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Abstract 
 

Neurons are the core functional cells of the central nervous system (CNS). They are 

highly polarized with an axon and multiple dendrites, which are critical for the 

directional transfer of information in the CNS. The axon is the specialised region of 

the neuron which propagates the signal and forms neural circuits. Improper axon 

formation and migration can lead to various neurocognitive diseases such as epilepsy 

and X-linked intellectual disability. Axon formation occurs over three main phases: 

axon specification, growth and maturation. Axon specification and elongation have 

been linked to a range of neuronal signalling pathways, kinases and polarity proteins, 

which are the main regulators of microtubule and actin dynamics. 

Several studies have shown that the substrate-specific de-ubiquitylating enzyme, 

Ubiquitin-specific protease located on the X chromosome (Usp9X) plays important 

roles in the formation and growth of neurons. Three pathological variants of Usp9X, 

which associate with X-linked intellectual disability, disrupt axonal growth and 

migration. To examine the role of Usp9X in axon formation and identify the 

molecular mechanism involved, cultured hippocampal neurons isolated from a brain-

specific Usp9X conditional knockout mouse were used. The hippocampi were 

dissected out at embryonic day 18.5 and neurons were cultured up to 5 days to 

address the aims of the present studies.   

To study the role, if any, of Usp9X in axonal specification, wild-type and Usp9X-

null hippocampal neurons were compared during the first 48 hours in vitro and 

categorised into three stages. Stage 1 neurons are characterised by the extension of a 

prominent lamella around the cell body. Stage 2 neurons possess short symmetrical 

neurites. During the transition from stage 2 to 3, neurite symmetry is broken and one 

neurite is specified to become an axon, and rapidly grows. In vitro, Usp9X-null 

neurons significantly (p=0.002) lagged behind wild-type in progression from stage 1 

to 2. However, despite an initial lag of about 10 hours the overall kinetics of 

progression from stage 1 to 2 was similar. A more dramatic effect of Usp9X loss was 

observed during stage 2 to 3 progression where Usp9X-null neurons required over 36 

hours longer before axon specification (p=0.001). After this lag Usp9X-null neurons 

progressed to stage 3 at a similar rate to wild-type. Therefore Usp9X is required for 
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axon specification. In addition, Usp9X-null neurons have shorter axons, consistent 

with previous studies, confirming the importance of Usp9X for axonal growth. 

Loss of Usp9X has been suggested to disrupt cytoskeletal proteins and transforming 

growth factor beta (TGFβ) pathway in the dissociated hippocampal neurons. The 

status of a number of candidate Usp9X substrates / binding proteins was examined 

by immunofluorescence and immunoblot analyses in cultured hippocampal neurons. 

Four putative Usp9X substrates (Kif5B, MARK4, stathmin-1 and PJA1) and their 

regulation by Usp9X during axon growth, warrant further investigation. Kif5B, 

MARK4 and stathmin-1 are involved in regulating microtubule dynamics, while the 

role of PJA1, an ubiquitin ligase of the TGFβ pathway, in axon formation remains 

unclear. The shorter axonal length observed in Usp9X null hippocampal neurons is 

consistent with the observed reduction in Kif5B and increased MARK4 expression 

level in the absence of Usp9X. Identifying critical neuronal substrates of Usp9X may 

have implications for neurodegenerative and neurocognitive diseases, such as X-

linked intellectual disability and Parkinson’s disease, which have been associated 

with Usp9X function.  
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1. Introduction 
 

1.1  Neuronal development and maturation  

 
Neurons are the core functional cells of the central nervous system (CNS). They are 

highly polarized cells possessing multiple dendrites, which receive synaptic input 

from other neurons. When the synaptic input reaches a threshold, an action potential 

is generated and propagated away from the cell body along the axon where it 

synapses with another one or more neurons. Therefore the formation of axon-

dendritic polarity is central to neuronal function (Andersen and Bi, 2000). Due to the 

highly complex nature of the developing CNS in vivo with multiple overlapping cell 

populations, cultures of embryonic hippocampal neurons have been widely used to 

study cellular and molecular aspects of neuronal development in vitro (Dotti et al., 

1988, Witte et al., 2008). Commonly, hippocampal neurons are isolated from late-

stage embryonic brains (embryonic day 18.5 (E18.5) in mice) and upon attachment 

to the tissue culture plates initiate a process of axon-dendritic polarization. The 

morphological maturation of neurons in culture is well established and widely 

studied (Shao et al., 2013, Devaux et al., 2012, Stagi et al., 2006). Upon plating, the 

immature post-mitotic neurons form lamellipodia and filipodia surrounding the 

nucleus (Stage 1, Figure 1.1). The outgrowth of minor processes results in the 

formation of multiple immature neurites, designated Stage 2. Stage 3 is the most 

critical step, where one of the neurites grows rapidly to become an axon. The 

remaining neurites which grow more slowly become dendrites at Stage 4. Finally at 

Stage 5, neurons are mature and ready for synapse formation as shown in Figure 1.1 

(Dotti et al., 1988, Craig and Banker, 1994, Barnes and Polleux, 2009). 

Axon development can be divided into three main phases: (i) specification, which 

occurs during neuronal polarization, (ii) growth or extension and (iii) differentiation, 

in which the branches develop further for presynaptic synapse with the dendrites of 

another neuron (Lewis et al., 2013, Barnes and Polleux, 2009). Multiple factors 

regulate these phases, including those involved in the establishment of neuronal 

polarity, as well as those controlling actin/microtubule dynamics, which drives 

neuronal extension. Some of the components involved in these processes are 
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members of core neuronal signalling pathways such as TGFβ (Yi et al., 2010), Notch 

(O'Keefe et al., 2011) and mammalian target of rapamycin (mTOR) (Morita and 

Sobue, 2009, Li et al., 2008). The aim of this project was to examine the role of the 

deubiquitylase Usp9X in axon specification and growth and elucidate the possible 

molecular mechanisms involved in these processes using dissociated hippocampal 

neurons. 

 

 

 

 

 

 

 

 

Figure 1.1 Establishment of polarity and stages of development in hippocampal 

neurons  

Dissociated hippocampal neurons form lamellipodia or filopodia structures 

surrounding the nucleus a few hours after plating (Stage 1), and shortly after multiple 

neurites begin to sprout (Stage 2). These neurites extend and retract without net 

elongation. The following day, one of the neurites, with an enlarged growth cone at 

its tip, elongates rapidly without retraction to form the axon (Stage 3; see darkened 

arrow). Several days later, the remaining neurites continue to grow and branch to 

form the dendrites (Stage 4). In a final step of maturation, the axon and dendrites 

develop further and dendritic protrusions, or spines, appear (Stage 5). Reproduced 

with permission, from Barnes AP and Polleux F. (2009) Establishment of axon-

dendrite polarity in developing neurons. Annual Review of Neuroscience, 32 347-381. 
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1.1.1 Neuronal cytoskeleton: Microtubules and actin 

 

Neuronal microtubules  

Microtubules are the major structural proteins of the cytoskeleton and determine the 

polarized axon-dendrite compartment of the neuron. The microtubule is a long 

polarized filament which forms from the polymerization of α- and β-tubulin subunits 

which occurs only at the growing end (‘plus end’), while at the negative end de-

polymerization occurs (Conde and Caceres, 2009). At the plus end, microtubules also 

undergo cycles of growing and shrinking, and axon extension occurs when the 

microtubule is assembled. During polymerization, the αβ-tubulin dimer binds to GTP 

and becomes stable, forming a cap of GTP-bound tubulin, promoting assembly of 

microtubule. However, GTP hydrolysis over time converts GTP-tubulin in the lattice 

to GDP-tubulin. During microtubule de-polymerization, GDP-tubulin protofilaments 

curl and peel off the microtubule plus ends. The transition from growth to shrinkage 

is called a ‘catastrophe’ whereas the switch from shrinkage to growth called a ‘rescue’ 

(Figure 1.2).  

There are two major differences in the organization of microtubules in axons and 

dendrites. First, in terms of orientation, axonal microtubules have uniform orientation, 

with their plus end directed away from the cell body. Dendritic microtubules, on the 

other hand, have mixed orientation, with equal amounts directing their plus end away 

or toward the cell body. Second, microtubules are bound by different microtubule-

associated proteins (MAP). For example, Tau is found associated with microtubules 

mainly in the axon whereas MAP2 is found mostly in the dendrites (Hirokawa et al., 

1996, Overly et al., 1996, Conde and Caceres, 2009). Deletion of MAP2 in mice and 

cultured hippocampal neurons has been shown to decrease the density of dendritic 

microtubules and their reduced dendritic length suggests that MAP2 is required for 

dendrite elongation (Harada et al., 2002, Dinsmore and Solomon, 1991). Tau on the 

other hand regulates microtubule stability and axonal transport. When Tau is hyper-

phosphorylated, it detaches from the microtubule affecting microtubule dynamics. 

The amount of Tau on the microtubule surface also affects axonal transport (Matenia 

and Mandelkow, 2009, Timm et al., 2006). 

In symmetrical (Stage 2) neurons, it is the local stability of microtubules in a single 

neurite that specifies axonal identity (Witte et al., 2008). In the axon, there is higher 
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expression of tyrosinated α-tubulin (dynamic microtubule) at the axonal tips and 

acetylated α-tubulin (stable microtubule) in the rest of the axon, suggesting that 

dynamic microtubules are located at the distal end of the axon and stable 

microtubules at the proximal region (Witte et al., 2008). Microtubules act as a 

railway for polarized transport and distribution of different protein cargos or 

organelles, which is essential for the maintenance of axon-dendritic compartments in 

neurons. 

Actin 

The polymerization of actin monomers (G-actin) into a double helical structure of 

actin filaments (F-actin) is also important for the formation of axon-dendritic 

structure in neurons (Lewis et al., 2013).  Actin dynamics are important for both 

axon specification and growth. Local instability of actin in a single neurite, induced 

by cytochalasin-D, results in actin breakdown, which in turn specifies the neurite to 

become an axon (Bradke and Dotti, 1999).  
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Figure 1.2 Polymerization and de-polymerization of dynamic microtubules  

(A) Conformational change of αβ-tubulin accompanying GTP hydrolysis: a ‘straight’ 

tubulin dimer is formed when αβ-tubulin dimer (β-tubulin in green) binds to GTP. 

While a ‘bent’ tubulin dimer (arrow) is formed when the αβ-tubulin dimer binds to 

GDP. (B) Structural changes at microtubule plus ends: during microtubule 

polymerization, microtubule plus ends form a sheet-like group of straight 

protofilaments. GTP-tubulin dimers (green) assemble on the ends, forming a cap of 

GTP-tubulin. GTP hydrolysis over time converts GTP-tubulin in the lattice to GDP-

tubulin. During microtubule de-polymerization, GDP-tubulin protofilaments curl and 

peel off the microtubule plus ends. The transition from growth to shrinkage is termed 

‘catastrophe’ whereas the switch from shrinkage to growth is termed ‘rescue’. 
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Reproduced with permission from (Al-Bassam and Chang, 2011) (License number 

3557961045322). 

1.1.2 Axonal growth cone 

 

The axon consists predominantly of microtubules: however the axonal growth cone 

mainly consists of actin filaments because actin-dependent filopodia and 

lamellipodia structures form there (Figure 1.3). Both of these structures are largely 

composed of filamentous actin specifically, filopodia contain F-actin bundles and the 

lamellipodium form a dense F-actin meshwork (Korobova and Svitkina, 2008, 

Ichetovkin et al., 2002). In the growth cone, actin filaments are enriched in the 

peripheral domain and are organised into either F-actin bundles, or a F-actin 

meshwork or an actin arc. While microtubules are located predominantly in the 

central domain of the growth cone, they protrude into the actin-rich peripheral 

domain and interact with actin filaments (Figure 1.3) (Conde and Caceres, 2009, 

Lewis et al., 2013). The regulation of microtubule-actin interaction at the axonal 

growth cone is very important for both axon specification and growth. The factors 

regulating microtubule/actin dynamics, as well as the microtubule-actin interaction 

for both axon specification and growth are discussed in Section 1.2 and 1.3. 

 

 

 

 

 

 

 

 

 

Figure 1.3 Schematic diagrams for the axonal growth cone   
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Plus (+) and minus (-) ends of microtubules and actin filaments are indicated. 

Reproduced with permission from (Suter and Miller, 2011) (License number 

3557970226501). 

 

1.2 Axon specification and neuronal polarity 

1.2.1 Par complex and neuronal polarity 

 

Neuronal polarization is the process of breaking cellular symmetry during the 

formation of axonal and dendritic compartments, analogous to apical-basal polarity 

in polarized epithelial cells (Dotti et al., 1988). One of the important factors 

regulating cell polarity is the partitioning defective (PAR) complex, which consists 

of Par3, Par6 and atypical protein kinase C (aPKC) (Fukuhara et al., 2002). The PAR 

polarity complex is highly conserved among species including flies, worms and 

mammals. Both Par3 and Par6 contain postsynaptic density protein PSD-

95/Drosophila disc large tumor suppressor protein Dlg, and zonula occludens-1 

protein ZO-1 (PDZ) domains which may interact with other PDZ domains or with 

specific sequence motifs. For instance, Par6 contains a PDZ domain, a cell division 

control 42, Cdc42 / Rac interactive binding (CRIB) domain which interacts with 

active forms of Cdc42 and Rac1, and the N-terminal domain which interacts with 

aPKC (Joberty et al., 2000, Johansson et al., 2000). Par3 contains three PDZ domains, 

one of which binds to the PDZ domain of Par6. The C-terminal region of Par3 

interacts with the kinase domain of aPKC (Lin et al., 2000, Joberty et al., 2000). 

Therefore, Par3 can act as a scaffold to nucleate a multi-protein complex including 

Par6, activated Cdc42/Rac1 and aPKC (Lin et al., 2000, Joberty et al., 2000). 

Moreover, this complex has been shown to be involved in the establishment and 

maintenance of tight junctions and apical-basal polarity in epithelial cells. Over-

expression of Par6 in Madin-Darby canine kidney (MDCK) cells has been shown to 

delay the assembly of functional tight junctions (Gao et al., 2002).  

The PAR complex also plays a role during neuronal polarization. In symmetrical 

neurons both Par3 and Par6 are expressed uniformly in the soma and neurites. 

However, upon neuronal polarization, although they remain expressed in the soma 

they become enriched at the tip of the extending axon (Shi et al., 2003). The axonal 

localization of the Par3 / Par6 is likely to occur via the interaction of Par3 with the 
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microtubule plus-end directed motor protein kinesin KIF3A, as interference with 

KIF3A function leads to the delocalization of Par3 and aPKC from the axon tip 

(Nishimura et al., 2004). Ectopic expression of both Par3 and Par6 in dissociated 

hippocampal neurons has been shown to disrupt neuronal polarization and prevent 

axon specification, resulting in neurons that contain no axon but multiple projections 

of similar length (Shi et al., 2003). In addition, hippocampal neurons lost axon-

dendritic polarization after treatment with bisindolylmaleimide, an inhibitor of aPKC 

(Shi et al., 2003). All these data indicate the importance of the PAR complex for 

proper neuronal polarization. 

 

1.2.2 Kinases and axon specification 

 

PI3K/Akt/GSK-3β pathway 

The Phosphatidylinositide 3-kinases (PI3K) pathway is involved in axon 

specification as the pharmacological inhibition of PI3K activity, using LY294002 or 

Wortmannin, prevents axon formation (Kim et al., 2006, Shi et al., 2003, Polleux and 

Snider, 2010). Activated PI3K produces phosphatidylinositol (3,4,5)-trisphosphate 

(PIP3) and phosphoinositide dependent protein kinase-1 (PDK1) to phosphorylate 

Akt, which is also known as protein kinase B. Activated Akt in turn phosphorylates 

glycogen synthase kinase-3β (GSK-3β) inactivating its kinase activity. GSK-3β is 

able to phosphorylate multiple proteins including collapsin response mediator 

protein-2 (CRMP-2) (Figure 1.4). CRMP-2 and tubulin are structural proteins 

related to microtubule dynamics, which is important for axonal growth (as discussed 

in Section 1.3.1). Constitutive activation of GSK-3β disrupts neuronal polarization 

however, this can be rescued by the non-phosphorylated form of CRMP-2 (inactive), 

suggesting that GSK-3β regulates neuronal polarization via phosphorylation of 

CRMP-2 (Yoshimura et al., 2005). GSK-3β also regulates axon growth. Activated 

GSK-3β phosphorylates CRMP-2 at Thr-514 and abolishes the interaction between 

CRMP-2 and tubulin heterodimers, which are important for axon growth (Yoshimura 

et al., 2005). These data are consistent with studies showing that the depletion of 

GSK-3β, using either short interfering RNA (siRNA) or inhibition of GSK-3β 

activity with specific inhibitors, enhances axon growth and branching in cultured 

hippocampal neurons (Yoshimura et al., 2005, Kim et al., 2006).  



- 9 - 
 

 

Figure 1.4 Activation of PI3K and GSK-3β phosphorylate CRMP-2 

Adhesion molecule, NT-3 and BDNF activate PI3K and produces PIP3 and PDK1 

which in turn phosphorylate Akt. Activated Akt phosphorylates GSK-3β inactivating 

the kinase activity of GSK-3β. Activated form of GSK-3β is able to phosphorylate 

CRMP-2 at Thr-514 preventing the axonal outgrowth and branching. Reproduced 

with permission from (Yoshimura et al., 2005) (License number 3565110517879). 
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LKB1/STRAD, SAD, MARK 

Serine/threonine kinase 1, also known as liver kinase B1 (LKB1), homolog of Par4 is 

another group of kinases which is important for axon initiation. LKB1 binds to 

STRAD (STE20-related protein) and this complex promotes axon initiation during 

neuronal polarization (Shelly et al., 2007). Depleting either LKB1 or STRAD, using 

siRNA in dissociated hippocampal neurons, prevented axon differentiation while 

ectopic expression of LKB1 led to formation of multiple axons. One mechanism by 

which LKB1/STRAD could regulate neuronal polarization involves PKA-dependent 

phosphorylation of LKB1 at one of the neurites, which later forms the axon (Shelly 

et al., 2007). Another explanation is through the activation of synapses of amphids 

defective kinase, SAD-A/B kinases. It has been hypothesized, based on its role in 

presynaptic vesicular clustering in C.elegan, that SADA/B might specify axon 

identity by directing vesicular trafficking into the neurite becoming the axon (Crump 

et al., 2001). LKB1/STRAD also phosphorylates microtubule affinity regulated 

kinases (MARK1-4), which are required for axon specification because they 

phosphorylate microtubule-associated proteins such as Tau required for microtubule 

stability and axonal transport (Drewes et al., 1997, Matenia and Mandelkow, 2009).  

 

1.2.3 TGFβ signalling pathway specifies an axon 

 

Transforming growth factor beta (TGFβ) signalling pathway is one of the main 

extrinsic factors regulating neurogenesis. Treatment of embryonic hippocampal and 

cortical cells with TGFβ decreased the number of progenitors and increased the 

expression of neuronal markers, indicating that the TGFβ pathway reduces neural 

progenitors and promotes neuronal differentiation (Vogel et al., 2010). For the 

canonical Smad-dependent pathway, a TGFβ superfamily ligand initiates the 

pathway by binding to a type II TGFβ receptor (TβR2), which recruits and 

phosphorylates a type I TGFβ receptor (TβR1). The activated TβR1 then 

phosphorylates receptor-regulated Smads (R-Smad) which can now form a 

heterogenic complex with Co-mediator Smad (Co-Smad), Smad4. The activated R-

Smad/Co-Smad complex translocates into the nucleus and regulates the transcription 

of target genes (Figure 1.5) (Shi and Massague, 2003, Dupont et al., 2009, Derynck 

and Zhang, 2003). 
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Figure 1.5 Smad-dependent TGFβ signalling pathway 

At the cell surface, a TGFβ superfamily ligand binds to a type II TGFβ receptor 

(TβR2), which recruits and phosphorylates a type I TGFβ receptor (TβR1). The 

activated TβR1 phosphorylates R-Smads then form a complex with a common 

Smad4. Activated Smad complexes translocate into the nucleus, where they regulate 

transcription of target genes, through physical interaction and functional cooperation 

with DNA-binding transcription factors (X) and CBP or p300 coactivators. R-Smads 

and Smad4 shuttle between nucleus and cytoplasm. The E3 ubiquitin ligases Smurf1 

and Smurf2 mediate ubiquitination and consequent degradation of R-Smads. 

Reproduced with permission from (Derynck and Zhang, 2003) (License number 

3565160558824). 
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Multiple lines of evidence support the importance of the TGFβ pathway in axon 

development. Firstly, in Drosophila mushroom body neurons, loss of the TGFβ 

receptor results in axon over-extension (Ng, 2008). In the mouse brain, TGFβ is 

expressed throughout the CNS during development and there is high axonal 

expression of TGFβ receptors in migrating neurons of the developing cortex (Yi et 

al., 2010, Mecha et al., 2008). Deletion of the TGFβ receptor in vivo inhibited axon 

formation and disrupted the migration of neocortical neurons (Yi et al., 2010). This is 

further supported by in vitro observations where localized exposure of one neurite of 

symmetrical dissociated hippocampal neurons, to TGFβ ligand is sufficient to 

specify an axon (Yi et al., 2010). Besides axon specification, TGFβ pathway also 

regulates axonal growth, as TGFβ ligand treatment results in increased axonal length 

and branching in cultured neurons (Stegeman et al., 2013, Ishihara et al., 1994).  

 

1.2.4 Microtubule-actin interactions and small GTPase signalling  

 

There are multiple lines of evidence that suggest actin filaments influence 

microtubule dynamics. The reciprocal interactions between microtubules and actin 

are important for axon specification, as well as axon guidance and elongation. One of 

the main factors regulating the crosstalk between these two cytoskeletal elements in 

developing neurons is small GTPase signaling. Upon stimulation by an upstream 

signal, a guanine nucleotide exchange factor (GEF) converts the guanosine 

diphosphate (GDP)-bound inactive form into the guanosine triphosphate (GTP)-

bound active form through GDP/GTP replacement. The GTP-bound form interacts 

with one or more specific downstream effector proteins. The GTP form exhibits a 

weak intrinsic GTPase activity for GTP hydrolysis, requiring a GTPase-activating 

protein (GAP) for efficient deactivation (Barnes and Polleux, 2009). 

The Rho family of GTPases, including Rho, Rac and Cdc42, has been shown to 

regulate microtubule-actin interactions in developing neurons. For example, the 

inhibition of RHOK (rhodopsin kinase) in dissociated hippocampal neurons by 

expressing the HA-tagged Rho inhibitory toxin C3 (HA-C3) results in multiple axon 

formation (Da Silva et al., 2003). The disruption of neuronal polarity caused by the 

inhibition of RHOK could be related to its phosphorylation, and hence inactivation, 

of T-cell lymphoma invasion and metastasis, TIAM1 and TIAM2, which both are 
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GEFs for Rac, associated with microtubules involved in axon formation (Takefuji et 

al., 2007). Additionally, the inhibition of RHOK phosphorylates Par3, further 

enhancing Rac activation via TIAM1 (Nishimura et al., 2005). DOCK7 (dedicator of 

cytokinesis 7), a GEF for Rac, also regulates microtubule-actin interactions in 

developing neurons. Ectopic expression of DOCK7 induces multiple axon formation 

and conversely its depletion inhibits axon formation in hippocampal neurons in vitro. 

DOCK7 and Rac activation phosphorylates and inactivates the microtubule 

destabilizing protein stathmin in the nascent axon thus regulating axon formation 

(Watabe-Uchida et al., 2006). These opposing effects of Rho and Rac are important 

regulators of microtubule and actin dynamics which may specify axon formation.   

