining in
either treatment groups compared to controls (DMSO- 100 ± 7.0%, PPP-91.3 ± 9.6%, IGF1-95.4 ± 6.4%,
P=0.73, One-way ANOVA, N=4). C) Quantification of BICD1 localisation (Soma intensity/Total intensity
(Soma + neurite intensity)). Staining of BICD1 was equally distributed between the soma and the
neurites but did not change between groups (DMSO-0.48 ± 0.06, PPP- 0.52 ± 0.07, IGF1- 0.51 ± 0.07,
P=0.40, One-way ANOVA, cells- N=4). All data shown are mean ± SEM
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Quantification of BICD2 expression in neurons by immunofluorescence had a similar result.
Treatment with PPP or IGF1 caused no change in the intensity of staining between neurons
or the localisation (Fig 4.8A-C). Taken together, these results suggest that modulation of
IGF1R activity regulates the cellular levels of BICD1, which are likely to affect the axonal
transport rates of signalling endosomes.

Figure 4.8: Assessment of BICD2 staining after IGF1R modulation
A) Staining of BICD2, b-tubulin, and DAPI in DIV6 PMN after treatment with 1 µM PPP or 50 ng/ml
IGF1 for 60 min. Scale bar is 10 µm. B) Quantification of BICD2 staining in A). Results were relative to
control. b-tubulin was used as a mask for analysis. There was no difference between total staining in
either treatment groups compared to controls (DMSO- 100 ± 5.6%, PPP-95.1 ± 11.3%, IGF1-106.1 ±
9%, P=0.69, One-way ANOVA, cells- N=2). C) Quantification of BICD2 localisation (Soma intensity/Total
intensity (Soma + neurite intensity)). Staining for all treatments was mainly found in the neurites but
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did not change between groups (DMSO-0.46 ± 0.09, PPP- 0.45 ± 0.09, IGF1- 0.42 ± 0.09, P=0.60, Oneway ANOVA, N=2). All data shown are mean ± SEM.

4.2.2.3 BICD1 expression is caused by an increase in protein synthesis
To explore the underlying mechanism causing the increase in BICD1 levels following IGF1R
inhibition, we incubated PMN with cycloheximide (CHX) (50 µg/ml) or MG-132 (10 µM) for
30 min before adding 1 µM PPP for 60 min. CHX is a potent inhibitor of protein translation
(Schneider-Poetsch et al., 2010), whereas MG-132 inhibits the 26S proteasome (Lee, 1998),
thus blocking protein degradation. Compared to PMN treated with PPP alone, CHX caused a
significant decrease in BICD1 expression levels, while MG-132 had no effect on BICD1 levels
after PPP treatment (Fig 4.9A, B). These data suggest that the change in BICD1 protein
expression after IGF1R inhibition is caused by an increase in protein synthesis.

Figure 4.9: Protein synthesis is responsible for the increase in BICD1 following PPP treatment
A) A western blot of DIV6 PMN showing levels of BICD1 after cells were pre-treated with
cycloheximide (50 µg/ml) or MG-132 (10 µM) for 30 min and then treated with 1 µM PPP for 60 min.
B) Cycloheximide causes a significant decrease in BICD1 protein expression levels compared to PPP
treated cells. Expression is relative to DMSO (DMSO (Grey): 100%, N=7; PPP (blue): 137.13 ± 7.3%,
N=7; CHX (dark pink): 89.45 ± 12.67%, N=5; MG-132 (teal): 124 ± 28.66%, N=3; P=0.009, One-way
ANOVA; Tukey test: DMSO-PPP (P=0.04), PPP-PPP + CHX- (P=0.01); data shown are mean ± SEM). * P
≤ 0.05.
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If BICD1 is responsible for the changes in signalling endosome velocity, we hypothesized that
BICD1 must be locally synthesised in the axon to enable the short kinetics (30-90 min) of
these IGF1R-mediated effects. To test this hypothesis, we performed a puromycin-proximity
ligation assay (PLA), a technique which allows the quantification of newly synthesised
proteins at specific sites within a cell (Dieck et al., 2015). For this experiment, we cultured
PMN in microfluidic chambers and then quantified the amount of PLA dots per field following
treatment with 1 µM PPP (Fig 4.10A). In line with previous results, we observed a significant
increase in newly synthesised BICD1 in the axon following treatment with PPP, when
compared to vehicle controls (Fig 4.10B-D). This increase was abolished when cells were cotreated with 40 µM anisomycin, a potent protein synthesis inhibitor (Fig 4.10B-D). These
results not only corroborate our previous findings that BICD1 expression is upregulated after
IGF1R inhibition, but importantly show that this occurs in the axon in a time frame
compatible with the kinetics observed for the IGF1R-mediated regulation of retrograde
axonal transport of signalling endosomes.
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Figure 4.10: De novo synthesis of BICD1 occurs within the axon of PMN following PPP treatment
A) Schematic of Puromycin-PLA assay. DIV6 PMN were treated with DMSO, PPP or PPP + anisomycin
for 30 min, following which puromycin was added to the medium for an additional 30 min. Cells were
then fixed and the PLA was completed. Purple triangle- puromycin; Grey circles- partially synthesised
BICD1. B) PLA images from PMN treated with PPP grown in microfluidics. White box indicates zoomed
region shown. Scale bars are 25 µm. Red dots-PLA, White- b3-tubulin. C) Images are magnifications
from the white boxes in Figure B). Red dots-PLA, Black- b3-tubulin. Scale bars 10 µm. White arrows
point to puromycin-PLA puncta within the b3-tubulin mask; empty arrows show PLA puncta not
associated with neurons. D) Quantification of puromycin-PLA signal. PPP causes an increase in PLA
puncta per image, which is abolished by treatment with 40 µM anisomycin (DMSO, grey: 100%; PPP,
blue: 139.3 ± 7.7%; PPP + anisomycin, purple: 86.31 ± 10.0 P=0.005, one-way ANOVA, Tukey post-hoc
test; DMSO vs PPP, * P=0.02; PPP vs PPP + anisomycin, **P= 0.005, N=3 independent experiments,
27-57 images, data shown are mean ± SEM).
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4.2.3 The effect of IGF1R on the phosphoproteome of the signalling endosomes

The results presented have shown that IGF1R inhibition boosts the synthesis of BICD1 in
PMN. Next, we wanted to investigate whether IGF1R modulation altered the
phosphoproteome or the composition of the signalling endosome (e.g. by increasing the
number/type of motor proteins or associated adaptors). It has recently been suggested that
the cargo itself may be required for the activation of dynein, with mRNA being shown to
recruit the dynein adaptor protein BICD2 before attachment to the motor (McClintock et al.,
2018). For this reason, any change in the composition of the organelle itself could lead to the
recruitment of different adaptors, resulting in the change in velocity we observed
experimentally in Chapter 3.
To explore this possibility, we adapted a method already established in the laboratory to
purify signalling endosomes from ES-cell derived motor neurons (Debaisieux et al., 2016).
The experiment performed had two key differences compared to the original method. Firstly,
cells did not undergo SILAC (Stable Isotope labelling with Amino acids) labelling and secondly,
signalling endosomes were purified from DIV6 ES-derived motor neurons instead of DIV3.
Before the experiment, we first coupled HCT to super-paramagnetic monocrystalline iron
oxide nanoparticles (MIONs). This was achieved by incubating 6 nmol HCT with activated
MIONs for 2 two days at 4°C, and the reaction was then terminated by adding 2 mM reduced
glutathione. HCT-MIONs were then purified from the reaction mixture using a Sephacryl
S100HR column, which enabled the separation of free HCT from HCT bound to MIONs. HCTMIONs were then quality controlled by incubating the conjugated beads with PMN to ensure
that they are still able to be specifically internalised. We tested two concentrations of HcTMIONs, 1:100 and 1:250. HcT MIONs were incubated with PMN for 60 min, acid washed and
then fixed. Both concentrations showed significant internalisation, however 1:100 also
showed a high level of membrane staining, even after an acid wash to remove membranebound HCT (Fig 4.11). Because of this, we choose to use an intermediate concentration
(1:200) for our experiment.
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Figure 4.11: PMN treated with HCT-MIONs
DIV6 PMN treated with HCT-MIONS at two concentrations (1:100 and 1:250). PMN were stained for
b3-tubulin (white). An antibody targeting the HA tag (gold) present on the HCT was used to check for
internalisation after PMN were acid washed to remove membrane-bound HCT. Scale bar is 10 µm.

As previously mentioned, signalling endosomes were purified from DIV6 ES-cell derived
neurons, instead of DIV3 (Debaisieux et al., 2016) because it has been suggested that DIV3
ES-cell derived motor neurons are not fully mature; whereas DIV6 neurons have been shown
to be able to fire repetitive trains of action potentials, which is indicative of more mature
motor neurons (Bryson et al., 2014). The gross morphology of DIV6 ES-derived motor
neurons did not significantly differ from that of DIV3 cultures. When purifying signalling
endosomes, DIV6 ES-cell derived motor neurons were treated with HcT-MIONs and either 1
µM PPP, 50 ng/ml IGF1 or DMSO. After 30 min, media was replaced with fresh media without
the HcT-MIONs but still including the other compounds. After another 30 min, cells were
placed on ice and acid washed to remove membrane bound HcT. Cells were lysed in breaking
buffer and signalling endosomes were purified using a MS column placed in a SuperMACS II
magnet. Proteins were then precipitated with trichloroacetic acid (TCA) and sent for mass
spectrometry analysis (Fig 4.13A).
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Analysis of the phosphoproteome performed by Helen Flynn and Ambrosius Snijders (The
Francis Crick institute, London) identified 608 specific phosphosites on 347 proteins
(Fig4.13B) (See Appendix 1 for full data set). Interestingly, no phosphorylation sites on any
dynein component were detected, indirectly supporting our previous evidence that dynein
is not directly targeted. However, BICD2 was found to be phosphorylated. There was no
change in levels between treatment groups and control suggesting that although BICD2 may
be required for signalling endosome transport, it is not responsible for the change in velocity
we observed. Following IGF1R modulation, when comparing the global changes between
treatment groups, IGF1 and PPP had opposing effects on the phosphorylation pattern of
signalling endosomes (Fig 4.13B).
We next undertook a Gene ontology (GO) analysis to see if any functional groups were
overrepresented in our data set. 199 GO terms were found to be overrepresented in our
screen (See Appendix 2 for full data set). Due to IGF1R being a key component in cell
signalling and its effect on transport, we chose to focus on two groups: Regulation of
signalling (128 sites, 84 proteins, P= 3.78E-04) and microtubule-based processes (130 sites,
42 proteins, P= 2.73E-11). These groups yet again highlighted the differential effect of IGF1
and PPP (Fig 4.14). We believe this is the first phosphoproteome analysis of a signalling
endosome. Crucially, these findings highlight how modulating the IGF1R changes the
downstream signal relayed to the soma. Taken together these data add further evidence that
dynein is not targeted by IGF1R and that IGF1 and PPP lead to the propagation of different
long-term signals in neurons.
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Figure 4.12: Phosphoproteome analysis of the signalling endosome following IGF1R modulation
A) Schematic of the purification of signalling endosomes. DIV6 ES-derived motor neurons were treated
with either DMSO, 50 ng/ml IGF1 or 1 µM PPP for 30 min in combination with HCT-MIONs (1:200),
following which, the medium was replaced, still containing DMSO, IGF1 or PPP. Following an additional
30 min, cells were lysed and signalling endosomes were purified using MS columns placed in a
SuperMACS II magnet. Samples were then sent for mass spectrometry analysis. B) Heat map depicting
results of the phosphoproteomic screen (608 phosphosites detected from 341 proteins, N=1). Data
were log2 transformed and then the median value for each protein was subtracted.

Figure 4.13: GO-term analysis of the phosphoproteomic data
A) GO term analysis: Regulation of signalling (128 phosphosites, 84 proteins). B) GO term analysis:
Microtubule based transport (130 phosphosites, 42 proteins).
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In addition, we also analysed the composition of the proteins present in our isolated
signalling endosomes. We identified 3,800 proteins in total with an ~80% overlap with a
previous analysis undertaken in the laboratory (Debaisieux et al., 2016). Due to the lack of
SILAC labelling, this analysis is semi-quantitative and requires confirmation by future
experiments; however, it does highlight some interesting changes in the composition
between treatment groups. Firstly, as a positive control, we assessed the levels of IGF1Rrelated proteins (Fig 4.15A). Six proteins were identified in our screen with the majority,
including IGF1R showing a reduced presence when cells were treated with PPP (Fig 4.15A).
Since

IGF1R

internalisation

is

required

for

IGF1-dependent

signalling

after

autophosphorylation (Romanelli et al., 2007), we would expect PPP to cause a reduction in
the levels of IGF1R found in the signalling endosomes. This is because PPP inhibits the
autophosphorylation of the receptor and therefore should stop its internalisation.
Secondly, to ascertain whether the increase in velocity was caused by changes in the
cytoplasmic dynein adaptor proteins, we looked at their levels in our screen. We detected
15 adaptors in our screen (Fig 4.15B). Unfortunately, we did not detect BICD1. Interestingly,
when treating with PPP there was an increase in the amount of BICD2, Hook3 and Rilp1 (Rabinteracting lysosomal protein like 1) associated with HCT-MION carriers. Since, these
adaptors are key for retrograde axonal transport, any change in their levels could
significantly influence transport rates. Furthermore, their levels decreased in neurons
treated with IGF1. These data strongly suggests that IGF1R inhibition can alter the adaptors
present on the signalling endosome.
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Figure 4.14: Targeted analysis of the signalling endosomes proteome after IGF1R modulation.
A) Analysis of proteins related to IGF1R signalling. PPP caused a downregulation of multiple
components of the pathway. B) Analysis of components associated with dynein mediated transport.

4.3 Discussion
In this Chapter, we sought to identify how IGF1R influences the retrograde transport of
signalling endosomes by exploring its effect on three key mechanisms that contribute to the
regulation of retrograde transport: 1) alterations in the cytoskeleton; 2) an increase in the
amount of motor protein present in the neuron and/or axon; and 3) changes in the amount
of dynein adaptor proteins.

4.3.1 Alterations in the cytoskeleton
The data presented in this chapter suggests that IGF1R can alter cytoskeletal dynamics.
When DIV5 PMN were treated with IGF1 or PPP, we saw a significant change in the velocity
of EB3 comets. Treatment with IGF1 lead to an increase in growth rate, whereas PPP reduced
it. Of note, IGF1 not only increased the speed of EB3 comets, but also increased their
frequency, with 213 EB3-comets in IGF1 treated neurons compared to 138 EB3-comets in
PPP treated cells. These results agree with previous data which showed that IGF1 is
important for polarisation of the neuron, both in vitro and in vivo. Sosa et al found that
inhibition of IGF1R activation, either with a function-blocking antibody or via a specific siRNA,
reduced the number of hippocampal neurons with an axon 24 h after plating (Sosa et al.,
2006). Interestingly, this effect was not rescued by treatment with BDNF or NGF, despite
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these ligand-receptor complexes sharing downstream signalling cascades, suggesting that
IGF1 must influence certain signalling kinases in a specific manner. The effect of IGF1 on axon
growth and polarisation is also not limited to hippocampal neurons, since treatment of
corticospinal motor neurons with IGF1 has been shown to lead to increased axon outgrowth
(Ozdinler and Macklis, 2006). This study also found that treatment with BDNF lead to
increased branching and arborisation, again highlighting clear mechanistic differences
despite the shared downstream signalling components. These unique responses to growth
factors may be governed by the differential activation of downstream components. Santos
et al found that EGF and NGF specifically altered the activation of the MAPK signalling
pathway, allowing a distinct response to each growth factor (Santos et al., 2007).
Interestingly, Akt appears to play a key role in axonal growth (Dajas-Bailador et al., 2014; Y.
Wang et al., 2018). Given that IGF1 and BDNF have been shown to differentially activate Akt
(Zheng and Quirion, 2004), this may explain their effects on axon growth.
IGF1R has also been shown to be important for polarisation and axon outgrowth in vivo, with
neurons lacking IGF1R failing to migrate to upper levels of the cortex during development
and remaining multipolar in the subventricular zone (Guil et al., 2017). Given the significance
of IGF1R in axonal development, it was surprising to find that gross morphological
differences were absent in PMN treated with an shRNA targeting IGF1R (Chapter 3). This may
be due to the incomplete knockdown of IGF1R in our study. It would be interesting to further
explore this finding by analysing axon growth in microfluidic chambers following IGF1R
knockdown. This would allow us to isolate axons at early time points up until DIV6. Taken
together, these data underline the importance of IGF1R in the development and growth of
the axon and complement our own EB3-comet data.
Yet, can this increase in microtubule dynamics influence axonal transport? The cytoskeleton
is essential for intracellular transport with the microtubules orchestrating the directionality
of cargo by their orientation (Kapitein and Hoogenraad, 2015). In the axon, microtubules
have a mainly plus-end out uniform distribution, leading to the minus-end directed motor
cytoplasmic dynein transporting cargo towards the cell soma (Baas et al., 1989). In our study,
we found no significant changes in the directionality of the EB3-comets, suggesting
microtubule structure is not affected. However, EB3-comets only detect newly formed
microtubules, therefore using this approach it is not possible to analyse the orientation of
stable microtubules. Interestingly, the plus-ends of microtubules are an important site of
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dynactin/dynein recruitment. Nirschl et al showed that dynactin docks at phosphorylated
CLIP-170, a plus-end binding protein. This appears to be an important step in retrograde
transport as the knockdown of CLIP-170 reduces the retrograde transport of LAMP-1 positive
vesicles (Nirschl et al., 2016). Since an increase in EB3 comets should coincide with an
increase in CLIP-170 on the microtubules, the increased pausing observed in our experiments
after IGF1 treatment may be due to the dynein/dynactin binding to additional CLIP-170
docked along the axon. It would be interesting to investigate systematically the structure of
the cytoskeleton by electron microscopy at points where organelles pause to see if there is
a structural reason for this.
Additionally, Nirschl et al showed that the distal axon is enriched in tyrosinated a-tubulin
which is important for cargo binding (Nirschl et al., 2016). This modification in tubulin is
associated with dynamic, newly formed microtubules, with detyrosinated/acetylated tubulin
representing more stable microtubules (Witte et al., 2008). Interestingly, more stable
microtubules have been shown to promote efficient dynein-mediated transport in dendrites
(Yogev et al., 2017). However, tyrosinated a-tubulin has also been shown to be important
for cytoplasmic dynein-mediated transport, with detyrosinated a-tubulin decreasing the
overall motility of the dynein/dynactin/BicD2 complex approximately fourfold in an in vitro
reconstitution assay (McKenney et al., 2016). In an insightful experiment, McKenney et al
found that tyrosinated a-tubulin was important for the initiation of retrograde transport but
was not required for continued dynein processivity. In our own experiment, we saw no
significant changes in post-translational modifications of tubulin after treatment with PPP or
IGF1. However, our study was not designed to measure tyrosinated a-tubulin specifically at
growth cones, but instead throughout the neuron. Furthermore, we assessed changes after
only 1 h of treatment with IGF1 or PPP, and despite the increase in EB3-velocity, it may take
longer for any meaningful change in post-translational modifications. Interestingly, studies
have also suggested that tyrosinated a-tubulin does not regulate the retrograde transport
of BDNF/TrkB positive vesicles, as treatment with nocodazole, a drug which effectively
depolymerises microtubules, had no impact on the transport of these vesicles (Lalli et al.,
2003; Ayloo et al., 2017). These data imply that changes in post-translational modifications
were not the main cause of the impact of IGF1R on signalling endosome transport.
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A specific mechanism not investigated in this study is how microtubule-associated proteins
(MAPs) can influence transport. In regards to dynein mediated trafficking, tau has been
found to negatively regulate the transport of BDNF-containing vesicles, with the removal of
tau from the axon increasing BNDF transport (Chen et al., 2018).

