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ABSTRACT

Amyotrophic lateral sclerosis (ALS) is a devastating, adult onset motor neuron disease
(MND) that has no effective treatment to date. The current study investigates the possibility
of targeting protein aggregation pathway for treatment. Modulation of this pathway is
approached through targeting Arfaptin2 protein. The C-terminal of Arfaptin2 (HC-ARFIP2),
a dominant negative form of Arfaptin2, has been shown to have a neuroprotective property
that maintains the proteasome activity and induces degradation of misfolded proteins.

We thus proposed that the HC-ARFIP2 improves neuronal survival in ALS via
maintaining the proteasomal pathway, which in turn will decrease neuron toxicity and improve
neuronal survival. Expression of HC-ARFIP2 in primary motor neuron cultures using LV-
based vector, improved motor neuron survival significantly. The prosurvival effect was
observable even in cells treated with H,O. in both SOD1G93A transgenic and non-transgenic
cells. A further investigation on the pathway of which HC-ARFIP2 exerts it neuroprotective
effect showed that HC-ARFIP2 induces Akt phosphorylation by decreasing its dominant
negative modulator, PTEN. In addition, protein degradation pathway-markers (p62, LC3ll,
ULK1) showed significant changes in response to HC-ARFIP2 expression. Furthermore,
Arfaptin2 showed colocalisation with SOD1 and overexpression of FL-ARFIP2 caused
aggregates formation in HEK293T cells compared to HC-ARFIP2 expression that maintained
the cytoplasmic distribution of SOD1.

A scAAV9-based vector was produced to replicate these observations in vivo. The desired
viral titre could not be obtained within the time course of the PhD.

In conclusion, the study presented here has provided a proof of concept that Arfaptin2 is
involved in protein aggregation in ALS. In addition, HC-ARFIP2 expression can improve

motor neuron survival in vitro through activation of Akt and proteasome activity.
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Chapter 1: Introduction

1.1 Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS) is an adult onset motor neuron disease
(MND), in which mainly upper motor neurons (UMN) in motor cortex and lower
motor neurons (LMN) of brainstem and spinal cord degenerate. Nevertheless, it is now
considered a multisystem disease as other types of neurons in addition to motor
neurons can be affected. The average age of onset is 50-60 years; however, juvenile
onset has been reported. The incidence is approximately 4/100,000 worldwide in
which men are more commonly affected than women. It is a progressive and
devastating disease in which the average survival is three years from the onset of
symptoms, and death usually occurs due to respiratory failure (Shaw, 2005, Ferraiuolo

etal., 2011).

MND can be subdivided into four subclasses according to the affected motor
neurons; ALS, in which both UMNSs and LMNSs are affected; primary lateral sclerosis
(PLS), in which only the UMNSs are affected; progressive muscular atrophy (PMA), in
which only LMNs are affected; and progressive bulbar palsy (PBP), in which only the
bulbar musculature is affected. However, most of these subclasses progress into ALS.
ALS has been reported to be accompanied with frontotemporal lobar degeneration
(ALS/FTLD) in 20% of cases (Shaw, 2005). Definitive diagnosis of ALS is
complicated and follows specific criteria. According to El Escorial criteria, ALS
diagnosis can be divided into: definite, in which both UMN and LMN in three or more
regions are affected; probable, in which UMN and LMN are affected in less than three
regions; possible, in which either UMN or LMN are affected; and laboratory-
supported probable, in which UMN and LMN are affected and supported by laboratory

tests (Bradley et al., 2003).
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Symptoms develop due to muscle weakness and muscle wasting; most commonly
starts in the upper limbs. Depending on which muscles are affected, ALS patients may
show symptoms like fasciculation, muscle cramps, dysphagia and bulbar impairment

(Bradley et al., 2003).

1.1.1 Types

ALS is divided into two types according to the genetic cause:

1.1.1.1 Familial ALS (FALS)

FALS accounts for approximately 10% of ALS cases. It mostly shows autosomal
dominant inheritance, however, autosomal recessive and X-linked inheritance have
been reported (Hentati et al., 1994, Maruyama et al., 2010, Orlacchio et al., 2010,
Deng et al., 2011b). Over 10 genes have been identified to be involved in the FALS
and some of them have unknown functions. The most studied mutated gene in FALS
is the copper-zinc superoxide dismutase-1 gene (SOD1), which was first identified by
Rosen and colleagues, present in 20% of FALS cases (Rosen et al., 1994, Ferraiuolo
etal., 2011). However, the most common mutation found in FALS is a hexanucleotide
GGGGCC repeat expansions at chromosome 9 open reading frame 72 (C9ORF72)

(DeJesus-Hernandez et al., 2011, Renton et al., 2011)

1.1.1.2 Sporadic ALS (SALYS)

SALS accounts for the remaining 90% of ALS cases. The exact causes of SALS
are still unknown but there is a hypothesis that an acquired nucleic acid change triggers
the initiation of ALS that is age- and environmental-dependent. Such factors are
smoking (Kamel et al., 1999), ingestion of foods containing neurotoxins such as Cycad
flour (Esclaire etal., 1999, Armon, 2005), and increased cardiovascular fitness (Turner

etal., 2011).
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1.1.2 Pathogenesis
ALS seems to be a multi-factorial disease and the exact pathogenesis of the disease
is still debated. However, several factors have been identified to be involved in the

pathogenesis of ALS (Figure 1.1), which are:

Protein aggregates
Impaired endosomal
trafficking and axonal A Oxidative stress
transport
Endoplasmic reticulum . Mitochondrial
doplasmicrefcly < Pathogenesis of ALS > ocho .dla
stress dysfunction
Excitotoxicity [ N Glial dysfunction
Dysregulated RNA
transcription and Genetic mutations
processing

Figure 1.1: Pathogenic pathways involved in ALS.
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1.1.2.1 Genetic mutations

Genetic mutations were reported in some ALS cases. Genes reported to be mutated
in ALS cases are listed in Table 1.1. Some mutations might be involved in ALS
pathogenesis through a toxic gain of function mechanism rather than loss of function,
a hypothesis was raised after noticing that SOD1 knockout mice did not develop MND
phenotype (Reaume et al., 1996, Cho et al., 2011), while expressing mutant human
SOD1 (hSOD1) did show MND symptoms (Gurney et al., 1994). Mutant SOD1 is the
most studied gene defect in ALS. Over 140 mutations in SOD1 gene have been

identified (Chattopadhyay & Valentine 2009, Polymenidou & Cleveland 2011)

Some mutations might affect protein folding and involve the protein degradation
pathway. For instance, mutated valosin-containing protein (VCP) causes disruption to
the ubiquitin proteasome system (UPS) which causes accumulation of protein
aggregates in motor neurons (Johnson et al., 2010b). In support of this hypothesis,
many ALS-related mutated genes are involved in protein degradation pathways. Such
genes are CHMP2B, UBQLN2, P62, OPTN and VCP (Chalasani et al., 2014).
However, a study on Dutch cohorts showed that VCP mutations in ALS are very rare
and that the identified mutations were shown to be benign according to protein

prediction software (Koppers et al., 2011).

Other mutations cause a disease by loss of function mechanism. An example is
ALS2 mutations that cause the production of unstable proteins. These products degrade
frequently and the protein level were found to be significantly decreased in

lymphoblasts of ALS patients (Yamanaka et al., 2003).

The hexanucleotide repeat expansion in C9ORF72 is the most common mutation

related to ALS, and it is detected in many FALS and SALS cases (DeJesus-Hernandez

5
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etal., 2011, Renton et al., 2011). It has been reported that these hexanucleotide repeats
are expanded in about 50% of FALS and 21% of SALS (Renton et al., 2011). Although
the actual function of C9ORF72 is still unknown, it is highly conserved between
species. The normal repeat size range between 0-22, while disease associated repeats
are over 1000. CO9ORF72 was found to produce three transcripts that encodes for two
protein isoforms. Transcript 1 and 3 encode for isoform a, while transcript 2 encodes
for isoform b. The hexanucleotide repeat expansions seem to cause variant 1
transcription interruption which leads to reduced production of isoform a (DeJesus-
Hernandez et al., 2011). Therefore, it was suggested that these repeat expansions are
involved in the pathogenesis by disrupting gene expression or splicing or by the
formation of toxic RNA that disrupt some cellular physiological pathways (DeJesus-

Hernandez et al., 2011, Renton et al., 2011).

In general, the exact effect of ALS-related mutations on motor neurodegeneration

is still vague.
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Table 1.1: List of genes related to ALS.

Gene Gene locus Function/ References
pathogenic pathway
SOD1 21022.11 Superoxide (Rosen et al.,
metabolism 1993)
FUS 16911.2 RNA processing (Kwiatkowski et
al., 2009)
TARDBP 1p36.22 RNA processing (Sreedharan et
al., 2008)
C90RFT72 9p21.2 Unknown, RNA | (DeJesus-
processing, Hernandez et al.,
endosomal trafficking | 2011, Renton et
al., 2011, Farg et
al., 2014)
OPTN 10p13 Vesicular trafficking, | (Maruyama et
autophagy al., 2010)
VCP 9p13.3 Vesicular trafficking, | (Johnson et al.,
autophagy 2010a)
UBQLNZ2 Xpll.21 Protein degradation (Deng et al.,
2011b)
SQSTM1/p62 5935 Protein degradaiton (Fecto et al.,
2011)
profilin 1 (PFN1) 17p13.3 Cytoskeleton (Wu et al., 2012)

arrangement
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ALS2 2033.1 Vesicle trafficking, (Yang et al,
guanine-nucleotide 2001)
exchange factor
(GEF).

Senataxin (SETX) 9g34.13 DNA repair (Chen et al,

2004)

Vesicle-associated 20913.33 Vesicle trafficking (Nishimura et

membrane  protein/ al., 2004)

synaptobrevin-

associated membrane

protein B (VAPB)

Dynactinl (DCTN1) 2p13 Vesicle trafficking (Munch et al,

2004)

Angiogenin (ANG) 14911.1- RNA processing (Greenway et al.,

ql1.2 2006)

charged 3pll.2 Vesicle trafficking (Parkinson et al.,

multivesicular  body 2006)

protein 2B (CHMP2B)

Polyphosphoinositide 6021 Vesicle trafficking (Chow et al.,

phosphatase (FIG4) 2009)

D-amino-acid oxidase 12q24 Excitotoxicity (Mitchell et al.,

(DAO) 2010)

Ataxin 2 (ATXN2) 12g24.1 RNA processing (Elden et al.,

2010)
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Matrin 3 (MATR3) 5031.2 RNA processing (Johnson et al.,
2014)

Sigma receptor 1 9p13.3 Calcium homeostasis | (Luty et al,

(SIGMARL1) 2010, Al-Saif et
al., 2011)

Spatacsin/spastic 15q14 Unknown (Orlacchio et al.,

paraplegia 11

(SPG11)

2010)
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1.1.2.2 Oxidative stress

Oxidative stress is a mechanism in which cell damage is induced by excessive
reactive oxygen species (ROS). ROS are produced normally as part of cellular
metabolism and they maintain cellular homeostasis. However, increased production
of ROS may cause damage to several cellular components such as proteins, lipids and
DNA. Thus, increased ROS production might play a critical role in ALS pathogenesis.
These highly reactive radicals are inactivated by antioxidants (Ramalingam and Kim,
2012). An antioxidant that is known to be involved in ALS pathogenesis is SOD1.
Although SOD1 might not be critical for the development of the nervous system, it is
necessary for neuronal survival under oxidative stress, and its absence makes the cells

prone to cell death by oxidative stress (Reaume et al., 1996).

1.1.2.3 Mitochondrial dysfunction

Mitochondrial dysfunction is frequently associated with aging and age-related
diseases. It was suggested to be involved in ALS pathogenesis through mutation or
deletion of mitochondrial DNA (mtDNA) that interrupts its functions (Miquel, 1992,
Wiedemann et al., 2002). These include disrupted electron transport chain,
mitochondrial calcium buffering, and abnormal mitochondrial morphology. This
mtDNA damage can be caused by oxidative stress which also damages the
mitochondrial proteins and membrane lipids (Karbowski and Neutzner, 2011). In
accordance with that hypothesis, mitochondria transfected with SALS patients’
mtDNA showed similar defects to those observed in SALS patients and mouse models
(Swerdlow et al., 1998). Mitochondrial dysfunction can be also caused by
accumulation of protein aggregates in mitochondria that cause disruption of

mitochondrial fusion (Wang et al., 2009).
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1.1.2.4 Excitotoxicity

Excitotoxicity —causes neurodegeneration by excessive glutamatergic
neurotransmission. Glutamate is the major excitatory neurotransmitter, which is
released from presynaptic neurons and activates ionotropic glutamate receptors on the
postsynaptic neurons. Postsynaptic receptors are the a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptor, N-methyl D-aspartate (NMDA) receptor
and the kainate (KA) receptor; which then induce an influx of calcium and sodium
ions. The ion influx causes depolarization of the neuron and production of action
potential. Excitotoxicity is induced by increased glutamate release from the
presynaptic neuron (Alexander et al., 2000), decreased glutamate up-take by
excitatory amino acid transporters (EAAT) (Maragakis et al., 2004) or increased
sensitivity of post synaptic neurons which is caused by either a defect in glutamate
receptors (Kuner et al., 2005), or by increased cell vulnerability due to mitochondrial
damage (Novelli et al., 1988, VVan Den Bosch et al., 2006). Further evidence of the
involvement of glutamate excitotoxicity in the pathogenesis of ALS is that Riluzole,
which acts as a glutamate neurotransmission inhibitor, is the only partially-effective
therapy for ALS (Cheah et al., 2010). However, its effect is modest, which indicates

the involvement of other pathways in the pathogenesis.

1.1.2.5 Impaired endosomal trafficking and axonal transport

Endosomal trafficking and axonal transport might play a role in ALS pathogenesis
as the distinct structure of neurons make them require proper intracellular trafficking
for protein and organelle transport between the dendrites, cell body and axon, and the
turnover of membrane proteins (Ferraiuolo et al., 2011). In accordance with that
hypothesis, mutations to ALS2 gene, which encodes for alsin, has been found in

juvenile ALS cases. Alsin is involved in nuclear import and export, vesicle transport
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and endosomal trafficking. ALS-related mutations in ALS2 showed a loss of function
mechanism (Yang et al., 2001). Furthermore, alsin affects the AMPA glutamate
receptor subunit 2 (GluR2), a calcium-impermeable subunit as its loss of function was
found to affect the localisation of glutamate receptor interacting proteinl (GRIP1),
which regulates the presentation of GIuR2 on the synaptic surface. This disturbance
of GRIP1 localisation causes decreased presentation of GIuR2 on cell surface, which
in turn increases calcium permeability and leads to excitotoxicity (Lai et al., 2006).
In addition, pre-symptomatic transgenic mouse models expressing mutated human
SOD1 at position 93 from glycine to alanine (SOD1G93A), showed impaired axonal
transport signs, which indicates the involvement of this pathway in the pathogenesis

of ALS (Williamson and Cleveland, 1999, Bilsland et al., 2010)

1.1.2.6 Glial dysfunction

Glial cells are a collective name for cell types present in the central nervous system
(CNS) other than neurons. It includes astocytes, oligodendrocytes and microglia. They
are involved in myelination, immune response, nutrition transport and homeostatic
maintainance of the CNS. Glial dysfunction has been implicated in ALS in two ways.
Firstly, neuroinflammation is a mechanism in which neurodegeneration is induced by
inflammatory mediators that are secreted from glial cells. Increased levels of cytokines
were detected in serum and cerebro-spinal fluid of ALS patients (Kuhle et al., 2009)
and secreted from a SOD1 microglia model challenged by lipopolysaccharide (LPS)
(Sargsyan et al., 2009). The involvement of immune system in pathogenesis of ALS
is further supported by the detection of increased messenger RNA (mRNA) levels of
complement system components, which are involved in the innate immune response,
in spinal cord of ALS patients. In addition, increased dendritic cells and cytotoxic T-

cells were found in ALS patients (Sta et al., 2011).
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Secondly, glial cell pathology has been reported as a cause of neurodegeneration
(Maragakis et al., 2004, Diaz-Amarilla et al., 2011). Astrocytes extracted from
symptomatic SOD1G93A rat model exhibited significant differences compared with
astrocytes from non-transgenic littermates and neonatal SOD1G93A. Astrocytes from
symptomatic SOD1G93A were lacking the expression of EAAT2 receptor and low
Glial fibrillary acidic protein (GFAP) marker. Additionally, they have an increased
proliferation capability and have been found to localize with degenerating motor
neurons in spinal cord of SOD1G93A mice (Diaz-Amarilla et al., 2011). Furthermore,
abnormal microglial morphology and overactivation was observed in vivo in
SOD1G93A mice that might increase their sensitivity to CNS insults (Sargsyan et al.,

2009, Dibaj et al., 2011).

Emerging evidence showed that co-culture of astrocytes from ALS animal models
or from FALS and SALS patients with healthy motor neurons led to increased motor
neurodegeneration compared to healthy co-cultures (Diaz-Amarilla et al., 2011,
Haidet-Phillips et al., 2011, Re et al., 2014). This neurotoxic effect was found to be
Bax-dependent, which is a pro-apoptotic molecule from the Bcl-2 family, and caspase-
independent, which is involved in apoptosis (Re et al., 2014). These studies indicate
that glial cells are involved in the pathogenesis of ALS and could correlate with the

progression of the disease.

1.1.2.7 Endoplasmic reticulum (ER) stress

ER stress is caused by inbalanced calcium homeostasis, oxidative stress, increased
secretory protein synthesis, protein misfolding, sugar/glucose deficiency or altered
glycosylation. In order to survive ER stress, ER undergoes what is called unfolded

protein response (UPR) (Swarup et al., 2011). The aim of UPR is to refold unfolded
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or misfolded proteins. If this aim could not be achieved, UPR induces protein
degradation, in which misfolded proteins are recognised by protein chaperones, such
as protein disulphide isomerase (PDI) and immunoglobulin binding protein (BiP).
These molecules residing in the ER help in correcting and avert aggregation of
misfolded proteins around the ER (Kaufman, 2002). Both PDI and BiP have been
found to colocalise with SOD1-positive inclusions. Increased UPR activity has been
found in pre-symptomatic and symptomatic SOD1G93A which indicates the

involvement of ER stress in the pathogenesis of ALS (Walker and Atkin, 2011).