GAPs also regulate neuronal polarization. One example is tuberous sclerosis 

complex 2 (TSC2), a GAP for Rheb GTPase, which is an activator for the mTOR 

kinase and associates with TSC2. TSC1 and TSC2 form a heterodimeric complex 

and function as TSC2 GAP to inhibit mTOR signalling (Wullschleger et al., 2006, 

Choi et al., 2008). Co-expression of TSC1 and TSC2 in dissociated hippocampal 

neurons has been shown to inhibit axon formation while their depletion by short 

hairpin RNA (shRNA) results in the formation of multiple axons. Knockdown of 

TSC1 and TSC2 is thought to promote axonal growth by increasing SAD activity and 

Tau phosphorylation (Choi et al., 2008). 

 

1.3 Axon growth and extension 

 

Axon elongation is dependent on two opposing forces generated at the growth cone. 

Firstly, it is the slow axonal transport of tubulin dimers and polymerization of 

microtubules which generates the pushing force from the axonal shaft. Secondly, the 

polymerization of actin at the leading edge of the growth cone and subsequent flow 

back towards the cell body (retrograde flow of actin), produces the pulling force at 

the front of the growth cone (Lewis et al., 2013, Conde and Caceres, 2009, Yang et 

al., 2012). In addition to microtubule and actin dynamics at the axonal growth cone, 

microtubule dynamics along the axon are the key player for sustaining axon 

elongation. This is due to the axonal transport of a variety of proteins, organelles and 

cytoskeletal elements along the microtubule through slow transport by motor 
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proteins. Disruption of the tubulin-dependent slow transport affects the 

polymerization of microtubules and thus axon elongation. 

 

1.3.1 Microtubule dynamics regulate axon growth  

 

Microtubule plus-end tracking proteins (+TIPs) 

+TIPs are proteins that accumulate specifically at the plus end of the microtubule, 

regulate microtubule dynamics and growth direction, and associate with components 

of cell context. Adenomatous polyposis coli (APC) and end binding proteins EB1 

and EB3 are examples of +TIPs. EB1 contains a calponin homology (CH) domain at 

the N-terminal that allows it to bind to the plus end of microtubules and a C-terminal 

that can associate with other +TIPs, including APC or motor proteins (kinesin and 

dynein) for axonal transport (Hayashi and Ikura, 2003, Gu et al., 2006, Conde and 

Caceres, 2009). EB1 has been implicated in axonal transport as it is required to target 

Kvβ2-mediated voltage-gated potassium (Kv1) channels to the axon, especially the 

growth cone for the generation of the action potential (Gu et al., 2006). Ectopic 

expression of APC has also been shown to inhibit axon formation and elongation 

(Zhou et al., 2004). 

Microtubule de-polymerization proteins  

The Stathmin family of genes encodes for stathmin-1, superior cervical ganglia 

neural-specific 10 protein (SCG10), SCG10-like protein (SCLIP) and stathmin-like 

gene (RB3) all of which are microtubule destabilising proteins (Grenningloh et al., 

2004, Wen et al., 2010, Duncan et al., 2013). Stathmin-1 is a ubiquitous cytosolic 

protein whereas SCG10, SCLIP and RB3 are neuron-specific and membrane-

associated (Grenningloh et al., 2004, Gupta et al., 2013). These proteins increase the 

rate of microtubule catastrophes, which are the transition from growth to shrinkage 

(Figure 1.2), either by acting directly at the plus end of the microtubule or by tubulin 

sequestration. This is thought to depend on the different termini of stathmin proteins 

as the N-terminus promotes microtubule catastrophes whereas the C-terminus 

exhibits tubulin-sequestering activity.  

 

 



- 15 - 
 

Microtubule polymerization proteins 

These proteins are responsible for binding to tubulin heterodimers and promoting the 

assembly of microtubules. One example is CRMP-2 which regulates axon 

specification, as well as axon growth and branching (Inagaki et al., 2001, Fukata et 

al., 2002). Co-immunoprecipitation of CRMP-2 and α-tubulin or β-tubulin, from 

developing rat brain lysate, has shown that CRMP-2 interacts with both. It does this 

by linking the tubulin heterodimers to kinesin-1 which transports tubulin to the distal 

end of the growing axon (Kimura et al., 2005). The activity of CRMP-2 is regulated 

by different signalling pathways. For example, activation of the GSK-3β pathway 

phosphorylates CRMP-2 at Thr-514 and abolishes the interaction between CRMP-2 

and tubulin heterodimers, inhibiting the elongation of the axon (Yoshimura et al., 

2005).  

Microtubule-associated proteins (MAPs) 

One example of a MAP is Tau, which regulates microtubule stability and axonal 

transport. Tau protein is regulated by microtubule affinity regulated kinases 

(MARK1-4) (Matenia and Mandelkow, 2009, Timm et al., 2006). When Tau protein 

is phosphorylated by MARK, Tau protein detaches from the microtubule, resulting in 

destabilization of the cytoskeleton and tau aggregation (Matenia and Mandelkow, 

2009, Timm et al., 2006). Recently, it has been shown that MARK4 is the crucial 

isoform of the MARK family implicated in the pathological phosphorylation of tau 

(Gu et al., 2013).  Doublecortin (DCX) is another MAP that is present in the growing 

axon and enriched distally at the axonal growth cone (Tint et al., 2009). DCX has a 

strong bundling activity that promotes microtubule polymerization and stability 

(Gleeson et al., 1999, Francis et al., 1999, Horesh et al., 1999). High levels of DCX-

microtubule binding are found at the axonal growth cone, promoting the 

polymerization of F-actin and regulating axon guidance (Tint et al., 2009, Fu et al., 

2013).  

Microtubule-dependent motor proteins  

Axonal transport is crucial as proteins synthesized in the cell soma need to be 

transported to the axon or nerve terminal for proper neuronal function and survival. 

In the axon, transport occurs bi-directionally. Kinesin motor proteins are mainly 

responsible for transporting cargo from the cell body to the periphery (anterograde), 
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while dynein transports cargo from the periphery to the cell body (retrograde). There 

are two speed types of transport in the axon: slow transport for cytosolic proteins and 

cytoskeletal proteins, and fast transport for membranous organelles (Hirokawa et al., 

2010). Generally, kinesin superfamily proteins (KIFs) are composed of a motor 

domain, which binds to the microtubule, a tail domain which is also known as the 

cargo binding region, and a stalk region where two kinesin monomers interact and 

dimerize. To date, 15 kinesin families have been identified, termed kinesin 1 to 

kinesin 14B. These families are grouped into three types depending on the position 

of the motor domain. N-kinesins and C-kinesins have a motor domain at the amino-

terminal and carboxyl-terminal regions, respectively. M-kinesins, including KIF2A 

and KIF2C, have a motor domain in the middle and de-polymerize the microtubule 

(Hirokawa et al., 2010).  

Among the kinesin motor proteins, kinesin-1, also known as KIF5, has been widely 

studied. KIF5 transports different cargo including mitochondria, synaptic vesicle 

precursors, potassium and sodium channels (Hirokawa et al., 2010). Multiple data 

show KIF5 is important for axon elongation. For example, deletion of the KIF5 

family in the hippocampal neurons, using siRNA, inhibits the transportation of c-Jun 

N-terminal kinases-interacting protein-1 (JIP3) to the distal end of the axon, which in 

turn decreases axonal length (Sun et al., 2013). KIF5 also transports tubulin 

heterodimers to the distal end of the growing axon (Kimura et al., 2005). 

 

1.3.2 JNK signalling regulates axon elongation 

 

c-Jun N-terminal kinases (JNK) signalling regulates axon elongation (Sun et al., 

2013). Using microfluidic chamber experiments it was shown that inhibition of the 

JNK pathway, with SP600125 inhibitor, at axon tips decreased axonal length. 

However, exposure of the JNK inhibitor at the cell body did not affect axonal length, 

suggesting that local activation of JNK at the axon tips facilitates elongation (Sun et 

al., 2013). Local activation of JNK at the axon tips is thought to occur through JIP3, 

as a mutated form of JIP3 was unable to activate cofilin. JNK/cofilin activation 

regulates actin filament dynamics, especially filopodia at the growth cone thereby 

promoting axon elongation (Sun et al., 2013). The role of the JNK pathway in axon 

elongation was further supported by another study (Dajas-Bailador et al., 2008), 
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which demonstrated that depletion of JIP1 in dissociated hippocampal neurons 

decreased axonal length. Promotion of axon elongation by JIP1 occurs through its 

interaction with c-Abl tyrosine kinase which is linked to neuronal receptors and 

cytoskeletal regulatory machinery (Dajas-Bailador et al., 2008). 

 

1.4 The ubiquitin-proteasome system (UPS) 

1.4.1 Ubiquitylation 

 

As noted above a number of post-translational modifications regulate key aspects of 

axonal specification and maturation. Ubiquitylation is a post-translational process, 

which modifies a protein by the covalent attachment of ubiquitin. Apart from 

targeting a protein for proteosomal degradation, it also regulates various other 

cellular processes such as endocytosis, protein trafficking, cell cycle control, DNA 

repair, ribosome biogenesis and stress responses (Kim et al., 2003, Hamilton and 

Zito, 2013). Ubiquitin is a 76 amino acid protein found in all eukaryotes and is 

highly conserved. It marks intracellular proteins by forming an isopeptide bond 

between the carboxyl-terminal glycine and the amino group of lysine of the target 

protein. Attachment of ubiquitin to proteins is energy dependent and catalyzed by the 

action of an ubiquitin activating enzyme (E1), an ubiquitin conjugating enzyme, also 

known as ubiquitin-carrier enzyme (E2) and an ubiquitin ligase (E3) (Figure 1.6). In 

the first step, an E1 enzyme activates the carboxyl-terminal glycine residue of the 

ubiquitin molecule and the ubiquitin molecule is bound to a cysteine residue on the 

E1 enzyme. The activated ubiquitin molecule is then transferred to a cysteine residue 

on an E2. In the final step an E3 catalyzes the carboxyl-terminal linkage of the 

ubiquitin molecule to a lysine residue on the target protein. Typically, eukaryotic 

cells have only one E1 but multiple E2 and E3 enzymes. Although E2 enzymes show 

specificity for particular E3 ligases, it is the E3 ligases which confer substrate 

specificity and thus determine the selectivity of protein ubiquitylation. There are two 

major classes of E3 ligases characterised based on their ubiquitin-associated domains: 

the HECT (Homology E6 C-terminus) domain family and the RING-type (Really 

Interesting New Gene) family (Hershko and Ciechanover, 1998, Hegde, 2010, 

Hamilton and Zito, 2013). 
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The addition of a single ubiquitin to protein is termed mono-ubiquitylation. When 

multiple lysine residues of the substrate are also modified, multi-ubiquitylation 

occurs. Ubiquitin itself has seven lysine residues (K-6, K-11, K-27, K-29, K-33, K-

48 or K-63) which can lead to chain formation or poly-ubiquitylation, with K-48 and 

K-63 being the most common linkages. Mono-ubiquitylation often serves as an 

endocytosis signal. K-48 poly-ubiquitylation usually targets a protein for degradation 

through the 26S proteasome-complex, which has a 20S catalytic core and two 19S 

regulatory caps (Hegde, 2010, Hamilton and Zito, 2013). 

 

1.4.2 Deubiquitylation 

 

The ubiquitylation status of intracellular proteins is also regulated by 

deubiquitylating enzymes (DUBs). DUBs catalyze the removal of ubiquitin from 

ubiquitin-protein conjugates. DUBs also function in processing the ubiquitin 

precursors to generate free ubiquitin monomers. To maintain cellular ubiquitin levels, 

DUBs disassemble polyubiquitin chains after protein degradation. Some DUBs also 

have a proofreading ability which is able to prevent inappropriate degradation of 

intracellular proteins. DUBs also play vital roles in biological processes such as 

protein trafficking, stability, localization and signalling (Hershko and Ciechanover, 

1998, Millard and Wood, 2006, Kim et al., 2003). It has been proposed that some 

DUBs are involved in neurological diseases and oncogenesis (Rott et al., 2011, 

Schwickart et al., 2009, Perez-Mancera et al., 2012, Kim et al., 2003). 

DUBs are classified into five classes according to their different catalytic domains: 

ubiquitin C-terminal hydrolase (UCHs), ubiquitin-specific proteases (USPs), 

Machado-Joseph disease protein domain proteases (MJDs), Ovarian tumor proteases 

(OTUs) and Jab1/MPN/Mov34 metalloenzyme (JAMM) motif proteases. UCH, USP, 

MJD and OTU are cysteine proteases whereas JAMM motif proteases are metallo 

proteases (Nijman et al., 2005). Approximately 95 DUBs, most of which belong to 

the USP family, have been putatively identified in the human genome. USPs have a 

core catalytic domain with strong homology in two regions called the Cysteine and 

Histidine boxes. The complete domain varies in size from 300-800 amino acids due 

to NH2 and/or COOH terminal extensions and insertion between the two motifs 

(Nijman et al., 2005). 
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Most DUBs, especially of the USP class, are substrate specific. It has been suggested 

that both the active sites and domains outside of catalytic core contribute to their 

specificity. DUBs must be able to recognize different lengths of ubiquitin and lysine 

residues involved in ubiquitylation. The ubiquitylation status of the substrates 

(mono-, multi-ubiquitylation, linear and branch ubiquitin polymers) results in distinct 

functions and are recognized by different type of DUBs. Specificity of DUBs might 

also be aided by their interaction with different types of E3 ligases (Nijman et al., 

2005).  

  

Figure  1.6 Ubiquitylation and deubiquitylation 

Ubiquitin is attached to ubiquitin activating enzyme (E1) by forming a thiol ester link 

and is energy dependent. Ubiquitin is then transferred to ubiquitin conjugating 

enzyme/ubiquitin carrier enzyme (E2) and later to ubiquitin ligase (E3). E3 then adds 

ubiquitin to the substrate. Poly-ubiquitylated substrates are either degraded by the 

proteolytic 26S proteosome, which is energy dependent or deubiquitylated by the 

deubiquitylating enzymes (DUBs). Reproduced with permission from (Hegde and 

Upadhya, 2007) (License number 3564630696896). 
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1.4.3 The UPS in axon development 

 

The UPS is thought to play an important role during axon development as there are 

multiple examples showing that local protein degradation is required for both axon 

specification and growth. For example, the inhibition of UPS, by treating the 

hippocampal neurons in culture with the proteasomal inhibitor MG132, results in the 

loss of axon-dendritic polarity (Yan et al., 2006). In addition, local UPS-mediated 

degradation of the inactive form of Akt and local stabilisation of activated Akt at a 

single neurite promotes axon formation and axon-dendrite polarity (Yan et al., 2006). 

Yet another report showed that the E3 ubiquitin ligase Smurf1 is able to stabilise 

Par6 and target RhoA for degradation in dissociated hippocampal neurons, 

promoting axonal formation and growth (Cheng et al., 2011a).  

Ubiquitin-dependent mechanisms regulate Drosophila neuromuscular junction (NMJ) 

and synaptic function. This was the first evidence that a DUB was important for 

neurogenesis (DiAntonio et al., 2001). Neuronal overexpression of the fat facets gene 

(the homologue of mammalian Usp9X) in Drosophila leads to synaptic overgrowth, 

including a large increase in the number of synaptic boutons, an elaboration of the 

synaptic branching pattern, as well as disruption of synaptic function. Usp9X was 

later found in the synapses of rat CNS neurons, consistent with a role in synaptic 

development or function in mammals (Chen et al., 2003). The studies mentioned 

above strongly indicate that ubiquitylation and deubiquitylation activities are crucial 

for normal neuronal development and axon formation. This present study focused on 

the substrate-specific deubiquitylating enzyme, Usp9X and its role during axon 

formation.  

 

1.4.4 Usp9X regulates axon development   

 

At the cellular level, Usp9X is predominantly expressed in punctate structures in the 

soma, dendrites and axon, and highly enriched in the axonal growth cone in 

dissociated hippocampal neurons (Homan et al., 2014, Stegeman et al., 2013). It has 

recently been suggested to regulate axon development based on studies using Usp9X 

brain-specific knockout mice (Stegeman et al., 2013, Homan et al., 2014). Several 

alterations in neuronal projections were detected in multiple regions of the mouse 

brain. In the embryonic mouse brain, neuronal projections from the entorhinal cortex 
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to the hippocampus were reduced when Usp9X was absent (Stegeman et al., 2013). 

In the adult mouse brain, the size of the corpus callosum, which is the major axonal 

tract connecting the cerebral hemispheres, was markedly reduced in the absence of 

Usp9X (Stegeman et al., 2013). These findings are supported by in vitro evidence 

showing the absence of Usp9X disrupts normal neurite outgrowth. For example, 3, 5 

and 7 days in vitro (DIV) cultures of hippocampal neurons in which Usp9X had been 

deleted displayed shorter axonal length compared to wild-type cultures, without the 

dendrite length being affected. Usp9X is also required for normal dendritic and 

axonal arborisation as the number of both axonal and dendritic termini was reduced 

in the Usp9X-null hippocampal neuronal cultures (Stegeman et al., 2013, Homan et 

al., 2014). Importantly, three Usp9X variants have been associated with X-linked 

intellectual disability in humans. These point mutations disrupt the ability of Usp9X 

to function properly in axonal growth and migration (Homan et al., 2014). All these 

data strongly indicate that Usp9X plays a role during axon formation and migration. 

 

 

1.5 Usp9x substrates implicated in axon development 

1.5.1 Usp9X and cell polarity  

 

Usp9X has been linked to cell polarity and adhesion, which are two major 

determinants of cell morphology and hence function. In polarized epithelial cells, the 

apical membrane is separated from the basolateral membrane by tight junctions (TJs) 

and adherens junctions (AJs) (Farquhar and Palade, 1963). TJs are the most apical 

component of the junctional complex, and serve as a barrier to prevent solutes and 

water passage through the paracellular pathway. AJs on the other hand, connect to 

the actin cytoskeleton for further maturation of junctional adhesion (Kriegstein and 

Gotz, 2003). Usp9X regulates multiple substrates of which some are adhesion and 

polarity proteins, including AF-6 (Afadin), β-catenin and EFA6 (Taya et al., 1998, 

Taya et al., 1999, Theard et al., 2010). 

Cell polarity is central to the self-renewal and cell fate decisions of neural 

progenitors (NPs). Usp9X has been shown to regulate NP polarity both in vitro and 

in vivo. Firstly, Usp9X is highly expressed in NPs in a polarized manner (Jolly et al., 

2009). In embryonic stem cell derived NPs, over-expression of Usp9X promotes the 
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formation of polarized clusters of radial glial-like NPs. Adherens junction proteins 

and apical markers were concentrated at the centre of the cluster, and as such 

resemble the apical end-feet of NPs in vivo. This polarization of NPs promoted their 

self-renewal capacity and increased the number of both NPs and neurons in vitro.  

In vivo, Usp9X is highly expressed in other progenitor populations including the 

pluripotent blastomeres of mouse pre-implantation embryos (Pantaleon et al., 2001). 

Depletion of Usp9X from two-cell mouse embryos results in failure of the embryos 

to develop to blastocysts. Usp9X deficiency not only resulted in slower blastomere 

cleavage rate, but inhibition of cell adhesion, as well as loss of cell polarity 

(Pantaleon et al., 2001). In addition, Nestin-Cre mediated deletion of Usp9X in 

mouse brain has been shown to affect adhesion and polarity proteins in embryonic 

NPs. Deletion of Usp9X results in decreased levels of adhesion proteins (N-cadherin, 

AF-6) and polarity proteins (aPKC, CD133) at E12.5, although these returned to 

normal at E14.5 and E16.5. However, the organisation of NPs in the ventricular and 

sub-ventricular zones remained perturbed in late stage E18.5 embryos (Stegeman et 

al., 2013). Somewhat surprisingly Usp9X depletion led to elevated expression of β-

catenin at E12.5 and this elevated expression was maintained until at least E16.5 

(Premarathne and Wood, unpublished). These observations support the hypothesis 

that Usp9X has an essential role in cell polarity and adhesion regulation. 

AF-6 (Afadin) 

Usp9X regulates acute lymphoblastic leukemia-1 (ALL-1) fusion partner from 

chromosome 6 (AF-6), a polarity and adhesion protein and Ras target (Kuriyama et 

al., 1996, Taya et al., 1998). The interaction between Usp9X and AF-6 has been 

suggested to recruit Usp9X to TJs in Madin-Darby canine kidney (MDCK) epithelia 

cells. At the plasma membrane, Usp9X co-localizes with AF-6 at the points of cell-

cell contact and opposes the ubiquitylation of AF-6 (Taya et al., 1998, Murray et al., 

2004). Deletion of AF-6 in vivo has been shown to weaken cell polarity and disrupt 

cell-cell adhesion in the ectoderm, particularly the nascent neuroectoderm (Zhadanov 

et al., 1999).  

In cortical neurons, AF-6 accumulates in the budding growth cones of the axonal tips 

(Iwasawa et al., 2012). Elevated expression of AF-6 in cultured cortical neurons 
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increased axon number without affecting the axonal length (Iwasawa et al., 2012) 

and the Ras/AF-6 pathway has also been suggested to induce axonal branching in an 

actin-dependent manner (Mandai et al., 1997, Iwasawa et al., 2012).  

β-catenin 

Usp9X regulates the stability of β-catenin, which is an adhesion protein as well as 

part of the Wnt signalling pathway (Taya et al., 1999, Pantaleon et al., 2001, Chenn 

and Walsh, 2002). In the polarized intestinal epithelial cell line T84, Usp9X co-

localizes with multiple adhesion proteins such as β-catenin, p120 catenin and Z0-1. 

Interestingly, Usp9X only interacts with β-catenin and E-cadherin in subconfluent 

cells where adhesion junctions are unstable and undergoing dynamic rearrangements 

(Murray et al., 2004). The E-cadherin-β-catenin complex plays an essential role in 

the establishment and maintenance of AJs and is targeted for degradation by the 

ubiquitin-proteasome pathway. Knockdown of Usp9X using antisense 

oligonucleotides in the pre-implantation mouse embryo resulted in a reduction of 

both AF-6 and β-catenin, an inhibition of cell-cell adhesion and a decrease in cell 

cleavage events (Pantaleon et al., 2001). 

EFA6 

In MDCK epithelial cells, Usp9X regulates TJ biogenesis by controlling the levels of 

the exchange factor for ARF6 (EFA6), a protein essential for TJ formation (Theard et 

al., 2010). Usp9X-mediated deubiquitylation of EFA6 is required for the 

establishment of TJs during a narrow temporal window, which precedes 

establishment of polarity (Theard et al., 2010). Depleting Usp9X was shown to 

disrupt TJ assembly but this could be rescued by over-expression of EFA6.  

Overall, these studies show that Usp9X and its substrates, including cell adhesion 

and polarity components, play a role in apical-basal cell polarity. However, this 

regulation of cell polarity by Usp9X has been established in a variety of cell types 

but not neurons. Given the recent findings regarding the involvement of Usp9X for 

proper axon development (Stegeman et al., 2013, Homan et al., 2014), it is possible 

that Usp9X might regulate the formation of axon-dendritic polarization and this is 

worthy of further investigation. Although neurons do not contain adherens junctions, 

other factors associated with the actin/microtubule cytoskeleton play important roles 
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in maintaining neuronal polarity and axonal growth and it has recently been 

suggested that Usp9X regulates some cytoskeletal proteins (Homan et al., 2014). 