Interestingly, this

mechanism was controlled by the phosphorylation of tau. Given that IGF1R null mice have
been found to have hyperphosphorylated tau (Cheng et al., 2005), it is possible that
modulating IGF1R acutely could alter the presence of tau on microtubules, thus influencing
transport. Implicating MAPs further, a recent study found that the MAP she1 can directly
influence the ATPase activity of dynein and reduce the stepping frequency of the motor
(Ecklund et al., 2017). Intriguingly, in our mass spectrometry analysis, we found that MAP1
and tau represent a high percent of the phosphorylated hits. Following PPP treatment, we
found that 9/11 phosphosites in our study showed increased tau phosphorylation. These
data suggest that PPP may be able to remove tau from the microtubules, therefore
contributing to the increased transport rates. Furthermore, 22/31 MAP1B phosphosites had
increased phosphorylation after IGF1 treatment. MAP1B has previously been shown to
negatively affect retrograde transport (Jiménez-Mateos et al., 2006), consequently, this may
help explain the reduction in transport velocities seen following IGF1 treatment observed in
this study. Overall, these data suggest it would be very interesting to further explore the
precise role of MAPs in modulating retrograde axonal transport after IGF1R modulation.
This study focused on how IGF1R regulates the microtubule cytoskeleton. However, actin is
an integral part of the cytoskeleton and its disruption has been shown to affect signalling
endosome transport (Lalli et al., 2003). To date, actin has mainly been studied in neuronal
development, being present in the growth cone and nascent branches (Papandréou and
Leterrier, 2018), yet recent research is starting to shed light on its role in mature neurons.
This began with the discovery that actin forms regularly spaced submembrane rings along
the axon (Xu et al., 2013). Interestingly, these structures appear to be important for
microtubule stability, as neurons treated with an actin-destabilizing drug, displayed breaks
in their microtubule network (Qu et al., 2017). Furthermore, actin also forms ‘hotspots’ along
the axon which colocalise with stationary endosomes (Ganguly et al., 2015), suggesting they
might influence transport. In agreement with this hypothesis, a recent study showed that
stationary cargo, including mitochondria, endosomes and precursors of synaptic vesicles
predominantly localised near actin hotspots along the axon, although these data were
correlative (Sood et al., 2018). Therefore, the increased pausing we observed in our transport
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assays following IGF1 treatment may be signalling endosomes caught at these hotspots.
Given that IGF1 treatment has been found to cause actin cytoskeleton reorganisation in
lamellipodia (Mezi et al., 2012), it would be interesting to investigate if IGF1R modulation
can alter the presence of actin in the axon and whether it plays a role in the transport of
signalling endosomes.

4.3.2 Changes in the cellular levels of molecular motors
We next investigated if treatment with PPP or IGF1 influenced the amount of cellular
cytoplasmic dynein or its adaptor proteins. Firstly, we saw no significant change in dynein
levels (DIC/DHC) by western blot or immunofluorescence. Together with our previous data,
this suggests that IGF1R modulation does not directly affect dynein levels. Interestingly, our
analysis of the signalling endosome proteome showed that PPP treatment increased multiple
dynein subunits, suggesting that more dynein may be present on the signalling endosome.
This change may not have been detected by western blot or immunofluorescence due to the
lower sensitivity of these techniques. Given that changes in cytoplasmic dynein adaptors can
influence dynein recruitment to cargo, this result is rather important. In fact, a recent study
showed that BICDR1 (BICD related protein 1) recruited two dynein molecules to the cargo
compared to BICD2, which only recruited one (Urnavicius et al., 2018). This led to an increase
in dynein-mediated transport rates. In our study it would be important to ascertain if BICD1
led to a higher recruitment of dynein to the signalling endosome.

4.3.3 Changes in the cellular levels of adaptor proteins
Dynein’s adaptor proteins are critically important for determining cargo specificity and the
velocity of the dynein-dynactin cargo. The Hook1/3 proteins have both been shown to induce
unidirectional dynein motility, with longer run lengths and velocities compared to BICD2
(Olenick et al., 2016). These proteins therefore represented an attractive target in this study.
In this study, we choose to investigate Hook3 as it has been shown to be involved in
endosomal and Golgi trafficking (Schroeder and Vale, 2016) and was the only dynein adaptor
present in a previous mass spectrometry analysis of signalling endosomes carried out in our
laboratory (Debaisieux et al., 2016). However, when we assessed levels of Hook3 in PMN
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after treatment with PPP or IGF1, we detected no significant change. Unfortunately, the
antibody we used did not work in immunofluorescence imaging, therefore we could not
verify whether levels of Hook3 remain consistent in PMN after treatment with PPP and IGF1.
Of note, a very recent paper has suggested Hook1 and Hook3 may be involved in signalling
endosome transport (Olenick et al., 2018). In this study, the authors showed that the
knockdown of Hook1 significantly reduced the motility of BDNF- or TrkB-positive organelles,
but had no effect on the trafficking of any other organelle (Olenick et al., 2018). Therefore,
it would be interesting to analyse whether IGF1R could alter the amount of Hook1 in PMN.
BICD2, like the Hook family, is a coiled-coil protein which binds and activates cytoplasmic
dynein. Structural studies have shown that the N-terminal of BICD2 is sufficient and
necessary for the processive movement of dynein, while the C-terminus confers cargo
binding specificity (Splinter et al., 2012). This includes RNA and Rab6 positive vesicles
(Schlager et al., 2014; McClintock et al., 2018). In our study, we detected no change in cellular
levels of BICD2 in PMN either by western blot or immunofluorescence. However, BICD2 was
detected in both the proteome analysis of signalling endosomes and the phosphoproteomic
screen. IGF1R modulation did not appear to change the phosphorylation level of BICD2,
suggesting that although BICD2 may be required for signalling endosome transport, it is not
a substrate of kinases activated by IGF1R signalling.
When analysing other adaptors, we discovered that IGF1R inhibition significantly influenced
the cellular levels of BICD1, leading us to believe this may be one of the mechanisms behind
the changes in velocity of HCT-positive signalling endosomes. This change was driven by
newly synthesized BICD1 and occurred in the axon within a time frame required to modulate
the changes we observed in earlier experiments (Chapter 3, Fig 3.3). Lending support to this
hypothesis, Villarin et al demonstrated that neurons are capable of locally translating dynein
adaptors to help meet the demands of retrograde transport, with nerve-growth factor
stimulating the upregulation of Lis1/PAFAH1b1 in DRG neurons (Villarin et al., 2016).
Remarkably, reduced GSK3b activity has been shown to impair the interaction of BICD1 with
cytoplasmic dynein (Fumoto et al., 2006), suggesting IGF1R inhibition may stabilise this
complex, thereby increasing the velocity of signalling endosome transport. However,
another study found that BICD1 knockout did not affect the overall state of HCT positive
organelles in the axon (Terenzio et al., 2014a). Additionally, we did not detect BICD1 in our
mass spectrometry analysis, despite detecting many other dynein adaptors. To elucidate if
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BICD1 is involved in regulating signalling endosomes via IGF1R, one could treat BICD1-/motor neurons with PPP. We would hypothesize that without BICD1 there would be no
change in velocity following IGF1R inhibition. One caveat in this experiment is that we do not
currently know if BICD2 or any other adaptor can compensate for the loss of BICD1.
In this Chapter we present the first phosphoproteomic data from a signalling endosome
(Appendix table 1). These results gave us an unprecedented view into how treatment with
PPP or IGF1 modulated signalling endosome composition. Importantly, these findings clearly
show the opposite effect these compounds have on the signals which are transported
towards the soma. Unfortunately, due to time constraints, these data are only preliminary
and to date, I was unable to confirm any of the hits using biochemical analysis.
In conclusion, the results presented in this Chapter have shown that the changes in
retrograde transport of signalling endosomes caused by IGF1R modulation are not due to a
direct effect on cytoplasmic dynein. We have found that IGF1R modulation appears to
change the dynamics of the cytoskeleton but we believe this is not a primary determinant of
the aforementioned process. Instead, our data suggests that the coiled-coil protein BICD1 is
central to the mechanism of IGF1R-dependent regulation of retrograde signalling endosome
transport, as its protein levels increases after IGF1R inhibition. This phenomenon is due to
an upregulation of de novo synthesis of BICD1 in the axon by PPP. In the next chapter, we
will investigate what role, if any, IGF1R plays in ALS and if we could target this growth factor
to modify disease progression.
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Chapter 5: Investigating the role of IGF1R in ALS
5.1 Introduction
In Chapter 4, IGF1R was shown to influence the retrograde trafficking of signalling
endosomes and to have wide-ranging effects on the cytoskeleton and components of the
trafficking system. In this Chapter, we explore whether IGF1R inhibition could be used to
rescue transport deficits found in the SOD1G93A mouse model of ALS.
Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease in which predominantly
motor neurons located in the spinal cord, motor cortex and brainstem degenerate. This leads
to a progressive muscle weakness, culminating in respiratory failure typically within two to
five years of diagnosis (Taylor et al., 2016). Several mechanisms have been suggested to be
involved in disease pathogenesis. These include mitochondrial dysfunction, activation of
microglia, astrocyte dysfunction, inhibition of monocarboxylate transporter 1 (MCT1) and
demyelination caused by oligodendrocyte dysfunction, glutamate excitotoxicity, synaptic
failure and protein aggregation (Van Damme et al., 2017). Interestingly, deficits in axonal
transport have also been implicated in ALS, and have even been detected in embryonic
motor neurons (Kieran et al, 2005; De Vos et al, 2007; Bilsland et al, 2010).
Axonal transport is an essential process in all neurons, allowing the transport of organelles,
proteins, lipids and trophic signals (Millecamps and Julien, 2013). In motor neurons, this
process gains extra significance, since motor axons can be over one metre long and possess
remarkable biochemical and functional heterogeneity (Brady and Morfini, 2017). The first
evidence for axonal transport defects in ALS was provided by studies of post-mortem tissue,
where abnormal accumulation of phosphorylated microfilaments, mitochondria and
lysosomes at the distal end of motor neurons was observed (De Vos and Hafezparast, 2017).
Deficits in axonal transport have also been detected in models of ALS, including the SOD1G93A
mouse. Analysis of retrograde transport using a fluorescently labelled HcT, indicated a
reduction in dynein-mediated transport in motor neurons cultured from SOD1G93A transgenic
embryonic mice (Kieran et al., 2005). Furthermore, in vivo analysis of the sciatic nerve in the
SOD1G93A transgenic mouse showed that there was a deficit in retrograde axonal transport
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pre-symptomatically, suggesting that alterations in axonal transport may be a key
pathological event in the development of ALS (Bilsland et al., 2010). Importantly, it has
already been shown that activation of certain kinases can influence retrograde axonal
transport, which may be responsible for the deficits seen in ALS (Gibbs et al., 2015). Gibbs et
al confirmed previous findings that p38 MAPK was over activated in a SOD1G93A model of ALS
(Bendotti et al., 2004), and inhibition of this kinase lead to the correction of transport deficits
both in vitro and in vivo (Gibbs et al., 2018). Interestingly, this kinase had no effect on
transport in neurons of wild type mice. It is therefore important to establish what role, if any,
IGF1R plays in ALS.
This Chapter therefore explores the role of IGF1R in the SOD1G93A mouse model to determine
if it is involved in disease progression. Furthermore, given that IGF1R has been shown to be
a specific modulator of signalling endosome transport, we investigate whether inhibition of
IGF1R can rescue the transport deficits present in the motor axons of ALS mice. Our results
suggest that although IGF1R is not involved in the development of ALS, this pathway is a
general modulator of transport. We show that IGF1R inhibition speeds up the retrograde
axonal transport of signalling endosomes in both wild type and SOD1G93A mice in vivo.
Additionally, we show that motor neurons derived from ALS patient iPSCs may also have
deficits in axonal transport, supporting the hypothesis that deficits in transport play a role in
ALS pathogenesis.

5.2 Results
5.2.1 The expression of IGF1R and downstream proteins in ALS
5.2.1.1 Embryonic spinal cords
To determine whether the expression of IGF1R is altered between wild type mice and mice
carrying the SOD1G93A gene, we first measured levels of both pIGF1R and total IGF1R in the
spinal cord of embryonic mice aged 12.5-13.5 days (E-12.5-13.5). IGF1R has been shown to
be critical during brain development, with studies showing that it is important for not only
regionalisation of the early brain but also axonal development and synapse formation
(Hodge et al., 2005; Nayak et al., 2014). Furthermore, PMNs cultured from embryonic
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SOD1G93A mice have been found to have deficits in the retrograde axonal transport of
signalling endosomes compared to wild type cultures (Kieran et al., 2005; Gibbs et al., 2018).
Therefore, embryonic development represents a good time-point to evaluate if the SOD1G93A
mutation influences IGF1R signalling in motor neurons and elucidate whether IGF1R plays a
role in the deficits present at this time. In our spinal cord lysates, we found that there was
no significant difference in the levels of IGF1R activation in embryonic spinal cords between
wild type and SOD1G93A mice, 100 ± 18.2%, vs 123.3 ± 11.7% (Fig 5.1A, B). This finding
suggests that IGF1R is not involved in the retrograde transport deficits found in vitro, unlike
other kinases, which have been shown to play a key role in these deficits (Gibbs et al., 2018).

Figure 5.1: Levels of IGF1R activation in embryonic spinal cord
A) Western blots of IGF1R and pIGF1R in wild type and SOD1G93A spinal cords of E12.5-13.5 mice.
Arrows indicate correct band at 97 kDa. B) Quantification of western blots in A). The activation of
IGF1R is not altered by the presence of SOD1G93A in embryonic spinal cords (wild type: 100 ± 18.2%,
Samples=6, N=3 independent experiments; SOD1G93A: 123.3 ± 11.7%, samples=6, N=3, P=0.3, Welch
two sample t-test). All data shown are mean ± SEM.

Next, we measured the expression levels of downstream signalling components of the IGF1R
pathway. Embryonic spinal cord lysates from wild type and SOD1G93A mice were probed for
levels of Akt and Erk. In line with our previous result, we found that there was no change in
the amount of either protein in SOD1G93A embryonic spinal cords compared to wild type
littermate controls (Fig 5.2A-D). This again suggests that SOD1G93A has no significant effect
on the IGF1R pathway and its downstream signalling pathway, at least during development.
However, as we did not measure the levels of phosphorylated Akt and Erk1/2, we cannot
quantify the level of activation and therefore cannot assess if their activation state was
altered.
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Figure 5.2: Expression of Akt and Erk1/2 in embryonic spinal cord
A) Western blots of Akt in both wild type and SOD1G93A spinal cords of E12.5-13.5 mice. B) The
quantification of western blots in A). The expression of Akt is not altered by the presence of SOD1G93A
in embryonic spinal cords (wild type: 100 ± 9.1%, Samples=6, N=3; SOD1G93A: 84.4 ± 5.9%, samples=6,
N=3 independent experiments, P=0.18, Welch two sample t-test). C) Western blots of Erk1/2 in both
wild type and SOD1G93A spinal cords of E12.5-13.5 mice. D) The quantification of western blots in C).
The expression of Erk1/2 is not altered by the presence of SOD1G93A in embryonic spinal cords (Wild
type: 100 ± 2.9%, Samples=6, N=3; SOD1G93A: 105.4 ± 13.8%, samples=6, N=3 independent
experiments, P=0.71, Welch two sample t-test). All data shown are mean ± SEM.

5.2.1.2 Analysis of spinal cord from during disease progression in the SOD1G93A mouse

The IGF1R signalling pathway has previously been shown to be altered in sporadic ALS
patients, with an increase in IGF1R expression in skeletal muscle samples compared to
healthy and pathogenic control samples (Lunetta et al., 2012). This coincides with a decrease
in IGF1 (Lunetta et al., 2012), suggesting that the IGF1R pathway is downregulated in ALS at
a symptomatic stage of disease. To investigate if this phenotype was also present in the
spinal cord of SOD1G93A mice we collected spinal cord samples from mice at key times during
ALS disease progression. These were pre-symptomatic (35-36 days of age), early
symptomatic (73-75 days of age), symptomatic (90-95 days of age) and late symptomatic
(120 days of age). These time points have been well characterised previously, with over 50%
of motor neurons lost by the late symptomatic stages (Bilsland et al., 2010), when the most
vulnerable motor neurons have already died. Furthermore, retrograde transport deficits
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have been shown to be maximal in the early symptomatic stages of the disease, but are
reduced at the later stages (Bilsland et al., 2010). In wild type mice, we found that the levels
of IGF1R decreased after 36 days of age, with a significant difference by 73 days of age (Fig
5.3A, B; 36- 100 ± 15.39% vs 73- 48.1 ± 2.8%). This result is in line with our current
understanding of the biology of this receptor, which is highly expressed in the central
nervous system during development, but decreases thereafter (Fernandez and TorresAlemán, 2012). Unfortunately, after successfully analysing pIGF1R in embryonic spinal cord
samples, the antibody stopped working and even after multiple trials and the purchase of
new batches of antibody we were unable to successfully blot for pIGF1R again. This does
unfortunately limit the conclusions we can draw from this study. When quantifying the levels
of IGF1R in spinal cord from the SOD1G93A mouse, we found that unlike wild type spinal cord,
there was no decrease after 36 days of age. Instead, levels of the receptor remained stable
until the late symptomatic stage, where we detected a significant increase in the receptor
(Fig 5.3C, D; 35- 100 ± 5.9%; 73- 97.6 ± %; 95- 88 ± 5.4%; 120- 132.9 ± 10.8%). This result
mirrors that of Lunetta et al where IGF1R was increased in the sporadic ALS patient muscle
tissue (Lunetta et al., 2012).

Figure 5.3: Expression of IGF1R in the spinal cord of wild type and SOD1G93A mice
A) Western blot of IGF1R expression at different times points in wild type mice. Arrow indicates the
correct band at a 97 kDa. B) The quantification of western blots in A). IG1FR expression levels are
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higher at a younger time point in wild type mice (35- 100 ± 15.39%, N=2; 73- 48.1 ± 2.8%, N=3; 9548.6 ± 7.75%, N=2; 115- 73.5 ± 13.5%, N=3; One-way ANOVA, tukey post hoc test- 35-73: P=0.04). C)
Western blot of IGF1R expression at different times points in SOD1G93A mice. Arrow indicates the
correct band at a 97 kDa. D) The quantification of western blots in C). The level of IGF1R changed
significantly at a late symptomatic stage (D115) in SOD1G93A mice (35- 100 ± 5.9%, N=3; 73- 97.6 ± %,
N=3; 95- 88 ± 5.4%, N=3; 120- 132.9 ± 10.8%, N=3; One-way ANOVA, TUKEY post hoc test- 73-115:
P=0.047, 95-115: P=0.014). All data shown are mean ± SEM. Asterisks on western blot denote blank
lanes or samples that failed to run properly.

Next, we assessed the expression levels of Akt and Erk1/2 during disease progression in
spinal cord from SOD1G93A mice. Firstly, when assessing the levels of Akt in wild type mice,
we found that there was no change at any time point (Fig 5.4A, B). Given its importance in
neuronal survival, growth, synaptic plasticity and its role in multiple signalling cascades
(Manning and Toker, 2017), this result was not surprising. In contrast, the levels of Akt in the
spinal cord of SOD1G93A mice were found to be significantly different at all time points
examined (Fig 5.4C, D). Akt expression was found to increase at both the early symptomatic
and symptomatic time points (36- 100 ± 4%; 75- 146.3 ± 13.2%; 90- 177.3 ± 6.6%) but was
significantly lower a late symptomatic stage (120- 72.4 ± 23.9%). Intriguingly, Akt has been
shown to be important in neuronal survival in multiple models of neurodegeneration (Bardai
and D’Mello, 2011; L. Wang et al., 2015). As increases in Akt expression have been shown to
enhance its activation after stimulation by growth factors (Sinor, 2004), the increase in the
SOD1G93A spinal cord at 75 and 90 days of age may represent an attempt by the cells to stop
neuronal death.
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Figure 5.4: Expression of Akt in the spinal cord of wild type and SOD1G93A mice
A) Western blots of Akt expression at different times points in wild type mice. B) Quantification of
western blots in A). There is no significant change in the expression levels of Akt at any time point in
wild type mice (36- 100 ± 3.9%, N=4; 75- 107.5 ± 9.9%, N=3; 90- 65.2 ± 11.3%, N=3; 120- 106.6 ±
33.2%, N=2; One-way ANOVA). C) Western blot of Akt expression at different times points in SOD1G93A
mice. D) Quantification of western blots in C). Levels of Akt changed significantly during the
progression of ALS in the SOD1G93A mouse with higher levels at both early symptomatic (D75) and
symptomatic stages (D90) (36- 100 ± 4%, N=5; 75- 146.3 ± 13.2%, N=4; 90- 177.3 ± 6.6%, N=3; 12072.4 ± 23.9%, N=2; One-way ANOVA, TUKEY post hoc test- 36-75: P=0.025, 36-90: P=0.001, 75-120:
P=0.006, 90-120: P=0.007). All data shown are mean ± SEM.