1.1.2.8 Dysregulated RNA transcription and processing

Dysregulated RNA processing has been proposed to be involved in ALS
pathogenesis as mutations in two genes encoding RNA-binding proteins have been
identified in some SALS and FALS cases. Transactive response DNA-binding protein
43 (TDP43) and Fused in sarcoma (FUS) protein are ALS-linked proteins and they are
involved in RNA processing, transcription, splicing and mRNA transport. The exact
mechanism of involvement of these proteins in ALS pathogenesis is undetermined.
However, several mechanisms have been suggested which include disruption of
axonal mRNA transport, RNA metabolism and nuclear mRNA export (reviewed by

(Ferraiuolo et al., 2011).

1.1.2.9 Protein aggregation

Protein aggregates are a hallmark of many, if not all, neurodegenerative diseases.
These intracytoplasmic aggregates in ALS mostly localise in the motor neuron but are
often detected in glial cells (Chattopadhyay and Valentine, 2009).

Protein inclusions, are non-membranous, stable, detergent-insoluble, and contain
poly-ubiquitinated proteins with high molecular weights, which are formed due to
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either overexpression of a protein which exceeds the degradation capacity or defective

proteolytic pathways (Johnston et al., 1998).

Some diseases feature distinct inclusion structures that might distinguish them
from other neurodegenerative diseases. Three inclusion structures have been reported
in the motor neurons of ALS patients which are skein-like inclusions, Bunina bodies
and hyaline bodies, in which the first structure is the most common and specific to
ALS (Wood et al., 2003). ALS distinct skein-like inclusions are Sequestosome 1
(p62)-, and ubiquitin-positive and consist of other different proteins (Deng et al.,
2011a). These proteins may vary according to the cause of the disease. It has been
found that protein inclusions start as small dot-like or filament-like aggregates that

gain size by fusing with other aggregates (Li et al., 2011).

There are three common hypotheses regarding the role of protein aggregates in
neurodegenerative diseases. Firstly, protein aggregates have toxic effect on neurons
and induce their death. Secondly, the aggregates are formed because of other toxic
effects. Finally, aggregates are formed as a defensive response to protect the cells
against toxic abnormal proteins (Baloh, 2011). The first two hypothesis are somehow
connected and mounting evidences support those hypotheses. More details are

discussed below.

1.1.2.9.1 Proteins involved
SOD1 is a 153 amino acid (a.a) protein that is normally expressed as a dimer in
the cytoplasm of neurons. SODL1 is an antioxidant that converts superoxide into
hydrogen peroxide and oxygen. Mutant SODL1 is the most studied gene defect in ALS.
SOD1-positive aggregates are observed in SOD1-related ALS cases (Chattopadhyay

and Valentine, 2009, Polymenidou and Cleveland, 2011). Misfolded SOD1 is not
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specific to SOD1-FALS cases, as over-oxidised and aggregated wild type (WT) SOD1

has been reported in a subset of SALS cases (Guareschi et al., 2012).

TDP43 is a DNA-binding protein that is involved in maintenance of several RNA
metabolism processes in the nucleus and cytoplasm (Baloh, 2011). It is a 414 a.a
protein with a molecular weight of 43 kDa; however, a 37 and 25 kDa fragment have
been reported in normal cells. It is predominantly expressed as a soluble monomeric
or dimeric protein localised in the nucleus (Ayala et al., 2011). However, it has been
found to redistribute to the cytoplasm in ALS and TDP43-positive-FTLD cases, which
might induce its aggregation (van Eersel et al., 2011). It is a component of protein

aggregates in 90% of ALS (Neumann et al., 2006).

The FUS protein, also known as translocation in liposarcoma (TLS), is a 526 a.a
RNA-binding protein expressed predominantly in the nucleus and is involved in some
RNA processing pathways. Mutations in the FUS gene have been detected in FALS
cases (Kwiatkowski et al., 2009, Vance et al., 2009). However, FUS-immunoreactive
inclusions were detected in all SALS, ALS/FTLD, SOD1-negative FALS cases and
even in atypical FTLD cases that are TDP43-negative, but were absent from the

SOD1-FALS cases (Deng et al., 2010).

Ubiquitin and p62 are proteins involved in the UPS, which is one of the
proteolytic machineries. Ubiquitin is a 76 a.a protein that tags other proteins for
different cellular physiological pathways. It binds to the ubiquitin-activating enzyme
(E1) that transfers the ubiquitin to an ubiquitin-conjugating enzyme (E2), which either
transfers the ubiquitin to an ubiquitin-ligase (E3) or forms a complex with ubiquitin
and E3. Those complexes tag the target proteins with one or more ubiquitin molecules,

a process called ubiquitination. The poly-ubiquitinated protein is then recognised by
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26S proteasome complex, which degrades the misfolded protein. p62 is an ubiquitin-
binding protein that is encoded by SQSTM1 gene and is involved in both the UPS and

autophagy degradation pathways (Figure 1.2) (Nijholtetal., 2011, Jansen et al., 2014).
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Figure 1.2: Schematic explanation of the two major protein degradation
pathways. Misfolded proteins are degraded by ubiquitin-proteasome system, in
which the protein is being tagged with ubiquitin Ub, facilitated by the ubiquitin-
activating enzyme E1, ubiquitin-conjugating enzyme E2, and the ubiquitin-ligase
E3. The ubiquitinated protein is then degraded by the 26S proteasome, or being
degraded by autophagy, in which ubiquitinated protein aggregate is further tagged
with p62 and engulfed in autophagosome, which is digested by the lysosome.
Adapted from (Millhauser, 2007, Clague and Urbe, 2010)
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Ubiquilin2 (UBQLNZ2) immunoreactive inclusions have been found in
hippocampus and spinal cord of different ALS cases, including cases without
UBQLN2, SOD1, TDP43 or FUS mutations (Deng et al., 2011b). UBQLN2 is a
member of the ubiquitin-like protein family, which are responsible for ubiquitinated
protein degradation via the UPS. It is normally localised in the cytoplasm of different
types of cells including neurons. However, it has been shown that under hypoxic
conditions cells undergo DNA fragmentation that can be prevented by overexpression
of UBQLN2. This might indicate that UBQLNZ2 play a crucial role in cell survival (Ko

etal., 2002).

Optineurin (OPTN) immunoreactive inclusions found in motor neurons of SALS
and SOD1-FALS subjects were also TDP43 and ubiquitin-positive (Maruyama et al.,
2010, Ito et al., 2011). However, this has been contested by two other groups (Deng et
al.,, 2011a, Hortobagyi et al., 2011), in which the former found that OPTN-
immunoreactive inclusions present in all SALS, SOD1-negative and OPTN-negative
FALS cases but not SOD1-FALS cases. While the later found that the majority of
TDP43-positive aggregates in ALS patients samples were OPTN-negative and none
of the FUS-positive or SOD1-positive FALS patient samples was associated with
OPTN. OPTN is involved in endocytosis, signal transduction, vesicular trafficking and

autophagy (Zhu et al., 2007, Nagabhushana et al., 2010, Chalasani et al., 2014).

VCP is a cytosolic protein that is involved in many cellular processes such as
membrane fusion, cell proliferation, nuclear trafficking, protein degradation and
endoplasmic reticulum-associated degradation (ERAD). VCP-immunoreactive
aggregates were detected in ALS and Parkinson’s disease (PD) affected neurons

(Ishigaki et al., 2004).
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Finally, cO9RAN is the collective name for C9orf72 repeat-associated non-ATG
(RAN) protein products. The protein products of these translations are polyGA,
polyGR, polyPR, polyPA and polyGP. Protein aggregates containing some of the
CI9RAN has been detected in the cytoplasm and nucleus of neurons from C9orf72-ALS
post-mortem tissue. The function of these proteins is unknown, nonetheless their
expression is toxic and forms intracellular aggregates in a repeat length-dependent

manner (Zhang et al., 2014).

1.1.2.9.2 Mechanisms of protein aggregation
The exact mechanism that causes protein aggregation and its involvement in the

pathogenesis of ALS is still debated; however, several pathways can be suggested:

Genetic defects

Most SOD1 mutants showed increased vulnerability for hydrophobicity change
under denaturation conditions. Increased hydrophobicity induces the formation of
small aggregates, which grow in a time-dependent manner (Munch and Bertolotti,

2010).

Recently, ten mutations have been identified in SQSTML1 gene in ALS patients
that occurred in highly conserved regions, and were predicted to have a deleterious
effect on p62 structure and function by misfolding the protein, affecting its

phosphorylation, protein-protein interactions or ubiquitination (Deng et al., 2011b).

Two mechanisms were suggested for OPTN-dependent pathogenesis in ALS.
Firstly, mutation in the DFXXER conserved motif of the OPTN inhibits its protein
binding ability to ubiquitin and subsequently inability to inhibit the nuclear factor
kappa B (NF-xB), which is known to play a critical role in cell development and

survival (Pizzi and Spano, 2006). Secondly, OPTN is known to be involved in
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intracellular trafficking and its mutation might cause disruption of this intracellular

trafficking and subsequently cause its aggregation (Maruyama et al., 2010)

Dephosphorylation

Two separate research groups have identified phosphorylation specific sites on
TDP43, which are serine residues 379, 403, 404, 409 and 410 (Li et al., 2011, van
Eersel et al., 2011). They showed that the unphosphorylated models showed increased
or unchanged aggregation and insolubility, while hyperphosphorylation caused
significantly decreased aggregation and increased solubility in relation to the number
of phosphorylation sites. Expression of Casein kinase 2 alpha (CK2a), which is known
to induce phosphorylation, increased the TDP43 solubility and maintained the
neuronal cell growth. Same results were observed using transgenic (TG) drosophila
(Li et al., 2011). In agreement with that, oxidative stress to neuronal cells induced
TDP43 phosphorylation but not aggregation. However, other stressors, including ER
stress and proteasome inhibition, showed induced expression and cytosolic
aggregation of both TDP43 and its phosphorylated form (Ayala et al., 2011). These
results indicated that dephosphorylated TDP43 has a cytotoxic effect on cells.
Therefore, it has been proposed that hyperphosphorylation is a defensive mechanism
against TDP43 aggregation. However, it is noteworthy that the phosphorylation and

ubiquitination occurs after aggregation (Li et al., 2011).

Cytoplasmic translocation

A study showed that stressors like oxidative stress, proteasome inhibition and ER
stress induced the translocation of the 37kDa fragment of TDP43 to the cytosol. This
translocation was found to be correlated with aggregates formation (Ayala et al.,

2011). Cellular stress has been shown to induce phosphorylation of the extracellular
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signal-regulated kinase ERK1/2, a known kinase involved in many cellular processes
including cell proliferation, growth, survival and gene transcription (Ayalaetal., 2011,
Cargnello and Roux, 2011) and inhibits transcription factors-nuclear import (Czubryt
et al., 2000). However, inactivation of ERK1/2 leads to fragmentation of nuclear
TDP43 and increased localisation of TDP43 in the cytosol whether the cells are
stressed or not, which means that ERK1/2 is involved in regulation of TDP43
homeostasis and TDP43 cytoplasmic aggregation occurs through some kinase

pathway (Ayala et al., 2011).

Interestingly, transfection of yeast cells with human FUS showed cytoplasmic
localisation of FUS and this localisation was enough to form FUS aggregates and
inclusions. Furthermore, induction of nuclear localisation of FUS by fusing a
heterologous nuclear localisation signal (NLS) to the human FUS restricted its
expression to the nucleus and was enough to eliminate its aggregation and cytotoxicity,
which means that FUS cytoplasmic localisation is enough to induce its aggregation. It
is noteworthy that ALS-linked FUS mutations are mostly in the C-terminus, more
specifically in the NLS region (see figure 1.3). Collectively, these indicate that FUS
aggregation is cytotoxic and its import defect might be involved in the pathogenesis
of ALS. Despite the importance of NLS in nuclear localisation, some FUS constructs
that lack NLS domain, surprisingly, showed predominant nuclear localisation. This
means that a second hit, such as a second mutation or an environmental factor, might

be needed for FUS redistribution and aggregation (Sun et al., 2011).

Proteasomal dysfunction
The two main proteolytic machineries are the UPS and autophagy. UPS targets

the degradation of soluble and short-lived protein, and it is the main degradation
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pathway. On the other hand, autophagy is the bulk clearing mechanism, in which it
targets cellular organelles, long-lived aggregated proteins. Both pathways competency
declines with age. As ALS is mostly an adult-disease, it is reasonable to say that
proteolytic dysfunction could be involved in the pathogenesis of ALS (Jansen et al.,

2014).

It has been reported that inhibition of proteasome pathways in primary motor
neurons causes redistribution of TDP43 to the cytoplasm and aggregation, while other
cellular stressors had no effect on its distribution. This redistribution was accompanied
by increased insolubility, molecular weight (~50kDa), ubiquitination and
phosphorylation. TDP43 reduction makes the neurons vulnerable, and knocking down
TDP43 increases their death. Therefore, it seems that TDP43 distribution is controlled,
at least partly, by the proteasome system and that a first hit, such as TDP43
dysfunction, increases the cell vulnerability and a second hit, such as proteasome

dysfunction, induces neurodegeneration and vice versa (van Eersel et al., 2011).

UBQLN2 might also take this approach for aggregation as it has been proposed to
mediate ubiquitinated-protein degradation by delivering the poly-ubiquitinated
proteins to the proteasomes (Ko et al., 2004). In addition, VCP has been found to
immunoprecipitate with Dorfin, which is an ubiquitin-ligase (Ishigaki et al., 2004). In
support of these findings, a recent study showed that UPS is the main cellular
degradation tool for TDP43 that maintains its homeostasis. It has been shown that
aggregates form in response to failure of UPS degradation pathway but not due to
autophagy inhibition. When UPS is inhibited, the non-degraded TDP43 (both wild
type and mutant) accumulate and become insoluble and targeted for autophagy

degradation. However, autophagy is unable to compensate for the UPS deficiency, and
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therefore aggregates form and toxic protein accumulate in the cell and induce cell

death (Scotter et al., 2014).

A further support for the importance of this pathway in the pathogenesis of ALS,
the toxic effect and aggregation of cC9RAN (polyGA) was found to be via disruption

of UPS, which induce ER stress and apoptosis (Zhang et al., 2014).

It is noteworthy that UPS and autophagy are connected pathways and share some
modulators like UBQLNZ2, VCP, OPTN and p62, all have been reported to be mutated
or involved in some ALS cases, which emphasize the importance of these pathways

in ALS pathogenesis

Prion-like property

Prion diseases are neurodegenerative diseases that are characterised by formation
of pathological prion protein aggregates, which are proteolysis-resistant and detergent
insoluble. Prion proteins are expressed in several types of cells, including cells from
the nervous system, and they are normally localised on the outer surface of the cell
membrane (Linden et al., 2008). A recent study showed that upon ER stress or
proteasome inhibition, prion proteins import into the cell and partially localise on
Golgi compartments, where they cause the formation of detergent insoluble prion

protein aggregates (Nunziante et al., 2011).

The main structural characteristic of the disease-related prion proteins is their
enrichment of f3-sheets, unlike the normal prion proteins that are rich in a-helices. In
disease, the a-helices undergo conformational changes to B-sheets that give them a
protease resistance property (Baldwin et al., 1994, Biljan et al., 2012). Twenty out of
thirty eight identified prion disease-related mutations and polymorphisms occurr in

the a-helices regions. In addition, deletion and insertion mutations were identified in
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the octapeptide (PHGGGWGQ) repeat region, which is also a glycine-rich domain

(Biljan et al., 2012)

Three ALS-related proteins showed similar properties to prion proteins (Figure
1.3). Firstly, the C-terminus of TDP43 shares similarity with prion proteins in the
composition of glutamine- and asparagine-rich and can execute conformational
changes that cause inactivation and aggregation of the protein (Baloh, 2011, Guo et
al., 2011). Purified soluble TDP43 is inherently aggregation-prone and highly prone
to conformational changes. In accordance with that, flies transfected with either wild
type TDP43 (WT-TDP43) or its mutants showed developmental abnormality,
movement defect, axonal swelling, disorganised motor neuron clusters and neuronal
loss, which show the toxic effect of overexpression of both WT-TDP43 and its mutants
(Guoetal., 2011). Transfection of human embryonic kidney cells (HEK293) with WT-
TDP43 or mutant TDP43 showed that only mutant TDP43 causes the formation of
detergent insoluble, heat-stable and urea denaturation-resistant high molecular weight

phosphorylated aggregates that are ubiquitin-negative (Guo et al., 2011).

It is suggested that the C-terminal domain of TDP43 constituting of 45a.a, which
contains the prion-like domain, can form an extended B-sheet. This conformation is
enhanced by mutating the alanine residue 314 to threonine (A314T), which explains
the neurotoxicity in A314T mutants (Guo et al., 2011). Accordingly, omitting the C-
terminus maintained the solubility of the protein while deleting the N-terminal showed
protein aggregation that is similar to the full-length protein. This indicates that the C-
terminus is critical for protein aggregation (Johnson et al., 2009). Furthermore,
HEK293 and neuronal cells transfected with TDP43 with N-terminal deletion showed

more tendencies for aggregation (Li et al., 2011).
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It is noteworthy that all TDP43 mutations that are associated with ALS/FLTD
occur at the C-terminus except one that occurs in the RNA binding domain (Baloh,

2011, Sun et al., 2011).

In addition, FUS shares some similarity with TDP43 but unlike TDP43, FUS
consist of two prion-like domains; one is present at the N-terminus and the other one
at the first arginine-glycine-glycine (RGG) repeat region (Figure 1.3). Both prion-like
domains in addition to the RNA-recognition motif (RRM) domain are necessary to
induce protein aggregation and toxicity in yeast and mammalian cells (Sun et al.,

2011).