 

1.5.2 Kinase, MARK4 

 

As mentioned earlier in Section 1.2.2, the tumour suppressor kinase LKB1 forms a 

complex with STRAD and MO25, which is important for both axon specification and 

growth. These complexes activate MARK which in turn regulates microtubule 

stability and axonal transport through phosphorylation of Tau (Drewes et al., 1997, 

Mandelkow et al., 2004). One of these kinases, MARK4, is a substrate for Usp9X 

(Al-Hakim et al., 2008). The regulation of Par1/MARK4 by Usp9X was originally 

identified in Drosophila, where Usp9X deubiquitylates activated Par1. Disruption of 

this regulation leads to accumulation of activated Par1 and synaptic toxicity (Biernat 

et al., 2002). Interaction between Usp9X and MARK4 in HEK293 does not control 

the stability of MARK4, but instead regulates its phosphorylation and activation by 

the LKB1 tumour suppressor (Figure 1.7) (Al-Hakim et al., 2008). This may reflect 

the fact that MARK4 is decorated with K-29 and K-33, and not K-48, poly-ubiquitin 

chains (Al-Hakim et al., 2008). 

Loss of LKB1 in cortical pyramidal neurons prevents axon formation whereas 

overexpression of LKB1 and STRAD in NPs or LKB1 alone in post-mitotic cells 

leads to the formation of multiple axons (Shelly et al., 2007, Asada et al., 2007). 

Therefore, loss of Usp9X might increase ubiquitylation of MARK4 and prevent 

phosphorylation by LKB1, hence preventing axon formation. This might contribute 

to the shorter axonal length in Usp9X knockout neurons (Al-Hakim et al., 2008, 

Trinczek et al., 2004).  
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Figure 1.7 Usp9X de-ubiquitylates MARK4 and promotes the activation of 

kinase by LKB1 

When MARK4 is ubiquitylated, the poly-ubiquitin chain is either Lys-29 or Lys-33. 

MARK4’s ubiquitin-associated (UBA) domain binds to the ubiquitin chain. When 

MARK4 is de-ubiquitylated by Usp9X, the UBA domain binds to the kinase domain 

and the LKB1/STRAD/MO25 complex activates MARK4 by phosphorylating a 

conserved threonine residue located within the T-loop of the kinase domain. 

Reproduced with permission, from Al-Hakim AK, Zagorska A, Chapman L, Deak M, 

Peggie M, Alessi DR. (2008) Control of AMPK related kinases by USP9X and 

atypical Lys(29)/Lys(33)-linked polyubiquitin chains. Biochemical Journal, 411(2) 

249-260. © the Biochemical Society. 

 

1.5.3 Usp9X, the TGFβ signaling pathway and axon development 

 

As mentioned earlier in Section 1.2.3, the TGFβ signaling pathway regulates both 

axon specification and growth in cultured hippocampal neurons (Ishihara et al., 1994, 

Yi et al., 2010). Recently, Usp9X has been suggested to have a regulatory role in 

TGFβ-mediated axon formation. This is based on studies using dissociated 

hippocampal neuron from Usp9X knockout mice, which have shorter axonal length, 

decreased numbers of axonal branches and reduced ability to migrate (Stegeman et 

al., 2013, Homan et al., 2014). This is consistent with the findings by Yi et al. (2010) 

suggesting the involvement of Usp9X in the regulation of axon production via TGFβ 

signaling pathway. In addition, studies have shown that dissociated hippocampal 

neurons do not respond to exogenous TGFβ ligand when Usp9X is absent. This was 

demonstrated using both a transfected TGFβ luciferase reporter construct as well as 

 

 MARK4 
 MARK4 
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the endogenous target gene, brain-derived neurotrophic factor (BDNF) (Stegeman et 

al., 2013). In these experiments while wild-type neurons responded to increasing 

TGFβ concentrations with increased luciferase activity or BDNF mRNA levels, 

Usp9X-null neurons did not alter basal levels. Functionally, TGFβ treatment did not 

induce axonal growth in Usp9X null neurons as it did in the wild-type neurons. 

These data indicate that Usp9X is required for cultured hippocampal neurons to 

respond to TGFβ (Stegeman et al., 2013). 

There are several possible molecular mechanisms whereby Usp9X might regulate the 

TGFβ pathway during axon development, two of which include the known Usp9X 

substrates, Smad4 and Smurf1, the common second messenger and an E3 ubiquitin 

ligase of the TGFβ pathway, respectively (Dupont et al., 2009, Xie et al., 2013). 

Another possibility is through the new putative Usp9X target, PJA1, identified in a 

yeast-2-hybrid screen and mass spectrometry following Usp9X affinity purification 

(Agrawal et al., 2012).  

Smad4 

Usp9X regulates TGFβ signalling pathway, at least in multiple systems, via Smad4 

(Dupont et al., 2009). TGFβ-mediated neuronal differentiation has been shown to be 

Smad4-dependent (Vogel et al., 2010). Smad4 shuttles between the nucleus and 

cytoplasm, and its localization is regulated by Ectodermin and Usp9X. Ectodermin is 

an E3 ubiquitin ligase for Smad4. It ubiquitylates Smad4 at lysine 519 in the cell 

nucleus, preventing the binding of Smad4 to the activated form of Smad complex 

and thus inhibits the TGFβ pathway (Dupont et al., 2005). Subsequently, Smad4 was 

found to be deubiquitylated in the cytoplasm by Usp9X, in both mammalian cell 

lines and Drosophila. Deubiquitylation by Usp9X was shown to activate Smad4 

rather than stabilise it, as the loss of Usp9X did not affect the levels of Smad4 

(Dupont et al., 2009). Under normal conditions, activation of the TGFβ pathway 

results in the binding of free Smad4 in the cytoplasm with phosphorylated Smad2, 3 

complex and translocation into the nucleus of the cells (Dupont et al., 2009, Vogel et 

al., 2010). It is proposed that when Usp9X is absent, Ectodermin targets Smad4 for 

ubiquitylation and prevents its binding to the phosphorylated Samd2, 3 complexes 

and thus reduces the percentage of nuclear Smad4 in the cells, inhibiting the 

activation of TGFβ signalling for axon development (Figure 1.8). 
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Figure 1.8 Ubiquitylation status of Smad4 is regulated by Ectodermin and 

Usp9X Ectodermin (Ecto) mono-ubiquitylates Smad4 (S4) in the nucleus and 

prevent its binding to the Smad 2/3 complex (S2/3) and inhibits the activation of 

TGFβ pathway. Usp9X in turn de-ubiquitylates Smad4 in the cytoplasm, Smad4 

binds to the activated form of the Smad2/3 complex and translocates into the nucleus 

when the TGFβ pathway is activated. Reproduced with permission from (Dupont et 

al., 2009) (License number 3557950245638). 

 

Smurf1 

Smurf 1 is also a Usp9X substrate (Xie et al., 2013). Smurf1 was originally reported 

for its negative regulation of the TGFβ/BMP (bone morphogenetic proteins) 

pathways (Zhu et al., 1999, Ebisawa et al., 2001). Activation of the TGFβ pathway 

triggers the expression of the inhibitory Smad, Smad7. Smurf1 binds with Smad7 in 

the nucleus and translocates into the cytoplasm. This complex then binds to the 

TGFβ type-I receptor targeting it for degradation and thereby inhibiting the TGFβ 

pathway (Ebisawa et al., 2001). Smurf 1 (SMAD-specific E3 ubiquitin protein ligase 

1) can be auto-ubiquitylated through its intrinsic HECT (homologous to E6AP 

carboxyl terminus) E3 ligase activity targeting it for proteasomal degradation. It can 

be targeted by other ubiquitin ligases as well such as SMURF2 and SCFFBXL15 

(Fukunaga et al., 2008, Cui et al., 2011).  Auto-ubiquitylation of Smurf1 is 

 Usp9X 
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antagonized by Usp9X resulting in its stabilisation (Xie et al., 2013). It is possible 

that in the absence of Usp9X auto-ubiquitylated Smurf1 will be degraded thereby 

preventing the negative regulatory effect of Smad7.  

PJA1 

E3 ubiquitin ligase Praja 1 (PJA1) has been shown to ubiquitylate embryonic liver 

fodrin (ELF), a tumor suppressor and Smad4 adaptor protein in TGFβ signalling 

pathway (Saha et al., 2006, Mishra et al., 2005). PJA1 also regulates neuronal 

differentiation by targeting NGARE, which is a class II melanoma antigen (MAGE) 

family member (Teuber et al., 2013). NGARE has been shown to be involved in the 

neuronal differentiation of PC12 cells (Feng et al., 2010). Elevated expression of 

PJA1 reduces the expression of NGARE and this in turn inhibits the neuronal 

differentiation of PC12 cells after induction with nerve growth factor (NGF) (Teuber 

et al., 2013). However, the role of PJA1 via TGFβ signalling pathway in axon 

formation remains unclear.  

Based on a yeast-2-hybrid screen using a 14-week old human fetal brain library and 

full-length Usp9X as a bait, an interaction between Usp9X and PJA1 was predicted 

with high confidence (Wood, unpublished). An independent report also identified 

PJA1 by mass spectrometry from Usp9X affinity purification experiments suggesting 

that there is high probability that PJA1 is a Usp9X interacting protein, and possible 

substrate (Agrawal et al., 2012). Therefore, further experiments are required to 

determine if Usp9X regulation of axon specification and growth is mediated through 

TGFβ pathway regulation and, if so, to map precisely where in the pathway it occurs.  

 

1.5.4 Usp9X-doublecortin (DCX): Neuronal migration  

 

Doublecortin (DCX) is a microtubule-associated protein which is important for 

neuronal migration and differentiation (Francis et al., 1999, Gleeson et al., 1999, 

Horesh et al., 1999). It contains a microtubule binding domain which is composed of 

two repeats at amino acids 47-135 and 174-259 and a serine/proline rich region at its 

carboxyl terminal (Sapir et al., 2000, Taylor et al., 2000). DCX has been shown to 

bind to the microtubule cytoskeleton and cause bundling (Moores et al., 2006). 

Mutation of DCX is one of the major causes of lissencephaly in humans, where the 
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layers of the cerebral cortex are disorganised due to defective neuronal migration, 

and is associated with mental retardation and epilepsy (Gleeson et al., 1998).  The 

first repeat binds to tubulin but not microtubules and enhances microtubule 

polymerization (Sapir et al., 2000). DCX is expressed in both the intermediate zone 

and the cortical plate of the developing cortex. In the adult brain, it is expressed only 

in neurons migrating from the subventricular zone to the olfactory bulb (Gleeson et 

al., 1999, Francis et al., 1999). 

There are three variants within the C-terminal region of Usp9X that have been 

associated with X-linked intellectual disability. All the Usp9X variants disrupt the 

localization of Usp9X and DCX at the axonal growth cone and all three variants 

display defects in axonal growth and neuronal migration (Homan et al., 2014). 

Usp9X interacts with DCX at the C-terminal region. However, DCX is not a Usp9X 

substrate and their interaction is thought to transport Usp9X in the axon and other 

neuronal processes (Friocourt et al., 2005). The DCX/Usp9X complex is co-localized 

with microtubules at the distal portion of the neurites in differentiating neurons 

(Friocourt et al., 2005). Usp9X trafficking by DCX may facilitate interactions 

between Usp9X and other substrates or component protein essential for axonal and 

neurite development. The interaction between DCX and Usp9X may play some role 

in axon formation. For example, Usp9X could regulate the association of DCX with 

microtubules at the extremities of neuronal processes in migrating and differentiating 

neurons. There is also the possibility that the DCX/Usp9X complex regulates 

adhesion and membrane turnover, which are essential for neuronal migration and 

differentiation. 

 

1.5.5 Usp9X regulates cytoskeletal proteins  

 

Usp9X has been shown not only to associate with cytoskeletal elements in epithelial 

cells (Murray et al., 2004), but regulate neuronal cytoskeleton based on 2D 

proteomic analysis of 5 days in vitro (DIV) Usp9X-null cortical neurons (Homan et 

al., 2014). In this latter study, 28 proteins were identified that were deregulated in 

neurons in the absence of Usp9X, with 27 down-regulated and one up-regulated. 

Among these proteins the majority are structural proteins including tubulin subunits 

(tubulin βIII, βIIB, βIIC and α1A), microtubule dynamics related proteins (stathmin-
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1, Dihydropyrimidinase-related protein 2 and 3, also known as CRMP2 and CRMP4) 

and actin filament dynamics related proteins (cofilin-1 and actin related protein 2/3 

complex subunit 2 (Arpc2)) (Homan et al., 2014). Involvement of Usp9X in neuronal 

cytoskeleton regulation is further supported by yeast-2-hybrid data from 14-weeks 

fetal brain, which used full-length Usp9X as bait. This screen identified interactions 

between Usp9X with the microtubule plus-end tracking proteins (EB1) and 

microtubule based motor protein (Kif5B). In addition both the proteomic and yeast-

2-hybrid analyses indicated that components of GTPase signalling pathway, for 

example guanine nucleotide-binding protein G (o) subunit alpha (GNAO), GTP-

binding nuclear protein (RAN) and G protein-coupled receptor associated sorting 

protein 1 (GPRASP1), associate with Usp9X. As mentioned in Section 1.2.4, small 

GTPase signalling regulates microtubule-actin interactions and thereby axonal 

growth and specification. Taken together, these novel data suggest several possible 

mechanisms whereby Usp9X might regulate microtubule and actin dynamics during 

axon development.  

 

1.6 Rationale and aims 

 

Neurons are the core functional cells of the CNS. They are highly polarized with an 

axon and multiple dendrites, which are important for the directional information 

transfer in the CNS. The axon is the region of the neuron which transmits the signal 

and forms neural circuits. Improper axon formation and migration can lead to various 

neurocognitive diseases such as epilepsy and X-linked intellectual disability 

(Gleeson et al., 1998, Homan et al., 2014). Axon formation has three main phases: 

specification, growth and maturation. Axon specification and elongation have been 

linked to different neuronal signalling pathways, kinases and polarity proteins which 

are the main regulators for microtubule and actin dynamics. 

Usp9X has recently been suggested to regulate axon development in several regions 

of the mouse brain including projections from the entorhinal cortex to hippocampus 

in the embryo  and the corpus callosum in the adult (Stegeman et al., 2013). These 

findings are supported by in vitro evidence showing the absence of Usp9X disrupts 

normal neurite outgrowth. Loss of Usp9X in 3, 5 and 7 DIV hippocampal neurons 

resulted in shorter axons without the dendrite length being affected. Usp9X is also 



- 31 - 
 

required for normal dendritic and axonal arborisation as the numbers of both axonal 

and dendritic termini was reduced in cultured Usp9X-null hippocampal neurons 

(Stegeman et al., 2013, Homan et al., 2014). In addition three pathological Usp9X 

variants, associated with X-linked intellectual disability disrupt axonal growth and 

migration (Homan et al., 2014). These data strongly indicate that Usp9X is required 

for normal axon formation and migration. However, the molecular mechanism 

whereby it achieves this remains unclear.  

It is hypothesized that Usp9X regulates axon initiation and/or elongation by 

regulating signalling pathways, polarity proteins and/or microtubule/actin dynamics.  

The hypothesis was addressed in the following aims: 

Aim 1: To determine if Usp9X regulates the initiation and /or elongation of the axon. 

Aim 2: To study the regulation of signalling pathways by Usp9X, which control axon 

initiation and/or elongation. 

Aim 3: To study the regulation of microtubule dynamics and kinases by Usp9X 

involved in axon initiation and /or elongation. 

Cultured mouse hippocampal neurons isolated from a conditional knockout (cKO) 

mouse model of Usp9X were used. The hippocampus was dissected at E18.5 and 

neurons were grown in culture to address the aims of this project.  
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2. Materials and Methods 
 

2.1  Animal ethics 

 

Ethical clearance (AEC-BPS/10/11) was granted for animal experimentation by the 

Griffith University Animal Ethics Committee (AEC) and research was conducted in 

accordance with the approved protocol at the Eskitis Institute for Drug Discovery 

(ESK), Griffith University.  

 

2.2  Mouse mating for Cre/Usp9X
loxP

 

 

To generate mice in which Usp9X was conditionally deleted from the brain, 

Usp9X
loxP/loxP 

female mice were crossed with heterozygous Nestin-Cre males as 

described (Stegeman et al., 2013). Nestin-Cre results in the deletion of Usp9X from 

all neural precursors and their differentiated derivatives enabling the study for 

Usp9X at the early stage of neuronal development (Arbour et al., 2008, Tronche et 

al., 1999, Isaka et al., 1999, Stegeman et al., 2013). Conventional deletion of Usp9X 

cannot be used as it results in early embryonic lethality (Naik et al., 2014). Under 

this breeding regime, all the male offspring would receive an Usp9X loxP gene. Male 

offspring positive for Nestin-Cre were used as Usp9X cKO and male offspring 

negative for Nestin-Cre, as littermate controls in the experiments below (as per 

Stegemen et al, 2013). Conversely, female offspring would be either wild-type 

(Nestin-Cre negative) or heterozygous (Nestin-Cre positive) for Usp9X gene deletion. 

Given random X-inactivation occurs before Nestin-Cre activation, Nestin-expressing 

cells in females would express either wild-type levels of Usp9X (if the inactivated X 

chromosome carried the floxed allele) or be Usp9X-null (if the X chromosome 

carrying the wild-type Usp9X was inactivated and Cre deleted the floxed allele). As 

X-inactivation is random this would result in a chimeric culture of Usp9X positive 

and negative neurons. Therefore only males were analysed in the experiments. 

 

2.3  Plasmids 

 

pCMV-YFP-tagged Kif5B and pCMV-HA-tagged Kif5B plasmids (Rivera et al., 

2007) were a kind gift from Professor Don Arnold, University of Southern California, 
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Los Angeles, USA. pBetaActin-Kif5C560-YFP was a gift from Dr. Gary Banker, 

Centre for Research on Occupational and Environmental Toxicology, Oregon Health 

& Science University, Portland (Jacobson et al., 2006). pEF-Dest V5-tagged 

FAM/Usp9X was available in-house (Murray et al., 2004). All of the plasmids were 

ampicillin resistant and expanded in JM109 Escherichia coli (E. coli) competent 

cells purchased from Promega. Cells were grown at 37°C in Luria Broth (LB-10g 

tryptone, 5g yeast extract, and 10g NaCl in 950 mL deionized water.), or on LB Agar 

bacterial plates (LB containing 4% (w/vol) dissolved bacteriological Agar), both 

containing 100μg/ml Ampicillin (Sigma-Aldrich). Transformation was achieved 

using heat-shock method as described in manufacturer’s protocol (Gateway® 

Technology) (Pope and Kent, 1996). Large scale plasmid preps were achieved using 

Maxi-Prep Kit (Qiagen) as per the manufacturer’s instructions. All the plasmids were 

verified by performing restriction enzyme digest (New England Biolabs). 

 

2.4  DNA extraction and Genotyping 

 

Mouse genotyping was performed on DNA extracted from tail tips and PCR was 

performed using RedExtract tissue PCR Kit (Sigma-Aldrich). The tail tip samples 

were incubated in the tissue preparation and extraction solutions as provided by the 

kit for 10 minutes at room temperature. The samples were heated to 95°C for 3 

minutes and then mixed with neutralisation solution prior to PCR. 1.5μL of the DNA 

extract was then added to a PCR reaction containing primers and REDExtract-N-

Amp PCR ReadyMix according to the manufacturer’s protocol. 15μL of PCR 

reactions was loaded and PCR was performed on a BioRad thermal cycler. Primers 

were designed to detect Cre-recombinase and male embryos were identified using 

primers for SRY region of the Y chromosome. See table 2.1 for primer sequences, 

annealing temperatures and product lengths. Cycling conditions varied depending on 

primer melting temperatures and product length but generally were as follows for 35 

cycles: 

 

92 ºC for 5 seconds (denature DNA template) 

X ºC for 15 seconds (primer annealing) 

72 ºC for 30 seconds (extension) 
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Table 1.1 Primers were purchased from Sigma-Aldrich as 100μM solution 

Primer Sequence (5’3’) 

F:Forward; R:Reverse 

Annealing 

temperature 

(°C) 

Amplicon 

size (base 

pair) 

Cre F: CTGACCGTACACCAAAATTTGCCTG 

R: 

GATAATCGCGAACATCTTCAGGTTC 

53 203 

SRY F: GAGGCACAAGTTGGCCCAGCA 

R: GGTTCCTGTCCCACTGCAGAAG 

60 246 

 

The PCR amplifications were run in 1 x TAE buffer (40 mM Trisacetate, 1 mM 

EDTA, pH 8) on a 1% agarose gel containing ethidium bromide (0.5μg/ml) at 100 

volts for 15 minutes. 100bp DNA ladder (New England Biolab) was loaded to assist 

in determining the sizes of the products. Gels were then photographed under UV 

light (GelLogic200 Imaging System, Eastman Kodak Company). 

 

2.5  Cell culture  

 

Cell Counting 

Cell counts were performed on single cell suspension by diluting 10μL of the 

suspension with 10μL of trypan blue (Sigma-Aldrich). 10μL of the mixture was then 

loaded onto the haemocytometer and counted under the 10X magnification using 

Olympus CKX41 microscope (Olympus).  

Isolation and culture of primary hippocampal neurons: 

Preparation of the hippocampal cell cultures was according to published protocols 

(Kaech and Banker, 2006). In brief, hippocampi were dissected from embryonic day 

18 (E18) mice using ice cold dissection media (Hanks Buffered Salt solution 

(Invitrogen), 10mM Hepes (Invitrogen), 1mM sodium pyruvate (Invitrogen), 0.5% 

glucose (Sigma-Aldrich), 1 x penicillin/streptomycin (Invitrogen) and digested with 

pre-heated papain suspension (Washington, 20 units in 3mL dissection media) at 

37°C for 20 minutes. The tissue was then dissociated with a fire-polished pasteur 

pipette in plating medium (Neurobasal medium (Invitrogen), 5% fetal bovine serum 

(Sigma-Aldrich), 2% B27 supplement (Invitrogen), 0.5mM glutamine (Invitrogen), 

and 1 × penicillin / streptomycin). Neurons were then plated onto glass coverslips 

(ProSciTech) coated with 1mg/mL of poly-L-lysine (Sigma-Aldrich) in Trizma 
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buffer pH 8.5, 0.1M at a low density with 2.5 x 10
4 

cells / well for 

immunofluorescence and morphometric analysis or high density 5 x 10
4 

cells / well 

for biochemical assays in 12-wells plate. Neuronal cultures were incubated at 37°C 

with 5% CO2. After neurons attached to the substrate (normally around 4-6 hours 

after plating), the medium was exchanged to neuronal culture medium (Neurobasal 

medium, 2% B27 supplement, 0.5mM glutamine and 1× penicillin/streptomycin).  

Cell lines: 

Neuro2a cells were cultured in Dulbecco’s Modification of Eagle’s Medium 

(Invitrogen) supplemented with 5% fetal bovine serum while HEK293 cells were 

cultured in Dulbecco’s Modification of Eagle’s Medium/F12 media (Invitrogen). 

There were plated at 6 x 10
4 

cells / well in 6-wells plate for biochemical assays. 

 

2.6  TGF-β1 and BDNF treatment, Mitochondria analysis, 

Transfection, siRNA knockdown, Ubiquitylation assay 

Examination of nuclear Smad4 in hippocampal neuronal culture was performed by 

treating neurons with 1 ng/mL TGF-β1 ligand (R&D System) three days after plating 

to activate the TGFβ pathway (Vogel et al., 2010). After four hours, neurons were 

fixed with 4% Paraformaldehyde (PFA) in 1X Phosphate Buffered Saline (PBS) for 

10 minutes at room temperature in preparation for immunofluorescence (Section 2.7).  

Hippocampal neurons were treated with 100ng/mL BDNF (Pepro Tech, INC) in 

neuronal culture media 6 hours after plating. Five random bright field images were 

taken at different time points for morphological studies as discussed in Section 3.4. 

For morphometric studies, at least 100 cells at each time-point were analysed per 

culture (3 Usp9X knockout versus 3 littermate control embryos). Statistical 

significance was determined using ANCOVA. The graph displays mean average of 

replicate experiments, error bars represent ±1 SEM. 