When assessing the expression of Erk1/2 in the spinal cord of wild type mice we saw that
there was no significant change until the later time points, with an increase between 90 days
of age and 120 days of age, 93.8 ± 6.8% to 141.2 ± 15.3% (Fig 5.5A, B). Interestingly, the
levels of Erk1/2 in the spinal cord of SOD1G93A mice were very similar to that of Akt. There
was a significant increase in Erk1/2 expression at both the early symptomatic and
symptomatic time points (Fig 5.5C, D; 36- 100 ± 8.3%; 75- 189.8 ± 23.7%; 90- 228.4 ± 13.5%)
but yet again this decreased by the end stage of the disease (127.3 ± 57.1%). Unlike Akt
signalling, the MAPK/Erk1/2 pathway has been heavily linked to neurodegenerative diseases
including ALS. One study reported the presence of abnormally activated Erk1/2 aggregated
in motor neurons that also contained TDP-43 aggregates, a key pathological characteristic in
ALS (Ayala et al., 2011), suggesting that a decrease in Erk1/2 activation may be involved in
the neuronal death seen in ALS. Conversely, Xia et al found that an increase in Erk1/2
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activation in microglial lead to neuronal cell death (Xia et al., 2015). This again highlights that
kinases may have differing effects depending on the cell type and phenotypic state of the
cell. It is therefore important that we fully understand these mechanisms, especially if
kinases are to be targeted as a therapeutic avenue for neurodegenerative diseases.

Figure 5.5: Expression of Erk1/2 in the spinal cord of wild type and SOD1G93A mice
A) Western blot of Erk1/2 expression at different times points in spinal cord of wild type mice. B) The
quantification of western blots in A). Erk1/2 levels change in a wild type mouse at time points
corresponding to ALS disease stages (36- 100 ± 11.7%, N=4; 75- 71.3 ± 6.9%, N=3; 90- 93.8 ± 6.8%,
N=3; 120- 141.2 ± 15.3%, N=2; One-way ANOVA, tukey post hoc test- 75-120: P=0.01). C) Western blot
of Erk1/2 expression at different times points in spinal cords of SOD1G93A mice. D) The quantification
of western blots in C). Levels of Erk1/2 changed significantly during the progression of ALS in SOD1G93A
mice with higher levels at both early symptomatic (D75) and symptomatic stages (D90) (36- 100 ±
8.3%, N=5; 75- 189.8 ± 23.7%, N=4; 90- 228.4 ± 13.5%, N=3; 120- 127.3 ± 57.1%, N=2; One-way
ANOVA, TUKEY post hoc test- 36-75: P=0.03, 36-90: P=0.005). All data shown are mean ± SEM.

Taken together, the analysis of IGF1R, Akt and Erk1/2 in SOD1G93A spinal cord samples suggest
the IGF1R pathway does not play a role in the deficits in axonal transport that have been
shown in vitro in motor neurons of SOD1G93A mice. This may also be true in early symptomatic
stages of ALS, but due to the lack of analysis of phosphorylated IGF1R, Akt and Erk1/2, this
cannot be ruled out.
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5.2.2 The effect of IGF1R expression on transport in the SOD1G93A mouse
As IGF1R inhibition has been shown to enhance retrograde axonal transport, we
hypothesised that it may be able to correct transport deficits detected in SOD1G93A mice. To
explore the effects of IGF1R inhibition on retrograde axonal transport in vivo, we treated
early symptomatic SOD1G93A mice (72-73 day old) and wild type littermates, with 5 mg/kg
PPP via intraperitoneal injection. At the same time, HCT-555 (13 µg) and BDNF (50 ng) were
injected into the tibialis anterior and gastrocnemius muscles. As previously stated, PPP has
been shown to be virtually non-toxic in animal models (Yin et al., 2010; Zhang et al., 2015)
and therefore represented a valuable test compound for this in vivo assay. Retrograde axonal
transport was monitored 4 h after treatment in the sciatic nerve of live, anesthetised mice,
using a method developed our laboratory (Bilsland et al., 2010; Gibbs et al., 2016). In
agreement with previous studies, at the early pre-symptomatic stages of ALS, SOD1G93A mice
exhibited a deficit in retrograde signalling endosome transport compared to wild type
littermate controls (Fig 5.6A-B ,2.14 ± 0.13 µm/s vs 2.59 ± 0.09 µm/s). Interestingly, IGF1R
inhibition not only increased the velocity of retrograde signalling endosomes in wild type
mice, from 2.59 ± 0.09 µm/s to 2.90 ± 0.08 µm/s, but also increased the axonal transport in
SOD1G93A mice (Fig 5.6A, 2.14 ± 0.13 µm/s to 2.38 ± 0.17 µm/s). As observed in vitro, this
effect is due to an increased instantaneous velocity (Fig 5.6D, E) and not to a change in
signalling endosome pausing (Fig 5.6C). This result shows that IGF1R inhibition increases the
retrograde velocity of signal endosomes both in wild type and early symptomatic SOD1G93A
mice. These results confirm that IGF1R is not responsible for the original deficits in axonal
transport. Despite improving the transport of HCT positive vesicles in SOD1G93A mice, the
recovery is not complete, suggesting the involvement of additional mechanisms.
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Figure 5.6: PPP increases the velocity of retrograde signalling endosomes in wild type and early
symptomatic SOD1G93A mice
SOD1G93A mice and wild type littermates were anesthetized at 72/73-days of age and HCT-555 (13 µg)
and BDNF (50 ng) were injected into the tibialis anterior and gastrocnemius muscles. At the same time
PPP (5 mg/kg) or vehicle control (1% methylcellulose) was administered via intraperitoneal injection.
Mice were allowed to recover for 4 h, re-anaesthetized and retrograde axonal transport was
measured in the exposed sciatic nerve. A-B) The graphs show the average velocity of HcT-containing
organelles, including pausing events. PPP treatment significantly increased the rate of transport of
signalling endosomes in wild type and SOD1G93A mice compared to animals treated with vehicle control
(wild type control: cargo 371, movements 15,272, N=4 independent experiments; wild type + PPP:
cargo 388, movements 14,512, N=4 independent experiments; SOD1G93A control: cargo 322,
movements 15, 425, N=4; SOD1G93A + PPP: cargo 404, movements 17,643, N=4 independent
experiments. A) Average velocity per endosome (P=2.24x10-12 (treatment), P=2.22 x10-16 (genotype),
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two-way ANOVA). B) Average velocity per mouse. C) PPP treatment does not alter the pausing of
signalling endosomes (WT: 16.1 ± 1.5%, WT + PPP: 13.1 ± 1.5%; SOD1G93A: 16.6 ± 1.9%, SOD1G93A +
PPP: 16.2 ± 2.1%; P=0.36 (treatment), P=0.32 (genotype). Data shown are mean ± SEM. D-E) Speed
distribution graphs of wild type (D) and SOD1G93A (C) mice treated with PPP (blue squares) or vehicle
control (grey circles). The graphs show an increase in instantaneous velocities in both wild type and
SOD1G93A mice.

To confirm that this change in velocity was due to IGF1R inhibition, the sciatic nerves were
removed after imaging, lysed and then analysed for downstream IGF1R signalling
components. Intriguingly, we did not observe a significant change in Akt activation in the
sciatic nerve after PPP treatment (Fig 5.7A, B). This was unexpected as PPP causes a
significant decrease in Akt activation in vitro (Fig 3.7). However, we did detect a significant
decrease in Erk1/2 activation in both wild type and SOD1G93A mice following PPP treatment
(Fig 5.7C). PPP has previously been shown to effect Erk1/2 phosphorylation after extended
treatment (Zhang et al., 2015), therefore the time difference between our analysis may
explain the disparity in the findings of the effects of PPP, with our in vitro analysis occurring
after 1 h compared to ~5 h in vivo. Taken together, these findings clearly demonstrate the
importance of IGF1R activity in controlling the retrograde transport of signalling endosomes
both in vitro and in vivo and establish IGF1R as a new possible node for therapeutic
intervention in ALS.
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Figure 5 7: Analysis of Akt and Erk1/2 activation in the sciatic nerve following treatment with PPP
A) Sciatic nerve lysates from wild type and SOD1G93A mice treated with either PPP or vehicle control
were probed for pAKT (Ser473), total Akt, pErk1/2 (Thr202/Tyr204) and total Erk1/2. B) Treatment
with PPP had no effect on Akt levels in the sciatic nerve of wild type or SOD1G93A mice (wild type:
Control-100 ± 8.6, PPP-91.5 ± 14.6%; SOD1: Control-101.4 ± 13.5%, PPP-117.6 ± 32.9%, P=0.81
(treatment), P=0.53 (genotype), two-way ANOVA, N=4. C) Erk1/2 activation was down-regulated after
treatment with PPP in the sciatic nerve of wild type and SOD1G93A mice (wild type: control-100 ± 15.4%,
PPP-64.4 ± 3.2%; SOD1: Control-78.0 ± 11.9 %, PPP-51.2 ± 8.2%, P=0.013 (treatment), P=0.13
(genotype), two-way ANOVA, N=4. Protein was normalised to GAPDH protein levels. All data shown
are mean ± SEM.

Finally, we assessed the sciatic nerves lysates for expression levels of dynein (DIC1) and
BICD1. Although not significant, there appeared to be a change in the amount of dynein
intermediate chain (DIC1) not only between wild type and SOD1G93A mice, but also upon
treatment with PPP (Fig 5.8A, B). Due to the variation in the samples, caution should be used
when interpreting these results. One potential explanation for the increased levels of dynein
in the SOD1G93A sciatic nerve may be that as a result of the deficits in retrograde transport,
more dynein is present in the section of nerve that was examined. Levels of dynein are then
returned to wild type levels by PPP treatment. Given that we saw significant changes in the
synthesis of BICD1 in vitro, we hypothesised that we would also see the same effect in the
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sciatic nerve. However, PPP treatment caused no change in the levels of BICD1 in vivo in wild
type or SOD1G93A mice (Fig 5.8C, D). This may be due to the difference in time between the
in vitro and in vivo analysis or could be due to the variability in our assay and the limited
number of repeats. In order to further explore this, more samples should be assayed to try
and overcome the variability.

Figure 5.8: The expression of DIC1 and BICD1 in the sciatic nerve following treatment with PPP
A) Western blot of DIC1 in sciatic nerve lysates from wild type and SOD1G93A mice treated with either
PPP or vehicle control. B) The quantification of western blots in A). There was no significant change in
levels of DIC1 between treatment or genotype groups (wild type: Control- 100 ± 86%; PPP- 216 ±
37.4%; N=2; SOD1G93A: Control- 228.3 ± 110.2%; PPP- 118.2 ± 39%, N=3, Two-way ANOVA, TUKEY posthoc test- P=0.63 (treatment), P=0.68 (genotype). C) Western blot of BICD1 in sciatic nerve lysates from
wild type and SOD1G93A mice treated with either PPP or vehicle control. D) The quantification of
western blots in C). There was no change in levels of BICD1 between treatment or genotype groups
(wild type: Control- 100 ± 9.4%; PPP- 120 ± 48.6%, N=3; SOD1G93A: Control- 289.2 ± 153%; PPP- 335 ±
124%, N=3, Two-way ANOVA, TUKEY post-hoc test- P=0.73 (treatment), P=0.06 (genotype). All data
shown are mean ± SEM.
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5.2.3 Vimentin: an alternative ligand for IGF1R
5.2.3.1 Vimentin expression in the spinal cord
Vimentin is an intracellular filament protein that plays an important role in the maintenance
of cell shape and resistance to mechanical stress (Jiang et al., 2012). However, recent studies
are beginning to unravel a more complex role for vimentin in the cell both intracellularly and
extracellularly. Within the cell, vimentin has been shown to be involved in the activation of
microglia after ischemic injury (Jiang et al., 2012) and in a model of Alzheimer’s disease (AD).
Furthermore, vimentin was found to be expressed as part of a damage-response mechanism,
whereby it initiated the differentiation of neurons to establish dendrites and synaptic
connections (Levin et al., 2009). Interestingly, vimentin plays a role in the intracellular
transport of MAPK/Erk1/2 signalling after injury, by binding pErk to dynein (Perlson et al.,
2005). Extracellular vimentin has also been found to be a novel ligand for IGF1R (Shigyo et
al., 2015) as well as a novel axonal growth facilitator (Shigyo and Tohda, 2016). Because of
these results we wanted to establish if vimentin expression was altered during the
progression of ALS and whether it had the ability to alter axonal transport via IGF1R.
Firstly, we evaluated levels of vimentin in E12.5-13.5 embryonic spinal cords of wild type and
SOD1G93A mice. Like IGF1R, Akt and Erk1/2, we saw no difference in the expression of
vimentin between SOD1G93A mice and wild type littermate controls, 94.3 ± 2.4% (SOD1G93A)
compared to 100 ± 5.1% (wild type) (Fig 5.9A, B).

Figure 5.9: Expression of vimentin in embryonic spinal cord
A) Western blots of vimentin in wild type and SOD1G93A spinal cords of E12.5-13.5 mice. B)
Quantification of western blots in A). Expression of vimentin is not altered by the presence of SOD1G93A
in embryonic spinal cords (wild type: 100 ± 5.1%, Samples=6, N=3; SOD1G93A: 94.3 ± 2.4%, samples=6,
N=3, P=0.35, Welch two sample t-test). All data shown are mean ± SEM.
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When comparing the expression of vimentin at key time points during disease progression
in SOD1G93A mice, we observed substantial changes. In the wild type mouse vimentin
expression remained stable until the last time point whereby, we detected a decrease in
expression (Fig 5.10A, B). Given that vimentin has been shown to be involved in axon growth
and development (Levin et al., 2009; Shigyo and Tohda, 2016), it might be expected to
decrease with age. In SOD1G93A mice the expression pattern of vimentin was altered. The late
stage symptomatic time point that is associated with most neuronal death was marked by a
~70% increase in the expression of vimentin, compared to pre-symptomatic levels (Fig 5.10C,
D). Corroborating this result, a recent study found that after spinal cord injury, there was an
increase in vimentin secretion from astrocytes (Shigyo and Tohda, 2016). It is worth noting
that our result may also be due to increased astrogliosis (Sofroniew, 2009) leading to an
increase in intracellular expression not extracellular.

Figure 5.10: Expression of vimentin in the spinal cord of wild type and SOD1G93A mice
A) Western blots of vimentin expression at different times points in wild type mice. Arrow indicates
the correct band. B) The quantification of western blots in A). Vimentin levels remain stable until later
time points in wild type mice (35- 100 ± 1.8%, N=3; 73- 80.3 ± 5.3%, N=3; 95- 113.9 ± 11.9%, N=3; 11571.5 ± 10.5%, N=3; One-way ANOVA, TUKEY post hoc test- 95-115: P=0.03). C) Western blot of
vimentin expression at different times points in SOD1G93A mice. Arrow indicates the correct band. D)
The quantification of western blots in C). The levels of vimentin changed significantly during the
progression of ALS in SOD1G93A mice, with higher levels at both early symptomatic (D75) and
symptomatic stages (D90) (35- 100 ± 12.3%, N=3; 73- 90.7 ± 1.9%, N=3; 95- 119.9 ± 9.2%, N=3; 115-
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169.1 ± 13.81%, N=3; One-way ANOVA, TUKEY post hoc test- 35-115: P=0.006, 73-115: P=0.003, 95115: P=0.04). The asterisks on the western blot denote blank lanes or samples that failed to run
properly. All data shown are mean ± SEM.

Taking this into account, we next wanted to investigate if extracellular vimentin could alter
the retrograde transport of signalling endosomes in wild type PMN. As vimentin has been
shown to bind and activate IGF1R (Shigyo et al., 2015), we hypothesized that treating PMN
with extracellular vimentin would slow down the transport of signalling endosomes. In order
to test this possibility, wild type DIV6 PMN were treated with 100 ng/ml of vimentin and 30
nM HCT-555 for 30 min. Fresh medium was then applied, still containing 100 ng/ml of
vimentin. Retrograde transport of signalling endosomes was analysed 15 min later.
Surprisingly, vimentin appeared to increase the velocity of HCT-positive vesicles, from 1.89 ±
0.53 µm/s to 2.04 ± 0.51 µm/s (Fig 5.11A). However, this change did not reach significance.
There also appeared to be an increase in the instantaneous velocity of HCT-positive vesicles
(Fig 5.11B).

Figure 5.11: Analysis of vimentin’s effect on axonal transport
A) Wild type PMN were treated with 100 ng/ml vimentin for 45 min and axonal transport was
assessed. The graph shows the average velocity of HCT-positive organelles including pausing events
(vimentin- 256 endosomes, 26 axons; control- 241 endosomes, 24 axons; P=0.07, Welch’s unequal
variances test, N=3 independent experiments). B) Speed distribution graph of vimentin treated PMN
and controls. Speed graph shows a clear shift to the right indicating an increase in instantaneous
velocities of HCT-positive organelles after vimentin treatment compared to controls. Data shown are
mean ± SEM.

To fully explore whether vimentin can alter transport, we should increase the sample size in
this experiment and assess if vimentin can alter transport in the SOD1G93A mouse. How two
ligands of IGF1R may differentially regulate transport would be interesting to explore further.
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5.2.3 Evaluating axonal transport in iPSC-derived motor neurons from ALS patients
Animal and cellular models of ALS have been instrumental in helping us better understanding
the pathomechanisms underlying ALS, yet these may fail to capture the true
pathophysiological state and the unique features of human neurons. Therefore, it is
important to understand how ALS mutations effect cellular mechanisms in human cells. The
Patani lab (The Francis Crick institute), have developed and characterised motor neurons
(MN) derived from human iPSCs (Hall et al., 2017). In collaboration with Dr Patani, we set
out to investigate if axonal transport defects were present in human neurons carrying ALSrelated genes. Although, deficits in axonal transport have been found in mouse models
carrying the SOD1G93A and the TDP43M337V mutation (Bilsland et al., 2010; Moller et al., 2017;
Sleigh et al., 2018), there is still some debate if transport deficits are a key feature of ALS
pathology. In order to investigate this, we analysed the retrograde axonal transport of HCTpositive organelles in motor neurons derived from human iPSCs carrying the SOD1D90A
mutation. Alongside this, we analysed MN derived from iPSCs generated from two healthy
controls and an isogenic line generated from the first SOD1D90A mutant. The SOD1D90A
mutation shows a heterogeneous clinical phenotype. Normally, patients carrying
homozygous D90A mutations present with a slow progression of ALS with predominant
upper motor neuron involvement, whereas heterozygous patients can manifest with either
severe or slow progression (Luigetti et al., 2009). Motor neurons were treated with HCT-555
for 30 min at which point the medium was changed and cells were incubated for a further
15 min. After that, the transport of HCT-positive organelles was assessed. We found that
transport varied even in the controls, with transport in control 1 being slightly faster than
control 2 (Fig 5.12A, C; 1.89 ± 0.08 µm/s vs 1.69 ± 0.11 µm/s). It should be noted that due to
time limitations, this experiment has a small sample size and therefore more experiments
are needed to confirm any conclusions. Interestingly, when comparing the SOD1D90A mutant
with its isogenic control it appeared that the mutation slowed down the velocity of signalling
endosome transport, (Fig 5.12A, C; 1.79 ± 0.07 µm/s vs 1.62 ± 0.07 µm/s). Additionally, the
other mutant line had slower transport rates in this experiment, 1.32 ± 0.16 µm/s (Fig 5.12A,
C). No line showed any significant variation in the amount of time spent pausing (Fig 5.12B).
Collectively, these data indicate that ALS-associated mutations in human iPSC-derived motor
neurons also lead to deficits in axonal transport; further experiments are required to confirm
these results.
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Figure 5 12: Analysis of retrograde axonal transport in iPSC-derived motor neurons
Analysis was undertaken on two control lines, one isogenic line and two lines from ALS patients
carrying the SOD1D90A mutation. A) The graph shows the average velocity of HCT particles including
pausing events (Control 1- 1.89 ± 0.08 µm/s, 94 endosomes, 21 axons, 3265 movements, N=2
independent experiments, 3 technical repeats; Control 2- 1.69 ± 0.11 µm/s, 56 endosomes, 16 axons,
2414 movements, N=2 independent experiments; Isogenic- 1.79 ± 0.07 µm/s, 99 endosomes, 21
axons, 4369 movements, N=2 independent experiments, 3 technical repeats; SOD1D90A- 1.62 ± 0.07
µm/s, 93 endosomes, 33 axons, 4401 movements, N=3 independent experiments, 4 technical
replicates; SOD1D90A (2)- 1.32 ± 0.16 µm/s, 14 endosomes, 5 axons, 693 movements, N=1. B) The
percent of time HcT particles spent paused per axon. There was no difference between groups
(P=0.638, One-way ANOVA, data show are mean ± SEM). C) Speed distribution graph of iPSC-derived
motor neurons. Data shown are mean ± SEM.
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5.3 Discussion
In this Chapter, we aimed to understand whether IGF1R plays a role in the pathomechanisms
underlying ALS and if IGF1R inhibition could reverse the deficits found in signalling endosome
transport in the SOD1G93A mouse model of ALS.