It has been shown that mutated SOD1 in some FALS cases and misfolded WT
SODL1 in a subset of SALS cases undergo conformational changes and hence cause
neurotoxicity (Chattopadhyay and Valentine, 2009, Bosco et al., 2010). It is
noteworthy that although SOD1 contain only one domain; i.e. the Copper/Zinc
superoxide dismutase domain, the protein structure is B-sheet enriched (Moreira et
al., 2013). In addition, ALS-related SOD1 mutations mostly occur in the f-sheets and

most of the mutations cause conformational changes in the protein (Orrell, 2000).
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Figure 1.3: Comparison between Prion, TDP43, FUS and SOD1 proteins
domains. The differences and similarities between the TDP43 and FUS domains with
the prion protein domains are presented. The reported mutation sites in prion disease
and ALS are presented as bars above the protein domains. SP; signal peptide. OR;
octapeptide repeats region. a; a-helix structure. 3; B-sheets structure. G-rich; Glycine
rich. RRM; RNA-recognition motif. NLS; nuclear localisation signal. NES; nuclear
export signal. Q; glutamine. G; glycine. S; serine. Y; tyrosine. N; asparagine. RGG;
arginine-glycine-glycine repeat (Kozin et al., 2001, Millhauser, 2007, Delesus-
Hernandez et al., 2010, Baloh, 2011, Gitler and Shorter, 2011, Sun et al., 2011, Biljan
etal., 2012)
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The results of those studies show that SOD1, TDP43 and FUS share prion-like
properties that may provide them with aggregation ability that is involved in ALS
pathogenesis. In addition, prions reproduce by interacting with the normal endogenous
prion protein and provoke conformational changes to that normal protein. This might
give a clue about how ALS starts in specific cells or locations and spreads to other

parts (Polymenidou and Cleveland, 2011).

Recent evidence supports the concept of prion-like propagation of misfolded
protein aggregates in different proteinopathies including ALS. Results from
pathological studies as well as neuroimaging studies on neurodegenerative diseases
support the idea of disease spread along structural brain connections. It was shown
that aggregate formation and neurodegeneration starts at specific areas of the brain
and progresses through predicted anatomical connections in which misfolded
aggregates spread by transsynaptic or transneuronal connection between brain areas
(Guo and Lee, 2014, Verstraete et al., 2014, Agosta et al., 2015). Despite the lack of
in vivo studies, in vitro evidence showed that mutant SOD1 and TDP43 can exhibit
prion like properties (Chen et al., 2010, Munch et al., 2011, Nonaka et al., 2013). It
was shown that inoculation of mutant SOD1 or TDP43 aggregates, which were either
produced from recombinant proteins or extracted from ALS-brain lysates, into the
culture media lead to their uptake by the cells. The exongenous aggregates worked as
seeds that induce aggregation of endogenous, originally soluble, proteins (Chia et al.,

2010, Munch et al., 2011, Nonaka et al., 2013).

These studies indicate the involvment of protein aggregates in the progression of
the disease. However, the exact cause that induces formation of the first aggrgate “the

seed” is still unclear. Interestingly, Munch and colleagues showed that the seeding
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capability of mutant SOD1 aggregates is only effective when soluble mutant SOD1 is
expressed endogenously. When aggregates are introduced to cells expressing WT
SOD1, the seeding effect was not observed (Munch et al., 2011). This could support a
two hit hypothesis, in which first induction of protein aggregation and second genetic

mutation, serve as factors that increase the susceptibility for neurodegeneration.

In summary, the exact mechanism of ALS pathogenesis is still debated. It has been
suggested that two or more hits, for example environmental factors and genetic
mutation, are needed to develop the disease (Swarup et al., 2011, Field et al., 2013).
Therefore, it is essential to understand the mechanisms involved in the pathogenesis
of ALS more in order to find a better treatment. Otherwise, a treatment targeting

different aspects of the disease needs to be developed.
1.2 ADP-ribosylation factor-interacting protein (Arfaptin2)

1.2.1 Structure

Arfaptin2, also known as partner of Racl (POR1), is a protein consisting of 341a.a
with a molecular weight of ~38.6 kDa that is ubiquitously expressed in different types
of cells. Arfaptin2 contains a leucine zipper in its N-terminus, which gives it a high
positive charge that might allow it to bind to DNA. The C-terminus contains the
Bin/amphiphysin/Rvs (BAR) domain, which is present in different proteins that are

involved in membrane curvature (Kanoh et al., 1997, Peter et al., 2004).

1.2.2 Function

The exact function of Arfaptin2 is still unknown. However, one can speculate its
function by knowing its interaction with known proteins (Table 1.2). Arfaptin2
interacts with the ADP-ribosylation factor (Arf) family proteins and Racl protein,

which both are subfamilies of small GTPases (Ras superfamily). GTPases
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continuously recycle between GTP-bound (active) state and GDP-bound (inactive)

state and exert many cellular functions (Figure 1.4).

ARFs are GTP-binding proteins that are involved in intracellular vesicular
transport including formation of coated vesicle and cytoskeletal reorganisation
(Serafini et al., 1991, D'Souza-Schorey et al., 1997, Man et al., 2011) and

transportation between the ER and Golgi (Balch et al., 1992, Kanoh et al., 1997).

Racl is a small GTP-binding protein from the Rho subfamily. It is involved in
membrane ruffling and actin cytoskeleton rearrangement (Ridley et al., 1992),
generation of superoxide, transformation of oncogenic cells and activation of
transcription factors in a GTP-dependent manner. Rac has 3 isoforms, in which Racl
is ubiquitously expressed and is the mostly studied isoform, Rac2 is hematopoietic
cells specific and Rac3 is CNS specific. Racl is important for foetal development as

Racl knockdown is embryonic lethal (Sugihara et al., 1998, Corbetta et al., 2005).

In Neuroblastoma cells, Racl is involved in growth cone dynamics. Racl loss of
function mutations caused axonal growth defects in Drosophila (Hakeda-Suzuki et al.,
2002, Ng et al., 2002). On the other hand, Racl activation in dorsal root ganglion
decreases neurite out growth. In addition, it is involved in induction of apoptosis in
neuroblastoma cells treated with metformin, a treatment that decrease cancer growth
(Kumar et al., 2014). These might indicate a differential functions of Racl dependent
on cell types and its involvement and regulation of apoptosis (Stankiewicz and

Linseman, 2014).
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Figure 1.4: Ras superfamily GTPases classification and activation. a) Ras

superfamily consist of over 100 molecules, which are subdivided based on homology
into 9 subtypes. Rho consists of over 30 proteins of which 3 are most studied (RhoA,
Cdc42 and Rac1). Arf family consists of two subtypes, which are Arf and Arf-like (Arl)
proteins. b) GTPases are activated by guanine-nucleotide exchange factor (GEF) and

deactivated by GTPase-activating protein (GAP).
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Arfaptin2 binds to GTP-bound Racl, which is the active form. Transfection of
fibroblasts with the C-terminus half of Arfaptin2 (HC-ARFIP2) caused inhibition of
Racl-induced membrane ruffling (Van Aelst et al., 1996), which indicate that FL-
ARFIP2 activates Racl while HC-ARFIP2 inhibits it. The HC-ARFIP2 in this study
is formed of the last 705bp of Arfaptin2 sequence. In contrast, another study showed
that Arfaptin2 binds strongly to GDP-bound Racl but not GTP-bound Racl, while it
binds preferentially with GTP-bound ARFs, especially Arfl, Arf5 and Arf6 in Chinese
hamster ovary cell line (Shin and Exton, 2001). This controversy could be due to the
use of different cell types or the fact that Arfaptin2 was lacking 114-nucleotide from
the N-terminal in Van Aelst experiments compared to the full-length Arfaptin2 used

in Shin and Exton study.

Arfaptin2 is normally expressed as a cytoplasmic protein that predominantly
localises to the perinuclear region and is associated with the microtubule-organising
centre, and colocalises with the trans-golgi marker (TGN46) (Peters et al., 2002, Peter
et al., 2004, Rangone et al., 2005, Man et al., 2011). This association is facilitated by
small GTPases and phosphatidylinositol-4-phosphatase (PI1(4)P) (Cruz-Garcia et al.,

2013).
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Table 1.2: A list of molecules interacting with Arfaptin2 and their functions.

Molecule | Function

Reference

Racl

Arfl-6

Arl-1

PI(3)P

PI(4)P

PI(5)P

Membrane ruffling, actin cytoskeleton
rearrangement and regulate ROS
production and apoptosis

Vesicle trafficking, recruit effectors to
the Golgi apparatus, and cytoskeleton

organisation

Formation of endosomes, endosome-to-
Golgi trafficking, and trans Golgi
network protein sorting
Endosome-derived transport vesicles,
autophagy, trans Golgi network protein
sorting, and cytokinesis

Vesicular trafficking, ER export,
autophagy, cytokinesis and actin
cytoskeleton rearrangement.

Induce apoptosis, actin cytoskeleton
rearrangement, vesicular trafficking and

glucose maintenance.
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(Ridley et al., 1992,
Suzukawa et al., 2000,
Kumar et al., 2014)
(Serafini et al., 1991,
D'Souza-Schorey et al.,
1997, Gillingham and
Munro, 2007, Man et al.,
2011)

(Van Valkenburgh et al.,
2001, Burd et al., 2004)

(Cruz-Garcia et al., 2013,
Schink et al., 2013)

(Cruz-Garcia et al., 2013,
De Matteis et al., 2013)

(Cruz-Garcia et al., 2013,
Shisheva, 2013)

Table obtained from (Mohammedeid et al., 2014) with permission.
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1.2.3 Arfaptin2 in neurodegenerative diseases

Only a couple of research groups have studied the involvement of Arfaptin2 in
neurodegeneration. However, similar to its function, Arfaptin2 involvement in
neurodegenerative diseases can be speculated by understanding the roles of the

molecules interacting with Arfaptin2 in neurodegenerative diseases.

Mounting evidence demonstrates the importance of Racl in neuronal
development and survival (Tahirovic et al., 2010, Stankiewicz and Linseman, 2014).
For instance, Fasudil is a Rho kinase (ROCK) inhibitor. Takata et al. showed that
fasudil and another Rho inhibitor (Y-27632) have neuroprotective effects on NSC34
overexpressing SOD1G93A. They showed that SOD1G93A expression in NSC34
induces PTEN phosphorylation and decreases Akt phosphorylation and this effect can
be reversed via inhibition of ROCK by fasudil (Takata et al., 2013). Furthermore, it
has been shown that fasudil delayed the disease onset by approximately 10% in
SOD1G93A mice and extended the life span by 6%. In addition, Fasudil treatment
decreased motor neuron loss in SOD1G93A mice compared to WT and non-treated
animals (Takata et al., 2013, Tonges et al., 2014). This protective effect was through
inhibition of ROCK and hence mitigating the decreased Akt phosphorylation caused

by SOD1G93A expression (Takata et al., 2013, Tonges et al., 2014).

It is noteworthy that although Rho and Rac fall in the same Rho subfamily, Rho and
Rac GTPases work in a reverse manner, in which Rac has a pro-survival effect and
Rho has a pro-apoptotic effect (Stankiewicz and Linseman, 2014). Similarly, Rac
induced growth cone dynamics while Rho decreases it in neuronal cell line (NG108-
15) and in primary neurons (Jain et al., 2004). The prosurvival effect of Rac is believed

to be through two pathways, which are PI3K/Akt pathway and PAK/ERK pathway.
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In support of the importance of Racl in neuronal survival, Alsin protein contains
a GEF domain that activates Racl (Kanekura et al., 2005) and Rab5 (Otomo et al.,
2003). ALS-related mutations to alsin gene produce a truncated Alsin protein that
causes disruption to Racl activity and induce cell death. In addition, SOD1G93A-
induced neurodegeneration in NSC34 was reversed by overexpression of Alsin.
Furthermore, Racl knock down by siRNA reversed the neuroprotective activity of
Alsin overexpression and induced cell death (Kanekura et al., 2005). Further support
was provided by (Jacquier et al., 2006) as they showed that Alsin is crucial for motor

neuron survival and axonal growth in a Racl-dependent manner.

Another Racl activating factor that is involved in ALS pathogenesis is
ARHGEF16, which is downregulated in post-mortem spinal cord tissues from SALS

patients (Figueroa-Romero et al., 2012).

The involvement of other GTPases in neurodegeneration also has been suggested.
Structural bioinformatics showed homology between C9ORF72 protein product and a
known Rab GEF called differentially expressed in normal and neoplasia (DENN). Rab
is involved in membrane trafficking (Levine et al., 2013). They suggested that C9orf72
is involved in ALS pathogenesis by binding to Rab and disturbing endosomal

trafficking or autophagy.

Huntington’s disease (HD) is a devastating neurodegenerative disease that is
caused by a pathologic polyglutamine repeat expansion in huntingtin gene (polyQ-
huntingtin). The polyQ-huntingtin pathogenic effect is through disruption of
proteasomal activity (Jana et al., 2001). Arfaptin2 has been found to colocalise with
huntingtin aggregates in HD cell models. Both full length and the N-terminus of
Arfaptin2 induced polyQ-huntingtin aggregation in neuronal cells but expression of
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the C-terminal of Arfaptin2 (HC-ARFIP2) showed extensively decreased aggregate
formation. This aggregation inhibition was found to be through the proteasome
pathway, as inhibition of proteasome pathway by lactacystin reversed the inhibitory
effect of HC-ARFIP2 (Peters et al., 2002). In addition, Arfaptin2 expression was found
to be increased in the brain of HD mouse (Peters et al., 2002) and patients (Rangone
et al., 2005). Arfaptin2 has been found to retain the proteasome function in HD cell
models (Peters et al., 2002, Rangone et al., 2005). Therefore, two hypotheses were
raised. Firstly, Arfaptin2 is involved in the pathogenesis of HD by inhibiting the
proteasome function, whereas its truncated HC-ARFIP2 form works as a negative
modulator for the Arfaptin2 (Peters et al., 2002). Secondly, Arfaptin2 is a defence
protein that, when phosphorylated, retains the proteasome function and inhibits protein
aggregation. It was also suggested that protein aggregates act as both inhibitors and

products of UPS inhibition (Rangone et al., 2005).

Another study showed that phosphorylated Arfaptin2 at serine residue 260
(Ser260) can reduce huntingtin aggregation. Insulin-like growth factor 1 decreases the
PolyQ-huntingtin neurotoxic effect through phosphorylating Akt (phospho-Akt),
which is a prosurvival kinase. The phosphorylated Akt in turn phosphorylates the
polyQ-huntingtin. However, Akt has been shown to have another pathway for
inhibiting the polyQ-huntingtin neurotoxic effect that is huntingtin phosphorylation-
independent. Neuronal cells transfected with huntingtin that contain the pathologic
polyQ expansion but lack the phosphorylation site showed significantly induced
survival and decreased intracellular inclusion formation after treatment with phospho-
Akt. It has been shown that phospho-Akt phosphorylates the full-length Arfaptin2 at
Ser260. The de-phosphorylation of Arfaptin2 by mutating Ser260 causes its

redistribution from the perinuclear region to form a network structure throughout the
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cytoplasm in a microtubule-dependent manner. In addition, primary striatal neuron
cultures from HD embryonic rats were double transfected with Arfaptin2 and an active
form of Akt which showed that Arfaptin2 was phosphorylated by Akt leading to
significant increase in survival and decreased protein inclusion formation. This
survival was decreased when cells were transfected with a mutant dephosphorylated
form of Arfaptin2 (Rangone et al., 2005). It is noteworthy that Ser260 is localised in
the C-terminal part of Arfaptin2. The concept of Arfaptin2 involvement in protein

aggregation in Huntington’s disease is summarised in figure 1.5.
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Figure 1.5: A Schematic presentation of possible involvement of Arfaptin2 in
protein aggregation. Figure adapted from (Mohammedeid et al., 2014) with

permission.
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1.3 Hypothesis

Previous studies (Peters et al., 2002, Rangone et al., 2005) showed that Arfaptin2
regulates proteasome activity and protein aggregation in HD. A recent study showed
that cytoplasmic inclusions that are immunoreactive for TDP43 coexisted with
huntingtin aggregates in two HD cases that developed ALS (Tada et al., 2012).
Although huntingtin-immunoreactive inclusions did not colocalise with TDP43
immunoreactive inclusions, their coexistence in some neurons in the spinal cord and
motor cortex indicates that aggregation of huntingtin in HD and TDP43 in ALS might
have a common pathway. In addition, the presence of TDP43-immunoreactive

aggregates in those cases was associated with motor neuronal loss.

Accordingly, based on the finding that full-length Arfaptin2 inhibits proteasome
activity and dominant negative form of Arfaptin2 (HC-ARFIP2) activates proteasome
activity (Peters et al 2002), we hypothesise that HC-ARFIP2 expression or Arfaptin2
knockdown reduces protein aggregation in ALS via maintaining the proteasomal

pathway, which in turn decreases neuron toxicity and improves neuronal survival.

1.4 Aims of the project

The aim of the project is to investigate the effect of Arfaptin2 on protein
aggregation and neuronal survival in in vitro and in vivo ALS models. In addition, we
aim to investigate downstream effectors of Arfaptin2/HC-ARFIP2 to identify their
targeted pathway and how it correlates with neuroprotection. These would provide

evidence whether Arfaptin2 is a possible target for therapeutic intervention in ALS.

Lentiviral constructs expressing FL-ARFIP2 or HC-ARFIP2 genes were
generated in order to over-express the proteins efficiently in vitro. Subsequently, cells

were transduced with the virus and the levels of protein expression were determined
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by immunoblotting technique. Finally, FL-ARFIP2 and HC-ARFIP2 will be
subcloned into self-complementary adeno-associated virus serotype 9 (SCAAV9) to
increase the transduction efficiency via systemic delivery to mouse models of ALS.
This will be the tool to investigate the effect of FL-ARFIP2 or HC-ARFIP2 expression

on protein aggregation in motor neurons and survival in ALS mouse model.
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2.1 Materials

2.1.1 Molecular techniques materials

All competent cells were purchased from STRATAGENE unless otherwise
specified. All plasmid preparation and gel extraction kits were purchased from
QIAGEN.

All primers for PCR were purchased from Sigma. All restriction enzymes and
buffers were purchased from NEB.

Western blot tools, i.e. power supplies, tanks, glass plate, protein ladder and pre-

cast gels, were purchased from BIO-RAD.

2.1.2 Common solutions and buffers

Analytical grade solvents ethanol, methanol and isopropanol, and acids were purchased
from Fisher Scientific. Nuclease free water (NF-H20) was purchased from Ambion. Pipette
tips were purchased from Fisher Scientific. Components for western blot solutions were
purchased from Sigma except beta-mercaptoethanol (B-ME) that was purchased from

Invitrogen.