For mitochondrial analysis, hippocampal neurons were treated with 400nM 

MitoTracker® Orange CMTMRos (Invitrogen) at 37°C according to the 

manufacturer’s protocol, three days after plating. After 30 minutes, neurons were 

fixed for immunofluorescence. Neurons were double-labelled with βIII-tubulin and 

80μm at both the distal and proximal ends of the axon were measured using ImageJ 
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software (Ooms et al., 2006). The number of mitochondria at both distal and 

proximal ends for each neuron was counted. Cultures were derived from 3 Usp9X 

knockout and 3 littermate control embryos.  At least 20 neurons were analysed per 

culture. Statistical significance was determined using an unpaired Student's T test 

and p < 0.05 was considered to be statistically significant. Error bars represent ±1 

SEM. 

Transfection of hippocampal neurons - A total of 1 x 10
6
 hippocampal neurons, in 

suspension (in plating media-Neurobasal medium 5% fetal bovine serum, 2% B27 

supplement, 0.5mM glutamine, and 1 × penicillin / streptomycin), were transfected 

with either 2μg of Kif5C560-YFP or YFP-Kif5B or pMAX GFP plasmid with an 

Amaxa Mouse Neuron Nucleofector kit (Lonza) using parameters recommended by 

the company. The transfected neurons were plated into four wells of a 12-well plate 

and media was changed the following day before cells were fixed with 4% PFA for 

analysis.  

For co-transfection, a total of 12μg of HA-Kif5B and V5-Usp9X plasmids at 1:1 

ratio was transfected into HEK293 cells using Lipofectamine® reagent (Life 

Technologies) according to the manufacturer’s protocol. Cells were plated onto a 

10cm tissue culture dish and used for Co-immunoprecipitation (Co-IP) (Section 2.12) 

after two days. 

For Usp9X knockdown using siRNA, HEK293 cells were treated with Usp9X 

siRNA or non-targeting siRNA using DharmaFECT reagent (Dharmacon) according 

to the manufacturer’s protocol. DharmaFECT reagent 1 and final a concentration of 

25nM or 100nM siRNAs were used for the experiments. ON-TARGETplus Human 

Usp9XsiRNA-SMARTpool target sequences (Dharmacon) consisted of the following 

-  GAAAUAACUUCCUACCGAA, GUACGACGAUGUAUUCUCA, 

ACACGAUGCUUUAGAAUUU and AGAAAUCGCUGGUAUAAAU. As a 

negative control, a non-targeting siRNA UGGUUUACAUGUCGACUAA 

(Dharmacon) was used.   Cell lysate were collected at 24, 48, 72 and 96 hours for 

immunoblotting (Section 2.11 and 2.13). 

To inhibit the proteasome, three days in vitro hippocampal neurons or HEK293 cells,   

grown to 90% confluence in T-25 flask, were treated with the proteasome inhibitor 
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25nM epoxomicin (Sigma-Aldrich) dissolved in DMSO (Han et al., 2012, Stewart et 

al., 2010). After six hours, protein lysates were collected for immunoblotting analysis.  

 

2.7  Immunofluorescence on cell cultures 

 

Cells were fixed with 4% PFA in 1X PBS for 10 minutes, permeabilised and blocked 

in PBS containing 3% goat serum and 0.1% Triton X-100 at room temperature for 20 

minutes. Primary antibodies were diluted in blocking solution containing PBS with 3% 

goat serum for overnight incubation at 4 ºC followed by secondary antibodies for one 

hour at room temperature in the dark. Cells were mounted with cover-slips using 

DAPI in Vectashield mounting media (Vector Lab) and sealed with nail polish. A 

negative control exposed to secondary but no primary antibody was included to 

determine autofluorescence for every staining. Antibody dilutions were used as 

described in Section 2.9. Images were photographed on either a Zeiss AxioImager Z1 

or Olympus FV1000 Spectral microscope. For double-labelling of Usp9X and Kif5B 

in hippocampal neurons, images were photographed with Zeiss ELYRA Structured 

Illumination (SIM) super resolution microscopy and analysed by Dr Andreas 

Papadopulos, University of Queensland (see acknowledgements). 

 

2.8  Tissue processing of brain sections 

Brains were removed from the skulls of E18.5 mouse embryos and drop-fixed in 4% 

PFA for two hours at room temperature. Samples were cryo-protected in 15% 

sucrose at 4°C overnight, then in 30% sucrose at 4°C overnight, 1:1 ratio of 30% 

sucrose and O.C.T at 4°C overnight and finally frozen in Tissue-Tek O.C.T. 

compound (Sakura) then sectioned at 10μm on a Leica CM3050 S cryostat. 

 

2.9  Histology, immunofluorescence and image acquisition of brain 

sections 

 

For coronal analysis, sections from a comparable position along the rostral-caudal 

axis were used. Sections were matched by counting the number of coronal sections 

starting at the rostral-most edge of the brain and confirmed by closely matching any 

unchanged anatomical land marks (Stegeman et al., 2013). For immuno-fluorescence, 
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brain sections were permeabilised in 1% sodium dodecyl sulphate (SDS) in 1X PBS 

for 4 minutes at room temperature. After washing 3 times with PBS, the samples 

were blocked in 2% Bovine serum albumin (BSA) in 1X PBS for 20 minutes, 

incubated with primary antibodies in 2% BSA/PBS at 4 ºC overnight, then incubated 

with biotinylated secondary antibodies for 1h and in streptavidin-biotin-peroxidase 

complex (Vector Laboratories) for 1.5h at room temperature, and mounted with 

Vectashield mounting medium with DAPI (Vector Laboratories). Antibody dilutions 

were used as described in Section 2.9. Images were obtained on a AxioImager Z1 

microscope (Carl Zeiss) or Olympus FV1000 confocal microscope. 

 

2.10 Immunofluorescence antibody dilutions 

  

Table 1.2 Primary antibody dilutions for immunofluorescence 

Antibodies Raised in Dilution Catalogue Number and Company 

Usp9X Rabbit 

Mouse 

1:250 

1:200 

A301-351A Bethyl Lab 

MABE352 Millipore 

Stahmin-1 Rabbit 1:250 

1:400 (B/S) 

Ab52630 Abcam 

CRMP2 Rabbit 1:200 (B/S) Ab129082 Abcam 

Kif5B Rabbit 1:200 Ab5629 Abcam 

MARK4 Rabbit 1:100 sc-98357 Santa Cruz 

AF-6 Mouse 1:200 #610732 BD Transduction 

PJA-1 Rabbit 1:100 

1:200 (B/S) 

J2830 Sigma-Aldrich 

Smad4 Rabbit 1:100 sc-7154 Santa Cruz 

Smurf1 Rabbit 1:50 sc-130877 Santa Cruz 

Syntaxin-1 Mouse 1:500 S066 Sigma-Aldrich 

Total Akt Rabbit 1:200 #4685S Cell Signaling Technology 

phospho-Akt Rabbit 1:200 #4048S Cell Signaling Technology 

βIII-tubulin Rabbit 

Mouse 

1:1000 

1:2000 

Ab18207 Abcam 

T5076 Sigma-Aldrich 

 

B/S: Brain sections 
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Table 1.3 Secondary antibody dilutions for immunofluorescence 

Antibodies Dilution Catalogue Number and Company 

Alexa Fluor® 594 goat α mouse  1:500 A11032 Invitrogen 

Alexa Fluor® 594 goat α rabbit 1:500 A11012 Invitrogen 

Alexa Fluor® 488 goat α rabbit 1:500 A11008 Invitrogen 

Goat Anti-Rabbit IgG  

Antibody, Biotin Conjugate  

1:200 A24541 Invitrogen 

Alexa Fluor® 488 streptavidin 1:400 S32354 Invitrogen 

Alexa Fluor® 488 phalloidin 1:50 A12379 Invitrogen 

 

2.11 Protein extraction from cells and brains 

 

Protein was extracted from brain tissue samples using SDS-PAGE general lysis 

buffer containing 10mM Tris pH 7.4, 1% SDS, 10% glycerol and Sigma-Aldrichfast 

Protease Inhibitor Tablets (Sigma-Aldrich) according to manufacturer’s 

recommendations. Tissue was washed with cold PBS, homogenised in SDS-PAGE 

general lysis buffer, DNA was sheared with a 21 – 27 gauge needle, centrifuged at 

12000g at 4ºC for 5 - 20 min to pellet cellular debris and supernatant was transferred 

to a new tube. Protein concentration was estimated using a Bicinchoninic acid (BCA) 

kit (Thermo Scientific) according to manufacturer’s instructions. 

For cultured cells, cells were exposed to lysis buffer containing Protease Inhibitor 

(Sigma-Aldrich) and lysate was removed from the culture surface using a cell scraper. 

DNA was sheared with a 27 gauge needle, centrifuged at 15000g at 4ºC for 20 

minutes to pellet cellular debris and supernatant containing total protein was 

transferred into a fresh tube. Protein concentration was estimated using a BCA kit 

(Thermo Scientific) according to manufacturer’s instructions. 

 

2.12 Immunoprecipitation 

 

Mouse brain lysate (yielding 1.0mg total protein) was harvested from wildtype E18.5 

embryonic mouse brain or protein lysate harvested from transfected HEK293 cells as 

mentioned in Section 2.5 using ice-cold non-denaturing lysis buffer (Thermo 

Scientific).  
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Co-immunoprecipitation (co-IP) was done using the Thermo Scientific Pierce co-IP 

kit following the manufacturer’s protocol. Briefly, Usp9X (Bethyl Lab) or V5 

(Invitrogen) antibodies were first immobilized for 2 hours using AminoLink Plus 

coupling resin. The resin was then washed and incubated with lysate overnight. After 

incubation, the resin was again washed and protein eluted using elution buffer. A 

negative control, provided with the IP kit to assess nonspecific binding, received the 

same treatment as the co-IP samples and was analysed by immunoblotting. For this 

project, co-imunoprecipitation was performed by Dr Mariyam Murtaza, Griffith 

University (See acknowledgement). 

 

2.13 Immunoblotting 

 

10 - 25ug of protein was mixed at 1:1 ratio with 1X SDS-PAGE loading buffer (30% 

glycerol, 10% SDS, 5% β-mercaptalethanol, 0.02% bromophenol blue, 250mM Tris 

HCl pH 6.8 in dH2O) and loaded into a well on a 6%, 8% or 10% hand-casting 

Polyacrylamide Gels (Biorad). A pre-stained protein ladder (PageRuler Plus 

Prestained Protein Ladder –Fermentas) was used to determine position of target 

proteins and when time of electrophoresis. Protein was transferred from the gel to a 

nitrocellulose membrane (Amersham Biosciences) using a BioRad transfer apparatus 

(BioRad). The membrane was then blocked with 5% skim milk powder in PBS 0.1% 

Tween, incubated with primary antibodies at 4ºC overnight, then incubated with 

horse radish peroxidase secondary antibodies (Millipore) for one hour at room 

temperature and developed with Immobilon™ western chemiluminescent 

horseradish peroxide (HRP) substrate (Millipore) according to the manufacturer’s 

instructions, before imaging on a VersaDoc 4000 MP Imaging System (BioRad). β-

actin was used as a protein loading normalization control.  

 

 

2.14 Immunoblot antibody dilutions 

 

Table 1.4 Primary antibody dilutions for immunoblot analysis 

Antibodies Raised in Dilution Catalogue Number and Company 

Usp9X Rabbit 1:2000 A301-351A Bethyl Lab 

Stahmin-1 Rabbit 1:5000 Ab52630 Abcam 
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CRMP2 Rabbit 1:10000 Ab129082 Abcam 

Kif5B Rabbit 1:1000 Ab5629 Abcam 

Kinesin-1 Mouse 1:1000 MAB1614 Millipore 

MARK4 Rabbit 1:500 sc-98357 Santa Cruz 

AF-6 Mouse 1:500 #610732 BD Transduction 

PJA-1 Rabbit 1:1000 J2830 Sigma-Aldrich 

Total Akt Rabbit 1:2000 #4685S Cell Signaling Technology 

phospho-Akt Rabbit 1:1000 #4048S Cell Signaling Technology 

p44/42 MAPK 

(Erk1/2) 

Rabbit 1:1000 #4695S Cell Signaling Technology 

Phospho-p44/42 

MAPK (Erk1/2) 

Rabbit 1:1000 #4370S Cell Signaling Technology 

Ubiquitin Mouse 1:2000 #3936S Cell Signaling Technology 

HA Mouse 1:1000 #2367S Cell Signaling Technology 

V5 Mouse 1:4000 P/N46-0705 Invitrogen 

β-actin Rabbit 1:2000 A5060 Sigma-Aldrich 

 

Table 1.5 Secondary antibody dilutions for immunoblot analysis 

Antibodies Dilution Catalogue Number and Company 

Goat α mouse HRP 1:10000 AP 124P Millipore 

Goat α rabbit HRP 1:10000 AP 132P Millipore 

 

 

2.15 Statistics and Graphs 

 

For all analyses a minimum of three Usp9X knockout mice versus three or more 

littermate controls were used. Differences between knockout mice and littermate 

controls were assessed statistically using a Student’s t test unless otherwise stated. 

All error bars on graphs represent ±1 SEM. All graphs were generated using either 

Excel (Microsoft) or SPSS. 
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3. Usp9X regulation of axon development 
 

3.1 Introduction 

 

Usp9X brain-specific knockout mice display differences in neuronal projections in 

several brain regions suggesting that Usp9X may regulate axon development 

(Stegeman et al., 2013). In the embryonic mouse brain, neuronal projections from the 

entorhinal cortex to the hippocampus were reduced when Usp9X was absent 

(Stegeman et al., 2013). In the adult mouse brain, the size of the corpus callosum, 

which is the major axonal tract that connects the cerebral hemispheres, was markedly 

reduced in the absence of Usp9X. These findings are supported by in vitro evidence 

showing the absence of Usp9X disrupted normal neurite outgrowth. For example, 

reduction in the number of axonal and dendritic termini have been observed in 

Usp9X-null hippocampal neuronal cultures (Stegeman et al., 2013). The axon length 

in these cultures was also shorter compared to wild-type cultures, without the 

dendrite length being affected. However, these data were based on day 3, 5 and 7 

hippocampal neuronal cultures at which time axons are established. As such, these 

experiments did not discriminate the effect, if any, of Usp9X loss on axon initiation 

and/or growth. 

Hippocampal neuronal culture has been well characterised with neurons maturing 

progressively through distinct stages: from freshly plated "stage 1" cells to 

functionally mature "stage 5" neurons (Dotti et al., 1988, Craig and Banker, 1994, 

Polleux and Snider, 2010). The technique is detailed below but in principle it 

recapitulates two critical events of neuron maturation, namely, axon specification 

and its subsequent growth. This in vitro culture system has been widely used for 

visualizing the subcellular localization of endogenous or ectopically-expressed 

proteins, for imaging protein and organelle trafficking and to define the molecular 

mechanisms underlying the development of axon-dendrite polarity and axon growth 

(Shao et al., 2013, Devaux et al., 2012, Stagi et al., 2006, Cheng et al., 2011a, Gu et 

al., 2006). Therefore, hippocampal neuronal culture was chosen to examine the 

regulation of axon specification and growth by Usp9X. 

The aim of this chapter was to examine the role of Usp9X, if any, in axon 

specification using cultured mouse hippocampal neurons isolated from a conditional 
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knockout (cKO) mouse model of Usp9X (Usp9x cKO). The hippocampus was 

dissected at E18.5 and neurons were grown in culture (see Material and Methods 

2.4). Neurons were then characterised based on their morphology to determine the 

effect of Usp9X's absence on axonal development. 

 

3.2 Nestin/Cre conditional knockout of Usp9X  

 

The Cre/loxP recombinant system was used to generate the Usp9X cKO mouse 

model (Stegeman et al., 2013, Savitt et al., 2005, Perez-Mancera et al., 2012).  In this 

system, the deletion of exon 3 from the Usp9X gene is dependent on the expression 

of Cre recombinase expressed from the Nestin promoter. As all neural progenitors of 

the CNS express Nestin-Cre, Usp9X will be deleted from the entire mouse brain in 

this model system (Arbour et al., 2008, Park et al., 2010, Stegeman et al., 2013). 

Usp9X
loxP/loxP 

female mice were crossed with heterozygous Nestin-Cre males to 

develop the Usp9X cKO mouse model. With this breeding regime, all the male 

offspring would receive an Usp9X loxP gene. Male offspring positive for Nestin-Cre 

were used as Usp9X cKO and male offspring negative for Nestin-Cre, as littermate 

controls in the experiments below (as per Stegemen et al, 2013). Conversely, female 

offspring would be either wild-type (Nestin-Cre negative) or heterozygous (Nestin-

Cre positive) for Usp9X gene deletion. Given that random X-inactivation occurs 

before Nestin-Cre activation, Nestin-expressing cells in females would express either 

wild-type levels of Usp9X (if the inactivated X chromosome carried the floxed allele) 

or be Usp9X-null (if the X chromosome carrying the wild-type Usp9X was 

inactivated and Cre deleted the floxed allele). As X-inactivation is random this would 

result in a chimeric culture of Usp9X positive and negative neurons. Therefore only 

males were analysed in the experiments detailed below.    

Dissection of hippocampi for culture was performed in parallel with genotyping. To 

confirm the genotype of each embryo, two PCRs were performed on tail DNA. The 

first PCR detected a 246 base pair male specific SRY gene fragment (Figure 3.1A). 

The second PCR detected the Cre gene with a 207 base pair fragment (Figure 3.1B). 

Only neurons from Cre-positive (Usp9X cKO) and Cre-negative (littermate control) 

males (Sry-positive) were plated for experiments. 
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Figure 3.1 Genotyping of Nestin-Cre conditional knockout of Usp9X              

Genotyping was performed with PCR using embryo tail DNA. (A) Genotyping for 

SRY. Lane 1-6 represents six different E18.5 embryos from the same litter, screened 

with primers for the male-specific SRY region of the Y chromosome. Embryos 1-3 

are males (246 base pairs) and 4-6 are females. (B) Genotyping for Cre. Lane 1-2 

represents the first two SRY-positive males from the same litter (in A). Only embryo 

2 screened positive for Nestin-Cre transgene (207 base pairs) and was therefore a 

Cre-positive male and potentially Usp9X depleted. L: DNA molecular weight marker, 

+: Positive control (tail DNA from a known adult Cre-positive male); -: no-template 

negative control. 
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3.3 Early stages of neuronal development at 1, 2, and 3 days in 

vitro 

 

Usp9X has been shown to be involved in axonal growth and branching. Loss of 

Usp9X results in shorter axons in hippocampal neurons following 3, 5 and 7 days in 

culture (Stegeman et al., 2013). As the role of Usp9X in axonal growth was 

previously investigated in hippocampal neurons, which is a highly homogenous 

population (Stegeman et al., 2013) to study the role of Usp9X in the early stages of 

neuronal maturation and development, the morphology of neurons from littermate 

controls and Usp9X cKO mice was observed for the first 3 days of culture in a pilot 

study. Representative bright field images were taken for wild-type and Usp9X-null 

neurons at 1, 2 and 3 days in culture as shown in Figure 3.2. 

After 1DIV, approximately 50% of wild-type neurons were observed to possess a 

single long projection, being the axon, and the remaining 50% of neurons had 

neurites of equal length surrounding the nucleus. However, most Usp9X-null 

neurons possessed a few short neurites surrounding the nucleus (Figure 3.2). At 

2DIV almost all of the wild-type neurons had axons. For Usp9X-null neurons, 

approximately half the neurons possessed axons while the remainder were 

symmetrical with multiple neurites. After 3DIV the majority of wild-type and 

Usp9X-null neurons possessed an axon. However, the axon of the Usp9X-null 

neuron appeared to be shorter than those of the wild-type neurons (Figure 3.2). This 

pilot study confirmed the requirement of Usp9X for supporting axonal length at 

3DIV as reported previously (Stegeman et al., 2013) and justified further 

investigation. 
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Figure 3.2 Delayed axon specification and shorter axonal length in cultured 

Usp9X-null hippocampal neurons 

Hippocampal neurons isolated from E18.5 wild-type (WT) and Usp9x-null (cKO) 

embryos were cultured up to 3 days in vitro (DIV). Axons (arrows) were apparent in 

wild-type littermate control neurons at 1DIV but only 3DIV in Usp9X-null neurons. 

Scale bar 50μm. 
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3.4 Characterisation of different stages for hippocampal neurons 

 
The observed differences in axonal length between Usp9X-null and wild-type 

hippocampal neurons from the pilot study (Figure 3.2), suggested that Usp9X may 

affect axon specification. The stages of the axon development is well characterised 

according to Dotti et al (1998) and Hirai et al (2011). Classification details are 

presented in the legend to Figure 3.3. Generally, stage 1 neurons extend a prominent 

lamella around the cell body (Figure 3.3A). Stage 2 neurons extend short 

symmetrical neurites (Figure 3.3B). During the transition from stage 2 to 3, neurite 

symmetry is broken and one neurite elongates and is specified to become an axon 

(Dotti et al., 1988, Hirai et al., 2011). To examine the role of Usp9X for axon 

specification, cultured hippocampal neurons were classified into three stages based 

on the morphology and parameters for neurite measurement as shown in Figure 3.3. 

The length of the neurites and diameter of the nucleus was manually traced in each 

cell and analysed using the public domain ImageJ software (Ooms et al., 2006). Only 

neurons, which were bright, isolated, possessed more than three neurites for stage 2 

neurons and multiple neurites but only one long projection were included in the 

analysis. 
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Figure 3.3 Morphological characterisation of neurites defining different stages 

of neuronal maturation 

Phase-contrast images of cultured hippocampal neurons from a E18.5 Usp9x
flox

 Cre-

negative littermate control embryo. (A) Stage 1 neurons possess fillopodia and 

lamellipodia surrounding the nucleus. Neurite length is less than the diameter of the 

nucleus (about five hours after plating for). (B) At Stage 2 the neuron is symmetrical, 

with several neurites of equal length, which the length of neurite is greater than the 

diameter of the nucleus (approximately 12 hours after plating).  (C) Stage 3 neurons 

are polarized, with a single neurite as the longest projection, which is defined as at 

least 30% longer than the second longest neurite (from 24 hours onwards after 

plating). This single long projection is known as the axon. Scale bar 100μm.  

  

3.5 Loss of Usp9X results in delayed axon specification 

 

To rigorously examine the role of Usp9X in axon specification, wild-type and 

Usp9X-null hippocampal neurons were compared over the first 48 hours of culture 

and categorised into three stages as described in Figure 3.3. Five random bright field 

images were taken for each culture at different time points over the first 48 hours. 

100 wild-type and Usp9X-null neurons (derived from 4 Usp9X cKO and 4 littermate 

controls) at each time point were categorised into the three stages based on their 

morphology and neurite length, as shown in Figure 3.4. The analysis was also 

performed by Dr. Mariyam Murtaza who was blinded to the sample genotpye. 

Overall, the percentage of stage 1 and stage 2 neurons decreased across time while 

the percentage of stage 3 neurons increased over time for wild-type neurons (Figure 

3.4A). For Ups9X null neurons, stage 1 neurons also decreased across time but more 

slowly as compared to the wild-type neurons. Most strikingly, Usp9X-null neurons 

tended to remain at stage 2 longer than wild-type neurons before slowly progressing 

into stage 3 (Figure 3.4B). 

Although there was no significant difference in the percentage of stage 1 neurons at 5 

hours of culture (Table 3.1), there were significantly more Usp9X-null neurons 

remaining at stage 1 over the 48-hour time course of this experiment (Table 3.1). 