5.3.1 IGF1R expression in ALS
Axonal transport deficits have been detected both in vitro and in vivo (Gibbs et al., 2018).
Our analysis of the activation of IGF1R in embryonic spinal cord of SOD1G93A mice suggests
that IGF1R is not responsible for the deficits in transport observed in SOD1G93A PMN, as we
found no change in IGF1R activation, or expression levels of Akt and Erk1/2. However, we
cannot rule out the possibility that IGF1R plays a role in the transport deficits as lysates were
obtained from whole embryonic spinal cord, and culturing PMN may cause stress to the cells,
therefore changing the expression of certain proteins. Unfortunately, in this study we did
not compare IGF1R, Akt and Erk levels between wild type and SOD1G93A PMN. Additionally,
whole spinal cord lysates contain multiple cell types, including glial, fibroblasts and
endothelial cells, which may mask any changes in IGF1R activation in a specific subpopulation
of cells, e.g. motor neurons. A strategy to overcome this limitation would be to stain for
IGF1R in spinal cord tissue alongside markers for motor neurons. Unfortunately, the IGF1R
antibodies did not work in tissue slices, so we could not use this approach to confirm our in
vitro results.
Next, we analysed the levels of IGF1R, Akt and Erk1/2 in spinal cord from SOD1G93A mice at 4
distinct time points during disease progression. Our data shows that the protein levels of
IGF1R only increased at the late symptomatic stage. This suggests that changes in IGF1R are
not a key pathogenic mechanism in the development of the disease. Instead, this late
increase in receptor levels may be a compensatory response to the lack of IGF1, as previously
reported (Lunetta et al., 2012). Alternatively, it has been shown that IGF1R is upregulated
after brain injury as a protective measure (Dupraz et al., 2013; Wang et al., 2013). Due to the
high level of motor neuron death at the later stages of ALS, the upregulation of IGF1R may
therefore be a protective/compensatory response by the spinal cord tissue to the loss of
motor neurons. However, we cannot fully rule out the involvement of IGF1R in disease
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progression in ALS, as we did not assess the activation of the receptor or how its expression
levels varied in comparison to wild type animals. This comparison is important as in wild type
mice we saw a significant drop in IGF1R expression in wild type mice between 35-73 days of
age. As we did not see this trend in the spinal cord of SOD1G93A mice, it may be that there is
an increase in the level of IGF1R in SOD1G93A mice at this time point compared to wild type
mice. Given our previous results highlighting the importance of IGF1R in transport, this
change could lead to significant changes in the rate of transport. However, results from a
previous study corroborates our hypothesis that IGF1R is not involved in the progression of
ALS. This study retrogradely delivered adeno-associated virus (AAV)-IGF1 to motor neurons
in the spinal cord of SOD1G93A mice (Kaspar et al., 2003). Although this led to a significant
improvement in lifespan, ultimately, it did not stop the progression of disease. Together,
with the results in this study, these data, suggest that this pathway is not directly involved in
the development of ALS.
When assessing the levels of Akt and Erk1/2 in SOD1G93A mice, we found that the expression
profiles of both proteins are similar during the early symptomatic and symptomatic stages,
with proteins having an increase in expression with age. This suggests that they could be
involved in the progression of disease. As both pathways are downstream of multiple
receptor kinases, changes in their expression could be uncoupled from IGF1R (Manning and
Toker, 2017; Sun and Nan, 2017). Indeed, a recent paper showed that in Charcot-Marie-tooth
disease Type 2, an hereditary peripheral nerve disorder, there is an increase in Erk activation
due to the binding of the mutant protein GlyRS to Trk receptors (Sleigh et al., 2017). In
agreement with this finding, there are multiple reports that show that inhibition of Trk
receptors improves the survival of motor neurons both in vitro and in vivo in ALS models
(Mojsilovic-Petrovic, 2006; Zhai et al., 2011). In order to fully understand if the activation of
these pathways plays a role in the development of ALS, we should quantify the activation of
not only Akt and Erk1/2 but also the activation state of IGF1R and Trk receptors. This type of
study may ultimately allow us to dissect their involvement in the disease. Importantly, we
did analyse the activation of both Akt and Erk1/2 in the sciatic nerve of SOD1G93A mice at an
early symptomatic stage (D72/73). These data highlighted that there was no change in
activation between SOD1G93A and wild type mice, suggesting that these kinases are not the
main reason for the alterations in axonal transport seen at this age. On the other hand, as
retrograde transport is initiated at the neuromuscular junction, this may be where changes
occur, and therefore it would be interesting to analyse the levels of IGF1R, Akt and Erk1/2 at
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this site. Importantly, our sciatic nerve results are corroborated by Peviani et al who found
no difference in pAkt levels in the spinal cord of the SOD1G93A mouse during disease
progression (Peviani et al., 2007).
Akt and Erk1/2 are part of a complex signalling pathway, with multiple roles within a cell. An
important question is whether they should be inhibited or activated as a therapeutic strategy
in neurodegenerative diseases. For example, there is evidence that Akt activation can both
be beneficial and detrimental to a cell’s health. Multiple lines of evidence suggest that Akt is
important for cell survival, with the ability to block apoptosis and decrease cell death (Chong
et al., 2012). Furthermore, Akt appears to play a role in myelination (Narayanan et al., 2009)
and its activation has been shown to protect against the toxicity of Ab (Lesné et al., 2005).
Therefore, activation of Akt may prove beneficial in ALS. Conversely, activation of Akt leads
to a downregulation of autophagy (Chong et al., 2012). Given that many neurodegenerative
diseases are characterised by the aberrant accumulation of protein aggregates,
downregulation of autophagy may prove harmful (Friedman et al., 2015). Moreover, Akt
activation leads to decreased GSK3b activation, which has been linked to decreased
transport of mitochondria in neurons (Llorens-Martin et al., 2011). Yet again this could prove
detrimental for the cell. These data highlight the complexity of targeting kinases as a
therapeutic strategy in ALS.

5.3.2 Targeting transport deficits in ALS
Transport deficits have been widely reported in models of ALS (Kieran et al, 2005; Bilsland et
al, 2010; Moller et al, 2017; Sleigh et al, 2018). However, whether these deficits lead to the
degeneration of motor neurons or whether this is a common mechanism in ALS is still under
debate. The work undertaken in SOD1G93A mice show that axonal transport deficits occur at
the pre-symptomatic/early symptomatic stage, therefore suggesting that this might be a key
pathomechanism of the disease (Bilsland et al., 2010). Conversely, studies using the SOD1G85R
model of ALS found that neuronal degeneration can occur without overt signs of transport
deficits (Marinkovic, 2012). However, it should be noted that this study was undertaken
using explants of a different nerve (phrenic) rather than the intravital imaging of the sciatic
used by Bilsland et al, which may explain the different outcomes, particularly as this nerve is
affected later on in disease (LG 2019, personal communication). Furthermore, the SOD1G85R
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mouse model only expresses low levels of the mutant protein and is healthy for the majority
of its lifespan, only showing symptoms shortly before death (Bruijn et al., 1997).
Intriguingly, a recent study found that transport deficits may be specific to the certain ALSassociated genes. Sleigh et al assessed the retrograde transport of signalling endosomes in
two ALS models (TDP-43M337V and FusΔ14/+). The TDP-43 M337V mouse displayed defects in
axonal transport which preceded motor function and neuromuscular junction impairment,
however had no overt neuronal loss at this stage of disease (Sleigh et al., 2018; Gordon et
al., 2019). In contrast, no axonal transport deficits were detected in the FusΔ14/+ model
throughout disease progression and had ~20% motor neuron loss at the later stages (Devoy
et al., 2017; Sleigh et al., 2018). These data suggest that deficiencies in retrograde signalling
endosome transport may not be widespread among ALS-linked genes and may only be linked
to neuronal death in a subset of mutations or may only be detectable in models which
develop overt, significant motor neuron death.
In this study, we found that IGF1R inhibition not only enhanced the retrograde transport of
signalling endosome transport in wild type mice but also partially rescued the axonal
transport deficit found in the SOD1G93A mouse. This raises two questions: 1) whether rescuing
this deficit would have disease modifying effects in the SOD1G93A mouse? And 2) would longterm IGF1R inhibition be detrimental to the organism? Previous studies have shown that
rescuing transport deficits is beneficial, for example, the knockout or pharmacological
inhibition of HDAC6 has been shown to accelerate transport in motor neurons, leading to an
improvement in the lifespan of SOD1G93A mice (Taes et al., 2013). However, the knockout of
HDAC6 had no influence on disease progression or onset in a model of Huntington’s disease
(Bobrowska et al., 2011), suggesting that the mechanisms underlying the disease may
determine the success of this strategy. Furthermore, Gibbs et al found that treatment with
SB-239063, a specific p38 MAPKa and b inhibitor, rescued retrograde signalling endosome
transport acutely and long-term treatment conveyed a mild protection of motor units at
the extensor digitorum longus muscle (Gibbs et al., 2018). Overall, these data point to the
beneficial effects of rescuing axonal transport in the SOD1G93A mouse.
Given that the rescuing of these transport defects might require long term IGF1R inhibition,
it is important to assess how this could affect the organism overall. IGF1 has long been
thought of as a key neuroprotective factor, with studies showing for example, that it is
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important for recovery after ischemic injury (Wang et al., 2013). In ALS, viral delivery of IGF1
to the spinal cord has been shown to improve the lifespan of SOD1G93A mice (Kaspar et al.,
2003; Lin et al., 2016; Wang et al., 2018). Furthermore, Akt activation by IGF1 leads to
increased protein synthesis and attenuates protein break down in skeletal muscle (Manning
and Toker, 2017). Additionally, abnormal energy homeostasis has been widely implicated in
ALS disease progression, with hypermetabolism, energy deficits and alterations of lipid
metabolism being present both in models of ALS and patients (Dupuis and Loeffler, 2009; Y.J. Liu et al., 2017). These data all point to treatment with IGF1 being advantageous in ALS.
However, a two year clinical trial with subcutaneous injections of IGF1 was found to have no
beneficial effect in ALS patients (Sorenson et al., 2008). This may be due to the delivery
method of this clinical trial, with most studies in ALS models administering IGF1 directly to
the muscle or using viruses to deliver IGF1 to the spinal cord. In contrast, IGF1R inhibition
has been shown to extend life span and delay the onset of age-related disease in wild type
C.elegans (Kenyon, 2011). IGF1R inhibition has also been shown to lead to significant
improvements in lifespan and alleviate symptoms in models of spinal muscular atrophy and
AD (Biondi et al., 2015; Gontier et al., 2015). Given this, understanding how IGF1R can have
such polarised effects will be key to targeting this pathway in ALS.
When assessing downstream signalling components in the sciatic nerve, we found that
Erk1/2 activation was altered after treatment with PPP. This was in contrast to our in vitro
studies in PMN where we found PPP had no effect on Erk1/2 but appeared to alter Akt
signalling. This disparity may be due to the different time points at which the activation of
the signalling components were analysed, as PPP has been shown to effect Erk1/2
phosphorylation only after extended treatment (Zhang et al., 2015). On the other hand, it
may be due to the difference in samples, with the in vivo analysis taking place in the axons
of the sciatic nerve.
Like other kinases, Erk1/2 has also been implicated in the regulation of transport. Mitchell et
al showed that activation of Erk1/2 by neurotrophic factors caused the phosphorylation of
the dynein intermediate chain, recruiting it to signalling endosomes (Mitchell et al., 2012).
This suggests that IGF1R inhibition should lead to a reduction in signalling endosome
trafficking, however we observed the opposite in our study. This may partially be explained
by the difference in neuronal model, with Mitchell et al using cortical and hippocampal
neurons compared to motor neurons in this study. This again may highlight the complex
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nature of intracellular trafficking and the cell specific mechanisms regulating this process. To
fully resolve if both Akt and Erk1/2 are required for IGF1Rs effect on retrograde signalling
endosomes, we should test specific inhibitors of both proteins and analyse their effects on
transport.

5.3.3 Vimentin’s role in ALS and axonal transport

In this Chapter, we assessed if there were any changes in the expression of vimentin during
disease progression in SOD1G93A mice and whether extracellular vimentin could influence
transport in wild type motor neurons in vitro. As vimentin has been shown to be present
extracellularly after injury (Shigyo and Tohda, 2016), we hypothesised that as motor neurons
died in SOD1G93A mice during the progression of disease, the extracellular levels of vimentin
would increase. Indeed, we detected a significant increase in total vimentin at the later
stages of the disease. However, it will be important to understand whether this is due to an
increase in intracellular vimentin or whether it is released from neurons after injury. This
could be done by assessing the concentration of extracellular vimentin in the cerebrospinal
fluid during disease progression in SOD1G93A mice. How extracellular vimentin would affect
the disease progression is not currently known. One study showed that extracellular
vimentin promoted axonal growth after injury (Shigyo and Tohda, 2016) and therefore, may
have a positive effect.
As it has previously been suggested that vimentin could bind IGF1R, we wanted to investigate
if vimentin could also affect the retrograde transport of signalling endosomes in wild type
PMN. Intriguingly, vimentin did not have the effect we expected. As it has been shown to
activate the receptor (Shigyo et al., 2015), we thought it would slow down transport,
however there was a trend towards an increase in transport. These results suggest that
IGF1R may respond differently to vimentin than IGF1. Given the high sequence homology
between IGF1R and the insulin receptor (Cai et al., 2017), there is also a possibility that
vimentin could simultaneous bind the insulin receptor thus mediating this effect. In order to
better understand how vimentin affects IGF1R and its downstream signalling we should
assess the activation of the insulin receptor, Akt and Erk1/2 after treatment with vimentin.
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5.3.4 Transport deficits in human motor neurons
Finally, in this Chapter we wanted to investigate whether motor neurons derived from ALS
patient iPSCs also had deficits in the retrograde transport of signalling endosomes. Although
animal and cellular models of ALS have provided key insights into ALS disease mechanisms,
they may fail to fully recapitulate the disease. Therefore, the development of new human
models is essential in combating this disease. Given that deficits in axonal transport have
been proposed as a key pathological mechanism of the disease, investigating if these are
present in human cells is crucial. In our experiment, we found that neurons containing the
SOD1A4V ALS mutation showed a trend towards slower transport than healthy controls and
isogenic controls. However, due to the small sample size, further studies should be
undertaken to confirm this result. It is also worth noting the difference in appearance
between iPSC-derived motor neurons and primary motor neurons. Motor neurons derived
from iPSCs appear to have a ‘ball and chain’ morphology, whereas primary cultures are less
likely to form clumps. This has also been seen in other studies (Nijssen et al., 2018). It is
unclear if this change in morphology can affect their behaviour, but this phenomenon may
be due to the lack of support cells, including astrocytes, which are commonly found in
primary cultures.
Overall, our findings suggest that axonal transport deficits may be present in human neurons
carrying ALS mutations and therefore, may provide us with a good platform to test for new
disease-modifying agents. In the future, we should also investigate the transport of other
cargos and ALS-related mutations to fully assess the role of axonal transport in the
development of ALS.
In conclusion, the data presented in this Chapter suggests that IGF1R is not a main player in
the development of ALS as levels of IGF1R do not appear to alter at key time points during
the disease in SOD1G93A. However, since IGF1R inhibition can improve the deficits in signalling
endosomes transport found in the SOD1G93A mouse in vivo, this pathway may represent a
novel therapeutic target for ALS and therefore warrants further investigation.
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Chapter 6: Conclusions and future perspectives

Retrograde axonal transport is a critical process involved in the trafficking of mitochondria,
RNA, lysosomes and signalling endosomes. The correct spatial and temporal positioning of
these cargo is essential for neuronal function, with deficits in retrograde trafficking being
linked to multiple neurodegenerative diseases. The studies presented here have sought to
better understand the mechanisms regulating retrograde axonal transport and how they are
connected to the development of neurodegenerative disorders. This was accomplished by a
combination of biochemical, molecular biological and cell biological approaches in motor
neuron cultures and in vivo mouse models.
Protein kinases play a key role in regulating axonal transport as demonstrated by studies
showing they can directly influence motor proteins or alter their binding to the microtubule
cytoskeleton (Morfini et al., 2009; Mitchell et al., 2012; Gao et al., 2015). In this study, we
established that IGF1R was a modulator of retrograde transport, specifically altering the
retrograde axonal transport velocities of signalling endosomes. We found evidence, both
pharmacological and genetic, that suggests downregulation of IGF1R leads to a significant
increase in the velocity of retrograde signalling endosome transport. IGF1R inhibition also
increased signalling endosome transport in the sciatic nerve of adult wild type mice.
Intriguingly, we found evidence that both the Akt and Erk1/2 pathway may be involved in
this process as both were altered following PPP treatment. These data are supported by
previous work that has shown both pathways can influence axonal transport of signalling
endosomes (Colin et al., 2008; Mitchell et al., 2012). Colin et al found that Akt activation led
to the recruitment of kinesin-1 to BDNF-positive organelles via phosphorylation of htt. This
promoted anterograde transport of the organelles, however, when htt wasn’t
phosphorylated vesicles were more likely to undergo retrograde transport (Colin et al.,
2008). These data could help explain the results found in this study, with IGF1R inhibition
causing an increase in retrograde transport of signalling endosomes, although more work
will be needed to reveal the exact signalling cascade involved.
Our data suggests that IGF1R regulates microtubule network dynamics, with PPP leading to
a decrease in the growth of the microtubule plus-ends. However, in the time frame of our
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experiments, IGF1R modulation did not alter the polarity of the microtubule network or the
post-translational modifications present on the microtubules. Therefore, we suggest that
these changes are not involved in the acceleration of signalling endosome trafficking. Our
data implies that IGF1R alters the transport of signalling endosomes via an indirect regulation
of molecular motors, as inhibiting IGF1R did not appear to affect the expression of
cytoplasmic dynein or kinesin-1 in the neuron. Combined with IGF1R’s lack of effects on
mitochondrial and lysosomal trafficking, these data suggest that IGF1R does not alter
transport by directly modulating the activity of cytoplasmic dynein. However, our mass
spectrometry analysis suggested that the amount of dynein subunits may change in
signalling endosomes following IGF1R modulation. Instead, we hypothesis that IGF1R
regulates signalling endosome transport through changes in cytoplasmic dynein adaptors.
We found that BICD1 expression significantly increased following PPP treatment and that
this was due to an increase in de novo synthesis of BICD1. Importantly, this occurred in the
axon and within a time frame compatible with the changes of axonal transport of signalling
endosomes that we detected in our analysis. Furthermore, our mass spectrometry data
found that following PPP treatment, the amount of BICD2, Hook3 and RILP associated with
signalling endosomes also increased, suggesting that alterations in dynein adaptor proteins
may have a significant role in the increase in signalling endosome velocity we observed in
this study.
The data presented in this study suggests that IGF1R is not the main determinant in the
development of ALS, as the expression of IGF1R was not altered at key time points in the
disease. However, IGF1R inhibition significantly improved the deficits in signalling endosome
transport in the SOD1G93A mouse, suggesting that this might be a potential novel therapeutic
target. This result differs from work recently undertaken exploring the role of p38 MAPKa in
ALS. Gibbs et al found that this protein kinase was upregulated in the spinal cord during
disease progression and had a role in the SOD1G93A-induced transport deficits. Interestingly,
inhibition of p38 MAPKa rescued the deficits observed in retrograde signalling endosome
transport, however, unlike IGF1R inhibition, had no effect on the transport rates in wild type
mice. These data suggest that even though both kinases can improve transport in SOD1G93A
mice, they likely work via different mechanisms. In the future it will be important to ascertain
whether long-term inhibition of IGF1R can alter the progression of ALS.
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Finally, although animal and cellular models of ALS have provided key insights into ALS
disease mechanisms, they may fail to fully recapitulate the disease. Here we present data
that suggests that human motor neurons carrying ALS-associated genes may also have
deficits in axonal transport. Further studies will be needed to confirm these results, but this
could provide a new platform to further understand the pathomechanisms underlying ALS
and to test new disease modifying agents.