Tris-acetate-EDTA (TAE) buffer

40 mM Tris base, 20mM glacial acetic acid and 1ImM EDTA

Separating gel buffer

375 mM Tris base and 0.1% SDS in deionized water (dH.0), pH 8.8

Stacking gel buffer

125 mM Tris base and 0.1% SDS in dH;0O, pH 6.8

4x Laemlli sample buffer
4 ml glycerol, 2 ml 10% SDS, 0.25 mg bromophenol blue, 2.5 ml stacking gel buffer and

0.5ml B-ME in 10 ml dH0O
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5 x Tris-glycine buffer

25 mM Tris base, 0.2 M glycine in dH.O

Tris-buffered saline and Tween (TBST)

0.137 M NaCl, 25.92 mM Tris base, 0.1% Tween 20, pH 7.6

Phosphate buffered saline (PBS)

Provided as tablets from Sigma, one tablet dissolved in 200 ml dH,O

4% Paraformaldehyde (PFA)

4% (w/v) PFA (Sigma) in 100 ml PBS

Western bolt running buffer

25 mM Tris base, 192 mM Glycine, 0.1% SDS and made up to volume with dH.O

Lysis buffer (RIPA)
50 mM Tris-HCI (pH 7.4), 1% NP-40, 0.5% Na deoxycholate, 0.1% SDS, 150 mM NaCl, 2

mM EDTA and made up to volume with dH,0O

5x Transfer buffer

125 mM Tris base, 960 mM Glycine and made up to volume with dH,O

2x Hank’s buffered salt solution (HBSS)

280 mM NaCl, 100 mM HEPES, 1.5 mM Na2HPO4, pH 7.1
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2.1.3 Cell lines and cell culture

Tissue culture flasks and plates were purchased from Thermo Scientific unless
otherwise specified.

A stock of HEK293T cells (human embryonic kidney cell line expressing the large
T antigen from SV40 virus) in 5% dimethyl sulfoxide (DMSO) was stored in a liquid
nitrogen chamber. HEK293T cells were maintained in full medium that is made of
Dulbecco’s modified eagle medium (DMEM) (with 45 g/L glucose, L-glutamine
without Na Pyruvate, Lonza BE12741F or Sigma D5796) with 10% heat inactivated
foetal bovine serum (FBS) (Biosera, S1900500) and 1% penicillin/streptomycin
(pen/strep) (10000 U/ml, 110000 pg/ml, Sigma, P0781). To thaw the cells, a vial of
cells was thawed for 1 min at 37 ° C in a water-bath, rapidly suspended in 10 ml of
HEK293T full medium, and centrifuged at 500xg for 5 min. The supernatant was
discarded and the cell pellet resuspended in 10 ml full medium, cultured in a T75 flask,
and incubated at 37°C with 5% CO2 in an incubator. To passage the cells, the medium
was removed and cells were washed with 10 ml PBS. Cells were detached by addition
of 2 ml trypsin consisting of 0.053 mM EDTA and 0.005% trypsin in HBSS (Sigma,
H8264). The detached cells were resuspended in full medium and split in to four T175
flasks.

Primary motor neurons were maintained in primary motor neurons full medium
that was made of Neurobasal-A medium (NB medium) (GIBCO, 10888-022)
supplemented with 1% glutamax (GIBCO, 35050), 2% (v/v) horse serum donor
(Linaris, SHD3250YK), 2% B-27 supplement (GIBCO, 12587-010) and 0.2uM f-

ME).
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2.2 Methods

2.2.1 Plasmid DNA isolation preparation

Arfaptin2 and HC-ARFIP2 were expressed in the pcDNA3 vector with ampicillin
resistance property, which were kindly provided from Dr Crislyn D’Souza-Schorey
(University of Notre Dame, Notre Dame, Indiana, USA). HC-ARFIP2 is the C-
terminal part of ARFIP2 from base 510-1026. The WT-TDP43 was expressed in
pDONR221 vector with kanamycin resistance gene (Peters et al., 2002). They were
kindly provided by Dr Aaron D. Gitler (University of Pennsylvania, Philadelphia,
USA). Stocks of bacterial cells expressing those vectors were kept in 15% glycerol at
-80°C. Bacterial cells were inoculated in LB Broth (LBb) (Merck Millipore,
1102850500) with the suitable antibiotic (Table 2.1).

Plasmid DNA was extracted using either QIAprep Spin Miniprep Kit or QIAGEN
Plasmid Plus Mega Kit, depending on the volume of the culture, following the
manufacturer’s protocol.

Plasmid size and purity were detected by loading the samples with DNA loading
buffer blue (Bioline, bio37045) on 1% (w/v) agarose gel (MELFORD, MB1200) in
100ml TAE buffer with 0.5ug/ml ethidium bromide (Sigma-Aldrich, E1510).
Samples were loaded and electrophoresed in TAE buffer at 140V for ~30minutes
(min) using PowerPac 300. The gel pictures were taken using GENi system
(SYNGENE, 12834038)

Nucleic acid concentrations were measured using the Nanodrop

spectrophotometer (Labtech) with the ND-1000 v3.2.1 software.
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Table 2.1: List of antibiotics and their concentrations used in bacterial cultures

Antibiotic Concentration Supplier

Carbenicillin  (Carb) 50pg/ml Sigma, C3416

(substitute for Ampicillin)

Kanamycin 50pg/mi Sigma, K4000

2.2.2 Transformation of XL1-Blue cells with Sin-LV-GDNF scAAV-CMV-GFP or
plasmids for stock

XL1-blue Escherichia coli (E.coli) competent cells were transformed with Sin-
PGK-cPPT-GDNF plasmid (Nicole Deglon, CEA Paris, France) (Lentivirus (LV)
plasmid) (Figure 2.1) or sSCAAV-CMV-GFP (self-complementary adeno-associated
virus (scAAV) plasmid) (figure 2.2) for stock preparation following the
manufacturer’s protocol with some amendments. Briefly, the XL1-blue cells were
thawed on ice and an aliquot of 50ul of cells was placed in a pre-chilled 14-ml BD
Falcon polypropylene round-bottom tube (BD Falcon, 352059). A 0.1-50ng of LV-
plasmid was added to the cell aliquot and incubated on ice for 20min. Cells were heat-
shocked at 42°C for 45seconds (sec) and returned to the ice for 2min. A 0.9ml of
preheated (42°C) Super Optimal broth with Catabolite repression (S.0.C) medium
(Sigma-Aldrich, S1797) was added to the transformed cells. The cell suspension was
incubated at 37°C with shaking at 225rpm for 30min. Approximately 200ul of cell
suspension was spread on LB agar plate (Fisher Scientific, BP1425500) containing

Carbenicillin (LBa/Carb). The culture was incubated overnight at 37°C.
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Figure 2.1: Plasmid map of SIN-PGK-cPPT-GDNF plasmid. Produced by

PlasMapper version 2.0
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2.2.3 Amplification of DNA fragments by polymerase chain reaction

A 50ul of PCR mix was prepared by mixing 1pl of DNA template, 1pl of 5uM of
each primer; forward and reverse; 10pl of FIREPol 5x Master Mix Ready to Load with
7.5 mM MgCI2 (Solis Biodyne, 041200115) and topped up with NF-H2O. The PCR
reaction was performed using a GS2 thermal cycler (G-Storm). The temperature was
set at 95°C for 3min then each cycle was started with denaturation at 95°C for 30sec,
annealing at 60°C for 30sec and elongation at 72°C for 30sec, and DNA was amplified
in 35 cycles. An extra elongation period for 7min at 72°C was made and finally held
at 4°C. DNA templates and primers sequences from Sigma are listed in table 2.2.

PCR products were loaded onto 1% agarose gel and electrophoresed at 140V for
~30min. The desired DNA bands were extracted and purified using QIAquick Gel
Extraction Kit following the manufacturer’s protocol. PCR products were either
digested and used directly in the subcloning or cloned into TOPO TA to increase the

subcloning efficiency.

49



Chapter 2: Materials and Methods

Table 2.2: List of DNA templates and primers used for PCR

DNA Desired | Forward primer Reverse primer

template gene

pCDNAS3- FL- GTCTCAGATCTGCCACCA | ATAATCTCGAGTCAAGCGT

Arfaptin2 ARFIP2 | TGACGGACGGGATCCTA | AATCTGGAACATCGTATGG

pCDNAS3- HC- GTCTCGGATCCGCCACCA | GTACTGCTCCTCTAGCCAG
HC- ARFIP2 | TGCTCAGCCAGAAGT G
ARFIP2

pDONR221 | TDP43 GGATCCGCCACCATGTCT | CTCGAGCTACATTCCCCAG

-TDP43 GAATATATTCGG CCAGA

For scAAV subcloning

pCDNA3- | Arfaptin | GTCTCACCGGTGCCACCA | ATAAT TCTAGATCAAGCGT

Arfaptin2 2 TGACGGACGGGATCCTA | AATCTGGAACATCGTATGG
pCDNA3- | HC- GTCTCACCGGTGCCACCA | GTACTGCTCCTCTAGCCAG
HC- ARFIP2 | TGCTCAGCCAGAAGT G

ARFIP2

pDONR221 | TDP43 GTCTCACCGGTGCCACCA | ATAATTCTAGACTACATTC

-TDP43 TGTCTGAATATATTCGG CCCAGCCAGA

e In bold is Bglll. BamHI is bold and underlined. In Bold and italic is the Xhol. In bold italic
and underlined is the Agel. Xbal is Italic and underlined. Underlined is the Kozak sequence.

HA-tag is highlighted.

50



Chapter 2: Materials and Methods

2.2.4 Subcloning of viral vector plasmids

The principle of the subcloning is explained in figure 2.3

Xhol

PCR product 4 ;
. BamHi
(gene of interest) F Xhol
ﬁ Ligation Digestion

—_—> TOPO —> BamH|

vector \

SV40 early
e promoter PGKpromoter
Ligation
/ , BamHI

SV40 early PGK Xhol
promoter promoter

D|gest|on LV-backbone
GDNF

Xhol

Figure 2.3: Schematic presentation of subcloning principle. Genes of interest
were produced by PCR from known plasmids. The PCR products then were
ligated to TOPO vector to express the restriction sites. TOPO vectors were then
digested with restriction enzymes to extract the gene of interest. The target viral
genome was also digested using the same restriction enzymes to linearize the
plasmid to allow the gene of interest to ligate into the viral backbone using DNA

ligase.
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2.2.4.1 TOPO TA cloning and TOP10 cell transformation

PCR products were cloned into One Shot TOP10 chemically competent cells
(Invitrogen, C4040-03), using the TOPO TA cloning kit (Invitrogen, K4500-01)
following the manufacturer’s protocol. Briefly, a TOPO reaction mix was prepared by
mixing ~10ng of purified PCR product, 1pl of salt solution (included in the kit) and
50ng of TOPO vector (pCR 2.1-TOPO included in the kit). The mix was incubated for
1hour at room temperature (RT). A further incubation period was performed overnight
at 4°C to increase the yield number of colonies.

A LBa/Carb plate was spread with 40ul of 40mg/ml X-gal (5-Bromo-4-chloro-3-
indolyl-B-D-galactoside) (MELFORD, 7240-90-6) and warmed at 37°C. The X-gal
was used for white/blue selection and the 40mg/ml stock was prepared by dissolving
200mg of X-gal in 5ml N,N-dimethylformamide (DMF) (Sigma-Aldrich, 319937) in
a glass bottle covered with foil and stored at -20°C.

TOP10 competent cells were transformed with 4pl of the TOPO reaction mix,
incubated on ice for 5min then heat shocked at 42°C for 30sec, and cooled immediately
on ice. A 250pul of S.0.C medium was added and incubated at 37°C with continuous
shaking at 225rpm for 1hour. A 50ul of transformed cells was spread on the pre-

warmed LBa/Carb-X-gal and incubated overnight at 37°C.

2.2.4.2 Plasmid extraction and analysis by restriction enzymes

Successful transformations were analysed by extracting plasmid DNA from the
cells of several colonies using the plasmid miniprep kit as mentioned above. The
plasmids were analysed by restriction enzymes following the manufacturer’s protocol.
Briefly, up to 3ug of the extracted plasmid DNA was digested by mixing it with 2pl
of 10xBSA (bovine serum albumin), 2ul NEBuffer (depends on the restriction

enzymes compatibility), 0.5ul of each restriction enzyme and topped up with NF-H.O
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to get a total of 20pl mix. The digestion mix was incubated at 37°C for 2 hours. The
digestion mix was mixed with DNA loading buffer blue and loaded on 1% agarose gel.
The samples were electrophoresed as mentioned above. Successful insertion of the

fragment was further confirmed by sequencing.

2.2.4.3 Extraction of the desired DNA and ligation to virus-backbone

Once the subcloning of the desired DNA in the TOPO plasmid was confirmed,
plasmids (LV-plasmid, TOPO, scAAV-plasmid and PCR products) were digested
with corresponding restriction enzymes and electrophoresed on 1% agarose gel. The
desired bands corresponding to the LV-backbone, scAAV-backbone and the target
DNA inserts were extracted and purified using the QIAquick Gel Extraction Kit. The
purified viruses’ backbones and the inserts were ligated using T4 DNA ligase (NEB,
M02025) following the manufacturer’s protocol with minor modifications.

Briefly, the required concentration of the insert was calculated using the equation:

Weight of insert (ng)=weight of vector (ng) size of insert (Kbp) lar rati insert
e = . .
ight of insert (ng)=weight of vector (ng)x ——-——— op) x molar ratio ————

30ng of vector was used and the vector: insert ratios were 1:3 and 1:5. The
size of LV-backbone is 8.8kbp and the scAAV-backbone is 3.9kbp. A ligation mix
of 2ul T4 DNA ligase, 30ng of LV vector, the required weight of insert, 1ul of T4
DNA ligase and the volume was topped up to 25ul with NF-H20. The ligation mix

was incubated overnight at 4°C.

2.2.4.4 Transformation of XL10-Gold competent cells with the ligated DNA
The ligated construct was transformed into XL10-Gold cells following the
manufacturer’s protocol. Briefly, cells were thawed on ice and 50ul was aliquoted into

pre-chilled 14ml BD falcon polypropylene round-bottom tubes. 2ul of B-ME provided
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in the kit was added to the cells and incubated on ice for 10min with periodic swirling.
2ul of the ligation mix was added and incubated on ice for 30min. The cells were heat
shocked at 42°C for 30sec then cooled on ice for 2min. Preheated SOC medium
(0.9ml) was added and the cells were incubated at 37°C for 1 hour with vigorous
shaking. 200l of cells was placed on LBa/Carb plate and incubated overnight at 37°C.
Successful transformations were checked by plasmid extraction and digestion as
mentioned above and confirmed by sequencing. Plasmid megapreps of the ligated

construct from the transformed XL10-gold cells were prepared and stored at -20°C.

2.2.5 Validation of LV- and scAAV-based plasmid vectors by transfection and

western blot

2.2.5.1 HEK?293T cells culture

The cells were plated on 6-well plate at a density of 200,000 cells/well on the day
prior to transfection. The medium was changed 2 hours prior to transfection. A stock
of 1Img/ml Polyethylenimine (PEI) (Polysciences, 24765) was prepared in sterile PBS.
Transfection mix was prepared by diluting 2ug of DNA/well in water containing PEI
in which the PEI:DNA ratio is 3:1w/w. The mixture was left at RT for 15min then was

added to the wells. The cells were incubated for 3 days.

2.2.5.2 Protein extraction

The medium was removed, and the cells were washed once with 1ml PBS. Cells
were scraped with sterile cell scraper and resuspended in 1ml PBS. Cells were
centrifuged at 500xg for 5min. The cell pellet was lysed with nuclear and cytoplasmic
lysis buffer (0.1% SDS, 1% Igepal CA630, 2mM EDTA, 150mM NaCl, 50mM Tris-

HCI pH 7.4) supplemented with 7.5% protease inhibitor cocktail (PIC) (Roche

54



Chapter 2: Materials and Methods

diagnostics, 11836170001) and incubated on ice for 40min. Cells were centrifuged at

13,000xg for 5min and the supernatant was collected and stored at -20°C.

2.2.5.3 Bicinchoninic acid protein assay

Pierce BCA protein assay kit (Thermo scientific, 23225) was used to determine
the protein concentration following the manufacturer’s protocol. A serial dilution of
standards of bovine serum albumin (BSA) was prepared from a 2mg/ml BSA stock.
In a 96-well flat bottom plate, the first well of standard was containing 1mg/ml of BSA
diluted in NF-H20O. Standards were then serially diluted to 1:2 in NF-H20.

Samples were diluted to 1:50 in NF-H>O and 200p1 was placed in the first well of
each sample. Then the samples were serial diluted to 1:2 in the subsequent wells. Two
wells were used as blanks containing NF-H>O. Samples and standards were done in
duplicates. 100ul of BCA working solution was placed in each well. The plate was
incubated at 37°C for 30min. The optical density was measured at a wavelength of
562nm using the FLUOstar Omega plate reader (BMG labtech). The standard curve
was plotted using Microsoft Excel and the concentration of protein was calculated

accordingly.

2.2.5.4 SDS-PAGE gel

A 10% separating gel for sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE) was prepared by mixing 12.4ml distilled water (dH20),
9.6ml of 30% acrylamide (National Diagnostic, EC-890), 7.6ml separating gel buffer,
448ul 10% ammonium persulfate (APS) and 20ul TEMED (Sigma-Aldrich, T9281)
and loaded into 1.5mm thick SDS-PAGE plate. Once the gel was polymerised, a
stacking gel was prepared by mixing 4ml dH2O, 1.2ml 30% acrylamide, 1.8ml

stacking gel buffer, 112ul of 10% APS and 20ul TEMED. The stacking gel was
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poured on the separating gel and a comb was placed to form the wells. Precast gels

were used when available.

Samples were diluted in NF-H2O in order to contain 10ug or 20pg of total protein.
A 4x loading buffer was added and incubated at 95°C for 5min. 20ul of samples were
loaded onto the gel. The marker used was Precision Plus dual colour standards. The
gel was electrophoresed in running buffer (prepared from 10x stock; 25mM Tris-base,
250mM glycine, and 0.1% SDS in dH.0) at constant voltage 50V until the protein

pass through the stacking gel then the voltage was increased to 120V.