However, following this initial delay there was no significant difference in the rate at 

which Usp9X-null neurons exited stage 1 and entered stage 2 (ANCOVA p=not 



- 49 - 
 

significant; Figure 3.5A). While the number of stage 2 neurons similarly increased 

between 5 hours and 12 hours (Table 3.1), the number of Usp9X-null neurons 

remaining in Stage 2 was markedly higher after 12 hours (ANCOVA p=0.002; 

Figure 3.5B, Table 3.1). A significant delay in the increased percentage of Usp9X-

null neurons entering stage 3 was observed between 5 and 12 hours, however the rate 

at which Usp9X-null neurons entered stage 3 over time was not significantly 

different from wild-type neurons (ANCOVA p=0.06; Figure 3.5C). 

These differences between wild-type and Usp9X-null neurons in their progression to 

stage 3 neurons indicate that Usp9X is required for normal axon specification. From 

12 hours onward Usp9X-null neurons significantly lagged behind wild-type 

counterparts in progression from stage 1 to 2 (p=0.002; Figure 3.5B, Table 1). A 

larger effect of Usp9X loss was observed during stage 2 to 3 progression where 

Usp9X-null neurons required over 36 hours longer to specify an axon (p=0.001) 

(Table 3.1). 
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Figure 3.4 Overall distribution of wild-type and Usp9X-null neurons across 

different time points 

(A) For wild-type neurons, the percentage of stage 1 and 2 decreased across time 

while stage 3 neuron increased across time. (B) For Ups9X null neurons, stage 1 

neurons decreased across time but slower compared to wild-type neurons. Usp9X-

null neurons remained at stage 2 longer before progressing to stage 3 at a similar rate 

to the wild-type neurons. WT: wild-type littermate control, cKO: Usp9X knockout. 
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Figure 3.5 Progression of hippocampal neuronal cultures from stage 1 to stage 3 

is delayed in Usp9X-null neurons in vitro 

Time course of the percentage of stage 1 (A), stage 2 (B) and stage 3 (C) wild-type 

and Usp9X-null neurons. After an initial delay the rate of progression from stage 1 to 

stage 2 neurons were similar between wild-type and Usp9X-null neurons (p>0.05). 

The progression from stage 2 to stage 3 neurons was delayed in Usp9X-null cultures 

(p<0.001), but progressed similarly to wild-type neurons after this initial lag phase 

(p=0.06). n = 100 neurons at each time point from four Usp9X cKO and four 

littermate control embryos have been analysed with ANCOVA. WT: wild-type; cKO: 

Usp9X knockout. Error bars= standard error of the mean. 
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Table 1.6 Percentage of cells for each stage across different time points for wild-

type and Usp9X-null neurons 

Time 

point (hr) Stage Average % of cell SE  

    WT cKO WT cKO P 
a
 

5 1 82.75 91.33 3.22 3.18 0.124 

12 1 35.75 59.67 2.50 3.28 0.002 

20 1 16.50 41.00 2.47 3.79 0.002 

30 1 2.25 12.67 0.75 1.20 0.001 

48 1 0.75 3.00 0.48 0.00 0.011 

5 2 15.00 8.00 2.68 2.65 0.130 

12 2 42.50 35.67 2.02 2.03 0.067 

20 2 24.00 38.67 3.39 2.96 0.027 

30 2 10.00 38.00 3.19 2.65 0.001 

48 2 3.00 27.33 0.41 5.36 0.003 

5 3 2.25 0.07 0.63 0.67 0.149 

12 3 21.25 4.67 2.69 1.33 0.004 

20 3 59.50 21.00 2.63 3.06 0.000 

30 3 87.00 49.00 3.81 2.89 0.001 

48 3 96.00 69.33 0.91 5.70 0.003 
 

a
 Student’s t-test P value 

n=100 neurons from four mice per genotype have been analysed. WT: wild-type; 

cKO: Usp9X knockout; SE: Standard error of mean.  

 

Studies have shown that the kinesin-1 motor domain (Kif5C560) and shootin-1 

proteins can be used as markers for axon specification (Jacobson et al., 2006, 

Toriyama et al., 2006, Toriyama et al., 2010). Live cell imaging showed that these 

proteins are expressed in multiple growth cones, at the neurite tips, when the cells are 

symmetrical. However, when the symmetry of the neuron is broken, these proteins 

eventually accumulate predominantly in a single neurite, which later forms the axon 

(Jacobson et al., 2006, Toriyama et al., 2006, Toriyama et al., 2010). To study the 

delayed axon specification in real time using live cell imaging, wild-type and 

Usp9X-null neurons were transfected with a plasmid expressing a YFP-tagged 

truncated form of Kif5C560 (Jacobson et al., 2006). However, despite several 

attempts no YFP-fluorescence was detected and, due to time constraints this 

experiment was not continued. 
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3.6 Loss of Usp9X results in shorter axonal length at 48 hours 

It has been previously shown that loss of Usp9X results in shorter axonal lengths in 

hippocampal cultures as early as 3DIV and this difference is maintained at least up to 

7DIV (Stegeman et al., 2013). To determine if differences in axonal length are 

detectable earlier, the longest projection of stage 3 wild-type and Usp9X-null 

neurons was measured at 48 hours after plating. The axonal length of Usp9X-null 

neurons (mean length = 65μm) was significantly shorter than those of wild-type 

neurons (mean length = 95 μm; p<0.001), indicating that Usp9X is required for 

proper neuronal outgrowth (Figure 3.6). 

 

 

 

 

 

 

 

 

 

 

Figure 3.6 Loss of Usp9X reduces axonal length at early time points 

The length of axons was measured 48 hours after plating and analysed using ImageJ. 

*** = Student’s t-test p < 0.001. WT = wild-type littermate control; cKO = Usp9X-

null neurons. 
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3.7 Loss of Usp9X does not affect the number of neurites 

It has been previously shown that loss of Usp9X reduced the number of axon and 

dendritic termini in hippocampal cultures as early as 3 days in vitro and maintained 

up to 7DIV. However, the reduction of dendritic termini was not significantly 

different at 5 days in vitro (Stegeman et al., 2013). To determine if differences are 

detectable earlier, the number of neurites for stage 3 wild-type and Usp9X-null 

neurons was counted at 48 hours after plating. As shown in Figure 3.3, a neurite is 

defined as a minor projection with a length at least equal to, or longer, than the 

diameter of the cell excluding the longest projection, known as the axon (Ferrari et 

al., 2010). The mean number of neurites for wild-type neurons was 3.5 and Usp9X-

null neurons 3.6, indicating that Usp9X does not affect the number of neurites 

formed at early stages of neuronal development (Figure 3.7).  

 

 

Figure 3.7 Loss of Usp9X does not affect the number of neurites 

The number of neurites for stage 3 neurons was measured at 48 hours after plating 

and analysed using Student’s t-test p =0.62. WT = wild-type littermate control; cKO 

= Usp9X-null neurons. 
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3.8 Discussion 

 

Usp9X is required for normal axonal elongation and branching both in vivo and in 

vitro (Stegeman et al., 2013, Homan et al., 2014). The experiments presented here 

confirm that axons of Usp9X-null neurons were shorter at day 3 of culture compared 

to wild-type neurons (Figure 3.2), consistent with Stegeman et al (2013) who 

reported shorter axonal length at day 3, 5 and 7 days of culture when Usp9X is 

absent. Results in this chapter also indicated that differences in axonal length 

occurred as early as 2 days in culture, as the longest neuronal projections were 

significantly reduced by 30% without affecting the number of neurites when Usp9X 

is absent (Figure 3.6 and 3.7). Most significantly these experiments establish that 

Usp9X is also required for axon specification based on the dramatically delayed 

neuronal progression from stage 2 to 3 (p<0.001) (Figure 3.5B). Finally, Usp9X 

may also facilitate initial neurite formation as Usp9X-null neurons displayed delayed 

progression from fillopodia and lamellipodia presenting stage 1 neurons to those with 

neurites (stage 2). 

Usp9X may also regulate axon growth. Data from 2DIV (this chapter) and 3, 5 and 7 

DIV (Stegeman et al., 2013), for wild-type neurons, detected an axonal length of 

95μm, 180μm, 440μm and 480μm, respectively. These same experiments indicate 

axonal length in Usp9X-null neurons at these time points of 60μm, 120μm, 270μm, 

and 280μm, respectively. The calculated “elongation rate” for Usp9X-null neurons 

over each 24 hour time frame was slower at 2.5μm/hour, 3.1μm/hour and 0.2μm/hour, 

compared to wild-type neurons' 3.5μm/hour, 5.4μm/hour and 0.8μm/hour, suggesting 

that the shorter axonal length in Usp9X neurons was an additive effect of both 

delayed axon specification and a slower elongation rate. Therefore, in the future, to 

more precisely examine axonal growth rate, live cell imaging should be performed. 

The Kinesin-1 motor domain, Kif5C560 has been used as marker for axon 

specification (Jacobson et al., 2006). In this previous study, live cell imaging began 

24 hours post-transfection to trace the transition from neuronal stage 2 to stage 3 

(Jacobson et al., 2006). Several attempts were made to introduce the Kif5C560-YFP 

or pMAX-GFP plasmids into cultured hippocampal neurons by nucleofection at the 

time of plating. However, at 24 and 48 hours post-transfection, only GFP but no YFP 

fluorescent was observed, suggesting that transfection with YFP-tagged truncated 
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Kif5C failed. Given that Kif5C560-YFP was a gift from Dr. Gary Banker and only 

restriction digested with endonucleases, the sequence for the plasmid is required for 

sequencing in the future. Alternatively, Shootin-1 is another marker for axon 

specification which could be used in the future (Toriyama et al., 2006, Toriyama et 

al., 2010). 

Usp9X is also required for neuritogenesis, the first step of neuronal differentiation. 

The dissociated neurons first form lamellipodia and filopodia structures after plating, 

which are both highly regulated by actin and microtubule dynamics and so for 

neurite formation (Dehmelt et al., 2003, Dent et al., 2007). However, the factors 

regulating neurite initiation have not been widely examined as compared to axon 

specification and growth. Given this is the first evidence showing that Usp9X might 

regulate neuritogenesis, which is consistent with its role in regulating cytoskeletal 

proteins (Homan et al., 2014), the role of Usp9X in this process is worth exploring. 

Neurite formation is the very first step of neuronal differentiation and a defect in this 

process might affect later stages of neuronal development.  

In summary, loss of Usp9X resulted in delayed neuronal progression from stage 2 to 

stage 3, indicating that Usp9X regulates axon specification. Usp9X regulates the 

early stages of axonal development without affecting the number of neurites but does 

delay their formation. Regulation of axon specification by Usp9X might be mediated 

through its role in different neuronal signalling pathway including the TGFβ (Dupont 

et al., 2009, Xie et al., 2013) and mTOR (Agrawal et al., 2012) pathways and/or 

microtubule and actin dynamics (Homan et al., 2014) which are important 

determinants of axon-dendritic polarisation. Further evaluation of possible Usp9X 

substrates in hippocampal neuron cultures is presented in Chapter 4.  
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4. Evaluation of potential Usp9X substrates 

regulating axon specification and growth  

4.1 Introduction 

 

Loss of Usp9X delays axon specification (Chapter 3) and reduces the length and 

branches of the axon in cultured hippocampal neurons (Stegeman et al., 2013, 

Homan et al., 2014). These studies implicate Usp9X as a critical component in both 

axon specification and growth. However, the molecular mechanism by which Usp9X 

regulates axon development remains to be elucidated. This chapter investigates the 

possible molecular mechanism underlying Usp9X’s role in axon specification and 

growth. 

There are three main phases of axon development: (i) specification and neuronal 

polarity; (ii) growth or extension and, (iii) differentiation and maturation (Lewis et 

al., 2013, Barnes and Polleux, 2009). Multiple intrinsic and extrinsic factors such as 

TGFβ (Yi et al., 2010), Notch (O'Keefe et al., 2011) and mTOR (Morita and Sobue, 

2009, Li et al., 2008) regulate the establishment of neuronal polarity, as well as 

actin/microtubule dynamics which are involved during neuronal growth. 

Interestingly, Usp9X has been associated with each of these signalling cascades as 

well as the regulation of actin/microtubule dynamics. 

To identify proteins interacting with Usp9X during neural development our lab has 

previously conducted a yeast-2-hybrid screen of a human fetal (14week) brain library, 

using full length Usp9X as bait. From this screen, cDNA sequences encoding peptide 

fragments for PJA1 (an E3 ubiquitin ligase of the TGFβ pathway), Mindbomb 1 (a 

E3 ubiquitin ligase regulating the Notch pathway), Kif5B (microtubule-based motor 

protein) and EB1 (regulating microtubule dynamics) were identified, with reasonable 

confidence, as potential targets interacting with the full length Usp9X. In a separate 

series of experiments, 2D proteomic analysis was carried out on Usp9X-null cortical 

neurons following 5DIV culture. A total of 28 proteins were differentially expressed 

between wild-type and Usp9X null neurons of which 27 were down-regulated 

(Homan et al., 2014). From these data sets, we prioritised for further investigation, 

those targets implicated in the establishment of cytoskeletal structure and signalling 

pathways relevant to axon development. The primary aim of the experiments in this 
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chapter was to efficiently screen a number of potential Usp9x substrates, before 

proceeding with a more detailed analysis of any that were differentially regulated, in 

the absence of Usp9x, during axon specification and/or growth. The combined 

“Results and Discussion” for each candidate is presented below.  

 

4.2 Distribution of total level Usp9X in hippocampal neurons   

 

In this chapter, all experiments have been conducted on 3DIV Usp9X cKO and wild-

type (WT) hippocampal neurons unless otherwise stated, as this is the stage when 

most of the neurons are polarised.  

Embryos were genotyped to identify males (Sry positive), either Cre-negative (WT 

controls) or Cre-positive (Usp9X-null). To confirm the genotyping, the distribution 

and total level of Usp9X protein was examined by immunofluorescence and 

immunoblotting. Based on both techniques, the total level of Usp9X in cKO neurons 

compared to controls was negligible (Figures 4.1 and 4.2). Punctate staining for 

Usp9X has previously been shown in different cell types and in vivo (Jolly et al., 

2009, Theard et al., 2010). In control neurons, Usp9X localised in punctate in the 

soma, dendrites and axon. Additionally, high Usp9X levels were observed at the 

axonal growth cone (Figure 4.3), which is consistent with recent studies (Homan et 

al., 2014, Stegeman et al., 2013). 

 

 

 

 

 

 

Figure 4.1 Total level of Usp9X in 3 day in vitro hippocampal neurons      

Total level of Usp9X protein was negligible for all Usp9X knockout (cKO) samples, 

confirming genotyping results. WT: wild-type; cKO: Usp9X conditional knockout. 

n=5 wild-type embryos and 4 Usp9X cKO embryos were used for analysis.  
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Figure 4.2 Usp9X protein level was negligible in 3 day in vitro Usp9X-null 

hippocampal neurons                                                                                           

Very little Usp9X protein was detected by immunofluorescence, using antibodies 

directed toward both the N- and C-terminal domains of Usp9X, in neurons derived 

from Cre-positive males (cKO). Usp9X (green; anti-Usp9x C-terminal antibody from 

Bethyl Laboratiries); Nuclear marker DAPI (blue). WT: wild-type; cKO: Usp9X 

knockout. Scale bar: 20μm. 
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Figure 4.3 Usp9X is present in puncta within the soma, axon, dendrites and is 

enriched at the axonal growth cone in stage 3 wild-type hippocampal neuron 

Arrow indicates Usp9X enrichment at the axonal growth cone. Usp9X (green); 

Nuclear marker DAPI (blue). Scale bar: 20μm.    
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4.3 Actin / microtubule dynamics regulate axon development 

 

The major cytoskeletal components for axons and dendrites are microtubules and 

actin filaments (Section 1.1.1). The microtubule is the key determinant of the 

polarised axon-dendrite compartment of the neuron. It is a long filament formed from 

the polymerization of α- and β-tubulin subunits which occurs only at the growing end 

(“plus end”), hence it is polarised (Conde and Caceres, 2009). It is the local 

stabilization of microtubules in a single neurite that specify axon identity (Witte et al., 

2008). Within the axon, dynamic microtubules are located at the distal end of axon 

and the stable microtubules at the proximal region (near the soma).  

There are different proteins associated with the actin / microtubule cytoskeleton that 

form the framework of the developing axon (Hur et al., 2012, Conde and Caceres, 

2009, Lewis et al., 2013). As a loss of Usp9X from hippocampal neurons reduces the 

level of some cytoskeletal structural proteins involved in these processes their status 

was investigated in individual Usp9X-null neurons (Homan et al., 2014).  

 

4.3.1 Stathmin-1 

 

Reduced stathmin-1 protein levels were detected in a proteomic analysis of cultured 

Usp9X-null hippocampal neurons (Homan et al., 2014). Stathmin-1 is a microtubule 

destabilising protein (Wen et al., 2010). It increases the rate of microtubule 

catastrophes, which is the transition from growth to shrinkage, either by acting 

directly at the plus end of the microtubule or by tubulin sequestration (Grenningloh 

et al., 2004, Conde and Caceres, 2009, Gupta et al., 2013). Two studies have 

examined the distribution of stathmin-1 in cultured cortical neurons (Di Paolo et al., 

1997, Gavet et al., 2002). While both detected cytosolic stathmin-1, mainly in the 

cell soma (Di Paolo et al., 1997) one also showed stathmin-1 expression extending 

into dendrites, axon and growth cones (Gavet et al., 2002).  

To examine if stathmin-1 distribution was affected in Usp9X-null neurons, 

hippocampal neurons were fixed at 3DIV, when most neurons are at stage 3. The 

distribution of stathmin-1 in 30 wild-type and 30 Usp9X-null neurons (derived from 

three embryos of each genotype) was compared. In wild-type neurons, stathmin-1 

was detected in the cell soma, dendrites and axon which is consistent with the 
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previous report (Gavet et al., 2002). The neurons were co-stained with phalloidin, 

which is a marker of filamnetous actin, which revealed enrichment of stathmin-1 in 

both dendritic and axonal growth cones. However, there was no observable 

difference observed in stathmin-1 distribution in the absence of Usp9X (Figure 4.4 

and 4.5). The total level of stathmin-1 in Usp9X-null hippocampal neurons was 

examined by immunoblot (Figure 4.6A). The amount of protein loaded for all 

Usp9X-null samples was under-loaded due to a technical error. Nonetheless, 

densitometric analysis of stathmin-1 levels, compared to -actin, revealed that there 

was no statistical significant difference between wild-type and Usp9X-null neurons 

(Figure 4.6B; Student’s t test, p = 0.19).  

At the same time a preliminary examination of stathmin-1 expression in E18.5 

Usp9X cKO mouse brain sections was also conducted. However, no obvious 

difference was observed (Figure 4.7). In vivo brain sections may not be an ideal 

system to examine the expression and distribution for the proteins of interest. This is 

due to the multiple layers of cells for a section, making it difficult to visualise or 

examine the expression of the protein in a specific sub-cellular compartment, for 

instance, the axonal growth cone. Also, loss of Usp9X might result in only subtle 

changes in the proteins and would be difficult to be detected in the brain section. A 

reduction in stathmin-1 protein level was identified from 2D proteomic data derived 

from dissociated cultured Usp9X-null neurons (Homan et al., 2014). Therefore, in 

vitro hippocampal neurons were used to analyse the expression and distribution for 

protein of interest. However, after examining 30 neurons from a total of 3 wild-type 

and 3 Usp9X cKO brains, no evidence of an alteration on stathmin-1 was detected. 

Therefore examination this potential “substrate” was not pursued further. 
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Figure 4.4 Distribution of stathmin-1 for both wild-type and Usp9X-null 

hippocampal neurons were similar 

Stathmin-1 (red) was expressed in cell soma, dendrite and axon. It was highly 

enriched at the growth cone for dendrites and axon. 30 neurons derived from three 

embryos per genotype were compared. Stathmin-1 (red); Phalloidin (green); Nuclear 

marker DAPI (blue). WT: wild-type; cKO: Usp9X knockout. Scale bar: 20μm.  
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Figure 4.5 Stathmin-1 was highly enriched in the axonal growth cone in both 

wild-type and Usp9X-null hippocampal neurons  

Immunofluorescent staining for stathmin-1 (red) and phalloidin (green). Cell nuclei 

were stained DAPI (blue). Higher magnification images (C-H) for the axonal growth 

cones (white boxes in A and B) were taken. WT: wild-type; cKO: Usp9X knockout. 

Scale bars represent 20μm.  
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Figure 4.6 Total stathmin-1 level is not significantly depleted in cultured Usp9X-

null hippocampal neurons                                                                                    

(A) Immunoblot analysis of stathmin-1 protein levels in hippocampal neuronal 

cultures from wild-type (WT) and Usp9X-null (cKO) embryos. (B) Densitometry 

was performed for stathmin-1 and normalised against β-actin. There was no 

statistical significant difference in the total level of stathmin-1. WT: wild-type; cKO: 

Usp9X knockout. Student’s t test p = 0.19 (n=3 embryos per genotype). Error bars 

represent standard error of the mean. 
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Figure 4.7 Stathmin-1 expression in the cortical region of E18.5 mouse brain  

Low (A,B) and high (C,D) magnification images showed that stathmin-1 (green) was 

ubiquitously expressed in the cortical region of E18.5 mouse brain for wild-type and 

Usp9X-null models (n=1 embryo). WT: wild-type; cKO: Usp9X knock-out. Scale 

bar: 20μm.  
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4.3.2 Collapsin response mediator protein-2 (CRMP-2) 

 

A decrease in collapsin response mediator protein-2 (CRMP-2) protein levels was 

reported in Usp9X-null neuronal cultures (Homan et al., 2014). CRMP-2 not only 

regulates axon specification, but also axon growth and branching, by binding to 

tubulin heterodimers thereby promoting microtubule assembly (Fukata et al., 2002, 

Inagaki et al., 2001). Previous reports have demonstrated that CRMP-2 is expressed 

in the cell soma, dendrites and axon and is highly expressed at the distal end of the 

axon in stage 3 hippocampal neurons (Yoshimura et al., 2005, Inagaki et al., 2001).  

To examine if the distribution of CRMP-2 was affected when Usp9X was absent, 

hippocampal neurons were subjected to immunofluorescence analysis after three 

days in vitro. 30 neurons from both control and Usp9X cKO models (n = 1 embryo 

of each genotype) were compared. CRMP-2 was found to be expressed in the cell 

soma, dendrites and the axon in the hippocampal neurons. There was no obvious 

difference in the CRMP-2 subcellular distribution between the wild-type and Usp9X-

null neurons at low magnification (Figure 4.8).  

However, high expression of CRMP-2 at the distal end of the axon, as previously 

reported (Inagaki et al., 2001, Yoshimura et al., 2005), was not detected even in 

wildtype neurons. This could be due to the different CRMP-2 antibodies used here. 

The previous studies used C4G antibody, which binds to the unphosphorylated form 

of CRMP-2 (Gu et al., 2000, Inagaki et al., 2001, Yoshimura et al., 2005). For this 

project, 3F4 antibody, which recognises phosphorylated CRMP-2 at Thr-509, Ser-

518 and Ser-522 was used. 3F4 antibody binds completely to the epitope when all the 

three sites are phosphorylated and has been widely used to study the neurofibrillary 

tangles, which accumulate in neurons in Alzheimer’s disease (Yoshida et al., 1998, 

Ryan and Pimplikar, 2005, Gu et al., 2000). Attempts to obtain small samples of the 

C4G antibodies were unsuccessful. Therefore the further analysis of CRMP-2 in the 

absence of Usp9x was paused while other candidates were pursued. In the future, to 

examine the role of CRMP-2 and its possible interaction with Usp9X during axon 

development, C4G antibody and antibody p-CRMP-2 (at Thr-514 only) should be 

used for complete analysis (Yoshimura et al., 2005, Tan et al., 2013). 
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Figure 4.8 CRMP-2 expression is similar in wild-type and Usp9X-null 

hippocampal neurons 

Subcellular distribution of CRMP-2 for wild-type and Usp9X-null neurons was 

observed to be similar. 30 neurons derived from a mouse embryo per genotype. 