6.1 Future work
The main finding in this study was that IGF1R is a specific regulator of signalling endosome
transport in motor neurons, with an increase in retrograde signalling endosome velocity
following IGF1R inhibition. This occurred both in PMN cultures and in the intact sciatic nerve
of mice. Future work should aim to study if IGF1R has the same effect on different neuronal
populations, such as dorsal root ganglion or hippocampal neurons. Previous studies have
suggested that protein kinases may differentially effect transport in neuronal cells. For
example, Gao et al found that inhibition of GSK3b lead to increased lysosomal transport (Gao
et al., 2015). In our study, we saw no change in lysosome transport. Given that PPP led to
the downregulation of Akt activity, we would expect to see a decrease in GSK3b. According
to the authors of the previous study, this should cause a change in lysosomal trafficking. One
reason the results of this study may differ is due to the experiments being carried out in
PMNs rather than dorsal root ganglion neurons. Therefore, it will be important to elucidate
any differences in trafficking between neuronal populations following PPP treatment. The
transport of additional cargo should also be analysed. This will allow us to fully gauge the
role of IGF1R in bi-directional axonal transport. The assessment of RNA trafficking may be an
interesting avenue to explore. Considering the de novo synthesis of BICD1 was found to be
increased following PPP treatment, it is plausible that the trafficking of RNA may be altered.
These data will be incredibly beneficial if IGF1R inhibition is adopted as a therapeutic
approach to ALS, as it is unlikely that the treatment will solely target motor neurons.
We also found evidence that both Akt and Erk1/2 were involved in mediating the increase in
retrograde transport of signalling endosomes. As IGF1R is upstream of multiple signalling
pathways, future work should aim to reveal the exact pathway involved. Elucidating a more
specific downstream target will aid the development of therapeutic targets in
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neurodegenerative disease and minimise the risk of off-target effects. One approach to
achieve this would be to monitor the signalling pathway at more time points during IGF1R
inhibition. This would give us a clear picture of the time frame involved in the activation of
downstream signalling cascades. Additionally, specific inhibitors of downstream components
should be used to assess if they can elicit the same response as IGF1R inhibition.
Furthermore, it will also be important to study how these signalling pathways change in
pathological conditions. For example, p38 MAPK has been shown to be altered during ALS
disease progression (Gibbs et al., 2018). The authors of this study showed that inhibiting p38
MAPKa increased retrograde axonal transport of signalling endosomes in SOD1G93A mice.
Intriguingly, p38 MAPK inhibition had no effect on the transport of signalling endosomes in
wild type mice (Gibbs et al., 2018). These data suggest that we must not only understand
how signalling pathways are involved in regulating cellular processes but also how they
change in disease.
The data presented here highlight that changes in cytoplasmic dynein adaptor proteins may
be responsible for the alteration in retrograde signalling endosome transport we observed.
Specifically, we hypothesize that BICD1 is involved, as its expression increased after
treatment with PPP. BICD1 has previously been found to be involved in endosomal sorting in
the soma of neurons (Terenzio et al., 2014a) and the movement of Rab6 positive organelles
(Wanschers et al., 2007). The work here potentially uncovers a new role for BICD1, however,
future work must confirm that the increase in de novo synthesis leads to more BICD1
associating with signalling endosomes to confirm our hypothesis. To achieve this, signalling
endosomes could be purified with HcT-MIONs and the levels of BICD1 assessed. This also
highlights our limited knowledge of factors regulating dynein adaptor proteins. It would be
of great interest to further explore how their expression is controlled. One approach would
be to use CRISPR to generate an unbiased library of mutations in neurons. Then, by combing
this with inducible cargo trafficking assay development by Kapitein et al (Kapitein et al.,
2010),we could assess the effect on signalling endosome trafficking. One advantage of this
trafficking assay is that by transfecting cells with a specific construct you can be certain of
the motor/adaptor proteins recruited to the cargo. Not only would this allow us to evaluate
how certain mutations effect trafficking but also gain a better insight into how adaptor
proteins are regulated.
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There is also the possibility that IGF1R regulates signalling endosome transport through
additional mechanisms. As previously mentioned, MAPs are likely to be involved in traffic
regulation along axons. Evidence suggests that MAPs are an integral mechanism in regulating
transport by altering microtubule dynamics and the recruitment of motors (Monroy et al.,
2018). Specifically, in our mass spectrometry analysis of signalling endosomes, a high
percentage of our phosphorylated hits were MAPs. These included 11 phosphosites for tau.
Interestingly, tau has been shown to decrease the velocity of BDNF-containing vesicles when
present on the microtubules (Chen et al., 2018). In our screen, we detected higher
phosphorylation of tau following PPP treatment in 9/11 phosphosites, suggesting PPP
treatment causes the detachment of tau from the microtubules. Future experiments should
confirm these preliminary results by analysing the levels of tau and other MAPs present in
axons following PPP treatment.
Our data also suggests that IGF1R inhibition can improve the deficits in retrograde signalling
endosome transport seen at the early symptomatic stage in the SOD1G93A mouse. This
treatment did not appear to cause any adverse effects in the time frame of our experiment.
Therefore, IGF1R inhibition may represent a novel therapeutic target for ALS. The next step
should be to perform a full efficacy study, testing the effect of IGF1R inhibition on motor
function, lifespan, muscle physiology and motor neurons survival. It would be interesting to
start treatment both before symptom onset, and a later time-point, after the symptoms have
developed. This will allow us to fully analyse the impact of IGF1R inhibition in the SOD1G93A
mouse.
Additionally, IGF1R inhibition should be assessed in other mouse models of ALS. For example,
the TDP-43 M337V and FusΔ14/+ models of ALS would prove very interesting. This would not only
allow us to evaluate if IGF1R inhibition can improve the deficits in retrograde transport of
signalling endosomes found in another model (TDP-43 M337V) but also if IGF1R inhibition can
benefit a model where no deficits in signalling endosome transport are present (Sleigh et al.,
2018). It is worth noting that the development of ALS is probably multifactorial given the
amount of mechanisms suggested to play a role (Taylor et al., 2016). Therefore, polypharmacology may be necessary to effectively treat the disease.
The assessment of IGF1R inhibition in other models of neurodegeneration could also prove
beneficial. At the very beginning of this study, two papers were published stating that IGF1R
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inhibition could improve lifespan and severity of symptoms in both a model of spinal
muscular atrophy (SMA) and Alzheimer’s disease (AD) (Biondi et al., 2015; Gontier et al.,
2015). These data highlight that IGF1R inhibition could have a positive effect in other
diseases. Interestingly, in SMA, it appears that the IGF1R pathway is altered, leading to an
increase in Erk1/2 activity linked to the development of the disease (Biondi et al., 2015). The
mitogen-activated protein kinases (MAPK) also includes p38 MAPK, which has also been
implicated in neurodegeneration (Gibbs et al., 2018), therefore, understanding how these
kinases are involved in the development of neurodegeneration could be beneficial.
Additionally, given that IGF1R sits above these kinases, the modulation of IGF1R may help
limit their effect.

6.2 Concluding remarks
Axonal transport is fundamental to the survival and function of neurons. The mechanisms
involved in the regulation of this processes are incredibly complex and diverse. In this thesis,
we investigated the role of IGF1R in axonal transport and found that it is a key regulator of
retrograde axonal transport both in vitro and in vivo. This effect was specific to signalling
endosomes as IGF1R inhibition did not affect the retrograde transport rates of mitochondria
and lysosomes. Interestingly, after PPP inhibition we found an increased rate of BICD1
synthesis in the axon. Therefore, increased BICD1 levels may be responsible for the increase
in retrograde velocities detected upon IGF1R inhibition. By furthering our understanding of
how axonal transport is regulated, we will gain a better comprehension of how and why it
goes wrong in neurogenerative diseases, hopefully providing novel avenues for therapeutic
treatment.
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Table A.1: Phosphoproteomic mass spectrometry results
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CLIP-associating protein 1

+

-0.0284672

0

0.1279335

S

836

CLIP-associating protein 1

+

-0.8476868

0

0.3722639

S

340

CLIP-associating protein 1

+

0

0.4011526

-0.0369186

S

453

CLIP-associating protein 1

+

-0.2664747

0.06956768

0

S

374

CLIP-associating protein 2

+

-0.2664747

0.06956768

0

S

376

CLIP-associating protein 2

+

0

-0.2159061

0.1081486

S

632

Dihydropyrimidinase-related

+

protein 1
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-0.1951389

0.1175194

0

S

360

Serine/threonine-protein

+

kinase DCLK2
-0.0200977

0

0.3514271

S

287

Neuronal migration protein

+

doublecortin
0

-0.1132126

0.06284904

S

146

-0.5201998

0

0.4080086

S

486

Echinoderm

microtubule-

+

associated protein-like 1
Fibronectin type III and SPRY

+

domain-containing protein 1
0

0.1792669

-0.2478971

S

681

Kinesin-like

protein

KIF3B;Kinesin-like
KIF3B,

+

protein

N-terminally

processed
0

0.6417923

-0.090415

S

1373

Microtubule-associated
protein

1B;MAP1B

+

heavy

chain;MAP1 light chain LC1
0

0.7190952

-0.0592299

S

1382

Microtubule-associated
protein

1B;MAP1B

+

heavy

chain;MAP1 light chain LC1
0.947258

-0.2785816

0

S

1247

Microtubule-associated
protein

1B;MAP1B

+

heavy

chain;MAP1 light chain LC1
0

0.3741646

-0.2182713

S

614

Microtubule-associated
protein

1B;MAP1B

+

heavy

chain;MAP1 light chain LC1
0.7551975

0

-0.0194206

S

989

Microtubule-associated
protein

1B;MAP1B

+

heavy

chain;MAP1 light chain LC1
0.5103531

-0.6552658

0

S

992

Microtubule-associated
protein

1B;MAP1B

+

heavy

chain;MAP1 light chain LC1
0

-0.6466637

0.3103657

S

1013

Microtubule-associated
protein

1B;MAP1B

+

heavy

chain;MAP1 light chain LC1
0.5948257

-0.0996399

0

S

967

Microtubule-associated

+

protein 1B;
MAP1B heavy chain;MAP1
light chain LC1
-1.00337

0.6901531

0

S

561

Microtubule-associated

+

protein 1B;
MAP1B heavy chain;MAP1
light chain LC1
-0.0012798

0.5035973

0

S

2068

Microtubule-associated

+

protein 1B;
MAP1B heavy chain;MAP1
light chain LC1

170

Appendix

0

0.305954

-0.0699272

S

2070

Microtubule-associated
protein

1B;MAP1B

+

heavy

chain;MAP1 light chain LC1
0.507164

0

-0.2349644

S

1073

Microtubule-associated
protein

1B;MAP1B

+

heavy

chain;MAP1 light chain LC1
0.1812572

0

-0.3437481

S

1420

Microtubule-associated
protein

1B;MAP1B

+

heavy

chain;MAP1 light chain LC1
-0.0039768

0.6221809

0

S

1422

Microtubule-associated
protein

1B;MAP1B

+

heavy

chain;MAP1 light chain LC1
-0.2011271

0.4003

0

S

1781

Microtubule-associated
protein

1B;MAP1B

+

heavy

chain;MAP1 light chain LC1
0

0.8403645

-0.1858444

S

1257

Microtubule-associated
protein

1B;MAP1B

+

heavy

chain;MAP1 light chain LC1
-0.4037189

0.6362171

0

S

2252

Microtubule-associated
protein

1B;MAP1B

+

heavy

chain;MAP1 light chain LC1
-0.0572968

0.6306229

0

S

1775

Microtubule-associated
protein

1B;MAP1B

+

heavy

chain;MAP1 light chain LC1
0

1.02849

-0.0839214

T

527

Microtubule-associated
protein

1B;MAP1B

+

heavy

chain;MAP1 light chain LC1
0.555378

-0.2551136

0

T

969

Microtubule-associated
protein

1B;MAP1B

+

heavy

chain;MAP1 light chain LC1
-1.00337

0.6901531

0

T

565

Microtubule-associated
protein

1B;MAP1B

+

heavy

chain;MAP1 light chain LC1
-0.094635

0

0.2016935

T

1784

Microtubule-associated
protein

1B;MAP1B

+

heavy

chain;MAP1 light chain LC1
0

0.8258343

-0.226532

T

1629

Microtubule-associated
protein

1B;MAP1B

+

heavy

chain;MAP1 light chain LC1
0

0.7615309

-0.1336546

T

1277

Microtubule-associated
protein

1B;MAP1B

+

heavy

chain;MAP1 light chain LC1
-2.585436

1.255079

0

T

1945

Microtubule-associated
protein

1B;MAP1B

+

heavy

chain;MAP1 light chain LC1
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0.03030014

0

-0.7031965

T

1962

Microtubule-associated
protein

1B;MAP1B

+

heavy

chain;MAP1 light chain LC1
0

0.1600533

-0.0506191

T

2047

Microtubule-associated
protein

1B;MAP1B

+

heavy

chain;MAP1 light chain LC1
0

0.3874435

-0.0259132

T

2301

Microtubule-associated
protein

1B;MAP1B

+

heavy

chain;MAP1 light chain LC1
-0.046382

0.7768221

0

S

1373

Microtubule-associated
protein

1B;MAP1B

+

heavy

chain;MAP1 light chain LC1
-0.046382

0.7768221

0

S

1382

Microtubule-associated
protein

1B;MAP1B

+

heavy

chain;MAP1 light chain LC1
-0.0614567

0.6963177

0

S

1793

Microtubule-associated
protein

1B;MAP1B

+

heavy

chain;MAP1 light chain LC1
-0.0614567

0.6963177

0

Y

1792

Microtubule-associated
protein

1B;MAP1B

+

heavy

chain;MAP1 light chain LC1
0

-0.0819759

0.2758064

S

462

Microtubule-associated
protein

1S;MAP1S

+

heavy

chain;MAP1S light chain
-0.2624397

0.1544285

0

S

938

-0.748291

0.02640533

0

S

1560

Microtubule-associated

+

protein 2
Microtubule-associated
protein

+

2;Microtubule-

associated protein
0

0.06911469

-0.3469944

S

1485

Microtubule-associated
protein

+

2;Microtubule-

associated protein
0

-0.1548843

0.1045284

S

823

Microtubule-associated

+

protein 2
0.0578804

0

-0.1086597

S

825

Microtubule-associated

+

protein 2
0

-0.1921577

0.2160339

S

1635

Microtubule-associated
protein

+

2;Microtubule-

associated protein
0

0.01349258

-0.1439552

S

1791

Microtubule-associated
protein

+

2;Microtubule-

associated protein
0.05237389

-0.3880959

0

S

1783

Microtubule-associated
protein

+

2;Microtubule-

associated protein
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-0.4651432

0.896347

0

T

1445

Microtubule-associated
protein

+

2;Microtubule-

associated protein
0

-0.5561876

0.1502666

T

1260

Microtubule-associated

+

protein 2
0

-0.1392689

0.4269981

T

1620

Microtubule-associated
protein

+

2;Microtubule-

associated protein
-0.1435776

0.08694267

0

T

1650

Microtubule-associated
protein

+

2;Microtubule-

associated protein
0.1712198

-0.8357096

0

S

1787

Microtubule-associated
protein

+

2;Microtubule-

associated protein
0.1712198

-0.8357096

0

S

1791

Microtubule-associated
protein

+

2;Microtubule-

associated protein
0

0.07852364

-0.2856522

S

1654

Microtubule-associated
protein

+

2;Microtubule-

associated protein
0

0.07852364

-0.2856522

T

1650

Microtubule-associated
protein

+

2;Microtubule-

associated protein
1.652235

-1.091643

0

S

514

Microtubule-associated

protein;Microtubule-

+

associated protein 4;Uncharacterized protein
C3orf20 homolog
-0.2296352

0.06278038

0

S

748

Microtubule-associated

+

protein;Microtubuleassociated protein 4
-0.1103687

0

0.4302931

S

824

Microtubule-associated

+

protein;Microtubuleassociated protein 4
0

-0.1990376

0.4741135

S

761

Microtubule-associated

+

protein;Microtubuleassociated protein 4
-0.018672

0.4754391

0

S

484

Microtubule-associated

+

protein 6
-0.0149021

0.5649586

0

T

431

Microtubule-associated

+

protein 6
0

-0.1082439

0.2896271

T

146

Microtubule-associated

+

protein RP/EB family member
3
-0.0713749

0

0.1733475

S

99

Serine/threonine-protein

+

kinase MARK2
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0

0.7681971

-0.2644138

T

839

Neurofilament

heavy

+

light

+

light

+

medium

+

medium

+

medium

+

medium

+

medium

+

medium

+

medium

+

medium

+

medium

+

medium

+

medium

+

medium

+

medium

+

medium

+

polypeptide
0.7789555

0

-0.1832886

S

473

Neurofilament
polypeptide

0.5173054

0

-0.3094616

S

532

0

0.6297569

-0.5794029

S

715

Neurofilament
polypeptide
Neurofilament
polypeptide

-0.0058117

0.5749817

0

S

723

0

0.6230793

-0.5149918

S

669

Neurofilament
polypeptide
Neurofilament
polypeptide

0

0.5219059

-0.5135078

S

605

Neurofilament
polypeptide

0

0.06501579

-0.7515354

S

502

Neurofilament
polypeptide

0

0.4919395

-0.3494129

S

506

Neurofilament
polypeptide

-0.1936569

0.5856152

0

S

645

Neurofilament
polypeptide

0

0.9522018

-0.3445625

S

769

Neurofilament
polypeptide

0.9082241

0

-0.0141945

S

545

Neurofilament
polypeptide

1.572693

0

-0.5244102

S

610

Neurofilament
polypeptide

0

1.165579

-0.1202278

S

30

0

0.4539404

-0.1246738

S

32

Neurofilament
polypeptide
Neurofilament
polypeptide

1.006443

-0.332386

0

S

502

1.006443

-0.332386

0

S

506

Neurofilament
polypeptide
Neurofilament
polypeptide

-0.1382332

0.116271

0

S

1432

Pericentriolar

material

1

+

material

1

+

1

+

1

+

1

+

protein
0

0.4414864

-0.1591787

S

65

Pericentriolar
protein

0

-2.045621

0.2537231

S

507

Protein

phosphatase

regulatory subunit 12A
0

-0.2798004

0.405302

S

911

Protein

phosphatase

regulatory subunit 12A
0

-0.1073265

0.7214775

S

453

Protein

phosphatase

regulatory subunit 12A

174

Appendix

-0.0903111

0

0.6520958

S

527

Protein

phosphatase

1

+

regulatory subunit 12A
0

1.12648

-0.3883066

T

579

0

0.16189

-0.4244556

S

1723

0

0.2728863

-0.3039112

S

65

RNA-binding protein 14

+

Protein SON

+

SLIT-ROBO

Rho

GTPase-

+

activating protein 2
0

-0.6743298

0.6049328

S

86

Heat shock protein beta-1

+

+

0

-1.00503

0.2870064

S

90

Heat shock protein beta-1

+

+

-0.0138912

0.468627

0

S

718

C-Jun-amino-terminal kinase-

+

+

+

+

interacting protein 3
0

0.7265797

-0.2628288

S

600

Unconventional myosin-Va

0.4737902

-0.470541

0

S

416

Kinesin-like protein;Kinesin-

+

like protein KIF1A
-0.071516

0.3939629

0

S

937

Kinesin-like protein;Kinesin-

+

like protein KIF1A
0

-0.6615152

0.3931322

S

1168

Kinesin-like protein;Kinesin-

+

0.3291283

-1.242716

0

S

162

Kinesin light chain 1

+

0

-0.1269264

0.1693039

S

577

Kinesin light chain 2

+

0.01779747

0

-0.5322599

S

832

Non-specific protein-tyrosine

like protein KIF21B

kinase;Abelson

+

tyrosine-

protein kinase 2
0

-0.4152164

0.3253498

T

267

F-actin-capping

protein

+

subunit beta
-0.1313744

0

0.3040543

S

3

0

0.5278187

-0.0525436

S

332

Cofilin-1

+

Coxsackievirus
adenovirus

and

+

receptor

homolog
0

0.119627

-0.001152

S

79

0.3058071

-0.3615913

0

T

211

Drebrin

+

Non-specific
serine/threonine

+
protein

kinase;Serine/threonineprotein kinase PAK 1
0

-0.6160603

0.5930929

T

335

Paralemmin-1

+

0

0.8488007

-0.2630777

S

685

Traf2 and NCK-interacting

+

protein kinase
0

0.01305676

-0.1034145

S

225

Abl interactor 1

0

-1.40451

0.08230209

S

231

Abl interactor 1

0

-0.1810474

0.1880083

S

116

Actin-binding LIM protein 1

-0.0093517

0

0.3462086

S

277

Actin-binding LIM protein 1

-0.2155056

0.323782

0

S

464

Alpha-adducin

-0.2155056

0.323782

0

S

465

Alpha-adducin

0

0.8003559

-0.0578766

S

355

Alpha-adducin
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-0.1817398

0

0.274374

S

112

Arf-GAP

domain

and

FG

repeat-containing protein 1
-0.042284

0

0.8135662

S

248

-1.135141

0

0.8120193

T

528

-0.0445862

0.2452736

0

T

512

Dihydropyrimidinase-related
protein 2

-0.0237255

0.2085876

0

T

514

Dihydropyrimidinase-related
protein 2

0.8447876

-0.673275

0

S

517

Dihydropyrimidinase-related
protein 2

0.8447876

-0.673275

0

T

512

Dihydropyrimidinase-related
protein 2

0.1585083

-0.8170223

0

S

516

Dihydropyrimidinase-related
protein 3

0

0.1529083

-0.0121231

S

520

Dihydropyrimidinase-related
protein 3

-0.0529566

0.2140331

0

T

522

Dihydropyrimidinase-related
protein 3

0

-0.5344706

0.3500462

S

442

Protein enabled homolog

0

0.7713528

-0.1919956

S

601

Band 4.1-like protein 3;Band
4.1-like

protein

3,

N-

terminally processed
-0.001297

0.939724

0

T

488

Band 4.1-like protein 3;Band
4.1-like

protein

3,

N-

terminally processed
0

0.5340509

-0.4754238

S

389

Band 4.1-like protein 4A

0.1244249

-0.3818235

0

S

581

Band 4.1-like protein 5

0.4720554

-0.8075619

0

S

285

Junctional adhesion molecule
A

0

0.2609272

-0.1479301

S

35

Alpha-internexin

0

0.3035641

-0.0692959

S

37

Alpha-internexin

0

-0.5008936

0.07892227

S

16

Ras

GTPase-activating-like

protein IQGAP2
-0.0197678

0

0.7440529

S

85

Leiomodin-1

-0.1486797

0

0.3772449

S

550

Leiomodin-1

0.8563004

0

-0.0493679

S

138

Myristoylated alanine-rich C-

0.6320534

-0.0214958

0

S

27

kinase substrate
Myristoylated alanine-rich Ckinase substrate
0.9322357

-1.094924

0

S

171

0.9583683

-0.4598942

0

S

46

Myristoylated alanine-rich Ckinase substrate
Myristoylated alanine-rich Ckinase substrate
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0.208992