2.2.5.5 Immunoblotting

The protein gel was blotted to a polyvinylidene difluoride (PVDF) transfer
membrane (Millipore, IPVH00010), which was soaked in methanol before being
placed on the gel. A transfer sandwich was electrophoresed in transfer buffer that was
prepared from 1x transfer buffer with 15% methanol. The transfer was run at 250mA
for one and half hours.

The membrane was blocked with 5% milk in TBST (5% milk-TBST) buffer by
incubating at RT for at least 1 hour. The membrane was probed with primary antibody
(list of primary antibodies used in table 2.5) in 5% milk-TBST. The blocker solution
was removed and the primary antibody was added and incubated overnight at 4°C.
The primary antibody was removed and the membrane was washed 3 times with TBST
for 10min each wash. The secondary antibody (HRP-goat anti-rabbit or HRP-goat
anti-mouse) was diluted to 1:3000 in 5% milk-TBST and placed on the membrane,
which was then incubated for 1 hour at RT. The secondary antibody was removed and

the membrane was washed three times with TBST for 10min each wash.
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The stain was developed by EZ-ECL Chemiluminescence detection kit for HRP
(Biological industries, 20-500-120). The membrane was visualised by G.Box system
(Syngen).

The densities of the bands were determined using gene tools from Syngen or
ImageJ1.45s software. The protein bands were selected using the selection tool in
which a rectangle was drawn around each band. All rectangles were equal in size,
narrowly bordering the sides of the widest band to avoid mixing between adjacent
lanes but taller than the bands to allow the software to compare the dark bands against
the white background. Appropriate exposures of blots were used and overexposure
was avoided. The band densities are represented as arbitrary units. The density of
proteins in the samples were normalised according to the density of a-tubulin or
GAPDH. The expression level was calculated by comparing the normalised levels in

the samples with that of the untransfected (UTF) sample.
2.2.6 Virus Production

2.2.6.1 LV production

All steps were performed under sterile conditions in a class Il safety cabinet.

Protocol has been described previously in (Deglon et al., 2000)

2.2.6.1.1 HEK293T cell culture for LV production

Cells were used at an early passage number (<30). Cells were counted on
hemocytometer. Twenty 10cm tissue culture dishes were plated with 3x108 cells/dish

and incubated overnight in the incubator.
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2.2.6.1.2 Transfection of HEK293T cells with LV-insert plasmid and packaging

plasmids

For each petri dish, 1ml of DNA transfection mix containing 13pug pPCMVARS.92,
a packaging plasmid, 3pug pRSV-Rev, a plasmid encoding HIV-1 Rev protein which
is essential for viral replication, 3.75ug pMD.G, plasmid encoding the vesicular
stomatitis virus G envelope, 13ug of the LV-insert plasmid, 500l 2x HBSS and
topped up to 500ul with water and 0.25M CaCl, prepared in water. The mix was
incubated for 15min at RT and became translucent, then 1ml of the mixture was
distributed to each dish and incubated for 6 hours in the incubator. Half of the medium

was replaced with fresh full medium and incubated for 72hours in the incubator.

2.2.6.1.3 LV purification and concentration

All tools and centrifuge tubes and buckets were disinfected with 70% ethanol prior
to use. All the media from the twenty dishes were pooled into one T75 flask and
filtered with 0.45um filters into a new flask to remove any cell debris. The virus-
containing supernatant was placed into 6 Ultra-clear centrifuge tubes (Beckman,
344058) and then placed into the Beckman 115.6 buckets and balanced for
centrifugation. They were centrifuged in the Beckman optima L-100K ultra centrifuge
(Beckman, 393253) at 19,000rpm for 90min at 4°C. The supernatant was decanted,
and the viral pellet was suspended in 200ul of 1% BSA in PBS. All suspensions were

pooled and mixed thoroughly. 50ul aliquots were stored at -80°C.

2.2.6.1.4 Determining the viral titre using HIV-1 p24 antigen ELISA kit
The HIV-1 p24 antigen concentration was determined using the HIV-1 p24

antigen ELISA kit (Zeptometrix, 0801111) following the manufacturer’s protocol.
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Viral sample was lysed to 1:10 in lysis buffer provided in the kit. Six serial dilutions
of each sample, including dilution factors of 100, 500, 2500, 12500, 62500 and
312500, were prepared in 1% BSA in PBS. Five 1:2 serial dilutions of p24 antigen
standards were prepared in the assay diluent starting with 125pg/ml. A wash buffer
was prepared by diluting the provided 10Xwash buffer in autoclaved distilled water
(dH20). The provided HIV-1 p24 antibody coated microplate strips were washed with
300ul washing buffer six times. 200pl of duplicate standards and samples were loaded
into the wells, keeping 2 wells as blanks. The plate was sealed and incubated at 37°C
overnight. Samples were removed and the wells were washed as above. 100ul of
detector antibody was placed and the plate was sealed and incubated for Lhour at 37°C.
The antibody was removed and excess antibody was washed as above. 100ul of
Streptavidin-peroxidase was placed in each well and incubated at 37°C for 30min
sealed. The plate was washed again as above. 100l of substrate was placed in all wells
and incubated at RT for 30min. 100ul of stop solution was added and the optical
density was detected using the plate reader at a wavelength of 450nm. The standard
curve was plotted using Excel (Microsoft office 2010).

After calculating the concentrations of p24 antigen in the samples from the
standard curve, the virus titre was calculated by multiplying the concentration of p24
antigen by the dilution factor to determine its concentration in the stock sample:

Optical density (OD)x dilution factor
1000

p24 antigen concentration in the viral stock (ng/ml)=

Since 1ng/ml of p24 equals to 1.2x10* transducible unit (TU)/ml, so the viral titre

(TU/mI) = p24 antigen concentration x 1.2 x 10,
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2.2.6.2 SCAAV9 production

A protocol has been mentioned previously in (Zolotukhin et al., 1999, Lock et al.,

2010) with slight modifications

2.2.6.2.1 HEK293T cell culture for scAAV9 production

For small scale production, a very confluent T175 flask was split as mentioned
above into two 150mm dishes (VWR, 734-2322) the day prior to transfection. Cells
would be 60-70% confluent on transfection day.

For large scale production, fifteen very confluent 15cm dishes were split into thirty
15cm dishes the day prior to transfection. The cell confluence would be around 80-
90% on the transfection day. Cells were grown in HEK293T full medium as mentioned
above. For both productions the medium was replaced with serum free DMEM (SF-

DMEM) 2 hours prior transfection.

2.2.6.2.2 Transfection of HEK293T cells with scAAV-insert plasmid

Cells were transfected using Polyethylenimine (PEI) protocol in which the
PEIL:DNA ratio is 3:1 w/w. A stock of Img/ml PEI was prepared in sterile PBS. For
every 15cm dish a mix of 156pl PEI, 26ug of pHelper, 13ug of pAAV2/9 and 13ug
of the AAV-insert plasmids was prepared in 3ml SF-DMEM. The mix was allowed to
stand at RT for 15min before being added to the cells. Cells were incubated for about

5days at 37°C before harvesting.

2.2.6.2.3 SCAAV harvesting
In small scale production some of the medium was collected in a falcon tube to
detect virus content. In addition, cells were scraped and collected in a separate tube

for virus content detection. The virus content in the cells was extracted by
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homogenizing the cells in 500ul PBS and freeze-thawing the cells 3 times in a dry ice
and water bath respectively. Cells were centrifuged at 10,000rpm for 5min to discard
cell debris. The supernatant containing the virus was collected in fresh tube and kept
at -80°C until validation.

In large scale production the virus was collected from the medium, in which the
medium was collected and Benzonase (Sigma, E1014-5KU) was added to the final
concentration of 25units/ml. The medium was incubated at 37°C with occasional
mixing for 2 hours. Cell debris was removed by centrifugation for 5min at 500xg and
the supernatant was further filtered with Nalgene filter unit with 0.22um pore

membrane (Thermo scientific, 595-3320).

2.2.6.2.4 scAAV concentration
The virus was concentrated by centrifugation in Amicon Ultra-15 centrifugal filter
Unit with Ultracel-100 membrane (Millipore, UFC910024) at 3800xg at 4°C until the

required volume was achieved.

2.2.6.2.5 scAAV purification by iodixanol density gradient

Different concentrations of iodixanol solutions (stock is 60% wi/v) (Sigma
Aldrich, D1556-250ML) were prepared in PBS with ImM MgCl, and 2.5mM KCI
(PBS-MK). The PBS-MK stock is prepared as 5x concentration. The solutions were

prepared in 50ml falcon tube as follows:

- 15% lodixanol: 12.5ml iodixanol was diluted with 10ml 5xPBS-MK 10ml of
5M NaCl and topped up to 50ml with sterile water.
- 25% lodixanol: 20.8ml of iodixanol was diluted with 10ml 5xPBS-MK with

phenol red and topped up to 50ml with sterile water
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- 40% lodixanol: 33.3ml iodixanol was diluted with 10ml 5xPBS-MK and

topped up to 50ml with sterile water.

- 54% lodixanol: 45ml iodixanol was topped up with sterile water and phenol

red.

In Quick-Seal centrifuge tube (Beckman Coulter, 344326) gradient solutions were
added using 10mm 18G blunt-end needle (Hamilton, 7750-09) in the following order:
first the concentrated virus solution was placed in the bottom of the tube. Then the
15% iodixanol solution was added to the bottom of the tube. Next the 25% iodixanol
solution was placed in the bottom. After that the 40% iodixanol was placed in the
bottom of the tube. Finally, the 54% iodixanol solution was placed at the bottom of
the tube and any space left was filled with PBS and bubbles were removed. The tube
was sealed using a sealing device (Beckman Coulter, 358312). The tube was ultra-
centrifuged using 70Ti rotor (Beckman coulter) at 69,000rpm at 18°C for 1.5 hours
without brake. The 40% fraction (clear solution) was collected in 500ul aliquots in

1.5ml eppendorf tubes using a 19G syringe.

2.2.6.2.6 Fraction analysis and SYPRO Ruby staining

6l of each fraction was diluted with water and Laemmli loading buffer (4x) and
run on SDS-PAGE. SYPRO Ruby staining (molecular probes, S12000) was done
following the manufacturers basic protocol, in which a fixative solution was prepared
containing 50% methanol and 7% acetic acid diluted in dH20, and a wash solution
was prepared by mixing 10% methanol and 7% acetic acid in dH2O. The SDS-PAGE
was placed in a 15cm dish and fixed twice in 60ml of fixative solution for 30min each
with continuous agitation at RT. The gel was then stained with 60ml of SYPRO Ruby
staining overnight with continuous agitation at RT protected from light. The gel was

washed with 60ml of wash solution for 30min with continuous agitation. The gel was
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transferred into a clean plate and rinsed with dH2O twice for five minutes each. The
gel was viewed under UV light using GENI. Fractions showing the three AAV capsids
purely without other bands were pooled and considered as a high quality virus prep,

while the rest are considered as a low quality virus prep.

2.2.6.2.7 sSCAAV desalting

The pooled fractions were concentrated and desalted by centrifugation in Amicon
Ultra-15 filters with PBS with 35mM NaCl at 3000xg at 4°C. Centrifugation was
repeated and PBS-NaCl was added each time until the solution becomes clear. Viral

solution was collected and aliquoted into eppendorf tubes and kept at -80°C.

2.2.6.2.8 sSCAAV Titration by gPCR
10uM stocks of each primer were prepared. Standards of linearized sSCAAV-HC

plasmid were prepared by serial dilution in NF-H2O at 10?, 102, 107, 10, 10° and
10, Serial dilution of SCAAV-HC sample was done the same way. Two master mixes
were made using two different sets of primers (table 2.3).
For each sample a master mix was as follows:

e 1yl of 10uM forward primer

e 1yl of 10uM reverse primer

o 5ul of SYBR green (x2) master mix (Agilent Technologies, 600828)

e 1ul NF-H:0

Master Mix was added to 2ul of samples or standards on PCR plate. Water was
used as blank. Samples and standards were done in duplicates. The plate was sealed
and qPCR was run for 35 cycles of 95°C for 5min, 95°C for 10sec and 60°C for 30

sec. Data was analyzed on Biorad CFX manager software version 3.1 and titer was
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calculated by multiplying the readings by the dilution factor and by 1000 to get

copies/ml.

Table 2.3: Primer sets used for scAAV titration

Primer set Forward primer

Reverse primer

(CMV)

Set1l GGTAAATGGCCCGCCTGGCA

GCGTCAATGGGGCGGAGTTGT

ARFIP2)

Set 2 (HC- | ATGCTCAGCCAGAAGTCC

GCAGCCTCATACTGTTTCAC

2.2.7 Validation of viral products

2.2.7.1 Transduction of HEK293T cells

HEK239T cells were cultured on a 6-well plate at a density of 100,000cells/well

in 2ml full medium and incubated overnight at 37°C.

For LV transduction, the required volume of virus was calculated using the

following equation:

multiplicity of infection (MOI)x no. of cells

volume from virus stock (ml)=

viral titre

The viral vectors were thawed on ice. One ml of the medium was removed from

the well and the calculated volume of viral suspension was added to each well. The

cells were incubated in the incubator for 6 hours, then fed with 1ml of full medium

and incubated for another 72 hours.
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2.2.8 In vitro experiments

2.2.8.1 Primary motor neuron culture

Primary motor neurons of mouse embryos were extracted using the
immunopanning technique (Ramon-Cueto and Nieto-Sampedro, 1992, Wiese et al.,
2010, Graber and Harris, 2013). Technical support was provided by Dr.Ke Ning.

10mm coverslips were placed in 35mm dishes with 4x10mm rings (Greiner bio-
one, 627170) and were coated overnight with 5% poly-DL-ornithine hydrobromide
(PORN) (Sigma, p-8638) in 0.15M Borate buffered saline pH 8.2 (Fluka analytical,
08059) at 4°C. The PORN was removed and coverslips were washed with HBSS then
the coverslips were coated with 1.5ug/ml Laminin (Invitrogen, 23017-015) that was
prepared by diluting 0.75mg/ml Laminin stock in 50mM Tris pH 7.4, in HBSS.

Pregnant mice were sacrificed by cervical dislocation and the embryos were
collected at E13. The embryo tails were used for genotyping and the spinal cords were
extracted and placed in the dissection buffer (1:1000 B-ME (Invitrogen, 313500) in
HBSS). The cells were dissociated with 0.1% trypsin (Worthington, TLR3-3707) by
incubating at 37°C for 15min. Trypsin was deactivated by the trypsin inhibitor (Sigma,
T-6522). Motor neurons were then selected by placing the cell suspension in a 12-well
plate pre-coated with 1:5000 anti-p75 NGF receptor antibodies (Abcam, ab8877) in
10mM Tris buffer at pH 9.5. Unattached cells were washed off with washing media
(NB medium with 0.2uM B-ME), and the motor neurons were detached by
depolarising buffer (30mM KCI (Sigma, P9333) and 0.8% NaCl (Sigma-Aldrich,
S7653) and plated on the pre-coated coverslips at concentration of 2000-

5000cells/coverslip in low volume of primary motor neuron full medium. Cells were
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incubated in the incubator for at least 1 hour to allow the adhesion of cells prior to

addition of more medium.

2.2.8.1.1 SOD1G93A transgenic mice breeding and genotyping

SOD1G93A mice are common models used for ALS research, expressing the
mutation of glycine to alanine at position 93 of human SOD1 (Gurney, 1997). The
mice used in this study were generated by backcrossing C57BL/6J TG
(SOD1G93A)1Gur congenic mice (Jackson Laboratories) with C57BL/6 mice
(Charles River Laboratories) for more than 10 generations. To obtain SOD1G93A-TG
and NTG littermates embryos, SOD1G93A male mice were mated with C57BL/6
female mice. The phenotypic characteristics of these mice have been described
elsewhere (Mead et al., 2011). Mice were bred and maintained by Dr. Ellen Bennett
and lan Coldicott.

To genotype the mice, DNA extraction was done using QuickExtract DNA
Extraction Solution (Epicentre Biotechnologies, QE09050) following the
manufacturer’s protocol in which DNA extracts from ear clip or tail clip were
extracted in 50ul or 15ul of the QuickEXtract solution, respectively, and incubated at
65°C for 1lhour then at 98°C for 5 min.

A PCR mix was prepared by mixing 10ul of FIREPol 5x Master Mix, 0.1pl of
50uM stock of each primer (human SOD1 (hSOD1) forward and reverse primers) and
mouse IL-2 (mIL-2) primers as controls (Table 2.4), 1ul of the DNA extract and the
volume was topped up to 25pl with NF-H20. A known positive transgenic (TG)
SOD1G93A DNA was used as a positive control and a known non-transgenic (NTG)
DNA and NF-H20 were used as negative controls. The PCR was run as mentioned

above. PCR products were analysed using a 2% agarose gel.
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Table 2.4: List of primers used in SOD1G93A genotyping

hSOD1 forward | CATCAGCCCTAATCCATCTGA

primer

hSOD1 reverse primer | CGCGACTAACAATCAAAGTGA

mlL-2 forward primer | CTAGGCCACAGAATTGAAAGATCT

mlL-2 reverse primer | GTAGGTGGAAATTCTAGCATCATCC

2.2.8.1.2 Primary motor neurons transfection with plasmid DNA

Cell transfection was performed under sterile conditions in a class Il cabinet. A
transfection mix was made of ~2ng/ul of DNA in serum free Opti-Minimal Essential
Medium (Opti-MEM) (GIBCO, 31985-070) and Fugene transfection reagent
(Promega, 31812701). Briefly, for each 35mm dish containing 2ml full medium a
transfection reagent mix was prepared by mixing 3ul Fugene and 100ul Opti-MEM
and left standing at RT for 10-15min, then 1l of the 0.2ug/ul DNA was added. Each
35mm dish was treated with 100ul transfection medium, leading to a final
concentration of 0.1ng DNA/ul.