CRMP2 (green); Nuclear marker DAPI (blue). WT: wild-type; cKO: Usp9X 

knockout. Scale bar: 20μm.  
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4.3.3 Kif5B 

 

The yeast-two-hybrid screen of human fetal brain library identified Kif5B as 

interacting with Usp9X. In neurons, Kif5B has been demonstrated to anterogradely 

transport mitrochondria, synaptic vesicle precursor, voltage-gated potassium and 

sodium channels along the microtubules  (Saxton and Hollenbeck, 2012, Cai et al., 

2007, Rivera et al., 2007, Su et al., 2013). Kif5B is present in the soma, dendrites and 

axon of cortical neurons in dissociated culture (Rivera et al., 2007). To examine if 

the subcellular distribution of Kif5B is affected in the absence of Usp9X, 

hippocampal neurons were fixed after three days in vitro culture. The cellular 

distribution of Kif5B was compared between 30 wild-type and 30 Usp9X-null 

neurons (derived from 4 mice per genotype). In wild-type neurons, Kif5B was 

detected in the cell soma, dendrites and axon as reported (Rivera et al., 2007). 

Interestingly, there was an extensive reduction of Kif5B protein observed when 

Usp9X was absent (Figure 4.9). To further confirm the reduction of Kif5B in 3DIV 

Usp9X-null hippocampal neurons, immunoblotting, using the same Kif5B antibody 

was attempted several times. However, this antibody did not recognise Kif5B protein 

in the neuronal culture and brain lysate as shown in Figure 5.4. The nature of the 

interaction between Kif5B and Usp9X was pursued further and will be presented in 

detail in Chapter 5. 
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Figure 4.9 Kif5B is reduced in 3 day in vitro Usp9X null hippocampal neurons                   

Kif5B was present in the soma, dendrites and axon of the wild-type neurons. There 

was a significant reduction of Kif5B in all three compartments when Usp9X was 

absent. 30 neurons derived from four mice per genotype were compared. Kif5B 

(green); Nuclear marker DAPI (blue). WT: wild-type; cKO: Usp9X knockout. Scale 

bar: 20μm. 
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4.3.4 Microtubule affinity regulated kinase (MARK4) 

 

MARK4, which phosphorylates tau resulting in microtubule destabilisation, is an 

Usp9X substrate (Trinczek et al., 2004, Al-Hakim et al., 2008). Interaction of Usp9X 

and its substrates is cell context and developmental stage specific. Deubiquitylation 

of MARK4 by Usp9X in kidney cells (Hek293) does not control the stability of 

MARK4, instead it regulates its phosphorylation and activation by the LKB1 tumour 

suppressor (Al-Hakim et al., 2008). Therefore, we proposed that loss of Usp9X 

might increase the ubiquitylated form of MARK4 and this in turn increase the 

phosphorylation of Tau, resulting in microtubule instability. This could in turn 

contribute to the shorter axonal length in Usp9X knock-out neuronal cell. 

To examine if loss of Usp9X affected the subcellular distribution and total protein 

level of MARK4, immunofluorescence and immunoblotting were performed. The 

cellular expression of MARK4 was observed in the soma, dendrites and axon. There 

was no observable difference in the cellular distribution of MARK4 in Usp9X-null 

neurons (Figure 4.10). Densitometry was performed on immunoblots to analyse 

MARK4 band intensity in wild-type and Usp9X-null neurons. The expression for 

MARK4 was normalised with β-actin. There was no statistical significant difference 

in the total level of MARK4 between wild-type and Usp9X-null neurons after 

analysing with Student’s t test with p=0.07 (Figure 4.11).  
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Figure 4.10 Subcellular distribution for MARK4 was similar between wild-type 

and Usp9X-null hippocampal neurons                                                               

MARK4 was observed in the soma, dendrites and axon of hippocampal neurons. 

There was no obvious difference in the cellular distribution of MARK4 between 

wild-type and Usp9X-null neurons. 30 neurons for a mouse per genotype have been 

compared. MARK4 (green); Nuclear marker DAPI (blue). WT: wild-type; cKO: 

Usp9X knockout. Scale bar: 20μm.  
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Figure 4.11 Total level of MARK4 is not significantly altered in 3 day Usp9X-

null in vitro hippocampal neurons 

(A) Immunoblot analysis of MARK4 protein levels in hippocampal neuronal cultures 

from wild-type (WT) and Usp9X-null (cKO) embryos. (B) Densitometric analysis 

comparing MARK4 levels for wild-type and Usp9X-null neurons normalised against 

β-actin. There was no statistical significant difference in the total level of MARK4 

between wild-type and Usp9X-null neurons in the hippocampal neurons. WT: wild-

type; cKO: Usp9X knockout. Student’s t test p = 0.07 (n=3). Error bars represent 

standard error of the mean. 
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4.3.5 AF-6 

 

Another possibility for the involvement of Usp9X during axon development is 

through AF-6. AF-6 is a substrate for Usp9X in polarised Madine Darby canine 

kidney II (MDCKII) cells and its activity is mediated, in large part, by Ras (Taya et 

al., 1998). In cortical neurons, AF-6 is distributed in the soma, dendrites and axon. It 

accumulates at the site of budding growth cones of the axonal tips (Iwasawa et al., 

2012). Overexpression of AF-6 in cultured cortical neurons increased axon number 

without affecting axonal length (Iwasawa et al., 2012). The Ras / AF-6 pathway has 

been suggested to induce axonal branching in an actin-dependent manner (Mandai et 

al., 1997, Iwasawa et al., 2012).  

To study if the impaired axonal growth and branching in the Usp9X-null neurons 

was due to the reduced or altered AF-6 expression, the subcellular distribution of 

AF-6 was examined in hippocampal neuronal culture. AF-6 was present in the soma, 

dendrites and axon. Higher expression of Af-6 was observed at the growth cone of 

the axon. However, there was no observable difference observed in AF-6 distribution 

in the absence of Usp9X (Figure 4.12). Based on these preliminary results, loss of 

Usp9X did not affect the cellular distribution of AF-6. Therefore, further 

examination for AF-6 was not continued. 

 

 

 

 

 

 

 

 

 

 



- 75 - 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12 Cellular distribution of AF-6 is unaltered in Usp9X cKO 

hippocampal neurons 

AF-6 (green) was observed in the soma, dendrites and axon of the neurons. It was 

accumulated at the growth cone of the axon tips. There was no observable difference 

in the cellular expression of AF-6 between wild-type and Usp9X-null neurons. White 

arrow indicates the high AF-6 expression in the tips of the axon. 30 neurons from a 

mouse per genotype have been compared. AF-6 (green); Nuclear marker DAPI 

(blue). WT: wild-type; cKO: Usp9X knockout. Scale bar: 20μm. 
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4.4 Axon development and the TGFβ signalling pathway  

 

The TGFβ pathway has been shown to reduce the number of neural progenitors and 

promote neuronal differentiation (Vogel et al., 2010). This pathway also regulates 

both axon specification and growth in cultured hippocampal neurons (Ishihara et al., 

1994, Yi et al., 2010). These results are consistent with the findings in dissociated 

hippocampal neurons of Usp9X knock-out mice which have delayed axon 

specification and shorter axonal length, suggesting the involvement of Usp9X in the 

regulation of axon production via TGF-β signaling pathway (Stegeman et al., 2013). 

Previous studies have also shown that hippocampal neurons transfected with TGFβ 

luciferase reporter construct do not respond to increasing concentrations of TGFβ 

when Usp9X was absent (Stegeman et al., 2013). At the mRNA level, BDNF, which 

is an endogenous target gene of TGFβ, showed no response to TGFβ ligand 

compared to wild-type neurons (Stegeman et al., 2013). At the cellular level, 

exogenous TGFβ treatment increased axonal length and number of axon and 

dendritic termini in the wild-type neurons but not in the Usp9X-null neurons. These 

results demonstrate that Usp9X is required for neurons to respond to TGFβ ligand 

(Stegeman et al., 2013). 

There are several possible molecular mechanisms whereby Usp9X might regulate the 

TGFβ pathway during axon development. Two include the known Usp9X substrates, 

Smad4 and Smurf1, the common second messenger and an E3 ubiquitin ligase of the 

TGFβ pathway, respectively (Dupont et al., 2009, Xie et al., 2013). Another 

possibility is through the known TGFβ pathway target gene, BDNF (Sometani et al., 

2001, Stegeman et al., 2013) and yet another is through the new putative Usp9X 

target, found in the yeast-2-hybrid and mass spectrometry following Usp9X affinity 

purification, PJA1 (Agrawal et al., 2012). The expression of each of these 

components of the TGF-pathway and potential Usp9X substrates was investigated 

in cultured hippocampal neurons. 
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4.4.1 Brain-derived neurotrophic factor (BDNF) 

 

TGFβ ligand treatment increases axonal length and branching in cultured neurons 

(Ishihara et al., 1994, Stegeman et al., 2013). One of the target genes for TGFβ 

pathway is brain-derived neurotrophic factor (BDNF) as treatment of TGFβ ligand in 

cultured cortical neurons increased BDNF mRNA and protein levels (Sometani et al., 

2001). A recent study reported that Usp9X is necessary for neurons to respond to 

TGFβ ligand. At the mRNA level, BDNF showed no response to TGFβ ligand when 

Usp9X was absent. At the cellular level, the axon of the Usp9X null neurons failed to 

show the TGFβ ligand-induced increase in axonal length (Stegeman et al., 2013). 

Treatment with exogenous BDNF triggers the specification of axons in developing 

hippocampal neurons in culture (Shelly et al., 2007). Endogenous BDNF also acts as 

an autocrine factor triggering its own secretion, which promotes axon specification 

and growth in hippocampal neurons (Cheng et al., 2011b).  

To examine if BDNF treatment could rescue the delayed axon specification and 

growth in the absence of Usp9X, wild-type and Usp9X-null neuronal culture were 

treated with 100ng/ml BDNF added into the culture medium. Neurons were 

categorised into the three different developmental stages based on morphological 

study and measurement of the length of their neurites as described in Figure 3.3 

(Dotti et al., 1988). However, neither wild-type or Usp9X-null neurons showed any 

response to exogenous BDNF (Figure 4.13). Given the previous report 

demonstrating that BDNF promotes axon specification, the failure of wild-type 

neurons to respond (Figure 4.13) suggested that the experiment was not working in 

our hands (Shelly et al., 2007, Cheng et al., 2011b). 

BDNF treatment induces the activation of extracellular signal-regulated kinase, 

Erk1/2 signalling (Alonso et al., 2004, Slack et al., 2005). To confirm the activity for 

the recombinant BDNF protein, hippocampal neurons were treated with 100ng/mL of 

BDNF in neuronal culture media 6 hours after plating. The total level for Erk1/2 and 

p-Erk1/2 was examined by performing immunoblot. The treatment of BDNF resulted 

an increment for the total level of p-Erk1/2 (Figure 4.14), suggesting the 

recombinant BDNF was working and the unsuccessful experiment shown in Figure 

4.13 was not due to the exogenous BDNF used.  
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The unsuccessful experiment was possibly due to the method of BDNF treatment 

application. Localised exposure of one neurite of the undifferentiated neuron to 

BDNF has been shown to promote axon specification. To expose BDNF to single 

neurites, BDNF coated beads or BDNF stripes coated plate can be used to induce 

axon specification (Cheng et al., 2011a, Cheng et al., 2011b). However, these 

resources and technologies were not available and so this experiment was not 

investigated further. 
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Figure 4.13 Developmental progression of Usp9X-null hippocampal neuronal 

cultures treated with BDNF 

Percentage of stage 1 (A), stage 2 (B) and stage 3 (C) wild-type and Usp9X-null 

neurons treated and untreated with 100ng/ml of BDNF over time. No differential 

response to BDNF was detected in wild-type or Usp9x-null neurons. 100 neurons 

treated and untreated with BDNF derived from three mice per genotype have been 

compared. WT: wild-type; cKO: Usp9X knockout; +: BDNF treated; -: BDNF 

untreated.  

 

 

 

 

Stage 1 Stage 2 

Stage 3  

 

A B 

C 

  



- 80 - 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14 Treatment of BDNF in hippocampal neurons triggers the activation 

of Erk1/2 signalling 

BDNF treatment did not affect the total level of Erk1/2 (A) but it increased the total 

level of p-Erk1/2 (B) indicating the recombinant BDNF protein was active. -: 

untreated; +: treated with BDNF. 

 

 

 

4.4.2 Praja1 (PJA1)  

 

The yeast-2-hybrid assay predicted, with high confidence, an interaction between, 

Usp9X and PJA1. This is consistent with another report, which identified PJA1 by 

mass spectrometry from Usp9X affinity purification experiments suggesting that 

there is high probability that PJA1 interacts with Usp9X (Agrawal et al., 2012). PJA1 

is an E3 ubiquitin ligase, which has been studied in gastric cancer and shown to 

ubiquitylate the TGFβ signalling pathway adaptor protein Smad4 (ELF) (Saha et al., 

2006, Mishra et al., 2005). Recently, PJA1 has been reported to target neurotrophin 

receptor interacting MAGE homologue, NGARE (Teuber et al., 2013). Over-

expression of PJA1 reduces the expression of NGARE and this in turn inhibited the 

nerve growth factor – induced neuronal differentiation of PC12 cells (Feng et al., 

2010, Teuber et al., 2013). Given that PJA1 is a possible substrate of Usp9X and that 

its role in axon development remains unclear, immunofluorescence was performed to 

study the distribution of PJA1 in stage 3 neurons. PJA1 was present in the soma, 

  

Erk1/2 

β-tubulin 

42kDa 

BDNF 

51kDa 

  

p-Erk1/2 

β-tubulin 

  -     -     +     + 

A 

B 

42kDa 

BDNF 

51kDa 

   -     -     +    + 



- 81 - 
 

dendrites and axon of both wild-type and Usp9X deficient neurons, suggesting loss 

of Usp9X did not affect the cellular distribution of PJA1 (Figure 4.15).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

           

 

Figure 4.15 Loss of Usp9X does not affect the cellular distribution of PJA1 

PJA1 (green) was observed in the cell soma, dendrites and axon of wild-type (WT) 

neurons but was reduced at the distal end of the axon for some of the Usp9X-null 

neurons. 30 neurons for three mice per genotype have been compared. Double 

PJA1/βIII-tubulin/DAPI 

WT cKO 
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arrows show reduced PJA-1 at the distal end of the axon. WT: wild-type; cKO: 

Usp9X knock-out. Scale bar: 20μm. 

 

4.4.3 Smad4 

 

Usp9X regulates the TGFβ signalling pathway via Smad4 in the developing 

Drosophila wing, Xenopus gastrula and cultured human cells (Dupont et al., 2009). 

Smad4 shuttles between the nucleus and cytoplasm to facilitate TGF signalling. Its 

cellular localisation is regulated by Ectodermin and Usp9X. Ectodermin is an E3 

ubiquitin ligase which ubiquitylates Smad4 in the nucleus of the cell, preventing the 

binding of Smad4 to the activated form of Smad complex, causing its relocation to 

the cytoplasm and thus inhibits the TGFβ pathway (Dupont et al., 2005). On the 

other hand, Smad4 is deubiquitylated in the cytoplasm by Usp9X. Deubiquitylation 

by Usp9X was shown to activate Smad4 rather than stabilise it as the loss of Usp9X 

did not affect the levels of Smad4 (Dupont et al., 2009). TGFβ-mediated neuronal 

differentiation has been shown to be Smad4-dependent (Vogel et al., 2010). 

To examine whether exogenous TGFβ results in the translocation of Smad4, wild-

type hippocampal neurons were treated with 1ng/ml TGFβ ligand after three days in 

vitro (Vogel et al., 2010). After four hours, neurons were fixed and stained with anti-

Smad4 antibody for immunofluorescence. Smad4 was observed mainly in the 

cytoplasm for both the TGFβ treated and untreated cultures. Increased nuclear 

Smad4 was not observed in the TGFβ treated culture, at least by 

immunofluorescence (Figure 4.16). 

Under normal conditions, activation of the TGFβ pathway results in the binding of 

free Smad4, in the cytoplasm, by phosphorylated Smad2,3 complex and translocation 

into the nucleus of the neurons (Dupont et al., 2009, Vogel et al., 2010). However, as 

shown in Figure 4.16, treatment of TGFβ did not trigger this translocation. One 

possible reason could be that the cultures were not first treated with Alk4, 5,7 

inhibitor SB431542 to block the endogenous TGFβ signalling, before replacement 

with exogenous TGFβ1 ligand (Vogel et al., 2010, Dupont et al., 2009).  

It is proposed that when Usp9X is absent, Ectodermin targets Smad4 for 

ubiquitylation, preventing its binding to the phosphorylated Samd2,3 complex. This 
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reduces the percentage of nuclear Smad4 in cells, inhibiting the activation of TGFβ 

signalling for axon development (Dupont et al., 2005, Dupont et al., 2009). However, 

due to the inability to get the control experiments working and time constraint, the 

regulation of Usp9X for the stability of Smad4 and its consequences for cytoplasm / 

nuclear Smad4 was not further investigated. In the future, cytoplasmic and nuclear 

Smad4 expression levels could be investigated by performing subcellular 

fractionation for immunoblotting.  
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Figure 4.16 TGFβ treatment did not trigger the translocation of Smad4 from 

the cytoplasm to the nucleus  

Higher nuclear Smad4 was not observed in the culture after treated with 1ng/ml of 

TGFβ ligand. n=20 neurons per treatment have been compared. Smad4 (green); 

Nuclear marker DAPI (blue). WT: wild-type; -: untreated with TGFβ ligand; +: 

treated with TGFβ ligand. Scale bar: 20μm. 

 

4.4.4 Smurf-1 

 

Another component of the TGF pathway, Smurf-1, has been shown to be a substrate 

for Usp9X (Xie et al., 2013). Smurf-1 (SMAD-specific E3 ubiquitin protein ligase 1) 

can be auto-ubiquitylated through its intrinsic HECT (homologous to E6AP carboxyl 

terminus) E3 ligase activity and targeted for proteosomal degradation. Smurf-1 was 

originally reported for its negative regulation of TGFβ/BMP (bone morphogenetic 

proteins) pathways (Zhu et al., 1999, Ebisawa et al., 2001). Activation of the TGFβ 

pathway triggers the expression of the inhibitory Smad, Smad7. Smurf-1 binds with 

Smad7 in the nucleus and translocates into the cytoplasm. This complex then binds 

to the TGFβ type-I receptor targeting it for degradation thereby inhibiting activation 

of the TGFβ pathway (Ebisawa et al., 2001).  

To examine the effect, if any, of Usp9X loss on the status of Smurf-1, its cellular 

expression was examined at 3DIV hippocampal neurons culture by 

immunofluorescence. Smurf-1 was observed in the soma, dendrites and axon for both 

wild-type and Usp9X-null neurons. There was no observable difference in Smurf-1 

expression level or localisation between wild-type and Usp9X-null neurons (Figure 

4.17), suggesting that Usp9X does not regulate Smurf-1 in hippocampal neurons.  
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Figure 4.17 Subcellular expression of Smurf-1 for wild-type and Usp9X-null 

hippocampal neurons was similar       

Smurf-1 (green) was present in the soma, dendrites and axon of the hippocampal 

neurons in both wild-type and Usp9X-null neurons. There was no observable 

difference in expression level of Smurf-1 in wild-type and Usp9X-null neurons. 30 

neurons for two embryos per genotype have been compared. Immunofluorescent 

staining of Smurf-1 (green); βIII-tubulin (red); Nuclear marker DAPI (blue). WT: 

wild-type; cKO: Usp9X knockout. Scale bar: 20μm. 
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4.5 Axon development and mTOR2 activity  

 

Usp9X regulates components of the mTOR pathway affecting both mTORC1 and 

mTORC2 signalling pathways in myoblasts (Agrawal et al., 2012). Genetic ablation 

of mTORC2 activity reduces the differentiation potential of C2C12 myoblasts (Shu 

and Houghton, 2009). mTORC2 signalling phosphorylates Akt at the hydrophobic 

motif at Ser473. mTORC2 is involved in actin organisation in cells (Jacinto et al., 

2004) and it has been shown that Akt and p-Akt are present in the soma and axonal 

tips but not in dendrites of stage 3 neurons (Yan et al., 2006). Given that in C2C12 

mouse skeletal myoblasts, Usp9X negatively regulates mTORC2 activity upon 

initiation of differentiation, the effect of loss of Usp9X on the cellular distribution 

and/or total level of Akt and p-Akt for stage 3 hippocampal neurons was examined 

(Agrawal et al., 2012).  

Total Akt was observed in the soma, dendrites and axon with no observable 

difference in both wild-type and Usp9X-null neurons (Figure 4.18). For the 

immunoblots, densitometry was performed to analyse the intensity of total Akt and 

p-Akt for wild-type and Usp9X-null neurons and was normalised with β-actin. No 

statistically significant difference was observed for total Akt (p = 0.699) and p-Akt 

(p = 0.077) after analysed with Student T-test (n=3) (Figure 4.19 and 4.20). 
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Figure 4.18 Subcellular distribution of total Akt for wild-type and Usp9X-null 

hippocampal neurons was similar 

Total Akt (green) was present in the soma, dendrites and axon of the hippocampal 

neurons. There was no observable difference for the cellular distribution of total Akt 

in both wild-type and Usp9X-null neurons. n=30 neurons for an embryo per 

genotype were compared. WT: wild-type; cKO: Usp9X knockout. Scale bar: 20μm. 
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Figure 4.19 Level of total Akt was similar between wild-type and Usp9X null 

hippocampal neuronal cultures                                                                                 

(A) Immunoblot analysis of total Akt protein levels in hippocampal neuronal cultures 

from wild-type and Usp9X-null embryos. (B) Densitometric analysis of comparing 

the level of total Akt for wild-type and Usp9X-null neurons normalised against β-

actin. There was no statistical significant difference in the level of total Akt between 

wild-type and Usp9X null neurons in the hippocampal neurons. WT: wild-type; cKO: 

Usp9X knock-out. Student’s t test p = 0.699 (n=3 embryos). Error bars= standard 

error of the mean. 
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Figure 4.20 Level of phospho-Akt was not significantly altered in 3 day Usp9X-

null in vitro hippocampal neurons                                                                            

(A) Immunoblot analysis of p-Akt protein levels in hippocampal neuronal cultures 

from wild-type and Usp9X-null embryos. (B) Densitometric analysis of comparing 

p-Akt levels for wild-type and Usp9X-null neurons normalised against β-actin. There 

was no statistical significant difference in the total level of p-Akt between wild-type 

and Usp9X null neurons in the hippocampal neurons. WT: wild-type; cKO: Usp9X 

knockout. Student’s t test p = 0.077 (n=3 embryos). Error bars= standard error of the 

mean. 
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4.6 Summary 

 

In this chapter, regulation of Usp9X in cytoskeletal dynamics (stathmin-1, CRMP-2, 

Kif5B, MARK4 and AF-6); TGFβ signalling (BDNF, PJA1, Smad4 and Smurf-1); 

mTOR2 activity (Akt and p-Akt) for axon development have been examined. Based 

on the data presented, Kif5B is a putative substrate for Usp9X that warrant further 

investigation in axon growth. The shorter axonal length observed in Usp9X-null 

hippocampal neurons is consistent with the reduced Kif5B. Firstly, Kif5B is one of 

the kinesin-1 motor proteins, transporting different cargo including mitochondria, 

synaptic vesicle precursors, potassium and sodium channels along microtubules 

(Saxton and Hollenbeck, 2012, Cai et al., 2007, Rivera et al., 2007, Su et al., 2013, 

Hirokawa et al., 2010). Overall, KIF5 has been shown to regulate axon elongation as 

the deletion of KIF5 family using siRNA in hippocampal neurons decreases their 

axonal length (Sun et al., 2013). Based on the data presented in this chapter, Kif5B 

was dramatically reduced in 3DIV Usp9X-null hippocampal neurons (Figure 4.9), 

suggesting that the shorter axonal length could be due to the reduced level of Kif5B 

in the absence of Usp9X in the cultured neurons. Further examination for the 

interaction between Kif5B and Usp9X and their involvement during axon formation 

is presented in Chapter 5. 
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5. Evaluating the regulation of Kif5B by Usp9X 

 

5.1 Introduction 

 

In neurons, proper organelle and protein trafficking is important for polarization and 

synaptic formation. Kinesin-1 superfamily proteins (KIF5s) are heterodimers which 

are composed of two identical heavy chains and two identical light chains. There are 

three different isotypes of kinesin-1 motors proteins known as Kif5A, Kif5B and 

Kif5C which mediate the plus-end directed transport of different protein cargos along 

the microtubule. Kif5A (~117kDa) and Kif5C (~107kDa) are expressed highly in 

neurons while Kif5B (~109kDa) is ubiquitously expressed (Kanai et al., 2000).  