-0.8812618

0

T

143

Myristoylated alanine-rich Ckinase substrate

-0.3488083

0.2101421

0

S

1987

Myosin-10

-0.1173973

0

0.3926888

S

901

Palladin

0

-0.3271236

0.01486683

S

1129

Palladin

0

-0.0759821

0.1534243

S

1146

Palladin

0

-0.1995449

0.227603

T

96

PDZ and LIM domain protein
7

-0.4340954

0

0.00126267

S

83

cAMP-dependent

protein

kinase

type

I-alpha

regulatory

subunit;cAMP-dependent protein kinase type I-alpha regulatory
subunit, N-terminally processed
0

0.4373093

-0.1970882

S

57

Peripherin

0.282896

-0.2579098

0

S

20

Peripherin

-0.0547094

0.310216

0

S

165

-0.367506

0

0.2922916

S

171

Sterile alpha motif domaincontaining protein 14
SH3

domain-containing

kinase-binding protein 1
0

0.9072752

-0.1019783

S

304

-0.0874977

0

0.4320087

S

338

-0.161581

0

0.3786945

S

284

-0.165802

0

0.4375648

S

390

-0.3718891

0

0.3785725

S

9

0

-0.0626516

0.8662615

S

378

Sorbin and SH3 domaincontaining protein 2

Sorbin and SH3 domaincontaining protein 2

0

-0.0626516

0.8662615

S

380

Sorbin and SH3 domaincontaining protein 2

-0.1200619

0.31283

0

T

298

0

0.7516041

-0.2252779

S

596

Traf2 and NCK-interacting
protein kinase

0.03808594

0

-1.592309

S

214

Vimentin

0.215601

0

-0.6198921

S

51

Vimentin

0.522234

0

-0.1811314

S

5

Vimentin

0.6648588

0

-0.3722506

S

7

Vimentin

-0.1946955

0.01437664

0

S

621

AP2-associated

protein

+

protein

+

filament-associated

+

filament-associated

+

kinase 1
-0.1946955

0.01437664

0

S

622

AP2-associated
kinase 1

-0.1357689

0.3501282

0

S

669

Actin
protein 1

0

0.1383171

-0.0252323

S

549

Actin
protein 1
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0

-0.0615673

0.1697235

S

207

APC membrane recruitment

+

protein 2
-0.3397827

0.2379513

0

S

2305

Ankyrin-2

+

-0.0933352

0.7496767

0

T

2173

Ankyrin-2

+

-0.2354622

0.240881

0

S

391

Amyloid beta A4 precursor
protein-binding

family

+

A

member 1
0.6427784

0

-0.3207293

S

510

0

0.3276348

-0.5014324

S

494

Bcl-2-associated

+

transcription factor 1
Bcl-2-associated

+

transcription factor 1
0.3845558

0

-0.5659828

S

656

Bcl-2-associated

+

transcription factor 1
0

0.4100113

-0.1607895

S

177

Bcl-2-associated

+

transcription factor 1
0

0.05183029

-0.5791492

S

646

Bcl-2-associated

+

transcription factor 1
0

1.144453

-0.0067101

S

529

Bcl-2-associated

+

transcription factor 1
-0.0253811

0

0.07414055

S

1796

CAD

protein;Glutamine-

dependent

+

carbamoyl-

phosphate
synthase;Aspartate
carbamoyltransferase;Dihydr
oorotase
0

0.6242447

-0.2703609

S

343

Calcium/calmodulin-

+

dependent protein kinase
type II subunit beta
0.147769

-0.2744942

0

S

9

+

0.147769

-0.2744942

0

T

8

+

0.1452332

0

-0.5918112

S

326

0

0.4561014

-0.5159788

S

81

0.3899269

0

-0.3635387

S

414

Cyclin-Y

+

Cyclin-dependent kinase 11B

+

Chromogranin-

+

A;Pancreastatin;Betagranin;WE-14;Catestatin;GE25;Serpinin-RRG;Serpinin;pGlu serpinin precursor
-0.1785927

0.03496552

0

S

363

Casein

kinase

I

isoform

+

epsilon
0.5768528

-0.008379

0

S

211

Catenin delta-1

+

-0.0365095

0.4626026

0

S

167

Catenin delta-1

+

0

0.2827158

-1.216122

S

1097

Catenin delta-2

+

-0.3784504

0.2995758

0

T

268

FAS-associated factor 1

+
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0

0.196146

-0.5264616

S

204

Tumor

necrosis

receptor

factor

+

superfamily

member 6
0

-0.2274609

0.1998653

S

231

Ras

GTPase-activating

+

protein-binding protein 1
0

1.005522

-0.3084164

T

364

ARF

GTPase-activating

+

protein GIT1
0.00057221

0

-0.477088

S

293

G-protein-signaling

+

modulator 1
0

-0.062705

0.1763058

T

476

Glutamate

receptor-

+

interacting protein 1
0

-0.5503559

0.5044537

S

81

0.3927727

-2.306812

0

S

231

Heterogeneous

nuclear

+

Heat shock protein HSP 90-

+

ribonucleoprotein K

alpha
-0.3219471

0

0.5013275

S

263

0.8451576

-1.932587

0

S

226

Heat shock protein HSP 90-

+

alpha
Heat shock protein HSP 90-

+

beta
-0.4508762

0.1379967

0

S

255

0.01839638

-1.246401

0

S

261

Heat shock protein HSP 90-

+

beta
Heat shock protein HSP 90-

+

beta
-0.2865696

1.957972

0

S

769

Heat shock protein 105 kDa

+

0.01328278

-0.3176489

0

S

556

Insulin receptor substrate 2

+

-0.1813583

0

0.2073803

S

1089

Insulin receptor substrate 2

+

-0.1938915

0

0.2295656

T

571

Insulin receptor substrate 2

+

0

0.4061546

-0.0897484

S

1588

Inositol 1,4,5-trisphosphate

+

receptor type 1
0

-0.1669426

0.1115265

S

320

0

0.865303

-0.0578671

S

1183

Kinase suppressor of Ras 1

+

Neural

adhesion

+

lipoprotein

+

cell

molecule L1
0

1.029902

-0.1618395

S

4624

Low-density

receptor-related protein 2
0

-0.0792675

0.199976

S

107

Protein LSM14 homolog A

+

0

-0.5023661

0.1667709

T

394

Dual

+

specificity

activated

protein

mitogenkinase

kinase 2
0

-0.0300961

0.03094387

S

192

-0.8598576

0.4660912

0

S

184

Mitogen-activated

protein

+

kinase kinase kinase kinase 4
Mitogen-activated

protein

+

kinase kinase kinase kinase 4
0

0.5196056

-0.1222992

S

748

Neural

cell

adhesion

+

molecule 1
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0

0.3569145

-0.1748924

S

860

Neural

cell

adhesion

+

cell

adhesion

+

cell

adhesion

+

cell

adhesion

+

E3 ubiquitin-protein ligase

+

molecule 1
0

0.8387241

-0.1281509

S

861

Neural
molecule 1

0

0.7996941

-0.3485527

S

979

-0.3427086

0.9459801

0

T

762

Neural
molecule 1
Neural
molecule 1

0.03268051

-0.8664026

0

S

309

0

-0.3955078

0.2947464

S

180

NEDD4
Nuclear ubiquitous casein

+

and cyclin-dependent kinase
substrate 1
0

-2.007515

0.2552338

S

213

Nuclear ubiquitous casein

+

and cyclin-dependent kinase
substrate 1
0

-0.1815319

0.2038155

S

19

Nuclear ubiquitous casein

+

and cyclin-dependent kinase
substrate 1
-0.3659382

0

0.1851273

S

58

Nuclear ubiquitous casein

+

and cyclin-dependent kinase
substrate 1
0

-0.3796539

0.1982174

T

178

Nuclear ubiquitous casein

+

and cyclin-dependent kinase
substrate 1
0.8171329

-0.5216084

0

S

2040

-0.1955643

0

0.110611

S

361

Obscurin

+

p21-activated protein kinase-

+

interacting protein 1
-0.3292923

0

0.01166153

T

364

p21-activated protein kinase-

+

interacting protein 1
0.02642918

0

-0.7074776

S

104

0

-0.0818481

0.3429127

S

457

Serine/threonine-protein

+

kinase PAK 4
Programmed

cell

death

+

cell

death

+

protein 4
0.06033707

-0.5220222

0

T

93

Programmed
protein 4

0

-0.1027536

0.1466007

S

117

3-phosphoinositide-

+

dependent protein kinase 1
-0.3733883

0.1780186

0

T

710

Protein kinase C epsilon type

+

0

-0.5427656

0.2959557

S

448

PX

+

0

0.5085077

-0.1642027

S

739

domain-containing

protein kinase-like protein
Ral GTPase-activating protein

+

subunit alpha-1
-0.4613533

0

0.01614761

S

273

+
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-0.1090469

0.00564575

0

S

1020

Rap

guanine

nucleotide

+

domain-

+

exchange factor 2
-0.0473833

0

0.3927364

T

143

Ras

association

containing protein 2
0.09502602

0

-0.1314373

S

344

Reticulon-4

+

-0.4634819

1.2526

0

T

430

Reticulon-4

+

-0.0891409

0

0.4367867

S

500

SAM

and

SH3

domain-

+

against

+

containing protein 1
-0.2102938

0

0.4033623

T

8

Mothers
decapentaplegic
homolog;Mothers

against

decapentaplegic homolog 2
-0.2414722

0.3501959

0

T

1231

Transcription activator BRG1

+

0

0.3668251

-0.370615

S

2137

Spectrin beta chain, non-

+

erythrocytic 1
0

0.6180134

-0.09828

S

2102

Spectrin beta chain, non-

+

erythrocytic 1
0

-0.786623

0.07956505

S

481

Stress-induced-

+

phosphoprotein 1
0

0.5601797

-0.1040497

S

14

0

0.399497

-0.4581089

S

275

Syntaxin-1B
Tripartite

+
motif-containing

+

carboxyl-terminal

+

protein 67
-0.6697187

0.4947853

0

S

691

Ubiquitin

hydrolase;Ubiquitin carboxylterminal hydrolase 8
0

0.05271339

-0.7051573

S

423

-0.1333961

0

0.1387272

S

185

+
Serine/threonine-protein

+

kinase WNK1
-0.4132042

0

0.150301

S

1017

Protein WWC2

+

-0.1827984

0

0.4577007

T

999

Protein WWC2

+

0.5024986

-0.83564

0

S

60

Nuclease-sensitive element-

+

binding protein 1
0.4508801

-0.7614193

0

S

62

0.4471626

-1.102545

0

S

51

Nuclease-sensitive element-

+

binding protein 1
Nuclease-sensitive element-

+

binding protein 1
0.03527737

0

-0.3950977

S

470

+

-0.2377911

0

0.2589931

S

178

Septin-2

0.4273748

-1.128235

0

T

13

Septin-5

0

0.2701664

-0.0938101

S

180

LisH

domain

and

repeat-containing

HEAT
protein

KIAA1468
0

-0.0830078

0.5372143

S

225

ATP-binding cassette subfamily F member 1
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0

-0.3217621

0.1375198

S

194

ATP-binding cassette subfamily F member 1

1.547825

-0.3237143

0

S

832

Apoptotic

chromatin

condensation inducer in the
nucleus
0

0.1297493

-0.8168612

S

425

Apoptotic

chromatin

condensation inducer in the
nucleus
0

0.2616043

-0.9148102

S

937

Apoptotic

chromatin

condensation inducer in the
nucleus
-0.1113377

0.03033257

0

S

455

ATP-citrate synthase

-0.0981655

0

0.03934288

S

457

ATP-citrate synthase

0

0.7256489

-0.2431822

S

75

Alpha-actinin-1;Alphaactinin-2;Alpha-actinin3;Alpha-actinin-4

-0.0977383

0.326952

0

S

205

Arf-GAP with GTPase, ANK
repeat

and

PH

domain-

containing protein 1
0

-0.2226639

0.02235794

S

334

Arf-GAP with GTPase, ANK
repeat

and

PH

domain-

containing protein 1
-0.0856228

0.742095

0

S

5536

0

-0.1777668

0.5741177

S

5557

1.518999

-0.5575218

0

S

1645

A-kinase anchor protein 12

-0.1022301

0

0.2051258

S

682

A-kinase anchor protein 12

0.1674023

-1.979347

0

S

1462

A-kinase anchor protein 12

0

-1.532084

0.156208

S

350

A-kinase anchor protein 12

0

-1.364397

0.6593418

S

613

A-kinase anchor protein 12

0

-1.581411

0.6079788

S

615

A-kinase anchor protein 12

1.418245

-0.5501537

0

T

1648

A-kinase anchor protein 12

0.3000193

0

-0.4624386

S

738

Ankyrin

repeat

and

IBR

domain-containing protein 1
-0.058466

0

0.4867058

T

265

Acidic leucine-rich nuclear
phosphoprotein 32 family
member B

0.09861755

-0.9647961

0

S

18

DNA-(apurinic or apyrimidinic site) lyase;DNA(apurinic

or

apyrimidinic

site)

lyase,

mitochondrial
0

-0.356636

0.4921188

S

464

Apoptosis inhibitor 5

0

0.6844759

-0.0859308

S

179

Serine/threonine-protein

kinase

A-Raf;RAF

proto-oncogene serine/threonine-protein kinase
0

-0.2985134

0.5341587

S

73

Arginine and glutamate-rich
protein 1
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0

0.5108337

-0.4753742

S

337

Armadillo

repeat

protein

deleted in velo-cardio-facial
syndrome homolog
0

0.2536926

-0.7302513

S

345

Armadillo

repeat

protein

deleted in velo-cardio-facial
syndrome homolog
0

-0.4084282

0.3976355

T

105

Alpha-tubulin

N-

acetyltransferase 1
0

0.9953327

-0.1704674

S

22

Sodium/potassiumtransporting ATPase subunit
alpha-3

0

-0.0743427

0.4381065

S

244

Ataxin-2

0.5098991

-1.245713

0

S

217

Ataxin-2-like protein

0

-0.2296638

0.01026535

T

385

Ataxin-2-like protein

1.057962

0

-0.0388546

T

36

0

-1.178201

0.2376709

S

228

-0.0515709

0.1734905

0

S

260

Brain acid soluble protein 1

Bromodomain-containing
protein 3

-0.1719942

0.3667545

0

S

262

0

0.9210396

-0.5124531

S

582

0

-0.0709972

0.3690243

S

31

Bromodomain-containing
protein 3
Calnexin
Calcium-regulated

heat

stable protein 1
0

-0.7075386

0.5507126

S

42

0

-0.3150425

0.5278912

S

53

Calcium-regulated

heat

stable protein 1
Calcium-regulated

heat

stable protein 1
0

-0.5344982

0.4724846

T

55

0

-0.2583389

0.07672596

S

135

-0.0917263

0.09851265

0

S

97

Calcium-regulated

heat

stable protein 1
Calpastatin
Chromobox protein homolog
3
0

-0.2593784

0.03918552

S

536

-0.132061

0

0.4780912

S

12

Coiled-coil

domain-

containing protein 102A
Coiled-coil

domain-

containing protein 102A
-0.1460457

0

0.2560253

S

233

-0.1460457

0

0.2560253

S

237

Coiled-coil

domain-

containing protein 6
Coiled-coil

domain-

containing protein 6
-0.2233791

0

0.2825661

S

164

Cyclin-dependent kinase 7

0

0.7548189

-0.0731802

T

170

Cyclin-dependent kinase 7
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0

0.8779373

-0.2507343

S

32

Phosphatidate
cytidylyltransferase;Phospha
tidate cytidylyltransferase 2

-0.3508444

0

0.1297359

S

279

Cadherin EGF LAG seven-pass
G-type receptor 3

0.04510021

0

-0.0839539

S

378

Centrosomal protein of 170
kDa

-0.2423382

0

0.2660275

S

1155

Centrosomal protein of 170
kDa

0

-0.8896379

0.1512375

S

1150

Centrosomal protein of 170
kDa;Perilipin-5

0

0.1482058

-0.0872831

S

532

Chromosome

alignment-

maintaining phosphoprotein
1
-0.1678123

0.1254616

0

S

265

Chromosome

alignment-

maintaining phosphoprotein
1
0

0.4178028

-0.079483

S

220

Secretogranin-1;CCB
peptide;PE-11

0

0.3606682

-0.4871397

S

155

Secretogranin-1;CCB
peptide;PE-11

0

-0.0419636

0.1907806

S

199

Charged multivesicular body
protein 2b

0.3986464

-0.677124

0

S

342

Cytoskeleton-associated
protein 2

0

0.2176723

-0.7384262

S

173

Coatomer

subunit

alpha;Coatomer

subunit

alpha;Xenin;Proxenin
-0.422699

0.1436424

0

S

38

Pre-mRNA-splicing

factor

CWC22 homolog
-0.1613693

0.3272848

0

S

100

DDB1- and CUL4-associated
factor 8

-0.4976025

0.06443024

0

S

307

Serine/threonine-protein
kinase DCLK1

0

-0.7611504

0.022789

T

336

Serine/threonine-protein
kinase DCLK1

0

-0.6217022

0.07995605

S

522

-0.4178114

0.00675201

0

T

1223

-0.1703129

0

0.9248896

S

118

Probable

ATP-dependent

RNA helicase DDX17
DmX-like protein 2
DnaJ homolog subfamily C
member 17
0

1.1599

-1.009172

S

10

DnaJ homolog subfamily C

-0.0442171

0

0.4445391

S

98

Zinc finger protein ubi-d4

1.016047

-2.58848

0

S

65

Elongation factor 1-beta

member 5
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0

-0.3052864

0.330677

S

133

Elongation factor 1-delta

-0.449707

0

0.5440674

S

162

Elongation factor 1-delta

0

1.804014

-0.1436424

T

57

-0.2300262

0

0.01415539

S

540

Elongation factor 2
Translation initiation factor
eIF-2B subunit epsilon

-0.6636562

0.2470999

0

S

79

0

-1.626393

0.1569347

S

283

Eukaryotic

translation

initiation factor 3 subunit B
Eukaryotic

translation

initiation factor 4B
-0.4218464

0

0.2836199

S

504

0

-0.1111593

0.6198406

S

424

Eukaryotic

translation

initiation factor 4B
Eukaryotic

translation

initiation factor 4B
0

-0.1273785

0.168911

T

500

Eukaryotic

translation

initiation factor 4B
-0.4680824

0

0.4219313

S

1300

Eukaryotic

translation

initiation factor 4 gamma 1
-0.4510918

0

0.09920502

S

934

Eukaryotic

translation

initiation factor 4 gamma 1
-0.1859303

0.02244568

0

T

916

Eukaryotic

translation

initiation factor 4 gamma 1
-1.717306

0.2321987

0

S

165

Eukaryotic

translation

initiation factor 5B
0.1532097

-1.202391

0

S

172

0.2519712

-0.2501831

0

S

191

Eukaryotic

translation

initiation factor 5B
Zinc phosphodiesterase ELAC
protein 2
0.06012726

-0.2531986

0

S

172

0

0.8221722

-0.0984078

S

620

Band 4.1-like protein 1

-0.0005341

0

0.1447334

S

305

Band 4.1-like protein 1

-0.4967384

0.8235588

0

T

402

Band 4.1-like protein 1

0

-2.452056

0.02202702

S

229

Epidermal

growth

factor

receptor substrate 15-like 1
0

-0.0211105

0.3857946

S

17

-0.4868994

0

0.07556248

S

21

ELKS/Rab6-interacting/CAST
family member 1
ELKS/Rab6-interacting/CAST
family member 1