Cells were incubated at 37°C with 5% CO2 overnight and 90% of the media was
replaced with fresh full media on the following day, then cells were incubated at 37°C
for a further 3 days. Cells were checked under microscope every day. Then the cells
were either treated with 10mM hydrogen peroxide (H202) or washed with 1ml
Dulbecco's Phosphate Buffered Saline (DPBS) without Ca, Mg (Lonza, 17-512F) and

fixed, as detailed below.
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2.2.8.1.3 Primary motor neurons transduction with LV

Cell transduction was performed under sterile conditions in class Il cabinet
specified for LV usage. Cells were transduced with MOI100 at low medium for 2
hours at 37°C. Primary motor neurons full medium was topped up and the cells were
incubated for 5days at 37°C. Cells were checked daily and medium was added when

necessary.

2.2.8.1.4 Propidium lodide (PI) Exclusion Assay

A stock of 2M H20- was prepared by diluting 2.3ml of 30% (w/w) H20, (MW=
340.1g/mol) (PERDROGEN, 31642) in 7.7ml distilled water (dH20). Each 35mm dish
was treated with 10ul of 2M H20- leading to a final concentration of 0.01M. The cells
were incubated at 37°C for 50min. Then 1ml of the medium was removed, and the
cells were treated with 5ul Pl and incubated at 37°C for 10min. The medium was

removed, and the cells were washed once with 1mI DPBS and fixed.

2.2.8.1.5 Cell fixation

The cells were fixed with 4% paraformaldehyde (PFA) (Sigma-Aldrich, P6148)
by placing 1ml PFA in each 35mm dish and incubated at RT for 15min. The PFA was
removed and 1.5-2ml autoclaved phosphate buffered saline (PBS) (0.01 M phosphate
buffer, 0.0027 M potassium chloride and 0.137 M sodium chloride, pH 7.4)(Sigma,

P4417) was placed and the plate was sealed with parafilm and kept at 4°C until staining.
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2.2.8.1.6 Statistical analysis

P1 positive and Pl negative cells were counted and the sum of them was considered
as 100% cell number. The statistical analysis was done using GraphPad Prism 6

version 6.04 software using One-way ANOVA.

2.2.9 Immunofluorescence (IF)

2.2.9.1 Immunocytochemistry

A stock of 5% Triton X-100-PBS was prepared by diluting 5 ml of Triton X-100
(Sigma-Aldrich, X-100) in 95 ml of PBS and stored at 4°C. A working
permeabilization buffer of 0.25% Triton-PBS was prepared by diluting 2.5ml of the
5% Triton-PBS stock in 47.5ml PBS.

The PBS was removed from the plates and 50ul of 0.25% Triton-PBS was placed
on each ring of the 35mm dish and incubated for 20min at RT to allow penetration of
antibodies. Then nonspecific antigen recognition was blocked with 50ul of blocker,
which is made of 10% Goat serum (GS) (Sigma, G-9023) in 0.25% Triton-PBS, for
each ring and incubated for 30min at RT.

The primary antibody was diluted in 0.25% Triton-PBS following the
concentrations specified in Table 2.5. 30ul of the primary antibody mix was placed on
each ring and incubated overnight at 4°C.

The primary antibody was removed and the cells were washed 3 times for 5min
each with 1ml PBS. A secondary antibody mix diluted in 0.25% Triton-PBS with 10%
GS (Table 2.6). The nucleus was stained with Hoechst stain (Sigma, 861405), diluted
to 1:1000 in the same secondary antibody mix. 30ul of the secondary antibody mix
was placed on each ring. The plate was covered with foil and incubated at RT for 2

hours.
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The antibody was removed and the cells were washed 3 times for 5min each with
1ml PBS. The coverslips were mounted on glass slides using fluorescent mounting

medium (Dako, S3023).
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Table 2.5: List of primary antibodies used in immunostaining and western blot

Antibody Specificity Dilution Supplier
factor
IF/WB

Mouse anti-a- | Detect the ~60kDa tubulin | -/1:5000 Calbiochem, CP06
tubulin .Reacts with  chicken,

gerbil, human, mouse, rat
Mouse anti- | Reacts with full length | 1:100/1:1000 | Sigma,
Arfaptin2 human Arfaptin2 WHO0023647M1
Rabbit  anti- | Reacts with mouse, rat and | 1:100/1:1000 | Santa Cruz, sc-
SOD1 human full length SOD1 11407
Rabbit  anti- | Detects mouse, rat and | 1:100/1:1000 | Cell Signaling
TDP43 human TDP43 technology, 3448S
Rabbit  anti- | Reacts with 15 amino acid | 1:100/1:1000 | Abcam, ab85106
Arfaptin2 peptides from the C-

terminal residues of

mouse, rat and human

Arfaptin2.
Mouse anti- | Reacts with full length | 1:200/1:1000 | Abcam, ab57105
TDP43 protein human TDP43
Mouse anti- Detects  YPYDVPDYA | 1:200/1:1000 | Sigma Aldrich,
hemagglutinin | (98-106) of HA H9658
(HA)
Mouse  anti- | Reacts with mouse, human | 1:100/1:1000 Millipore, MABC32
SQSTM1/p62 | and rat p62
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Rabbit anti- Detects rat and human | 1:100/1:1000 | Sigma, C8198

Calcitonin CGRP

Gene Related

Peptide

(CGRP)

Mouse anti- Reacts with human beta I11 | 1:200 Neuromics,

beta Il tubulin MO15013

Tubulin

(TUJ1)

Rabbit anti- Reacts with human, mouse, | -/1:1000 Novus

LC3 rat,  bacteria,  bovine, biotechnology,
porcine, hamster and NB100-2220
zebrafish

Rabbit anti- Reacts with human, mouse, | -/1:1000 Cell Signaling

Atgl3 rabbit and monkey. technology, 6940

Rabbit anti- Reacts with human, mouse, | -/1:1000 Cell Signaling

ULK1 rabbit and monkey. technology, 8054

Rabbit anti- Reacts with human, mouse, | 1:200/1:1000 | Cell Signaling

phospho-Akt | rabbit and monkey technology, 4060

(Ser473)

Rabbit anti- Reacts with human, mouse, | -/1:1000 Cell Signaling

Phospho-4E- | rabbit and monkey. technology, 9459

BP1

(Thr37/46)
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Rabbit anti- Reacts specifically with | 1:200 Millipore, AB5480
hSOD1 human SOD1 protein
Rabbit anti- Recognizes human PTEN | 1:200/ 1:1000 | Life Sciences,
PTEN when phosphorylated at P9182-02R

Ser385
Rabbit anti- Detects Aktl and Akt3 | -/1:1000 Cell signaling, 2966
Akt from human, mouse and

rabbit
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Table 2.6: List of secondary antibodies used in immunostaining and western blot

Fluor 350 dye and

reacts with 1gG
heavy chains and all
classes of
immunoglobulin

light chains from

mouse

Antibody Properties Dilution factor | Supplier

HRP- goat anti- | Reacts with whole | 1:3000 Bio-rad, 170-6516
mouse IgG (H+ | molecule  mouse

L) 19G

HRP-goat anti- Reacts with whole | 1:3000 Millipore, 12-348
rabbit 19G (H + molecule rabbit IgG

L)

Fluorescein Reacts with whole | 1:200 Jackson, 111-095-003
(FITC)- molecule rabbit IgG

AffiniPure goat

anti-rabbit 1gG

(H+L)

Alexa Fluor 350 | Goat IgG labeled | 1:200 Invitrogen, A-11045
goat anti-mouse | with blue-

lgG (H+L) fluorescent  Alexa
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FITC-AffiniPure | Reacts with whole | 1:200 Jackson, 715-095-151
Donkey anti- | molecule  mouse

mouse IgG (H+L) | 1gG

Alexa Fluor 488 | Goat IgG labeled | 1:200 Invitrogen, A11017
goat anti-mouse | with blue-
lgG (H+L) fluorescent Alexa

Fluor 488 dye and
reacts with 1gG
heavy chains and all
classes of
immunoglobulin

light chains from

mouse
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CHAPTER 3: Using Lentivirus-based vectors to investigate
the effect of Arfaptin2, HC-ARFIP2 and TDP43 over-
expression on primary motor neuron survival
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3.1 Introduction

Nucleic acid gene transfer (transfection) to neuronal cells in vitro presents a great
challenge in research. This is due to the high sensitivity of the neurons to physical
challenges and inability to proliferate. Different transfection methods have been
developed and improved in order to tackle those issues. These methods include
chemical (such as lipofection and calcium phosphate/DNA coprecipitation), physical
(such as electroporation and microinjection) transfection methods or viral-based (such
as retrovirus, adeno-associated virus and lentivirus) transduction. Each method has its
strengths and limitations. However, none of them seems to be effective to be used as
a standard in all experiments. Different neuronal models and expected outcomes of
experiments might require different transfection method. Different transfection
methods for neuronal cells have been reviewed previously (Karra and Dahm, 2010).

The transfection method that was tested in this project was the liposomal
transfection method in which FuGene reagent was used. We wanted to overexpress
FL-ARFIP2 or HC-ARFIP2 in primary motor neurons and study their effects on
primary motor neuron survival. This transfection method led to widespread cell death.
Several attempts were tried to reduce cell death caused by stress while handling.
Although approximately 2000 cells/coverslip were plated, by the end of transfection
incubation period only very few, if any, cells survived. This was observed in mock
transfected as well as FL-ARFIP2, HC-ARFIP2 and TDP43 transfected samples.
Therefore, survival analysis was not conducted. It was observed that this transfection
method was unsuitable for primary motor neurons and therefore, we sought to move
onto a different gene transfer method using a viral vector (transduction).

One of the major advantages of using viral based vectors as gene delivery agents

is their low toxicity as they are naturally capable of entering the cells without causing
78



Chapter 3: Survival Study

physical stress, which overcomes the problem of transfection. One of the most
efficient viral vectors is the LV.

LV is a genus of the Retroviridae family. It consists of a double stranded RNA.
LV showed the ability to integrate into the genome of non-dividing cells making it
perfect for transducing primary motor neurons (Naldini et al., 1996, Gerolami et al.,
2000). In addition, it provides sustained long-term gene transfer with high efficiency
and low toxicity in cells of the CNS (Blomer et al., 1997). In the recombinant LV, the
genes required for their replication have been removed; though handling them still
requires biosafety level 2.

LV has been used in gene therapy studies in neuronal diseases, including PD, in
which some LV therapeutics went into clinical trials and were proved to be safe (Palfi
et al., 2014). LV vectors were used in an in vitro ALS model to overexpress
antioxidant response element genes (ARE) in motor neuron-like cell line (NSC34).
The overexpression of those genes was able to decrease the damage caused by
oxidative stress and increase survival in NSC34 cells (Nanou et al., 2013).
Furthermore, transduction of primary motor neurons using LV-based vectors have
been shown to be more efficient and less toxic compared to conventional transfection
methods (Bender et al., 2007).

In this project a human immunodeficiency virus (HIV)-based third generation LV
vector that is replication-deficient and self-inactivating (Sin) has been used. The gene
of interest was under the control of the phosphoglycerate kinase (PGK) promoter,
which promotes sustained long-term expression (Zufferey et al., 1998, Gerolami et al.,
2000). In addition, the LV vector expresses the central polypurine tract element (cPPT)

which enhances the import of the provirus into the nucleus and subsequently induces

79



Chapter 3: Survival Study

genetic integration of the desired gene with the cell’s genome, especially in non-
dividing cells (Van Maele et al., 2003).

The human influenza hemagglutinin (HA) tag was used as an epitope tag to
facilitate the detection of the overexpressed proteins and identify them from the
endogenous protein. It is a well-characterised-immunoreactive tag that does not affect
the function and expression of the desired gene (Lo et al., 2003). It is short, so it does
not affect the packaging capacity of the virus and it is not toxic as GFP (Baens et al.,
2006). This tag has been used to facilitate the detection of the desired proteins on

western blot and immunofluorescence staining.

3.2 Aim

The aim of this chapter is to evaluate the pro-survival potential of HC-ARFIP2 in
primary motor neurons to support what has been found previously by our research
group in NSC34 model (Kong, 2011). In order to achieve this aim we needed to
produce LV-based vectors to overcome the low transfection efficiency and high cell
toxicity in primary motor neurons, which have been observed when using liposomal
transfection method, and subsequently investigate the effect of FL-ARFIP2, HC-

ARFIP2 or TDP43 overexpression on primary motor neuron survival.
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3.3 Results

3.3.1 Construction of LV-ARFIP2, LV-HC-ARFIP2 and LV-TDP43 plasmid

vectors

In order to produce a viral vector expressing a gene of interest, the desired gene
had to be subcloned into the viral genome backbone that will carry the gene inside the

virus particle and mediate its expression in the cells.

3.3.1.1 FL-ARFIP2, HC-ARFIP2 and WT-TDP43 amplified by PCR

Subcloning is the procedure of transferring one gene of interest from one vector
into another vector. In this case, the FL-ARFIP2 and HC-ARFIP2 were transferred
from a pcDNA3 plasmid containing Arfaptin2 into the Sin-PGK-cPPT vector
(hereafter called LV-backbone). All genes that were introduced into the viral vector
genome were amplified by PCR. The FL-ARFIP2 and HC-ARFIP2 DNAs were
amplified from pcDNA3 plasmid encoding Arfaptin2. FL-ARFIP2 was designed to
contain Bglll restriction site at the 5’end. The HC-ARFIP2 primer was designed to
contain BamHI restriction site at the 5’end. Both primers were designed to contain an
HA-tag and Xhol site at the 3’end. The PCR products were run on a 1% agarose gel
and the desired bands were purified by DNA-gel extraction kit. The expected size for
FL-ARFIP2 is 1kbp and the size of HC-ARFIP2 is ~0.5kbp (Figure 3.1 a).

The WT-TDP43 was amplified from pDONR221 plasmid that expresses the WT-
TDP43. The amplified product was visualised on 1% agarose gel and corresponded to

the predicted size at 1.25kbp (Figure 3.1 b). It was extracted and purified as above.
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2) HC-ARFIP2 FL-ARFIP2
HC-ARFIP2 R FL-ARFIP2 A

Ladder control r N\ control 7

b) Ladder WT
111 TDP43
kbp

3.5—
3 —
25—
5 —
1.5—

1.25 kbp

0.7 —
0.5—

Figure 3.1: PCR products for LV subcloning. a) PCR products for HC-ARFIP2
and FL-ARFIP2 were run on 1% agarose gel. Known HC-ARFIP2 and FL-ARFIP2
samples were used as controls. The purified HC-ARFIP2 DNA is at ~0.5kbp and
the FL-ARFIP2 DNA is at 1kbp. b) Amplified PCR product of TDP43 at expected

size of 1.25kbp
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3.3.1.2 PCR products and LV-backbone digestion

The PCR products of FL-ARFIP2 and HC-ARFIP2 were digested with Bglll or
BamHlI, respectively, and Xhol then purified by QlAquick gel extraction kit (Figure
3.1 a). Accordingly, the Sin-PGK-cPPT-GDNF plasmid was digested with the same
restriction enzymes (BamHI and Xhol) to remove the GDNF cassette and to be
replaced with the desired inserts (Figure 3.2). LV-backbone at 10kbp was gel extracted

and purified by gel extraction Kkit.

LV-GDNF
f A \
LadderT 1 2

Figure 3.2: LV-GDNF digestion. The LV-GDNF plasmid was digested by BamHI and
Xhol. The LV-backbone size is ~10kbp. It was extracted from the gel, purified and

measured with Nanodrop.
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3.3.1.3 Restriction sites added to the TDP43 construct for subcloning

TDP43 PCR product containing BamHI restriction site on the 5’end and Xhol
restriction site on the 3’end was subcloned into TOPO vector using the TOPO TA
cloning kit and then transformed into TOP10 E.coli. Transformed bacteria were
cultured and plated. A Few colonies were picked and cultured to be tested for
successful addition of restriction sites to the cDNA. Plasmid minipreps were extracted
from the bacterial cultures and were analysed by restriction digest analysis. Plasmid
DNAs were digested by BamHI and Xhol. The digested products were run on 1%
agarose gels. The upper band at ~4kbp (Figure 3.3) represents the TOPO vector, while
the lower band ~1.25kbp represents the TDP43. Figure 3.3 shows the successful
insertion of TDP43 into TOPO vector that was successfully digested at the desired

sites. Further confirmation was done by sequencing.
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TOPO-
LadderIII TDP43

Figure 3.3: TDP43 successful ligation with TOPO vector. Successful expression
and digestion of TDP43 with BamHI and Xhol in TOPO vector. TOPO vector
backbone ~4kbp while the TDP43 cDNA runs at ~1.25kbp
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3.3.1.4 Genes of interest subcloned into the LV plasmid

The target inserts (FL-ARFIP2 or HC-ARFIP2 from figure 3.1a and TDP43 from
Figure 3.3) were ligated into the LV-backbone between BamHI and Xhol restriction
sites. The ligation mixtures were transformed into XL10-gold E.coli. Several colonies
from the transformed bacterial cultures were picked and plasmids were extracted using
a plasmid miniprep kit. Plasmid-preps expressing successful ligations were analysed
using BamHI and Xhol restriction enzymes and visualised on an agarose gel. Figures
3.4, 3.5and 4.6 show representative plasmid-maps of LV vectors with the inserted FL-
ARFIP2, HC-ARFIP2 or TDP43 transgene, respectively. They also show the
successful insertion of the genes into the LV as validated by digestion showing LV-
backbone at 10kbp, FL-ARFIP2 at 1kbp, HC-ARFIP2 at 0.5kbp and TDP43 at
1.25kbp. Figure 3.6 shows successful insertion of TDP43 into the LV-vector in four
colonies (2-5) while colony one was excluded as it was not digested as desired. Correct
DNA insertion was further validated by DNA sequencing to confirm that no

spontaneous mutations had occurred during the cloning process (see appendices).
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Figure 3.4: Insertion of FL-ARFIP2 into the Lentiviral vector. a) Plasmid map
represents the LV-ARFIP2 sequence with unique restriction sites. b) FL-ARFIP2
was ligated into the LV-backbone then plasmid extracts were digested with BamHI
and Xhol. The gel image shows successful ligation and digestion at the right sizes
in all picked colonies (LV-backbone at ~10kbp and FL-ARFIP2 at 1kbp)
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Figure 3.5: Insertion of HC-ARFIP2 into the Lentiviral vector. a) Plasmid map
represents the LV-HC sequence with unique restriction sites. b) HC-ARFIP2 was
ligated to the LV-backbone and transformed into XL10-gold cells. Plasmid extracts
from 5 colonies were digested with BamHI and Xhol. The picture shows successful
ligation and digestion at the expected sizes in all picked colonies (LV-backbone at
~10kbp and HC-ARFIP2 at 0.5kbp)
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Figure 3.6: Insertion of TDP43 into the Lentiviral vector. a) Plasmid map
represents the LV-TDP43 sequence with unique restriction sites. b) TDP43 was
ligated to the LV-backbone and transformed into XL10-gold cells. Plasmid extracts
from 5 colonies were digested with BamHI and Xhol. The sample number 1 shows
incorrect digestion of the plasmid, the rest of the samples showing successful ligation
and digestion at the expected sizes (LV-backbone at ~10kbp and TDP43 at ~1.25kbp)
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3.3.2 LV-based vectors efficiency testing

3.3.2.1 LV-based plasmids efficiently overexpress the proteins of interest

HEK293T cells were transfected with LV-ARFIP2, LV-HC or LV-TDP43
plasmids in order to confirm the efficiency of the plasmids prior to the viral
production. Calcium phosphate or PEI transfection methods were used. The proteins
were extracted 3 days post transfection, and the concentrations were determined by
BCA protein assay. Expression levels of FL-ARFIP2, HC-ARFIP2 and TDP43 were
determined by Western blot assay, using a—tubulin as a loading control. The successful
expression of FL-ARFIP2 or HC-ARFIP2 was evaluated by the presence of bands at
38kDa and 19kDa, respectively (Figure 3.7), in the transfected samples compared to
the untransfected controls. Figure 3.7 shows successful expression of FL-ARFIP2 and
HC-ARFIP2 as they were detected by anti-HAtag antibody.