 

Kif5A, has been shown to specifically regulate the transport of the GABAA receptor 

in dissociated hippocampal neurons and, conditional knock-out of Kif5A in the 

mouse brain causes epilepsy (Nakajima et al., 2012). Until now, little is known about 

the specific cargo proteins transported by Kif5C. A study has reported that Kif5C 

knock-out mice appear normal, however, the mutant mice had smaller brains and a 

relative loss of motor neurons compared with sensory neurons (Kanai et al., 2000). 

 

Kif5B has been most widely studied among the three kinesin-1 motor proteins. 

Deletion of Kif5B in mice caused embryonic lethality by E11.5 (Tanaka et al., 1998). 

It has been demonstrated to regulate the axonal transport of mitochondria, which are 

the important energy producers for highly elongated cells like neurons (Saxton and 

Hollenbeck, 2012, Tanaka et al., 1998). Kif5B also transports anterogradely to the 

nerve terminal different precursor proteins important for presynaptic plasticity (Cai 

et al., 2007). It also promotes the forward transport and axonal localisation of the 

voltage-gated potassium and sodium channels (Su et al., 2013, Rivera et al., 2007).  

 

The yeast-two hybrid screening of a human fetal brain library identified a direct 

interaction between Kif5B and Usp9X. In addition, a dramatic reduction in Kif5B 

protein was observed using immunofluorescence in cultured Usp9X null 

hippocampal neurons (Figure 4.6). These results suggest that Kif5B is regulated by 
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Usp9X and their interaction might be important for axon specification (Chapter 3) 

and growth (Stegeman et al., 2013, Homan et al., 2014). 

 

The interaction of Kif5B and Usp9X (yeast-2-hybrid screen) and loss of Kif5B 

protein in the absence of Usp9X raises the possibility that Kif5B may be an Usp9X 

substrate. However, there is no evidence in the literature that Kif5B is ubiquitylated. 

Therefore, the aim of the study presented in this chapter was to examine the nature of 

the Usp9X and Kif5B interaction.  

 

5.2 Reduced Kif5B expression in Usp9X null hippocampal 

neurons 

 

A direct interaction between two independent clones encoding an overlapping region 

the kinesin-1 motor protein, Kif5B and full length Usp9X was identified in a yeast-2-

hybrid screen of human fetal brain (S. Wood personal communication). Kif5B is 

present in the soma, dendrites and axon of cortical neurons in dissociated culture 

(Rivera et al., 2007). To examine if the cellular expression and localisation of Kif5B 

was affected in the absence of Usp9X, hippocampal neurons were fixed after 3DIV 

and 5DIV culture and stained with Kif5B antibody. The majority of the neurons at 

3DIV were polarised. 30 wild-type and 30 Usp9X-null neurons were compared (4 

mice per genotype). Kif5B was expressed ubiquitously in wild-type neurons as 

reported (Rivera et al., 2007). However, a dramatic reduction in Kif5B protein level 

was observed, by immunofluorescence, in both 3DIV and 5DIV Usp9X-null neurons 

(Figure 5.1). This confirmed our previous observations in 3DIV neurons (Figure 

4.9). 
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Figure 5.1 Kif5B protein levels are reduced in 3DIV and 5DIV Usp9X-null 

hippocampal neurons 

In wild-type neurons, Kif5B was detected in the soma, dendrites and axon. There 

was an obvious reduction of Kif5B expression detected when Usp9X was absent in 

both 3DIV and 5DIV hippocampal neurons. Low levels of Kif5B were still detected 

in the soma of Usp9X knock-out neurons. n=30 neurons from four mice per genotype. 

Kif5B (green); Nuclear marker DAPI (blue). WT: wild-type; cKO: Usp9X knockout. 

Scale bar: 20μm.   
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To examine if the absence of Usp9X affected the level or localisation of Kif5B at 

earlier stages of the hippocampal neuronal development, both wild-type and Usp9X-

null in vitro cultures were fixed at 24 hours and stained with Kif5B antibody. Only 

stage 2 symmetrical neurons (Figure 3.3B) were analysed. Firstly, the subcellular 

distribution of Usp9X was examined in stage 2 wild-type hippocampal neurons. 

Usp9X was distributed in the soma and evenly in all neurites (Figure 5.2). Kif5B 

was also distributed in the soma and neurites of the stage 2 neurons but there was no 

observable difference in the Usp9X-null hippocampal neurons at stage 2 (Figure 5.3).  

 

 

 

 

 
 

 

Figure 5.2 Usp9X is distributed evenly in the soma and all neurites in stage 2 

hippocampal neurons 

Usp9X (green); Nuclear marker DAPI (blue). Scale bar: 20μm.   

 

 

 

 

 

 

 

 

Usp9X/DAPI 



- 95 - 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3 Loss of Usp9X does not affect the expression of Kif5B in stage 2 

hippocampal neurons       

There was no observable difference in the expression of Kif5B (green) in stage 2 

wild-type and Usp9X-null neurons. WT: wild-type; cKO: Usp9X knockout. Scale 

bar: 10μm.   

 

To confirm that the expression level of Kif5B was decreased in 3DIV and 5DIV of 

Usp9X-null culture, immunoblotting analysis was conducted using the same Kif5B 

antibody used for immunofluorescence (Figure 5.1). This antibody (Abcam) was 

specific for Kif5B according to the company datasheet. However, this antibody 

detected several bands. In addition, although this antibody detected a band at the 

predicted size for Kif5B, of approximately 110kDa, in whole cell lysate from 

Hek293 and Neuro2a cell lines, it did not detect any band in the lysate from 

hippocampal neuronal cultures (Figure 5.4) or mouse brain lysate (data not shown). 

WT cKO 
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As shown in Figure 5.4, the band recognised by this Kif5B antibody (Abcam) in 

Neuro2a cells has higher molecular weight than in HEK293 cells. 

A pan-kinesin-1 antibody (Millipore) was also used for immunoblotting. The pan-

kinesin-1 antibody recognises the kinesin heavy chain of the kinesin-1 protein and 

can detect all kinesin-1 isotypes including Kif5A, Kif5B and Kif5C. Their predicted 

sizes are 117kDa, 109kDa and 107kDa respectively (Vidal et al., 2012, Kanai et al., 

2000). As shown in Figure 5.5, the kinesin-1 antibody recognised a single dominant 

band in all cell lines tested including HEK293, Neuro2a and ReNcells VM as well as 

hippocampal neuronal cultures. ReNcell VM is a human neural stem cell line, which 

derived from 10-week ventral mesencephalon fetal brain tissue (Donato et al., 2007). 

The band detected by kineisn-1 antibody in Neuro2a cells and hippocampal neurons 

ran a bit higher than HEK293 and ReNcell VM cells (Figure 5.5). As mentioned 

earlier only Kif5B is expressed in non-neuronal cells therefore the band in HEK293 

cells is Kif5B. In addition microarray analysis of ReNcells VM indicate they express 

Kif5B but not Kif5A (S.Wood personal communication). These data suggest that the 

pan-kinesin-1 antibody may primarily detect Kif5A in hippocampal neurons (Figure 

5.5).  

Not withstanding reservations about the ability of the pan-kinesin-1 antibody to 

detect Kif5B, it was used to detect KIF5 proteins in wild-type and Usp9X-null 

neurons. There was no statistically significant difference in the total level of kinesin-

1 observed between wild-type and Usp9X-null neurons in 3DIV and 5DIV cultures 

(Figure 5.6 and 5.7). Although there was a trend to lower KIF5 protein at 3DIV after 

densitometry analysis (Figure 5.6) this is most probably due to a technical error, 

where one of the 3DIV Usp9X-null hippocampal neuron samples was under loaded.  
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Figure 5.4 Kif5B antibody (Abcam) did not recognise Kif5B protein in 

hippocampal neurons in culture     

Cellular expression of Kif5B (~109kDa) in HEK293 and Neuro2a cell lines was 

recognised by Kif5B antibody (Abcam). However, this antibody did not detect any 

specific band in the hippocampal neuronal culture. Data for β-actin, loading control 

was not shown as the membrane after probing with Kif5B antibody was too dirty for 

β-actin antibody to recognise bands at 42kDa. 
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Figure 5.5 Kinesin-1 antibody (Millipore) recognised kinesin heavy chain of the 

kinesin-1 protein in the hippocampal neurons in culture    

Cellular expression of kinesin-1 in HEK293, Neuro2a, hippocampal neuronal culture 

and ReNcell VM was recognised by the kinesin-1 antibody. The size of the protein 

detected by kinesin-1 antibody for ReNcell VM was similar to HEK293 cells 

suggesting that only Kif5B was detected in ReNcell VM.  
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Figure 5.6 The level of kinesin-1 in three days in vitro wild-type and Usp9X-null 

hippocampal neuronal culture was similar              

(A) Immunoblot analysis of kinesin-1 protein levels in hippocampal neuronal 

cultures from wild-type (WT) and Usp9X-null (cKO) embryos. (B) Densitometry 

was performed for kinesin-1 and normalised with β-actin. There was no statistically 

significant difference in the total level of kinesin-1 between wild-type and Usp9X 

null neurons. WT: wild-type; cKO: Usp9X knockout. Student’s t test p = 0.21 

(n=five for wild-type and 3 for Usp9X knockout embryos). Error bars represent 

standard error of the mean. *= the amount of the protein was under loaded and might 

affect the densitometry result. 
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Figure 5.7 The level of kinesin-1 in five days in vitro wild-type and Usp9X null 

hippocampal neuronal culture was similar                                                                                  

(A) Immunoblot analysis of kinesin-1 protein levels in hippocampal neuronal 

cultures from wild-type (WT) and Usp9X-null (cKO) embryos. (B) Densitometry 

was performed for kinesin-1 and normalised with β-actin. There was no statistically 

significant difference in the total level of kinesin-1 between wild-type and Usp9X 

null neurons. WT: wild-type; cKO: Usp9X knockout. Student’s t test p = 0.95 

(n=three for wild-type and 4 for Usp9X knockout embryos). Error bars= standard 

error of the mean. 
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Given the ambiguity of which KIF5 isoform was detected in the hippocampal 

neurons, and the relative difficulty in obtaining enough cellular material, it was 

decided to examine if the expression of Kif5B was reduced in the absence of Usp9X 

in other cell lines. Usp9X protein was knocked-down using siRNA in Neuro2a and 

HEK293 cells, the latter expressing only Kif5B. Both Neuro2a and HEK293 cells 

were treated with 25nM of siRNA for Usp9X and scrambled siRNA (control) protein 

lysate extracted for immunoblotting analyses at 24, 48 and 72 hours. ImageJ was 

used to analyse the band intensity for Usp9X and normalised against β-actin and 

compared between cells treated with siRNA for Usp9X and scrambled. As shown in 

Figure 5.8A, the expression level for Usp9X in Neuro2a cells remained high at 

approximately 100%, 93% and 74% of scrambled siRNA at 24, 48 and 72 hours 

respectively. For HEK293 cells, the expression of Usp9X was reduced to 

approximately 82%, 42% and 19% at 24, 48 and 72 hours, respectively (Figure 

5.8B).  

The siRNA knock-down of Usp9X was more effective in HEK293 than Neuro2a 

cells (Figure 5.8 A and B). To confirm the maximal level of reduction for Usp9X in 

HEK293 cells, HEK293 cells were treated with 100nM of siRNA for Usp9X and 

scrambled for 96 hours. Increased concentration of siRNA treatment displayed 

unhealthy cell morphology and with a lot of floating cells, indicating that 100nM of 

siRNA might be toxic to the cells. However, the cells were collected and 

immunoblotting was performed. The expression level for Usp9X was approximately 

82%, 46% and 52% at 48, 72 and 96 hours respectively (Figure 5.8C). 
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Figure 5.8 siRNA knock-down for Usp9X in HEK293 and Neuro2a cells 

Analyses of Usp9X expression in Neuro2a (A), HEK293 (B) treated with 25nM 

siRNA and HEK293 treated with 100nM siRNA (C). For assay treated with 25nM 

siRNA, Usp9X expression in Neuro2a cells remained 100%, 93% and 74% 

respectively at 24, 48 and 72 hours; Usp9X expression was reduced to 82%, 42% and 

19% at 24, 48 and 72 hours respectively. For HEK293 cells treated with 100nM of 

siRNA, the expression of Usp9X remained at a level of 82%, 46% and 52% at 48, 72 

and 96 hours respectively. Scr: siRNA scramble.                  
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To examine the level of Kif5B after Usp9X deletion, the membrane for HEK293 

cells treated with 25nM siRNA and probed with Usp9X antibody as shown in Figure 

5.8B was probed with Kif5B (Abcam) antibody. Again multiple bands were detected. 

There was no observable difference in expression level for Kif5B (109kDa) after 

Usp9X knock-down even at 72 hours when Usp9X expression was reduced to only 

20% (Figure 5.8B and 5.9). The expression of Kif5B was analysed with 

densitometry, showing approximately 110%, 94% and 100% of Kif5B protein level 

at 24, 48 and 72 hours respectively, confirming there is no reduction in Kif5B 

expression following Usp9X knock-down in HEK293 cells (Figure 5.8B). 

 

 

 

 

 

 
Figure 5.9 Kif5B expression was not affected in HEK293 cells following 

reduction of Usp9X 

Protein lysate for HEK293 cells treated with 25nM siRNA was probed with Kif5B 

antibody. There was no reduction in the intensity of any of the bands detected by the 

Kif5B antibody, at any time point, in HEK293 cells after Usp9X expression was 

reduced. Scr: Scramble siRNA. 
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5.3 Co-localisation of Usp9X and Kif5B in neurons 

 

Kif5B expression was reduced in 3DIV and 5DIV of hippocampal neuron in culture, 

as detected by immunofluorescence (Figure 5.1). To examine if Usp9X co-localised 

with Kif5B, double-labelling of Usp9X and Kif5B was performed for stage 3 

dissociated wild-type hippocampal neurons and images were taken on a structured 

illumination (SIM) super resolution microscope. The correlation between the two 

channels (red: Usp9X; green: Kif5B) for regions of interest, including the cell body, 

axon and growth cone, were analysed. Pearson’s coefficient analysis indicates the 

amount of co-localisation by measuring pixels containing both signals. Based on the 

fluorescence images (Figures 5.10) Usp9X and Kif5B co-localise in the axon 

(Figure 5.10B; mean Pearson’s coefficient: 0.44) and growth cone (Figure 5.10C; 

mean Pearson’s coefficient: 0.39) but not in the cell body (Figure 5.10A; mean 

Pearson’s coefficient: 0.06). Due to time constraints only ten neurons from a wild-

type embryo were analysed. 
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Figure 5.10 Usp9X and Kif5B co-localise in the axon and growth cone 

The correlation between red (Usp9X) and green (Kif5B) channels measured in 

regions of interest in cell body (A), axon (B) and growth cone (C). The mean 

Pearson’s coefficient in the cell body was 0.06; axon was 0.44 and growth cone was 

0.39. Ten neurons from a wild-type embryo were analysed.  
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5.4 Interaction between Usp9X and Kineisn-1 or Kif5B 

 

The yeast-two-hybrid screen of human fetal brain library identified Kif5B interacting 

with Usp9X. To examine if Kif5B complexes with Usp9X in mammalian cells, co-

immunoprecipitation (Co-IP) was performed using Usp9X and kinesin-1 antibodies. 

Kif5B is one of the isotypes of kineisn-1 (Vidal et al., 2012). As noted above (Figure 

5.4), the Kif5B antibody did not appear to recognise Kif5B protein in the 

hippocampal neuronal culture and mouse brain lysates (data not shown), therefore, 

kinesin-1 (Millipore) antibody was used for Co-IP. Firstly, E18.5 wild-type brain 

lysate was precipitated with Usp9X antibody and then probed with Usp9X antibody. 

Usp9X (~290kDa) was detected in Usp9X elution and input, suggesting that the IP 

worked (Figure 5.11A). However, when probed with kinesin-1 antibody, no band 

was detected for kinesin-1 (~120kDa) in the Usp9X elution (Figure 5.11). 
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Figure 5.11 Kineisn-1 does not immunoprccipitate with Usp9X from mouse 

brain lysate 

The brain lysate for E18.5 wild-type mouse embryo was imunoprecipitated using 

Usp9X (290kDa) (A) and kinesin-1 (B) antibodies before immunoblot analysis. No 

band was detected by the kinesin-1 antibody following Usp9X elution, suggesting 

that Usp9X does not interact with kinesin-1 under the conditions used.  
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It is possible that Usp9X only interacts with a subpopulation of Kif5B in the cells. 

Therefore to increase expression levels HEK293 cells were first co-transfected with 

V5-tagged Usp9X and HA-tagged Kif5B plasmids at three different ratios of 1:1, 3:1 

and 1:3 by transient transfection using Lipofectamine 2000 reagent. After 48 hours, 

the cell lysates were extracted for immunoblotting. The samples were probed with 

V5 and HA antibodies which recognised V5-Usp9X (~290kDa) and HA-Kif5B 

(~110kDa) respectively, as shown in Figure 5.12. Co-transfection of V5-tagged 

Usp9X and HA-tagged Kif5B plasmids at 1:1 ratio was chosen for the Co-IP. 

  

 

 

 
 

 

Figure 5.12 Co-transfection of V5-tagged Usp9X and HA-tagged Kif5B plasmids 

into HEK293 cells results in high protein levels. 

HEK293 cells was co-transfected with V5-Usp9X and HA-Kif5B plasmid at 1:1, 3:1 

and 1:3 ratio using Lipofectamine 2000 reagent. The cells were collected for 

immunoblotting and probed with V5 and HA antibodies. Co-transfection of V5-

Usp9X and HA-Kif5B at 1:1 ration was used for subsequent Co-IP experiments in 

HEK293 cells. 

 

For Co-IP, HEK293 cells were transfected with V5-Usp9X and HA-Kif5B at 1:1 

ratio and the cells were collected after 48 hours. The protein lysate was first 

precipitated with V5 antibody and probed with V5 antibody. Bands at approximately 

290kDa were detected in the input and V5 elution (Figure 5.13A). The elution 

samples and input were also probed with HA antibody, however, no band was 

detected by HA antibody at the expected size of approximately 110kDa in the V5 

elution (Figure 5.13B). 
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Figure 5.13 Kif5B is not in a complex with Usp9X in HEK293 cells 

HEK923 cells were co-transfected with V5-Usp9X and HA-Kif5B plasmids and 

protein extracted after 48 hours, precipitated with V5 antibody and probed with V5 

(A) an HA (B) antibodies. No band was detected by the HA antibody at the 

anticipated size of 110kDa in the V5 elution samples, suggesting that Usp9X does 

not interact with Kif5B in HEK293 cells.  
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5.5 Ubiquitylation of Kif5B or kineisn-1 

 

Usp9X is a deubiquitylating enzyme that rescues some of its substrates from 

proteosomal degradation (Mouchantaf et al., 2006, Schwickart et al., 2009, Xu et al., 

2010). To examine if Kif5B is ubiquitylated, HEK293 cells were treated for six hours 

with 25nM of epoxomicin, a proteasome inhibitor (Han et al., 2012, Stewart et al., 

2010). Protein lysate was collected from epoxomicin treated and untreated cells and 

examined by immunoblotting. The protein lysates were first probed with an ubiquitin 

antibody. Epoxomicin treated protein lysate showed a greater amount of ubiquitin-

positive high molecular weight proteins suggesting the assay was working (Figure 

5.14A). The protein lysates were probed with kinesin-1 and Kif5B antibodies. As 

mentioned earlier, only Kif5B is expressed in HEK293 (Kanai et al., 2000). The 

levels and size of both kinesin-1 and Kif5B proteins treated and untreated with 

epoxomicin were similar, suggesting that Kif5B is not ubiquitylated in HEK293 cells. 
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Figure 5.14 Kif5B and kinesin-1 are not ubiquitylated in HEK293 cells 

Immunoblotting analyses for ubiquitin (A), kinesin-1 (B) and Kif5B (C) in HEK293 

cells after treatment with 25nM of epoxomicin for six hours. - untreated; +: treated 

with epoxomicin. 
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The dramatic reduction of Kif5B immunoreactivity was observed in 3DIV 

hippocampal neurons (Figure 5.1). To examine if Kif5B is ubiquitylated in 

hippocampal neurons, wild-type hippocampal neurons in culture were treated with 

25nM of epoxomicin three days after plating. After six hours of treatment, neurons 

were collected for immunoblotting analysis. Firstly, the epoxomicin treated and 

untreated protein lysates were probed with ubiquitin antibody. The expression level 

of ubiquitin increased in the epoxomicin treated sample, suggesting the assay was 

working (Figure 5.15A). However, the expression levels of kineisn-1 in both 

epoxomicin treated and untreated neuronal culture were similar as was the size of the 

band, suggesting that the kinesin-1 is not ubiquitylated in three days in vitro 

hippocampal neurons (Figure 5.15B). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.15 Kineisn-1 is not ubiquitylated in 3DIV hippocampal neurons 

Immunoblotting analyses for ubiquitin (A) and kinesin-1 (B) in 3DIV hippocampal 

neurons after treatment with 25nM of epoxomicin for six hours. - untreated; + treated 

with epoxomicin. 

 

 

 

Epoxomicin   -        +        

WB: ubiquitin 

β-actin 

 

A 
  -         +        

WB: kinesin-1 

β-actin 

Epoxomicin 

  

B 



- 113 - 
 

5.6 Transportation of syntaxin-1 and mitochondria by Kif5B  

 

Kif5B is a microtubule-based motor protein, which transports the active zone (AZ) 

compartments to the nerve terminal for presynaptic plasticity in the developing 

neurons (Su et al., 2004, Cai et al., 2007). When the precursor AZ vesicle reaches the 

nerve terminal, it fuses to the plasma membrane and assemble AZs, forming a site 

for neurotransmitter release and new synapse. The precursor AZ transport vesicle 

contains membranous syntaxin-1 which acts as a receptor and is linked to Kif5B for 

axonal transport by syntabulin. Synatxin-1 is widely distributed in the dissociated 

hippocampal neurons in culture (Cai et al., 2007).  

To examine the functional consequence, if any, of reduced Kif5B in Usp9X-null 

neurons, the subcellular distribution of syntaxin-1 was studied in 5DIV hippocampal 

neurons by immunofluorescence. Due to the higher structural complexity of the 

neurons at 5DIV, where axons from neighbouring neurons often overlap, therefore, 

lower cell density of the cultures was used to enable better resolution of individual 

neurons. Images of 20 neurons derived from three wild-type and three Usp9X knock-

out culture were taken and the cellular distribution of syntaxin-1 compared. 