-0.4806976

0

0.3509102

S

341

DNA

repair

protein

complementing XP-G cells
homolog
-0.0945435

0

0.2422523

T

287

Protein FAM221B

0.8231802

-0.4162788

0

S

541

Pre-mRNA 3'-end-processing

-0.3085203

0.1189156

0

S

2234

factor FIP1
Filamin-C
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-0.3925171

0

0.03688049

T

387

FERM

domain-containing

protein 4A
0

0.02294731

-0.0245953

S

39

Eukaryotic

translation

initiation factor 3 subunit C
0.7588196

0

-0.5166378

S

142

Neuromodulin

0

1.038061

-1.137957

S

96

Neuromodulin

0

1.178804

-1.128563

T

95

Neuromodulin

0

0.09135246

-0.4577217

S

107

Serine/arginine-rich splicing
factor 3

-0.2273798

0.5686884

0

T

2503

0

-0.2393436

0.7158604

S

325

RNA-binding protein 12

-0.1303148

0

0.3905725

S

622

G protein-regulated inducer
of neurite outgrowth 1

0.2461662

0

-0.0497513

S

691

G protein-regulated inducer
of neurite outgrowth 1

-0.6542521

0.6879625

0

T

503

-0.3289604

0.0747242

0

S

634

G protein-regulated inducer
of neurite outgrowth 1
General transcription factor
II-I

0

-0.1485558

0.2838831

S

783

0

-0.5939026

0.1228485

S

133

0

-0.0627003

0.2148609

S

635

Hepatoma-derived

growth

factor
Hepatoma-derived

growth

factor-related protein 2
0

0.4875927

-0.4195576

S

875

Vigilin

-0.0184641

0.1263838

0

S

1491

0

0.5614862

-0.2195005

S

575

0

0.8502579

-0.5895252

S

18

Histone H1.5

0

-0.205101

0.1944103

S

7

Non-histone

HIRA-interacting protein 3

chromosomal

protein HMG-14
-0.5969238

0

0.3775883

S

6

-0.0499363

0.2639732

0

S

174

Heterogeneous nuclear ribonucleoprotein A1;Heterogeneous
nuclear ribonucleoprotein A1, N-terminally processed
Heterogeneous

nuclear

ribonucleoprotein A3
0

0.3285809

-0.1735516

S

104

Heterogeneous nuclear ribonucleoprotein H2;Heterogeneous
nuclear

ribonucleoprotein

H;Heterogeneous

ribonucleoprotein H, N-terminally processed
-0.06007

0.6995163

0

S

24

0

-0.1148052

0.2824097

S

613

Heat shock 70 kDa protein
12A
HIV Tat-specific factor 1
homolog

-0.5927076

0.03063107

0

S

1907

E3 ubiquitin-protein ligase
HUWE1

186
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0

0.5069618

-0.2797203

S

184

Insulin-like growth factor 2
mRNA-binding protein 3

0

-0.1871061

0.4730682

S

137

Protein IMPACT

0

-0.2441463

0.5412388

S

384

Interferon regulatory factor
2-binding protein 1

0.2796688

-0.8962173

0

S

641

Interferon regulatory factor
2-binding protein-like

-0.0580006

0

0.2121334

S

119

-0.5649309

0.07831955

0

S

70

Protein IWS1 homolog
Kelch

repeat

and

domain-containing

BTB

protein

11
0

0.2417746

-0.1873627

S

1457

-0.000495

1.288738

0

S

349

-0.1738386

0.5166197

0

S

498

La-related protein 1

-0.1446066

0.3162107

0

S

751

La-related protein 1

-0.162549

0.458189

0

T

503

La-related protein 1

0.2816401

-0.3558455

0

S

198

RNA polymerase-associated

Keratin, type II cytoskeletal 75;Keratin, type II cytoskeletal
6A;Keratin, type II cytoskeletal 6B;Keratin, type II cytoskeletal 5

protein LEO1
0

-0.9867907

0.4531231

S

426

Lipid

phosphate

phosphatase-related protein
type 3
0

0.6572924

-0.1107855

S

320

Lipid

phosphate

phosphatase-related protein
type 3
0

-0.1203699

0.542902

S

395

Leucine zipper protein 1

0.9319019

0

-0.3263969

S

22

MARCKS-related protein

0.3462772

0

-0.4726143

S

104

MARCKS-related protein

0.5553513

0

-0.7681046

T

148

MARCKS-related protein

0

0.337822

-0.1291313

T

85

MARCKS-related protein

0.6170292

0

-0.8617115

T

41

MARCKS-related protein

0.8653545

0

-0.6405554

S

188

Matrin-3

0

0.08014107

-1.328503

S

598

Matrin-3

-0.2597523

0

0.06134605

S

41

DNA

replication

licensing

factor MCM2
-0.460947

0.129549

0

S

27

0

-0.2856007

0.188549

T

19

DNA

replication

licensing

factor MCM2
DNA

replication

licensing

factor MCM4
0.5286522

-0.8621197

0

S

169

-0.2673454

0.2316456

0

S

1213

-0.129858

0

0.03898144

S

614

Homeobox protein Meis1
Protein MON2 homolog
MORC family CW-type zinc
finger protein 2A
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-0.3437624

0.2556953

0

S

62

DNA mismatch repair protein
Msh6

0

-0.8632526

0.649992

S

105

Methionine-R-sulfoxide
reductase B3, mitochondrial

0

-0.812912

0.2106533

S

357

0

-0.2386379

0.4391556

S

1954

0.3479538

-1.257046

0

S

387

MTSS1-like protein
Myosin-11
Nuclear autoantigenic sperm
protein

0

-0.2329473

0.09848785

T

129

Nucleolin

-0.2679195

0

0.7405262

S

181

Negative elongation factor E

0

0.4531822

-0.938962

S

2652

-0.2461891

0

0.05525398

S

47

Nipped-B-like protein
Glycylpeptide

N-

tetradecanoyltransferase 1
-0.2121363

0.2887249

0

T

439

Nuclear

receptor-binding

protein
0

0.0985775

-0.373704

T

441

Nuclear

receptor-binding

-0.0640984

0.2999439

0

S

85

Nardilysin

0

-0.380949

0.3898144

S

10

ADP-sugar pyrophosphatase

-0.1599121

0

0.00361061

S

454

Phosphofurin acidic cluster

protein

sorting protein 2
-0.2917824

0.05737972

0

T

415

Phosphofurin acidic cluster
sorting protein 2

-0.2033024

0.2606335

0

S

315

Paralemmin-2

0.8606615

-0.3151131

0

S

355

Paralemmin-2

0

-0.0841379

0.04957676

S

556

Poly(A)-specific ribonuclease
PARN

0

-1.502671

0.2413235

T

36

Alpha-parvin;Beta-parvin

0.1807995

-0.8792992

0

S

184

Protein PBDC1

-0.1049576

0

0.1259174

S

329

Choline-phosphate
cytidylyltransferase A

-0.2201977

0

0.1001568

S

119

-0.209033

0.08782005

0

S

405

-0.209033

0.08782005

0

S

406

-0.1208687

0.7193718

0

S

181

PDZ and LIM domain protein
5

Membrane-associated
progesterone

receptor

component 1
-0.2614307

0

0.174839

S

236

Pleckstrin

homology-like

domain family B member 1
-0.121233

0

0.4863768

S

127

Pleckstrin

homology-like

domain family B member 1
0.1632414

0

-0.0523844

S

176

Pleckstrin

homology-like

domain family B member 1
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-0.2839565

0

0.3840179

S

190

Pleckstrin

homology-like

domain family B member 1
-0.1418486

0

0.5537148

S

165

Pleckstrin

homology-like

domain family B member 1
0.2936897

0

-0.4404583

S

277

-0.4008713

0

0.03235245

S

406

PHD and RING finger domaincontaining protein 1
Serine/threonine-protein
kinase N1

-0.3060188

0

0.04345131

S

1105

1-phosphatidylinositol

4,5-

bisphosphate
phosphodiesterase beta-3
0

-0.5955286

0.3835335

T

350

Protein

phosphatase

0

-0.4069204

0.539402

S

212

Phostensin

0

0.2316132

-0.5716896

S

258

Serine/threonine-protein

1

regulatory subunit 12C

kinase PRP4 homolog
0

-1.588083

0.00839615

S

129

-0.1830368

0

1.270849

S

118

PC4 and SFRS1-interacting
protein
PC4 and SFRS1-interacting
protein

0

-0.7426205

0.7355804

S

105

0

-0.7522793

0.7220898

S

106

PC4 and SFRS1-interacting
protein
PC4 and SFRS1-interacting
protein

0

-0.2162218

0.5228291

T

140

0

-0.2162218

0.5228291

T

141

PC4 and SFRS1-interacting
protein
PC4 and SFRS1-interacting
protein

0.5512314

-1.696514

0

T

122

PC4 and SFRS1-interacting
protein

0

-0.1816559

0.09978104

S

119

RNA-binding protein Raly

0

-0.2653618

0.307024

S

58

-0.0412569

0

0.4714394

S

1200

0

0.4762115

-0.9151525

S

723

RNA-binding protein 10

0

0.0935936

-0.4711409

S

672

RNA-binding protein 25

-0.3180513

0

0.4253864

S

127

RNA-binding protein 26

-0.0384808

0

0.2560101

S

97

RNA-binding protein 39

0.08261681

0

-1.277599

S

162

Ran-binding protein 3

RNA binding motif protein, Xlinked-like-1

0

0.4272842

-0.8758812

T

163

RNA binding motif protein, Xlinked-like-1

0

0.2441864

-0.61903

S

205

RNA binding motif protein, X-linked-like-1;RNA-binding motif
protein,

X

chromosome;RNA-binding

motif

protein,

chromosome, N-terminally processed

189

X

Appendix

-0.3291273

0

0.1324444

S

15

mRNA

cap

guanine-N7

methyltransferase
0

-0.0973558

0.00976372

S

100

mRNA

cap

guanine-N7

methyltransferase
0

0.1084919

-0.6056461

S

350

Reticulon-1

1.553908

0

-0.1353016

S

366

Scaffold attachment factor
B1;Scaffold

attachment

factor B2
-0.1570034

0

0.09117985

S

269

Protein SDE2 homolog

-0.696084

0

0.1077318

S

526

Protein

transport

protein

Sec31A
0.5158072

0

-0.4509859

T

155

Translocation protein SEC62

0.2233829

0

-0.8809214

T

158

Translocation protein SEC62

0.2457438

-1.22086

0

S

228

Plasminogen
inhibitor

1

activator
RNA-binding

protein
-0.1257095

0

0.3674316

S

30

0

-0.4970779

0.221323

S

115

Protein SET
Swi5-dependent
recombination DNA repair
protein 1 homolog

0

-0.0961113

0.1363335

S

67

Swi5-dependent
recombination DNA repair
protein 1 homolog

0

-0.3353786

0.5702267

S

67

Swi5-dependent
recombination DNA repair
protein 1 homolog

0

-0.3353786

0.5702267

S

71

Swi5-dependent
recombination DNA repair
protein 1 homolog

-0.1453218

0.2001448

0

S

169

SH3-containing

GRB2-like

protein 3-interacting protein
1
-0.1360903

0

0.3086166

S

160

SH3-containing

GRB2-like

protein 3-interacting protein
1
0.4433222

0

-0.1151581

T

259

SH3-containing

GRB2-like

protein 3-interacting protein
1
0

-0.3210373

0.2534695

S

377

SH3 domain-binding protein
5-like

-0.359643

0.3568878

0

S

252

-0.359643

0.3568878

0

S

253

-0.06355

0.5007257

0

S

1057

Anion

exchange

protein;Sodium bicarbonate
cotransporter 3
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0.2796078

-0.6799679

0

S

309

SWI/SNF complex subunit
SMARCC1

0

-0.009531

0.3182163

S

409

Sorting nexin-17

-0.1988773

0.09647274

0

S

371

Sorting nexin-29

0.3141994

-0.2905054

0

S

906

SLIT-ROBO

Rho

GTPase-

activating protein 1
0

0.5309229

-0.0384445

S

850

SLIT-ROBO

Rho

GTPase-

activating protein 3
0

0.4520283

-0.4219151

S

844

SLIT-ROBO

Rho

GTPase-

activating protein 3
0

0.4520283

-0.4219151

T

848

SLIT-ROBO

Rho

GTPase-

activating protein 3
0

0.01779747

-0.0744743

S

714

Serine/arginine

repetitive

matrix protein 1
-0.2418833

0

0.05802822

S

664

Serine/arginine

repetitive

matrix protein 1
-0.0142536

0

0.00205231

S

616

Serine/arginine

repetitive

matrix protein 1
0.01663113

-0.3891287

0

S

220

0.1895218

0

-0.1699924

S

635

Serine/arginine

repetitive

matrix protein 1
Serine/arginine

repetitive

matrix protein 1
0

0.0234108

-0.2729797

S

429

0.3789463

0

-0.878026

S

2381

Serine/arginine

repetitive

matrix protein 1
Serine/arginine

repetitive

matrix protein 2
-0.4917612

0.836278

0

S

2656

Serine/arginine

repetitive

matrix protein 2
-0.0483189

0.06076431

0

S

2535

Serine/arginine

repetitive

matrix protein 2
0

0.6324444

-1.185483

S

1097

Serine/arginine

repetitive

matrix protein 2
0

0.6865215

-0.9887266

S

1924

Serine/arginine

repetitive

matrix protein 2
0.4533815

0

-0.25807

S

1650

Serine/arginine

repetitive

matrix protein 2
0

0.7473812

-0.535881

S

888

0

0.00961304

-0.5965233

S

1068

Serine/arginine

repetitive

matrix protein 2
Serine/arginine

repetitive

matrix protein 2
0

0.4812126

-0.5440722

S

1360

0

0.3250599

-0.6212282

T

1448

Serine/arginine

repetitive

matrix protein 2
Serine/arginine

repetitive

matrix protein 2
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0

0.3369904

-0.960535

T

1428

Serine/arginine

repetitive

matrix protein 2
0

0.921689

-0.0817022

T

2537

Serine/arginine

repetitive

matrix protein 2
0

0.2565594

-0.7026186

T

1074

0

-0.0366612

0.5246887

S

67

Serine/arginine

repetitive

matrix protein 2
Serrate

RNA

effector

molecule homolog
0

-0.0852842

0.09299374

S

4

0

0.00732613

-0.0013285

S

74

Serrate

RNA

effector

molecule homolog
Serrate

RNA

effector

molecule homolog
0

0.07154465

-0.0390682

S

442

-0.2190399

0

0.2808266

S

26

0

-0.1764517

0.6439819

S

189

Serine/arginine-rich splicing
factor 2
Serine/arginine-rich splicing
factor 2

0

-0.1764517

0.6439819

S

191

Serine/arginine-rich splicing
factor 2

0

1.511934

-0.3580532

S

303

Serine/arginine-rich splicing
factor 6

0.0438242

-0.5003166

0

S

1023

FACT complex subunit SPT16

0

1.72747

-0.238493

S

106

Synaptic vesicle glycoprotein

0

-0.2579975

0.6160088

S

605

-0.0734196

0

0.5384884

S

4

-0.0566015

0.995882

0

S

623

-0.1132336

0.06730652

0

S

8

2A
Synapsin-1
Transaldolase
Protein TANC2
Threonine--tRNA

ligase,

cytoplasmic
-0.2414942

0

0.3167391

Y

114

Tubulin-folding cofactor B

0

-0.2780609

0.2539692

S

111

Transcription

elongation

factor A protein 1
0.1520748

-1.006502

0

S

120

Transcription elongation factor A protein-like
3;Transcription elongation factor A protein-like 5

0.2742615

-1.43858

0

S

1252

Treacle protein

-0.3977718

0.2758532

0

S

1339

Treacle protein

0

0.7034864

-0.5114603

S

59

Teneurin-1;Ten-1
intracellular
domain;Teneurin C-terminalassociated peptide

0

0.3094692

-0.2055531

S

243

Thyroid hormone receptorassociated protein 3

0

0.2950268

-0.7423954

S

248

Thyroid hormone receptorassociated protein 3
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0

0.5960188

-0.0979509

S

679

Thyroid hormone receptorassociated protein 3

0.3014755

0

-0.0328741

S

532

Thyroid hormone receptorassociated protein 3

-0.2004099

0.4913044

0

T

318

Transducin-like
protein

enhancer

3;Transducin-like

enhancer protein 4
0

0.4498482

-0.5081034

S

388

Transmembrane

protein

184B
0

0.2206631

-0.3621702

S

12

0

0.7833548

-1.211544

S

3

0

0.03578949

-0.6252575

T

159

Transmembrane protein 245

Lamina-associated

polypeptide

beta/delta/epsilon/gamma;Lamina-associated

2,

isoforms
polypeptide

isoforms alpha/zeta
0.1752205

0

-0.6892414

S

245

Thioredoxin-related

0

-0.6692829

0.2673101

S

745

0.1622038

-0.5603561

0

T

1350

DNA topoisomerase 2-alpha

-0.2715521

0

0.4629602

S

1600

DNA topoisomerase 2-beta

-0.485815

0

0.1429443

S

2067

Nucleoprotein TPR

0

0.3964691

-0.047924

S

445

-0.0140953

0.5582924

0

T

447

transmembrane protein 1
Tensin-3

Tripartite

motif-containing

protein 2
Tripartite

motif-containing

protein 2
-0.0045643

0

0.174839

T

819

Tumor

suppressor

p53-

binding protein 1
-0.1480436

0

0.162446

S

11

Tubulin--tyrosine ligase-like
protein 12

0.7263908

-0.5570564

0

S

146

Tumor suppressor candidate
gene 1 protein homolog

-0.2450676

0.3937664

0

S

12

Splicing factor U2AF 65 kDa
subunit

0.0304718

-1.196306

0

S

13

Ubiquitin-like

modifier-

activating enzyme 1
0

-0.015727

0.00517178

S

178

0

-0.3323946

0.2531109

S

288

E3 ubiquitin-protein ligase
UBR4
UBX

domain-containing

protein 7
0

-0.5264559

0.08562374

S

187

0

-0.1111565

0.07410049

S

81

Uridine-cytidine kinase 2
U4/U6.U5

tri-snRNP-

associated protein 2
-0.3842487

0

0.1177464

S

346

Vinculin

0.5214958

-1.332681

0

S

726

Vinculin
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0

-0.4848118

0.2280235

S

102

Vacuolar

protein

sorting-

associated protein 4B
-0.0921154

0

0.5430279

S

395

WD

repeat

domain

phosphoinositide-interacting
protein 2
-0.2862024

0

0.09349918

T

243

Zinc finger C2HC domaincontaining protein 1A

0.01513863

0

-0.2482643

S

554

Zinc finger CCCH domaincontaining protein 18

0

0.5786705

-0.3512659

S

507

Zinc finger CCCH domaincontaining protein 18

0

0.5817757

-0.0056782

S

236

Zinc finger protein 37

0.144124

-0.0171528

0

S

19

Zinc finger protein 740

0.2626686

0

-0.1213531

S

129

-0.0540276

0

0.5913143

S

14

Zinc

finger

Ran-binding

domain-containing protein 2
-0.5897636

0.1672993

0

S

168

-0.7022438

0

0.3315964

S

172

Zinc

finger

Ran-binding

domain-containing protein 2
Zinc

finger

Ran-binding

domain-containing protein 2
0

-0.0669708

0.6754169

S

168

Zinc

finger

Ran-binding

domain-containing protein 2
0

-0.0669708

0.6754169

S

171

Zinc

finger

Ran-binding

domain-containing protein 2
0

-0.0669708

0.6754169

S

172

Zinc

finger

Ran-binding

domain-containing protein 2
1.601072

-2.21685

0

S

115

0.4253159

-2.138901

0

S

143

0

-0.8744059

0.8692493

S

518

0

-0.0267

1.092613

S

612

0

-0.0805664

0.5906048

S

903

1.067852

-3.173943

0

T

41
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Table A.2: GO biological processes
Fisher test with Bonferroni correction
GO

biological

process complete

Mus

Proteins

musculus -

screen

in

Expected

Over

amount

represented

REFLIST

or

under

Fold

P-value

Enrichm
ent

(22262)
negative regulation

24

7

0.35

+

19.74

2.18E-03

29

7

0.43

+

16.33

6.51E-03

1822

7

26.93

-

0.26

0.00E+00

32

8

0.47

+

16.92

8.19E-04

36

8

0.53

+

15.04

1.79E-03

33

9

0.49

+

18.45

6.64E-05

65

9

0.96

+

9.37

1.09E-02

of

36

10

0.53

+

18.8

8.25E-06

of

49

10

0.72

+

13.81

1.07E-04

cytokinesis

66

10

0.98

+

10.25

1.31E-03

89

10

1.32

+

7.6

1.59E-02

92

10

1.36

+

7.35

2.10E-02

of mRNA splicing, via
spliceosome
(GO:0048025)
negative regulation
of

RNA

splicing

(GO:0033119)
Unclassified
(UNCLASSIFIED)
negative regulation
of mRNA processing
(GO:0050686)
axon

extension

(GO:0048675)
negative regulation
of

microtubule

depolymerization
(GO:0007026)
neuron

projection

extension
(GO:1990138)
regulation
microtubule
depolymerization
(GO:0031114)
regulation
microtubule
polymerization
(GO:0031113)
mitotic