The TDP43 was detected using rabbit anti-TDP43 antibody as a primary antibody
and then stained with HRP-conjugated goat anti-rabbit antibody as a secondary
antibody. The successful overexpression of TDP43 was evaluated by comparison of
band densities between the transfected and untransfected cells. Comparing the band
densities of the LV-TDP43 transfected samples with the untransfected control, the

result shows successful overexpression of TDP43 to over 13 fold (Figure 3.8).
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untransfected FL-ARFIP2 HC-ARFIP2
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Figure 3.7: Validation of the LV-based plasmids expressing FL-ARFIP2 or
HC-ARFIP2. HEK293T cells were transfected with the LV-based plasmids
expressing FL-ARFIP2 or HC-ARFIP2. FL-ARFIP2 and HC-ARFIP2 expression
was detected on a western blot by mouse anti-HA antibody. FL-ARFIP2 is detected
at ~38kDa while the HC-ARFIP2 is detected around 20kDa. a-tubulin was used as

a loading control

untransfected TDP-43
1

kDa |adder: A W \
50 S e (S s  —> g-tubulin
37 e O = — TDP-43

Ry &

Figure 3.8: Validation of the LV-based plasmids expressing TDP43. HEK293T
cells were transfected with the LV-based plasmids expressing TDP43. The TDP43
was detected by rabbit anti-TDP43 antibody at 43kDa. a-tubulin was used as a

loading control
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4.3.2.2 LV-based viral vectors efficiently overexpress the proteins of interest

Once plasmids were validated, LV-ARFIP2, LV-HC and LV-TDP43 viruses were
produced using the 4 plasmid transfection method, in which cells were transfected
with two packaging plasmids, one envelope plasmid and a lentivirus vector plasmid
expressing our gene of interest (see Section 2.2.6.1 for full details about the plasmids).
Viruses were collected from the culture medium, filtered from cellular debris then
concentrated using ultracentrifugation. The viral titres were determined using the p24
antigen ELISA kit. Viral titres ranged between 10°-108 transducable units (TU/ml)
from which only viruses with high titres (107-108 TU/ml) were used in transduction
assays. To validate the efficiency of the produced viruses, HEK293T cells were
transduced with different multiplicity of infection (MOI) of LV-ARFIP2, LV-HC or
LV-TDP43. Cells were harvested 5 days post transduction and the protein was
extracted and measured as above. Transgene expression was detected by western
blotting and measured by densitometry when possible.

Every validation was repeated three times before proceeding with the in vitro
experiments. Figures 3.9 and 3.10 show that the viruses produced were efficiently
overexpressing the desired proteins with both low and high MOIs. They also show that
there is a correlation between the MOIs used and the level of overexpression. Figure
3.10 shows that even with low MOI there was approximately 5 fold overexpression of
TDP43; while analysis of MOI10 revealed a significant increase of an average of 15
fold of TDP43 (n=3, p<0.05) (Figure 3.10b). This step was necessary to confirm the
efficiency of the viruses prior to motor neuron transduction. It is noticeable that HC-
ARFIP2 expression is relatively much lower than FL-ARFIP2 and TDP43
overexpression. Therefore, higher MOIs of LV-HC were used in subsequent

experiments.
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Figure 3.9: LV-ARFIP2 and LV-HC efficiently express FL-ARFIP2 and HC-
ARFIP2 in HEK293T cells, respectively. HEK293T cells were transduced with
LV-ARFIP2 or LV-HC virus. Protein was extracted 5 days post transduction.
Western blot shows the FL-ARFIP2 (a) and HC-ARFIP2 (b) expression detected
by anti-HA antibody. There is a correlation between the MOI level and the

expression level of FL- and HC-ARFIP2. c¢) Cells were fixed 5 days post
transduction, Immunofluorescence shows FL- and HC-ARFIP2 expression
detected using anti-HA antibody (green) while endogenous ARFIP2 was detected
by anti-ARFIP2 antibody (red). Scale bar = 20um
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Figure 3.10: LV-TDPA43 efficiently overexpresses TDP43 in HEK293T cells. a)
HEK293T cells were transduced with different MOIs of LV-TDP43 virus. A
representative western blot shows TDP-43 detected using anti-TDP43 antibody. b)
The overexpression level (Mean + SEM) was determined by densitometry of western
blot. The TDP-43 expression level was compared between transduced and
untransduced samples after normalisation with a-tubulin. Statistical analysis was

done using one-way ANOVA test. n=3. * ; p <0.05
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3.3.2.3 LV-based viral vectors efficiently express proteins of interest in motor
neurons

As a further validation of the LV-based vector efficiency, primary motor neurons
were transduced with the viruses and harvested 5 days post transduction for protein
analysis. Western blots were probed as above. Figures 3.11, 3.12 and 3.13 show that
FL-ARFIP2, HC-ARFIP2 and TDP43, respectively, were successfully expressed at

high levels compared to untransduced samples.

Arfaptin2
h
Ladder Mock ' 10 20

w v a-tubulin

 e— Arfaptin2

Figure 3.11: LV-ARFIP2 expresses FL-ARFIP2 in motor neurons. Primary
motor neurons were transduced with two different MOI levels of LV-ARFIP2 virus.
FL-ARFIP2 detected by mouse anti-HA-tag antibody. There is abundant expression
of FL-ARFIP2 with both MOls.
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Figure 3.12: LV-TDP43 overexpresses TDP43 in motor neurons. Primary motor
neurons were transduced with two different MOI levels of LV-TDP43 virus.
TDP43 was detected by rabbit anti-TDP43 antibody, which also detects

endogenous TDP43.

LV-HC
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36 — . GAPDH
20 HC-ARFIP2

Figure 3.13: LV-HC expresses HC-ARFIP2 in motor neurons. Primary motor
neurons were transduced with two different MOI levels of LV-HC virus. HC-

ARFIP2 detected by mouse anti-HA-tag antibody.
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3.3.3 Increased primary motor neuron survival with HC-ARFIP2 expression

The effect of HC-ARFIP2 over expression on motor neuron survival was
determined by propidium iodide (PI) exclusion experiment. The principle of the assay
iIs that Pl intercalates between DNA bases and it is a fluorescent molecule that when
excited shows red fluorescence. However, it is membrane impermeable. Therefore,
viable cells which have intact membrane will be Pl negative while dead cells will be
P1 permeable and therefore will show red nuclei. In other word, cell death was detected
by positive Pl staining. On the other hand, Hoechst 33342 is a membrane permeable
intercalating agent and produces blue fluorescence when excited. Therefore, Hoechst
will stain the nuclei of both live and dead cells.

Primary motor neurons from NTG and SOD1G93A TG mouse embryos were
extracted and cultured, using immunopanning technique. Cells were transduced with
LV-ARFIP2, LV-HC or LV-TDP43 viruses. Five days post transduction, half the
culture plates were induced with 10mM HO: for 50 min to investigate the effect of
oxidative stress. Afterwards, all cell cultures were treated with PI for 10 min, and then
washed and fixed directly.

Cells expressing FL-ARFIP2 and HC-ARFIP2 were detected by
immunofluorescent staining with anti HA-tag antibody, while TDP43 overexpression
was detected by anti TDP43 antibody. Untransduced control cells were labelled with
TUJ1 antibody, which recognises beta-IlI-tubluin. The nuclei were stained with
Hoechst 33342,

Figure 3.14 is an example taken at low magnification for a successful motor
neuron culture immunostained with HA antibody for FL-ARFIP2 detection. However,
the PI staining was only obvious at higher magnification. Figure 3.15 shows an

example of live and dead cells, which are Pl positive or Pl negative, respectively, from
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a control slide taken at 63x magnification power. In addition, Hoechst 33342 staining
was used as a confirmation to differentiate the dead cells as their nuclei show
chromatin condensation. This has been widely used for detection of apoptotic cells
(Antonelli et al., 2008, Kameswaran and Ramanibai, 2009). Figure 3.15 shows that Pl
positive dead cells also have DNA condensation with the Hoechst 33342 staining

compared to the nuclei of cells that are Pl negative.
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Pl positive and negative cells were counted blindly from four fields, in which
each shows at least one motor neuron, of each coverslip. An average of 90 cells was
counted per sample. The percentage of cell survival was determined from the total
number of cells counted from each sample. The experiment was repeated on 3
independent experimental repeats. Each repeat consisted of at least two TG and NTG
embryos. Statistical analysis was performed on Graphpad Prism and the statistical
significance was calculated using one-way ANOVA test.

The results show that HC-ARFIP2 expression significantly increases motor
neuron survival of the TG embryos compared to the overexpression of TDP43, FL-
ARFIP2 and the untransduced control by around 20% (n=3; p<0.05). This is true in
both non-stressed and H20O- stressed cells (Figures 3.16). Comparing 3.16 a and 3.16
b, there is approximately 10% more cell death in the samples stressed with H20»,
which is expected.

NTG motor neurons also show similar results with significant difference between
HC-ARFIP2 expression and other treatments and controls in non-stressed motor
neurons (n=3; p<0.05), while H20> stressed motor neurons showed only significant
difference between HC-ARFIP2 overexpressing cells and other samples excluding

control (n=3; p<0.05) (Figure 3.17).
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Figure 3.16: SOD1G93A transgenic motor neuron survival. Primary motor
neurons were cultured and transduced with different LV vectors. Cells were treated
with Pl and fixed 5 days post transduction. Live and dead cells were identified by
PI positive or PI negative staining respectively. a) Cells were not treated with H20».
b) Cells were treated with H2O> five days post transduction. Statistical analysis was
performed using one-way ANOVA test (Mean + SEM). n=3. *; p < 0.05, **; p <
0.01, ***; p <0.001
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Figure 3.17: Non-transgenic motor neuron

survival. Primary motor neurons

were cultured and transduced with different LV-vectors. Cells were treated with Pl

and fixed 5 days post transduction. Live and dead cells were identified by Pl

positive or Pl negative staining respectively. a) Cells were not treated with H20..

b) Cells were treated with H.O> five days post transduction. Statistical analysis was

performed using one-way ANOVA test (Mean + SEM). n=3. *; p < 0.05, **; p <

0.01
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4.4 Discussion

LV vectors are suitable gene transfer vectors for in vitro experiments as they
mediate long-term sustained gene expression with low toxicity (Blomer et al., 1997).
This was specifically important for experiments on primary motor neurons as they are
very sensitive cells and transfection buffers were shown to be causing tremendous cell
death. Therefore, LV-based vectors were designed and produced at high titres. HC-
ARFIP2 was the main gene of interest as our hypothesis was that HC-ARFIP2 could
promote motor neuron survival. LV-based vectors expressing FL-ARFIP2 and TDP43
were produced to be used as controls.

Though LV subcloning and production is a preparatory step, it was crucial in order
to achieve the aim of this chapter. The procedure for producing a virus expressing our
gene of interest was time consuming and involved many steps, in which the gene of
interest was cloned by PCR to add the restriction sites required for the subcloning. The
LV-backbone was digested using enzymes corresponding to the restriction sites
expressed on the PCR products. Then the PCR products and the LV-backbone were
ligated to produce the LV-plasmid. The plasmid was validated by sequencing and
transfection for efficiency. After that, it was used for viral production using the 4
plasmids transfection method. The viral product was titered by p24 ELISA kit and
validated by transduction and western blotting. The results showed that efficient
viruses have been produced with high titres suitable for in vitro studies.

The HA-tag facilitated the evaluation of protein expression in western blot and the
identification of cells overexpressing our genes of interest in immunostaining.
Measuring the overexpression level of FL-ARFIP2 and HC-ARFIP2 is not required,

as they were detected through a specific tag.

104



Chapter 3: Survival Study

The aim to achieve efficient gene transfer with minimal neuronal toxicity was
achieved by using LV-based vectors as shown in figure 3.14. It also revealed that good
expression efficiency was accomplished, as substantial number of cells were HA
positive.

Though immunostaining of cells using anti-HA-tag antibody was successful, the
fluorescence intensity was quite low and bleached quickly. This made it hard to
capture good high-resolution pictures using the confocal microscope. Counting the
cells using fluorescent microscope, led to some level of bleaching of the fluorescence
signal. This also made it challenging to obtain high-resolution images.

Propidium iodide (PI) exclusion assay was performed to investigate the effect of
Arfaptin2 or HC-ARFIP2 expression on cell viability. Pl binds to nucleic acids (DNA
and RNA) by intercalating between bases. It is membrane-impermeable; therefore, it
is excluded from viable cells. PI gives red fluorescence upon excitation. Pl was used
in combination with Hoechst 33342 dye, which is a nucleic acid stain that binds to
double stranded DNA and emits blue fluorescence upon excitation. In contrast to PI,
Hoechst is membrane permeable. Therefore, Hoechst is used to identify viable cells
while the PI is used to identify apoptotic cells. This method was used due to its
simplicity and economical use.

Results presented in figures 3.16 and 3.17 supported the hypothesis that
expression of HC-ARFIP2 significantly increase cell survival compared to other
treatments and controls even in the presence of oxidative stress. This allows us to
conclude that HC-ARFIP2 expression increases motor neuron survival regardless of
oxidative stress and SOD1 mutation. This also corroborates with the findings

generated by a previous MSc student in our team (Kong, 2011) which demonstrated
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that HC-ARFIP2 expression enhances survival of NSC34 cell line regardless of H20»
or SOD1G93A expression.

H20> treatment was used to investigate whether HC-ARFIP2 can protect against
oxidative stress. Previous detailed investigation of H»>O.-induced primary neuron
survival showed that short; as little as 30 min, exposure to H20- is enough to induce
significant cell death in a dose-dependent manner. The effective dose was from 100
MM (Whittemore et al., 1995, Fan et al., 2012, Konyalioglu et al., 2013). Therefore,
we used a high concentration of H.O> with a short exposure for 50 min to induce
oxidative stress. However, comparison of figures 3.16a and 3.17a with 3.16b and
3.17b shows that there is roughly 10% cell death induced in H>O: treated cells, which
was much lower than expected. This could be due to two reasons. Firstly, it could due
to the short time delay between the treatment and the fixation in which cells were fixed
~20 min after H,O> treatment. Many experimental procedures incubate the cell-lines
in medium for around 24 hours after the treatment, which allows the cytotoxic effect
to be more obvious and detectable (Abdo et al., 2010, Park et al., 2015, Zhu et al.,
2015). However, it should be noted that primary neurons are more sensitive than
neuronal cell lines (Fan et al., 2012); therefore, we preferred the short time delay.
Secondly, this low cell death could be due to low H>O> potency. It was shown
previously that a delay of more than 5 min between the preparation and the application
of H>O> reduces its efficacy and cytotoxic effect (Whittemore et al., 1995). In this
project, a diluted H>O> solution was prepared at least one hour before the treatment,
which could have affected its efficiency.

In figure 3.17, although the difference in survival between HC-ARFIP2
expressing motor neurons and control was not significant, it was significant in all other

experiments, and there was a noticeable trend of increased survival of NTG motor
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neurons overexpressing HC-ARFIP2. The lack of significant difference might be due
to high variability between samples, technical issues or insufficient number of repeats.

TDP43 overexpression was used as a positive control for cell death and was
expected to decrease cell survival compared to control as it has been shown that
TDP43 overxpression is toxic to cells (Ash et al., 2010). However, a significant
decrease in cell survival transduced with LV-TDP43 was only observed with TG
motor neurons. The insignificant difference in other experiments might be due to the
fact that TDP43 induced cytotoxicity is dose dependent (Wu et al., 2013). Therefore,
an optimisation of TDP43 expression level and cytotoxic effect could have altered the
outcome of the experiment.

Our data served as a proof of concept that HC-ARFIP2 expression can increase
motor neuron survival in vitro. These results achieved the aims of this chapter and
provided confidence to move forward to investigate the downstream effectors by

which HC-ARFIP2 exerts its pro-survival effect.
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CHAPTER 4: HC-ARFIP2 mediates neuroprotection
through the Akt pathway
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4.1 Introduction

A previous study showed that ARFIP2 is involved in Huntingtin protein
aggregation through the Akt pathway (Rangone et al., 2005). In addition, Akt is a
known downstream effector of Racl (Stankiewicz and Linseman, 2014). Akt, also
known as protein kinase B (PKB), has many downstream effectors that exert different
functions. It is a pro-survival kinase involved in many cellular processes including cell
survival, protein synthesis and degradation, and RNA transcription (Figure 4.1). Akt1,
Akt2 and Akt3 genes produce three closely related kinases, Aktl, Akt2 and AKkt3,
respectively. Aktl and 2 are ubiquitously expressed in different types of cells while
Akt3 is predominantly expressed in the brain.