Syntaxin-1 was present throughout both wild-type and Usp9X-null neurons and there 

was no observable difference at this level of resolution (Figure 5.16).  
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Figure 5.16 Subcellular distribution for syntaxin-1 is not affected in Usp9X-null 

culture with reduced Kif5B expression level 

Double-staining of syntaxin-1 (red) and βIII-tubulin (green) in 5DIV hippocampal 

neurons. Cell nuclei were stained DAPI (blue). WT: wild-type, cKO: Usp9X 

knockout. Scale bar represents 20μm.  
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Kif5B has also been shown to transport mitochondria in vitro (Tanaka et al., 1998). 

To examine if the distribution of mitochondria in the axon was affected in the 

absence of Usp9X, the dissociated hippocampal neurons were incubated with 400nM 

mitotracker for 30 minutes at 37°C three days after plating. The cells were fixed for 

immunofluorescence. As shown in Figure 5.17A&B, mitochondria were distributed 

along the axon for both wild-type and Usp9X-null neurons. The number of 

mitochondria of 80μm for both the distal and proximal ends of the axon was counted. 

10 neurons per culture (n=3 embryos per genotype) were used for analysis. The 

percentage of mitochondria at the proximal end for Usp9X-null neurons was 

significantly lower than of wild-type neurons (Student’s t-test p=0.05). At the distal 

of the axon, percentage of mitochondria for Usp9X cKO neurons was significantly 

higher than of wild-type neurons (Student’s t-test p=0.05), suggesting that the 

mitochondria tend to distribute at the distal end of the axon in the absence of Usp9X 

(Figure 5.17C).  

 

 

 

 

 

 

 

 

 

 

 

 

 



- 116 - 
 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.17 Mitochondria tend to distribute to the distal end of the axon in the 

absence of Usp9X 

Three days after plating, the dissociated hippocampal neurons were incubated with 

mitotracker for 30 minutes at 37°C. The neurons were fixed for imaging. White 

arrows (A,B) indicated the mitochondria along the axon. (C) The percentage of 

mitochondria at proximal and distal ends for both WT and Usp9X cKO neurons. 10 

neurons per culture (n=3 embryos per genotype) were analysed with Student’s t-test 

p=0.0501. WT: wild-type, cKO: Usp9X knockout. Scale bar: 50μm. 
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5.7 Restoration of Kif5B in Usp9X-null neurons 

 

Loss of Usp9X resulted in delayed axon specification (Chapter 3), shorter axonal 

length and reduced number of axonal termini in cultured hippocampal neurons 

(Stegeman et al., 2013, Homan et al., 2014). As shown in Figure 5.1, in the absence 

of Usp9X the expression level of Kif5B is dramatically reduced in 3DIV and 5DIV 

hippocampal neurons. To examine if the shorter axonal length in Usp9X-null 

neurons is due to the reduction of Kif5B expression, a rescue experiment was 

attempted by transfecting dissociated Usp9X-null hippocampal neurons with YFP-

tagged Kif5B (Rivera et al., 2007). In a pilot study we failed to detect YFP in 

neurons following transfection with YFP-Kif5B using Amaxa Nucleofection Kit. 

Therefore we sought to determine where the problem lay. Firstly, to confirm the 

whether the YFP-Kif5B plasmid we received expressed YFP, both YFP-Kif5B and 

pMAX-GFP control plasmids were transfected into HEK293 cells using 

Lipofectamine® 2000 reagent. The cells were fixed at 48 hours post-transfection for 

imaging. YFP fluorescence was detected in approximately 50% of HEK293 cells. 

Interestingly, YFP was detected mainly in the nuclei of the cells suggesting YFP-

Kif5B fusion protein would also be nuclear (Figure 5.18). The transfection of YFP-

Kif5B was subsequently attempted into wild-type hippocampal neurons using the 

Amaxa Nucleofection Kit. The expression of YFP-Kif5B was extremely low (Figure 

5.19) and unable to be picked up at even x63 higher magnification (data not shown) 

whereas GFP expressed from a control plasmid was readily detectable. The nuclear 

localisation of YFP and the low expression of YFP-Kif5B in neurons, suggested this 

plasmid was not suitable for the rescue experiment.  
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Figure 5.18 YFP-Kif5B is expressed in the nuclei of HEK293 cells 

HEK293 cells were transfected with (A) pMAX-GFP and (B) YFP-Kif5B with 

Lipofectamine® 2000 reagent. Merged (A, B), bright field (A’, B’) and fluorescence 

(A’’, B’’) images were taken 48 hours after transfection. YFP-Kif5B shows nuclei 

expression in HEK293 cells. Scale bar represent 20μm. 
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Figure 5.19 Expression level of YFP-Kif5B is negligible in the dissociated 

hippocampal neurons 

The dissociated hippocampal neurons were transfected with (A) pMAX-GFP and (B) 

YFP-Kif5B. Three days after plating, merged images of bright field and fluorescence 

were taken. The expression of YFP-KIF5B was negligible. Closed arrowhead shows 

the transfected neuron while open arrowhead shows the un-transfected cells. Scale 

bar indicate 20μm.  
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5.8 Discussion 

 

A yeast-two-hybrid screening of a human fetal brain cDNA library identified an 

interaction between Kif5B with Usp9X. This suggested the possible regulation of 

Kif5B by Usp9X which in turn might be required for axon specification (Chapter 3) 

or axon growth in dissociated hippocampal neurons (Stegeman et al., 2013, Homan 

et al., 2014). In this study, immunofluorescence data showed that loss of Usp9X 

resulted in the dramatic reduction of Kif5B expression in 3DIV and 5DIV 

dissociated hippocampal neurons (Figure 5.1). However, the reduction of Kif5B 

expression level was not observed in the symmetrical stage 2 neurons when Usp9X 

was absent (Figure 5.3). This indicates that Usp9X-dependent Kif5 expression is 

stage specific and that the regulation of Kif5B by Usp9X might only involve axonal 

growth but not axon specification.  

An apparent lack of antibody specificity to Kif5B hampered the analysis and needs to 

be addressed here. Immunoblotting analysis was performed to confirm or reject the 

immunofluorescence data. Immunoblotting using kinesin-1 antibody for 3DIV and 

5DIV of the dissociated hippocampal neurons culture was performed (Figure 5.6 and 

5.7). Taking into account that the kinesin-1 antibody used in this study is directed 

against a kinesin heavy chain region that is highly conserved in all three isotypes of 

kinesin-1, (Kif5A, 5B and 5C) and the expression of Kif5A, Kif5B and Kif5C was 

reported in dissociated hippocampal neurons (Vidal et al., 2012, Kanai et al., 2000, 

Nakajima et al., 2012), immunoblotting analysis demonstrated that loss of Usp9X did 

not affect the total expression level of kinesin-1 in 3DIV and 5DIV hippocampal 

neurons. However they do not define the contribution of each isotype. Kif5A 

(~117kDa) and Kif5C (~107kDa) are reportedly expressed highly in neurons while 

Kif5B (~109kDa) is expressed in neuronal and non-neuronal cells (Kanai et al., 2000, 

Nakajima et al., 2012). Therefore, data from the imunoblotting analysis could not 

confirm the reduction of Kif5B in Usp9X null neurons as shown in Figure 5.1, but 

neither did it reject the hypothesis. In future, specific antibodies for all three isotypes 

of kinesin-1 heavy chain should be used. 

An alternative explanation could be that the kinesin-1 antibody detected only Kif5A 

in the dissociated hippocampal neurons. This assumption was made based on the 

larger molecular weight band detected (Figure 5.5) and unpublished microarray data 
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for ReNcell VM showing that Kif5A is not expressed in ReNcell VM (there was no 

probe detecting Kif5C). As shown in Figure 5.5, the size of the protein detected in 

ReNcell VM by kinesin-1 antibody was similar to HEK293 cells, which only 

expresses Kif5B (109kDa), suggesting that only Kif5B is expressed in ReNcell VM. 

The size of the protein detected in hippocampal neuron ran higher than HEK293 and 

ReNcell VM, therefore, it is possible that kinesin-1 antibody only recognised Kif5A 

(117kDa) in the hippocampal neuronal cultures. This could indicate that Kif5A 

expression was not affected when Usp9X was absent on 3DIV and 5DIV (Figure 5.6 

and 5.7) but no conclusions can be drawn about Kif5B. The specificity of kinesin-1 

antibody only to Kif5A could be resolved by examining the expression of kinesin-1 

after knockdown of Kif5A in HEK293 cells using siRNA.  

Double-labelling of Usp9X and Kif5B in stage 3 hippocampal neurons suggest that 

Usp9X and Kif5B co-localise in the axon and growth cone (Figures 5.10). This is 

supported with Pearson’s coefficient data which measure the correlation between red 

(Usp9X) and green (Kif5B) channels for regions of interest in the cell body, axon 

and growth cone. Pearson’s coefficient indicates the amount of co-localisation by 

measuring pixel which contains both signals. The analyses show higher mean 

Pearson’s coefficient in the axon and growth cone compared to cell body, suggesting 

that there is higher co-localisation of Usp9X and Kif5B in the axon and growth cone.  

Co-IP using mouse brain lysate failed to detect an interaction between Usp9X and 

kinesin-1 (Kif5A, 5B and 5C) under the conditions used (Figure 5.11). For this 

project, HEK293 cells were used for biochemical assays because the high 

transfection efficiency in these cells is required for Co-IP and ubiquitylation assays. 

Co-transfection of V5-Usp9X and HA-Kif5B plasmids in HEK293 cells for Co-IP 

failed to detect an interaction between Usp9X and Kif5B. However, as shown in 

Figure 5.13A, low band intensity for V5-Usp9X was detected in the V5 elution. 

Therefore if Usp9X only interacts with a subpopulation of Kif5B in the cells, the 

interaction between Usp9X and Kif5B might be difficult to be detected. Usp9x only 

interacts with subpools of other substrates including ASG3 (Xu et al., 2010) and 

EFA6 (Theard et al., 2010). Therefore, given time, this experiment needs to be 

repeated with higher number of cells for immunoprecipitation. The over-expression 

of the plasmid containing the catalytically inactive form of Usp9X might be more 

suitable for Co-IP as it may bind its substrates longer. 
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Until now, there is no published data indicating that Kif5B is ubiquitylated or is 

targeted for proteosomal degradation. From this study, treatment of epoxomicin in 

HEK293 cells and dissociated hippocampal neurons suggest that Kif5B and kinesin-

1 is not degraded by the proteasome (Figure 5.14 & 5.15). These data also suggests 

that the reduction of Kif5B expression in Usp9X-null hippocampal neurons may not 

be due to the classical role of Usp9X as a deubiquitylating enzyme (Mouchantaf et 

al., 2006, Schwickart et al., 2009, Xu et al., 2010). As well as protein stability, 

Usp9X also regulates the localisation and activation of proteins, which has been 

shown in Smad4 and MARK4 in vitro (Al-Hakim et al., 2008, Dupont et al., 2009). 

Our initial analysis suggests that Kif5B expression level was reduced without 

showing any mislocalisation in Usp9X-null neurons (Figure 5.1). However it is 

conceivable that all the cellular Kif5B may re-localise to the peri-nuclear region in 

Usp9X-null neurons (Figure 5.1). This needs to be resolved at higher microscopic 

resolution.  

One of the roles for Kif5B is to transport mitochondria anterogradely in the cells 

(Tanaka et al., 1998). It is hypothesized that reduced Kif5B expression in Usp9X-

null hippocampal neuron might reduce the transportation of mitochondria to the 

distal end of the axon. As shown in Figure 5.17, the distribution pattern of 

mitochondria for wild-type and Usp9X cKO neurons is not statistically significant, 

however, it has a strong trend towards significance which could be due to the 

inherent variability of the biological systems which may be compounding this data. 

Live cell imaging might be a more suitable method to study the forward transport of 

mitochondria along the axon in real time as transport rates rather than overall 

distribution may be affected.  

Given that Kif5A, Kif5B and Kif5C show high similarity in their amino acid 

sequences, it is possible that there is functional redundancy among the three kineisn-

1 motor proteins (Kanai et al., 2000). This suggests that reduced Kif5B expression in 

hippocampal neurons might not result in any functional defect in Usp9X-null 

dissociated hippocampal neurons.  

The transfection of Usp9X-null neurons with YFP-Kif5B to restore the Kif5B 

expression level and rescue the shorter axonal length is important to show the 

interaction between Usp9X and Kif5B. YFP-Kif5B plasmid was a gift from 

Professor Don Arnold, which it has been used for the examination of localization for 
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Kv1 K(+) channels along the axon of the cultured cortical neurons (Rivera et al., 

2007).  However as shown in Figure 5.18 and 5.19, the transfection of YFP-Kif5B in 

HEK293 cells and hippocampal neurons showed the nuclei expression of Kif5B and 

low fluorescence expression of YFP from the plasmid respectively, suggesting that 

this plasmid is not suitable for the rescue experiments. 
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6. General discussion and future directions 

 

6.1 Usp9X in neuronal development 

 

Usp9X is involved in multiple stages of neuronal development. Based on the data 

obtained from this project, Usp9X facilitates neurite initiation as Usp9X-null neurons 

displayed delayed progression from filopodia and lamellipodia presenting stage 1 

neurons to those with neurites (stage 2). In addition, Usp9X is required for axon 

specification and growth based on the dramatically delayed neuronal progression 

from stage 2 to 3 and significantly shorter axonal length. This is consistent with the 

previous in vitro findings, which demonstrated the importance of Usp9X for normal 

axonal elongation and branching in later stage neurons (Stegeman et al., 2013, 

Homan et al., 2014). The requirement of Usp9X for axon formation is further 

supported by in vivo data where loss of Usp9X results is a smaller corpus callosum in 

the adult brain and reduced neuronal projections in the embryonic brain (Stegeman et 

al., 2013). Usp9X also regulates neuronal migration as shown in neurospheres 

isolated from the dorsal cortex of the embryonic brain (Homan et al., 2014).  

The analysis of Usp9X regulation of axon development and migration has been 

demonstrated predominantly at the cellular level in in vitro cultured neurons. For 

future studies, to visualise how a single neuron develops an axon and grows in the 

cortical region of the brain, in utero electroporation of a control GFP vector or a 

plasmid expressing Cre recombinase tagged with GFP into the lateral ventricles of 

E14.5 embryos carrying a conditional Usp9X-null mutant allele (Usp9X
floxed

) to label 

the newborn neurons and collected for ex vivo slice culture (Yi et al., 2010). Cortical 

slices are then divided into ventricular zone, subventricular zone and cortical plate 

based on the distance from the lateral ventricle (Yi et al., 2010, Hand et al., 2005) 

and axon formation and migration can be analysed at different time points. 

Combination of the in vivo and in vitro data would provide clearer and more relevant 

information about Usp9X regulation of neurons. 
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6.2 Usp9X and cell function: polarity  

 

Usp9X is required for the establishment and maintenance of polarity in a number of 

different cell types. In polarized epithelial cells, the apical membrane is separated 

from the basolateral membrane by the tight junctions (TJs) and adherens junctions 

(AJs) (Farquhar and Palade, 1963). TJs are the most apical component of the 

junctional complex, which serve as barriers to prevent solutes and water passing 

through the paracellular pathway. While AJ proteins connect to the actin 

cytoskeleton for further maturation of the junction (Kriegstein and Gotz, 2003). 

Usp9X regulates multiple substrates some of which are adhesion and polarity 

proteins, including AF-6 (Afadin), -catenin and EFA6 (Taya et al., 1998, Taya et al., 

1999, Theard et al., 2010).  

In cultured MDCK cells, Usp9X regulates TJ biogenesis by controlling the levels of 

EFA6, a protein essential for TJ formation (Theard et al., 2010). Usp9X mediated 

deubiquitylation of EFA6 is required for the establishment of TJ during a narrow 

temporal window, which precedes the establishment of polarity (Theard et al., 2010). 

In the polarised intestinal epithelial cell line T84, Usp9X co-localises with multiple 

adhesion proteins including -catenin, p120 catenin and Z0-1. Interestingly, Usp9X 

only interacts with -catenin and E-cadherin in subconfluent cells where adhesion 

junctions are unstable and undergoing dynamic rearrangements (Murray et al., 2004). 

The E-cadherin--catenin complex plays an essential role in the establishment and 

maintenance of AJs and is targeted for degradation by the ubiquitin-proteasome 

pathway.  

Usp9X is a strong candidate to play a role in neural progenitor (NP) polarity where 

cell polarity is central to dictating self-renewal and cell fate decisions (Jolly et al., 

2009). In embryonic stem cell derived NPs, over-expression of Usp9X promotes the 

formation of polarized neural cell clusters which express markers of radial glial cells 

with adherens junction proteins and apical markers concentrated at the centre. This in 

turn also promotes the self-renewal capacity for NP and increases the numbers of 

NPs and neurons in vitro. These studies suggest that Usp9X is important for the 

formation of intercellular junctions during cell polarisation.   
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In vivo, Usp9X is highly expressed in the pluripotent stem cells of mouse pre-

implantation embryos (Pantaleon et al., 2001). Depletion of Usp9X from two-cell 

mouse embryos results in failure of the embryos to develop to blastocyst. Usp9X 

deficiency not only results in slower blastomere cleavage rate, but inhibition of cell 

adhesion as well as loss of cell polarity (Pantaleon et al., 2001). In addition, Nestin-

Cre mediated deletion of Usp9X from mouse brain affects adhesion and polarity 

proteins at embryonic stages. Deletion of Usp9X results in decreased levels of 

adhesion proteins (N-cadherin, AF-6) and polarity proteins (aPKC, CD133) at 

E12.5 although these returned to normal at E14.5 and E16.5 (SAW, unpublished). 

These data further support the hypothesis that Usp9X is essential for cell polarity and 

adhesion. 

Usp9X is also involved in axon-dendritic polarity, as loss of Usp9X in dissociated 

hippocampal neurons results in delayed axon specification (Chapter 3), shorter 

axonal length and fewer axonal branches (Stegeman et al., 2013, Homan et al., 

2014). Although neurons do not contain adherens junctions, other factors associated 

with the actin/microtubule cytoskeleton play important roles in maintaining neuronal 

polarity. Evidence from yeast-two-hybrid and 2D proteomic analysis (Homan et al., 

2014) indicates that Usp9X regulates some of these cytoskeletal proteins. In this 

project, some of the cytoskeletal proteins which regulate microtubule dynamics, such 

as stathmin-1, Kif5B and CRMP2 were examined in Usp9X-null hippocampal 

neurons. Interestingly, a dramatic reduction of Kif5B was observed in neurons in the 

absence of Usp9X. In future studies, the regulation of Usp9X with Kif5B and its 

consequences for axonal growth should be examined. 

 

6.3 Usp9X and cytoskeletal proteins  

 

Actin filaments are structurally important for the formation of filopodia and branches, 

as well as growth cone motility. 2D proteomic analysis of in vitro hippocampal 

neurons suggests that Usp9X might regulate cofilin and Arp2/3 complex which are 

both important for actin dynamics (Ichetovkin et al., 2002, Homan et al., 2014). 

Cofilin is a severing protein that de-polymerizes F-actin. In wild-type hippocampal 

neuron, active and non-phosphorylated forms of cofilin are enriched at the growth 

cone and are necessary for normal axon formation (Garvalov et al., 2007). Deletion 

of Cdc42 in dissociated hippocampal neurons results in increased cofilin 
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phosphorylation at the growth cone, and thus disrupts neuronal polarization 

(Garvalov et al., 2007). While for Arp2/3 complex, it promotes actin polymerization. 

Depletion of Arp2/3 complex in dissociated hippocampal neurons and neuroblastoma 

cells, using small interfering RNA, showed decreases in F-actin content, inhibition of 

retrograde flow in the growth cone and disruption in filopodia dynamics, and also 

disruption in neuritogenesis and neuronal differentiation (Korobova and Svitkina, 

2008). Given that Usp9X is required for normal axon development and initial neurite 

formation, and lamellipodia and filopodia structures are highly dependent on the 

actin dynamic, for future studies, the regulation of cofilin and Arpc2/3 complex by 

Usp9X is worthwhile pursuing. 

 

6.4 Usp9X and neuronal trafficking  

 

Three single point variants at the C-terminal region of human Usp9X have been 

identified in individuals with X-linked intellectual disability. All the Usp9X variants 

resulted in the depletion of Usp9X localisation specifically at the axonal growth cone, 

but not elsewhere in the neuron, and were associated with defects in axonal growth 

and neuronal migration (Homan et al., 2014). The C-terminal region Usp9X interacts 

with doublecortin. However, doublecortin is not a Usp9X substrate and their 

interaction is proposed to transport Usp9X along the axon and other neuronal 

processes (Friocourt et al., 2005).  Mutations in doublecortin in humans cause type1-

lissencephaly and subcortical laminar heterotopia (Gleeson et al., 1998). Therefore, it 

suggests proper Usp9X-doubelcortin interaction is required to prevent some 

neurological disorders (Friocourt et al., 2005). Usp9X trafficking by doublecortin 

may facilitate interactions between Usp9X and other substrates or component 

proteins essential for axonal and neurite formation.  

 

6.5 Usp9X and TGFβ signalling pathway  

 

The TGFβ signalling pathway regulates both axon specification and growth in 

cultured hippocampal neurons (Ishihara et al., 1994, Yi et al., 2010). These 

phenotypes parallel the findings in dissociated hippocampal neurons of Usp9X 

knock-out mice which display delayed axon specification and shorter axonal length. 

This raises the possibility of Usp9X regulating axon production via the TGF-β 

signaling pathway (Stegeman et al., 2013). Previous studies have shown Usp9X is 
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required for neurons to respond to the TGFβ ligand (Stegeman et al., 2013) as TGFβ 

treatment increased the length of the axon and number of axon and dendritic termini 

in wild-type but not Usp9X-null neurons. Hippocampal neurons transfected with 

TGFβ luciferase reporter constructs did not respond to increasing concentrations of 

TGFβ when Usp9X was absent. At the mRNA level, BDNF showed no response to 

TGFβ ligand as compared to the wild-type neurons.  

 

There are several possible molecular mechanisms mediating Usp9X regulation of the 

TGFβ pathway during axon development. Two could be through the known Usp9X 

substrates, Smad4 and Smurf1 of the TGFβ pathway (Dupont et al., 2009, Xie et al., 

2013). Smad4 activates TGFβ pathway while Smurf1 antogonizes TGFβ pathway 

and perhaps directly or indirectly through the known TGFβ pathway target gene, 

BDNF (Sometani et al., 2001, Stegeman et al., 2013). A further possibility is PJA1 

identified in the yeast-2-hybrid (S. Wood personal communication) and mass 

spectrometry from Usp9X affinity purification, PJA1 (Agrawal et al., 2012). Future 

studies about the regulation of Usp9X in TGFβ pathway for normal neuronal 

development is required. 
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Appendix- Supplementary figures 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 Expression of CRMP-2 in the cortical region of Usp9X cKO embryonic 

mouse brain               

CRMP-2 (green) was ubiquitously expressed in the cortical region of E18.5 mouse 

brain for wild-type and Usp9X-null models (n=1). WT: wild-type; cKO: Usp9X 

knockout. Scale bar: 20μm.  
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Figure 2 Expression of PJA1 in the cortical region of Usp9X cKO embryonic 

mouse brain                    

PJA1(green) was ubiquitously expressed in the cortical region of E18.5 mouse brain 

for wild-type and Usp9X-null models (n=1). WT: wild-type; cKO: Usp9X knockout. 

Scale bar: 20μm.  
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