(GO:0000281)
cytoskeletondependent
cytokinesis
(GO:0061640)
cytokinesis
(GO:0000910)
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positive
of

regulation

99

10

1.46

+

6.83

3.84E-02

45

11

0.67

+

16.54

3.78E-06

67

11

0.99

+

11.11

1.48E-04

78

11

1.15

+

9.54

6.04E-04

97

12

1.43

+

8.37

5.68E-04

105

12

1.55

+

7.73

1.25E-03

118

12

1.74

+

6.88

3.98E-03

100

13

1.48

+

8.8

9.35E-05

140

13

2.07

+

6.28

3.46E-03

163

13

2.41

+

5.4

1.70E-02

178

13

2.63

+

4.94

4.20E-02

70

14

1.03

+

13.53

1.60E-07

77

14

1.14

+

12.3

4.90E-07

axonogenesis

(GO:0050772)
negative regulation
of

microtubule

polymerization

or

depolymerization
(GO:0031111)
axo-dendritic
transport
(GO:0008088)
negative regulation
of mRNA metabolic
process
(GO:1903312)
developmental cell
growth
(GO:0048588)
regulation of mRNA
splicing,

via

spliceosome
(GO:0048024)
establishment of cell
polarity
(GO:0030010)
cell

growth

(GO:0016049)
regulation of RNA
splicing
(GO:0043484)
peptidyl-serine
phosphorylation
(GO:0018105)
DNA

conformation

change
(GO:0071103)
negative regulation
of

protein

depolymerization
(GO:1901880)
negative regulation
of protein complex
disassembly
(GO:0043242)
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microtubule-based

143

14

2.11

+

6.62

6.76E-04

143

14

2.11

+

6.62

6.76E-04

155

14

2.29

+

6.11

1.69E-03

194

14

2.87

+

4.88

2.07E-02

87

15

1.29

+

11.67

1.96E-07

112

15

1.66

+

9.06

4.72E-06

204

15

3.01

+

4.98

7.26E-03

224

15

3.31

+

4.53

2.16E-02

233

15

3.44

+

4.36

3.40E-02

238

15

3.52

+

4.26

4.34E-02

85

16

1.26

+

12.74

1.28E-08

139

16

2.05

+

7.79

9.38E-06

transport
(GO:0099111)
transport

along

microtubule
(GO:0010970)
cytoskeletondependent
intracellular
transport
(GO:0030705)
establishment

or

maintenance of cell
polarity
(GO:0007163)
regulation of protein
depolymerization
(GO:1901879)
regulation of protein
complex
disassembly
(GO:0043244)
regulation of cell size
(GO:0008361)
actin

filament

organization
(GO:0007015)
positive

regulation

of protein complex
assembly
(GO:0031334)
protein localization
to

cell

periphery

(GO:1990778)
regulation

of

microtubule
polymerization

or

depolymerization
(GO:0031110)
negative regulation
of
fiber

supramolecular
organization

(GO:1902904)

197

Appendix

regulation of mRNA

143

16

2.11

+

7.57

1.37E-05

202

17

2.99

+

5.69

2.17E-04

250

17

3.69

+

4.6

3.78E-03

259

17

3.83

+

4.44

6.01E-03

124

18

1.83

+

9.82

2.56E-08

147

18

2.17

+

8.29

3.33E-07

211

18

3.12

+

5.77

6.90E-05

301

20

4.45

+

4.5

5.14E-04

of

385

20

5.69

+

3.52

2.02E-02

regulation of mRNA

245

21

3.62

+

5.8

3.54E-06

of

346

22

5.11

+

4.3

2.32E-04

regulation of cellular

396

22

5.85

+

3.76

2.14E-03

431

22

6.37

+

3.45

8.30E-03

439

22

6.49

+

3.39

1.11E-02

processing
(GO:0050684)
regulation

of

axonogenesis
(GO:0050770)
microtubule-based
movement
(GO:0007018)
synapse
organization
(GO:0050808)
dendrite
development
(GO:0016358)
negative regulation
of

cytoskeleton

organization
(GO:0051494)
regulation of protein
polymerization
(GO:0032271)
positive

regulation

of cellular protein
localization
(GO:1903829)
regulation
developmental
growth
(GO:0048638)

metabolic

process

(GO:1903311)
establishment
organelle
localization
(GO:0051656)

component

size

(GO:0032535)
developmental
growth
(GO:0048589)
growth
(GO:0040007)
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regulation

of

464

22

6.86

+

3.21

2.62E-02

461

23

6.81

+

3.38

6.81E-03

471

23

6.96

+

3.3

9.66E-03

505

23

7.46

+

3.08

2.95E-02

506

23

7.48

+

3.08

3.05E-02

311

24

4.6

+

5.22

1.44E-06

335

24

4.95

+

4.85

5.84E-06

347

24

5.13

+

4.68

1.13E-05

372

24

5.5

+

4.37

4.08E-05

402

24

5.94

+

4.04

1.67E-04

350

25

5.17

+

4.83

2.70E-06

578

25

8.54

+

2.93

2.65E-02

323

26

4.77

+

5.45

1.01E-07

intracellular
transport
(GO:0032386)
organelle
localization
(GO:0051640)
cell

division

(GO:0051301)
modulation

of

chemical

synaptic

transmission
(GO:0050804)
regulation of transsynaptic

signaling

(GO:0099177)
RNA

splicing

(GO:0008380)
regulation

of

cell

morphogenesis
involved

in

differentiation
(GO:0010769)
regulation

of

supramolecular fiber
organization
(GO:1902903)
negative regulation
of

organelle

organization
(GO:0010639)
posttranscriptional
regulation of gene
expression
(GO:0010608)
positive

regulation

of neuron projection
development
(GO:0010976)
regulation

of

cell

cycle

process

(GO:0010564)
axonogenesis
(GO:0007409)
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positive

regulation

454

27

6.71

+

4.02

2.27E-05

of

projection

462

27

6.83

+

3.95

3.23E-05

of

198

28

2.93

+

9.57

3.59E-14

processing

391

28

5.78

+

4.85

2.11E-07

448

28

6.62

+

4.23

3.98E-06

232

29

3.43

+

8.46

1.78E-13

444

29

6.56

+

4.42

7.23E-07

520

29

7.68

+

3.77

2.28E-05

cycle

417

30

6.16

+

4.87

3.55E-08

brain development

608

30

8.99

+

3.34

1.71E-04

350

31

5.17

+

5.99

8.95E-11

cycle

498

31

7.36

+

4.21

4.88E-07

cell

512

31

7.57

+

4.1

9.35E-07

development

662

31

9.78

+

3.17

3.06E-04

cell

organization
(GO:0031346)
actin

cytoskeleton

organization
(GO:0030036)
regulation
microtubule
cytoskeleton
organization
(GO:0070507)
mRNA

(GO:0006397)
positive

regulation

of

neuron

differentiation
(GO:0045666)
regulation

of

microtubule-based
process
(GO:0032886)
regulation of protein
complex

assembly

(GO:0043254)
positive

regulation

of

cellular

component
biogenesis
(GO:0044089)
mitotic

cell

process
(GO:1903047)

(GO:0007420)
axon

development

(GO:0061564)
mitotic

cell

(GO:0000278)
regulation

of

morphogenesis
(GO:0022604)
head

(GO:0060322)
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cell morphogenesis

407

32

6.01

+

5.32

6.96E-10

447

32

6.61

+

4.84

7.43E-09

510

32

7.54

+

4.25

1.93E-07

520

32

7.68

+

4.16

3.10E-07

871

32

12.87

+

2.49

4.26E-02

533

33

7.88

+

4.19

1.29E-07

559

33

8.26

+

3.99

4.23E-07

626

33

9.25

+

3.57

6.67E-06

634

34

9.37

+

3.63

2.37E-06

732

34

10.82

+

3.14

7.75E-05

744

34

11

+

3.09

1.14E-04

919

34

13.58

+

2.5

1.84E-02

464

35

6.86

+

5.1

1.40E-10

711

35

10.51

+

3.33

1.10E-05

involved in neuron
differentiation
(GO:0048667)
supramolecular fiber
organization
(GO:0097435)
mRNA

metabolic

process
(GO:0016071)
actin filament-based
process
(GO:0030029)
cellular response to
endogenous
stimulus
(GO:0071495)
regulation of cellular
protein localization
(GO:1903827)
positive
of

regulation

neurogenesis

(GO:0050769)
positive

regulation

of nervous system
development
(GO:0051962)
positive

regulation

of cell development
(GO:0010720)
RNA

processing

(GO:0006396)
protein
phosphorylation
(GO:0006468)
regulation

of

cell

motility
(GO:2000145)
microtubule
cytoskeleton
organization
(GO:0000226)
negative regulation
of

cellular

component
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organization
(GO:0051129)
cell cycle

process

746

35

11.02

+

3.17

3.61E-05

797

35

11.78

+

2.97

1.78E-04

1000

35

14.78

+

2.37

3.16E-02

539

36

7.97

+

4.52

1.77E-09

of

996

37

14.72

+

2.51

5.54E-03

of

534

38

7.89

+

4.82

5.52E-11

regulation of neuron

581

38

8.59

+

4.43

6.68E-10

to

1070

38

15.81

+

2.4

8.42E-03

regulation of cellular

1004

40

14.84

+

2.7

2.15E-04

1124

40

16.61

+

2.41

4.00E-03

447

41

6.61

+

6.21

1.02E-15

452

41

6.68

+

6.14

1.48E-15

456

42

6.74

+

6.23

3.06E-16

(GO:0022402)
central

nervous

system development
(GO:0007417)
phosphorylation
(GO:0016310)
cell morphogenesis
involved

in

differentiation
(GO:0000904)
regulation
locomotion
(GO:0040012)
regulation
cytoskeleton
organization
(GO:0051493)

projection
development
(GO:0010975)
response
endogenous
stimulus
(GO:0009719)

component
movement
(GO:0051270)
locomotion
(GO:0040011)
neuron

projection

morphogenesis
(GO:0048812)
plasma

membrane

bounded

cell

projection
morphogenesis
(GO:0120039)
cell

projection

morphogenesis
(GO:0048858)
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cell

part

481

42

7.11

+

5.91

1.90E-15

641

42

9.47

+

4.43

2.73E-11

752

42

11.11

+

3.78

4.41E-09

1069

42

15.8

+

2.66

1.36E-04

1215

42

17.96

+

2.34

5.02E-03

745

43

11.01

+

3.91

7.89E-10

cell

754

43

11.14

+

3.86

1.16E-09

regulation of protein

1019

45

15.06

+

2.99

1.16E-06

cycle

1176

45

17.38

+

2.59

8.47E-05

regulation of cellular

938

47

13.86

+

3.39

6.51E-09

1054

47

15.58

+

3.02

3.12E-07

705

48

10.42

+

4.61

5.51E-14

of

917

48

13.55

+

3.54

7.85E-10

protein

1361

48

20.11

+

2.39

4.08E-04

morphogenesis
(GO:0032990)
microtubule-based
process
(GO:0007017)
regulation of neuron
differentiation
(GO:0045664)
positive

regulation

of cell differentiation
(GO:0045597)
RNA

metabolic

process
(GO:0016070)
regulation of plasma
membrane bounded
cell

projection

organization
(GO:0120035)
regulation

of

projection
organization
(GO:0031344)

localization
(GO:0032880)
cell
(GO:0007049)

localization
(GO:0060341)
regulation

of

anatomical structure
morphogenesis
(GO:0022603)
cell morphogenesis
(GO:0000902)
regulation
neurogenesis
(GO:0050767)
cellular
localization
(GO:0034613)
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cellular

1368

48

20.22

+

2.37

4.47E-04

1028

49

15.19

+

3.23

1.14E-08

1415

49

20.91

+

2.34

4.15E-04

1636

49

24.18

+

2.03

3.13E-02

935

50

13.82

+

3.62

1.02E-10

cell

1050

50

15.52

+

3.22

6.77E-09

cellular component

806

51

11.91

+

4.28

8.19E-14

1495

52

22.09

+

2.35

1.29E-04

1738

52

25.69

+

2.02

1.33E-02

1246

53

18.41

+

2.88

8.08E-08

1317

53

19.46

+

2.72

5.83E-07

1582

53

23.38

+

2.27

3.22E-04

1218

54

18

+

3

1.07E-08

macromolecule
localization
(GO:0070727)
regulation

of

nervous

system

development
(GO:0051960)
establishment

of

localization in cell
(GO:0051649)
regulation

of

cell

death (GO:0010941)
regulation of cellular
component
biogenesis
(GO:0044087)
regulation

of

development
(GO:0060284)

morphogenesis
(GO:0032989)
positive
of

regulation

developmental

process
(GO:0051094)
cellular response to
organic

substance

(GO:0071310)
positive

regulation

of

cellular

component
organization
(GO:0051130)
movement of cell or
subcellular
component
(GO:0006928)
gene

expression

(GO:0010467)
regulation

of

organelle
organization
(GO:0033043)
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regulation

of

1896

54

28.02

+

1.93

3.50E-02

projection

664

57

9.81

+

5.81

7.10E-22

1877

57

27.74

+

2.05

2.28E-03

1857

59

27.44

+

2.15

3.14E-04

811

60

11.99

+

5.01

4.17E-20

999

60

14.76

+

4.06

7.51E-16

1024

61

15.13

+

4.03

5.16E-16

1765

62

26.08

+

2.38

2.56E-06

2167

62

32.03

+

1.94

4.83E-03

1076

63

15.9

+

3.96

2.62E-16

1816

68

26.84

+

2.53

1.88E-08

2286

68

33.78

+

2.01

2.58E-04

2416

68

35.7

+

1.9

2.38E-03

transport
(GO:0051049)
neuron

development
(GO:0031175)
protein localization
(GO:0008104)
positive
of

regulation
multicellular

organismal process
(GO:0051240)
neuron
development
(GO:0048666)
neuron
differentiation
(GO:0030182)
plasma

membrane

bounded

cell

projection
organization
(GO:0120036)
nucleic

acid

metabolic

process

(GO:0090304)
macromolecule
localization
(GO:0033036)
cell

projection

organization
(GO:0030030)
regulation

of

cell

differentiation
(GO:0045595)
nucleobasecontaining
compound
metabolic

process

(GO:0006139)
heterocycle
metabolic

process

(GO:0046483)
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cytoskeleton

1018

69

15.04

+

4.59

1.11E-21

2481

69

36.67

+

1.88

3.26E-03

1995

70

29.48

+

2.37

2.12E-07

2138

70

31.6

+

2.22

3.64E-06

2675

70

39.53

+

1.77

2.00E-02

2146

72

31.71

+

2.27

5.57E-07

2447

72

36.16

+

1.99

1.40E-04

of

2087

73

30.84

+

2.37

6.80E-08

cellular component

2355

74

34.8

+

2.13

6.63E-06

2704

75

39.96

+

1.88

8.79E-04

organ

2988

75

44.16

+

1.7

3.88E-02

nitrogen

2878

76

42.53

+

1.79

4.83E-03

3115

79

46.04

+

1.72

1.20E-02

organization
(GO:0007010)
cellular

aromatic

compound
metabolic

process

(GO:0006725)
cellular localization
(GO:0051641)
anatomical structure
morphogenesis
(GO:0009653)
organic

cyclic

compound
metabolic

process

(GO:1901360)
cellular component
assembly
(GO:0022607)
regulation

of

molecular

function

(GO:0065009)
regulation
multicellular
organismal
development
(GO:2000026)

biogenesis
(GO:0044085)
regulation of signal
transduction
(GO:0009966)
animal
development
(GO:0048513)
cellular
compound
metabolic

process

(GO:0034641)
positive
of

regulation

macromolecule

metabolic

process

(GO:0010604)
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positive

regulation

3118

79

46.08

+

1.71

1.23E-02

of

1596

82

23.59

+

3.48

4.44E-19

regulation

3382

82

49.98

+

1.64

4.06E-02

1696

84

25.06

+

3.35

1.12E-18

1703

84

25.17

+

3.34

1.45E-18

cell

3110

84

45.96

+

1.83

3.35E-04

of

3125

84

46.18

+

1.82

3.78E-04

of

2604

87

38.48

+

2.26

3.60E-09

of

2760

87

40.79

+

2.13

6.72E-08

of

3101

90

45.83

+

1.96

2.14E-06

3944

93

58.29

+

1.6

2.52E-02

3578

95

52.88

+

1.8

5.99E-05

2172

96

32.1

+

2.99

1.12E-18

2498

97

36.92

+

2.63

4.29E-15

of cellular metabolic
process
(GO:0031325)
generation
neurons
(GO:0048699)
positive

of metabolic process
(GO:0009893)
neurogenesis
(GO:0022008)
cell

development

(GO:0048468)
regulation

of

communication
(GO:0010646)
regulation
signaling
(GO:0023051)
regulation
developmental
process
(GO:0050793)
regulation
localization
(GO:0032879)
regulation
multicellular
organismal process
(GO:0051239)
cellular
macromolecule
metabolic

process

(GO:0044260)
regulation of gene
expression
(GO:0010468)
nervous

system

development
(GO:0007399)
regulation of cellular
component
organization
(GO:0051128)
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regulation

of

biological

quality

3828

102

56.57

+

1.8

9.89E-06

4691

110

69.33

+

1.59

2.39E-03

2969

111

43.88

+

2.53

7.07E-17

3596

117

53.14

+

2.2

1.78E-13

3684

118

54.44

+

2.17

3.93E-13

4443

121

65.66

+

1.84

2.70E-08

4981

121

73.61

+

1.64

4.37E-05

5123

122

75.71

+

1.61

9.98E-05

5023

125

74.23

+

1.68

3.86E-06

5254

127

77.65

+

1.64

1.70E-05

5788

127

85.54

+

1.48

6.07E-03

4123

128

60.93

+

2.1

1.05E-13

5194

130

76.76

+

1.69

7.38E-07

6329

133

93.53

+

1.42

3.12E-02

(GO:0065008)
localization
(GO:0051179)
organelle
organization
(GO:0006996)
cell

differentiation

(GO:0030154)
cellular
developmental
process
(GO:0048869)
negative regulation
of cellular process
(GO:0048523)
regulation

of

nitrogen compound
metabolic

process

(GO:0051171)
regulation
primary

of
metabolic

process
(GO:0080090)
macromolecule
metabolic

process

(GO:0043170)
regulation of cellular
metabolic

process

(GO:0031323)
nitrogen compound
metabolic

process

(GO:0006807)
system development
(GO:0048731)
regulation

of

macromolecule
metabolic

process

(GO:0060255)
primary

metabolic

process
(GO:0044238)
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regulation

of

metabolic

process

5649

134

83.48

+

1.61

1.32E-05

4959

135

73.29

+

1.84

4.68E-10

5222

136

77.17

+

1.76

1.06E-08

4683

142

69.21

+

2.05

3.74E-15

5893

145

87.09

+

1.66

8.61E-08

5050

147

74.63

+

1.97

2.19E-14

5330

151

78.77

+

1.92

6.03E-14

7062

155

104.37

+

1.49

7.09E-05

5055

158

74.71

+

2.11

1.92E-19

5232

160

77.32

+

2.07

7.71E-19

10416

226

153.93

+

1.47

2.19E-11

11103

232

164.09

+

1.41

5.92E-10

11717

238

173.16

+

1.37

4.72E-09

13825

276

204.31

+

1.35

7.89E-14

20440

322

302.07

+

1.07

4.87E-02

(GO:0019222)
negative regulation
of biological process
(GO:0048519)
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