The involvement of Akt pathway in ALS has been implicated in several studies
(Wagey et al., 1998, Yin et al., 2012, Peviani et al., 2014). Phosphorylated Akt
(Phospho-Akt), which is the active form, was found to be drastically decreased in ALS
patients’ post mortem spinal cord, despite their variable disease backgrounds (Dewil
et al 2007). In addition, Akt expression was found to be downregulated in muscles of
ALS patients compared to normal and spinal muscular atrophy (SMA) individuals and
therefore it has been suggested to use Akt as a biomarker for ALS (Yin et al., 2012).
This downregulation of phospho-Akt seems to occur early in the disease process, as
phospho-Akt was downregulated in large motor neurons of pre-symptomatic
SOD1G93A mouse model as well (Dewil et al., 2007). Taken together, these
observations indicate the importance of this pathway in the pathogenesis of ALS in
general, regardless of the genetic background. In addition, its involvement in ALS
seems to be in both motor neurons and muscles, which are among the affected cells
and tissues in ALS. Therefore, the Akt pathway seemed an interesting and logical
target to investigate the downstream effectors of HC-ARFIP2.
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4.2 Aim

The aim of this chapter is to understand the pathway by which HC-ARFIP2 exerts
its neuroprotective effect by looking at downstream effectors. In this Chapter, we

focused on proteins in the Akt pathway (Figure 4.1).
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Figure 4.1: Schematic presentation of Akt/mTOR pathway and their role in
protein degradation. After stimulation, Phosphoinositol 3 kinase phosphorylates
phosphoinositol bisphosphate (PIP2) into phosphoinositol trisphosphate (PIP3).
PIP3 induces phosphoinositide-dependent kinase-1 (PDKI1) which then
phosphorylates Akt at Ser473 and Thr308. Activated Akt can induce cell survival
by direct effect on Bcl2 pro-survival proteins family or by inhibition of Bcl2 pro-
apoptotic and the forkhead pro-apoptotic proteins families. In addition, phospho-
Akt activates the mTORC]1 pathway, which induces protein synthesis and inhibits
protein degradation by inhibiting autophagy. On the other hand, Akt can induce
protein degradation in an mTORCI1 independent manner in which inhibition of
FoxO3 induces protein degradation. LC3II binds to the inner and outer layer of the
phagophore for elongation of the autophagic membrane and recruits p62. p62
carries the ubiquitinated unfolded protein to the phagophore. Proteins then are

degraded in the autophagosome after fusing with lysosomes.
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4.3 Results

4.3.1 HC-ARFIP2 increases phospho-Akt

HEK?293T cells were transduced with LV-HC at MOI40 or MOI80 to study its
downstream effectors. In addition, cells were transduced with LV-GFP and LV-
ARFIP2 as controls beside the untransduced control. As Figure 3.9 showed efficient
expression of FL-ARFIP2 in HEK293 cells using MOI30 and as we observed
constantly that LV-ARFIP2 leads to more expression compared to LV-HC, MOI40
was used for LV-ARFIP2. Tests using LV-GFP within our group showed that MOI10
is highly efficient and therefore MOI110 was used for this virus throughout. Cell lysates
were collected 5 days post-transduction and western blot analysis was performed to
detect different proteins within the Akt pathway. First, the total Akt and the phospho-
Akt expression levels were investigated using anti-Akt and anti-phospho-Akt at
Ser473, respectively. Band densities were determined using densitometry. Readings
from 3 independent experimental repeats were obtained.

After normalisation against GAPDH, Figure 4.2a and b show that LV-HC
transduction induced phospho-Akt expression significantly compared to the
untransduced control and the LV-GFP and LV-ARFIP2 controls. Phospho-Akt levels
were increased to approximately 2.5 fold with both MOls (n=3; p<0.01). On the other
hand, LV transduction did not seem to have effect on the overall Akt expression level

(Figure 4.2c and d).
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Figure 4.2: LV-HC transduction effect on Akt and phospho-Akt. a) Western blot
membrane showing phospho-Akt detected using Ser473 phosphorylation specific
antibody. b) The phospho-Akt expression level was compared between samples after
normalisation with GAPDH. c) Western blot membrane showing the total Akt
detected using anti-Akt antibody. d) The Akt expression level was determined as
above. Statistical analysis was done using One-way ANOVA test (Mean = SEM).
n=3. * p <0.05. ** p <0.01. ***p <0.001
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4.3.2 HC-ARFIP2 induces p62 expression

Downstream of phospho-Akt we looked at the expression of p62, which is involved in
both protein degradation pathways; UPS and autophagy. The same lysates described
in section 4.3.1 were used to evaluate changes in p62. Results in figure 4.3 reveal that,
although not significant, there is a noticeable increase in p62 expression in cells
transduced with LV-HC at both MOIs compared to UTD controls. However,
interestingly LV-GFP transduced cell lysates also show increased p62 expression,
which could question the reliability of GFP as a control, for which LV-ARFIP2 served

as an extra control.

LV-HC
|
kDa UTD 'MOI40 MOIS0 ' LV-GFP LV-ARFIP2

62 p— - « | p62
36 GAPDH
A=

2

S

o

o

o

<

O

£

o

(L]

>

L » S K <V
AN ) Q‘O QS) () vgg

Figure 4.3: LV-HC transduction effect on p62 expression in HEK293T cells.
Western blot shows the expression of p62 at 62kDa and the GAPDH loading control
at 36kDa. The protein expression levels were determined by densitometry of the
bands. The p62 expression level was compared between samples after normalisation
with GAPDH. Statistical analysis was done using One-way ANOVA test (Mean £
SEM). n=3.
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4.3.3 HC-ARFIP2 increases autophagy markers

We also looked at three autophagy markers in which LC3I1l and ULK1 activation
indicates the activation of autophagy, while phospho-Akt inhibits Atg13, which is an
inhibitor of autophagy. LC3 is a widely used marker for autophagosome formation.
There are two forms of LC3, which are LC3I the inactive cytoplasmic form and LC3lII
which is the active lipid bound form and is involved in the elongation of the
autophagosome membrane (Kabeya et al., 2000). Figure 4.4 shows that LV-HC
transduction of HEK293T cells induces LC3-11 expression significantly, at least at
MOI80, compared to controls (n=3; p<0.05). HC-ARFIP2 modulation had no
significant effect on LC3I expression.

In addition, Figure 4.5a and b shows that HC-ARFIP2 significantly increased
ULK1 expression at high MOI. However, no significant change in the expression of

Atg13 was observed (Figure 4.5¢ and d).
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Figure 4.4: LV-HC transduction effect on LC3I/Il expression in HEK293T
cells. a) Representative western blot from one repeat showing the two bands of
LC3l and Il at 18 and 16kDa, respectively. b and ¢ show the expression level of
LC3I and I, respectively, after normalisation to GAPDH expression. Statistical
analysis was done using One-way ANOVA test (Mean + SEM). n=3. * p <0.05. **
p <0.01.
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Figure 4.5: LV-HC transduction effect on ULK1 and Atgl3 expression in
HEK?293T cells. Western blots are representative from one repeat. a and b) ULK1
expression level was measured by densitometry and normalised to GAPDH from 3
repeats and represented in the bar chart. c-d) Atgl13 expression on western blot was
measured by densitometry and normalised to GAPDH. Statistical analysis was
done using One-way ANOVA test (Mean = SEM). n=3. * p < 0.05
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4.3.4 HC-ARFIP2 has no effect on 4E-BP1 phosphorylation

To investigate the effect of HC expression on mTORC1 pathway, we looked at
the expression of the phosphorylated 4E-binding protein 1 (p-4EBP1), which is the
active form and is a downstream target for mTORC1. When phosphorylated, p-4EBP1
iIs involved in the stimulation of protein synthesis. The same cell samples described in
section 4.3.1 were used for p-4EBP1 analysis. p-4EBP1 isoforms are detected as a
ladder of bands between 15 and 20 kDa (Gingras et al., 1999, Livingstone and
Bidinosti, 2012). There was no significant difference in p-4EBP1 expression between

treatments (Figure 4.6).
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Figure 4.6: LV-HC transduction effect on p-4EBP1 expression in HEK293T
cells. Representative western blot shows p-4EBP1 detected between 15-20 kDa. p-
4EBP1 expression was normalised to GAPDH expression. The p-4EBP1
expression level was determined by densitometry of western blot. The p-4EBP1
expression level was compared between samples after normalisation with GAPDH.

Statistical analysis was done using One-way ANOVA test (Mean = SEM). n=3.
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4.3.5 HC-ARFIP2 decrease PTEN expression

We wanted to look upstream of Akt to determine whether HC acted via PI13K or
not. Therefore, we looked at the PTEN protein expression in the same cell lysates
mentioned in section 4.3.1. Figure 4.7 revealed that the expression of PTEN
significantly decreased to less than 50% in the presence of LV-HC treatment at MOI80
compared to control and other treatments (n=3; p<0.01). However, there was no
change in the expression of PTEN with LV-HC treatment at MO140.

Interestingly, PTEN was consistently detected at ~100kDa in all samples of the
three repeats, although the actual protein size is 54kDa. The fact that no other bands

were observed using this antibody questions the specificity of this antibody.
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Figure 4.7: LV-HC transduction effect on PTEN expression in HEK293T cells.
Representative western blot membrane shows PTEN expression in parallel to
GAPDH. The PTEN expression level was determined by densitometry and was
compared between samples after normalisation with GAPDH. Statistical analysis
was done using One-way ANOVA test (Mean + SEM). n=3. ** p <0.01. *** p
<0.001
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4.3.6 Validation by immunocytochemistry

In immunocytochemistry, colocalisation is defined as the observation of two or
more different molecules labelled with different fluorophores overlapping in the same
physical location in a cell. The colocalisation of the molecules might indicate an
interaction between those molecules in vivo (Berggard et al., 2007). To investigate the
effect of HC-ARFIP2 modulation on the distribution of the proteins investigated in
this Chapter by western blotting, HEK293T cells were plated on 10mm coverslips and
transduced with LV-HC or LV-ARFIP2 vectors. Cells were fixed 5 days post
transduction. Figure 4.8 shows HEK293T cells labelled with anti-phospho-Akt (red)
and anti-HA (green) to compare intensity and localisation of phospho-Akt in the two
treatment conditions (LV-ARFIP2 and LV-HC). There were no obvious changes in
phospho-Akt expression or localisation between the treatments.

Neither FL-ARFIP2 nor HC-ARFIP2 shows significant effect on PTEN
immunoflourescence intensity and intracellular distribution in HEK293T cells (Figure

4.9).
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Figure 4.8: Immunostaining for overexpressed FL-ARFIP2 and HC-ARFIP2
with phospho-Akt in HEK293T cells. HEK293T cells were transduced with LV-
ARFIP2 or -HC viruses. The overexpressed FL- and HC-ARFIP2 were detected
using anti-HA antibody (green), while phospho-Akt in (red). Scale bar = 20um
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Figure 4.9: PTEN immunostaining in cells overexpressing FL-ARFIP2 or HC-
ARFIP2. HEK293T cells were transduced with LV-ARFIP2 or -HC viruses. The
overexpressed FL- and HC-ARFIP2 were detected using anti-HA antibody (green)
while PTEN was detected with anti-PTEN (red). Scale bar = 20um
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Similarly, none of the autophagy markers used (LC3 and ULK1) were expressed
differently between FL-ARFIP2 expressing and HC-ARFIP2 expressing cells based

on immunoflourescent labelling (Figure 4.10).
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Figure 4.10: FL-ARFIP2 and HC-ARFIP2 has no effect on autophagy
markers in immunostaining. HEK293T cells were transduced with LV-ARFIP2
or -HC viruses. The overexpressed FL- and HC-ARFIP2 were detected using anti-
HA antibody (green). a and b shows endogenous LC3 and ULK1, respectively
(red). Scale bar = 20pum
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A previous study using plasmid transfection in the NSC34 cell line showed that
overexpressed Arfaptin2 colocalised with SOD1 in aggregates while HC-ARFIP2
colocalised with SOD1 distributed throughout the cytoplasm (Kong, 2011). To check
whether the same observation was seen using LV-transduction, we transduced
HEK?293T cells with LV-ARFIP2 or LV-HC and immunolabled them with anti-SOD1
and anti-HA antibodies. Notably, both FL-ARFIP2 and HC-ARFIP2 colocalise with
endogenous SOD1 in HEK293T cells (Figure 4.11). In addition, FL-ARFIP2
colocalised with SOD1 in aggregates in cells overexpressing FL-ARFIP2. On the other
hand, HC-ARFIP2 colocalised with SOD1 in a diffuse manner in the cytoplasm of
cells expressing HC-ARFIP2, which was expected based on findings reported

previously in our group using the NSC34 cell line (Kong, 2011).
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Figure 4.11: HA-tagged ARFIP2 colocalises with SOD1. HEK293T cells were
transduced with LV-ARFIP2 or -HC viruses. The overexpressed FL- and HC-
ARFIP2 were detected using anti-HA antibody (green). Endogenous SOD1 was
detected by anti-SOD1 antibody (red). Scale bar = 20pum

127



Chapter 4: Downstream Effector Study

4.4 Discussion

Accumulating evidence shows that activation of Akt pathway could induce motor
neuron survival in vitro and in vivo (Dewil et al., 2007, Takata et al., 2013, Tsai et al.,
2013, Peviani et al., 2014). Phospho-Akt loss has been also described in Alzheimer’s
disease (AD) and PD in addition to ALS, which stresses its importance for neuronal
survival.

Our results show that HC-ARFIP2 works on the Akt pathway by decreasing active
PTEN and hence increases Akt activation. Although PTEN was consistently detected
at ~100 kDa on western blots, PTEN dimerization is normal and it has been reported
that homo-dimerization does not affect the activity of PTEN. In fact, dimeric PTEN
showed increased activity compared to monomeric PTEN (Papa et al., 2014). The
inability to detect PTEN monomer might be due to inefficient denaturation. However,
there was no other band detected in the background, which supports the antibody
specificity.

HC-ARFIP2 increases Akt activation without effecting its expression. This
finding is supported by the outcome of a previous study showing that decreased
phospho-Akt expression was not linked to changes in Akt expression, as Akt
expression was the same in SOD1G93A and control mice. This indicates that a defect
in the activation of Akt occurs rather than loss of Akt expression (Dewil et al., 2007).
These results are promising as they support a previous study, which showed that
increased activation of Akt3 in vitro and in vivo increases neuronal survival (Dewil et
al., 2007). In addition, motor neurons had increased survival in response to 7,8-
Dihydroxyflavone through activation of the Akt pathway (Tsai et al., 2013).
Interestingly, the Alsin protein, which is linked to FALS, consists of a GEF domain,
which activates Racl. It has been shown that overexpression of Alsin protein has a
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neurprotective effect that is Racl-dependent and PI3K/Akt-mediated (Kanekura et al.,
2005).

p62 protein is involved in UPS and autophagy protein degradation pathways. It
binds to ubiquitinated proteins and carries the misfolded protein to the proteasome
subunit for degradation. In addition, p62 drives the misfolded protein to the
autophagosome by binding to the LC3II units that are bound to the inner side of the
phagophore during the autophagosome membrane elongation. As p62 is correlated
with protein degradation, we sought to check its expression after HC-ARFIP2
modulation. No statistically significant difference was observed in the expression of
p62 when HC-ARFIP2 is expressed. This statistical insignificance could be due to low
number of experimental repeats.

Autophagy and UPS are cooperating mechanisms in which one can compensate
for any defect in the other one. Therefore, it was interesting to look at the effect of
HC-ARFIP2 expression on autophagy markers. HC-ARFIP2 seems to increase
autophagy markers as well, at least with high MOI. This might indicate that HC-
ARFIP2 works in an mTOR-independent pathway. To confirm our hypothesis, we
looked at mMTORC1 pathway downstream effectors. Two of the known downstream
effectors of MTORC1 are P70S6K and 4E-BP1. With p70S6K we could not detect any
expression. Regarding 4E-BP1, there was no change in protein expression. This
suggests that HC-ARFIP2 promotes protein degradation without affecting protein
synthesis. Future validation of the involvement of mTORC1 pathway in HC-ARFIP2
effect could be studied using known mTORC1 inhibitors.

Our results revealed that markers of autophagy (ULK1 and LC3II) were
upregulated in response to HC-ARFIP2 expression, at least at MOI80. These indicate

that HC-ARFIP2 might exert its neuroprotective effect by inducing protein
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degradation, at least partially, by autophagy. Indeed, a previous study suggested
autophagy activation as a therapeutic target for neurodegenerative diseases (Wang et
al., 2012). It was demonstrated that activation of autophagy by inhibiting mTOR using
rapamycin (mTOR-dependent pathway) or autophagy activation in an mTOR-
independent pathway using spermidine or carbamazepine, both rescued MND
phenotype and enhanced cognitive performance of FTLD mouse model with TDP43
proteinopathy. This rescue was accompanied by increased LC3Il expression and
decreased protein aggregation (Wang et al., 2012). These findings are further
supported by a recent study on primary neurons and human stem cell-derived neurons
and astrocytes carrying TDP43 mutation (Barmada et al., 2014).

Increased PI3K expression and activity in post mortem spinal cord of ALS patients
was reported, while no change in Akt and mTOR (P70s6k) activity might indicate a
disrupted pathway that could lead to neuronal death (Wagey et al., 1998)

The effect of Akt signalling pathway on autophagy and its role in
neurodegeneration or survival is still controversial. Activation of PI3K/Akt pathway
is important for cell survival. However, inhibition of autophagy by mTORC1, which
is a downstream effector of Akt activation, might compromise cell viability and cause
cell death. On the other hand, in response to stress, autophagy has been reported to
induce autophagic-programmed cell death (Shimizu et al., 2004). Several studies
showed that autophagic machinery is disrupted in neurodegenerative diseases.
Therefore, the balance between activation of Akt and autophagy is vital and it is crucial
to understand the mechanism behind it.

Although LC3II expression is used as a marker of autophagy, whether it means
there is increased protein degradation by autophagy or there is an increased

autophagosome formation without increasing protein degradation needs to be
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elucidated by measuring the protein turnover or autophagic flux using known
autophagy activator or inhibitor. Thus, we are cautious about interpreting the results
as they stand.

In addition, it would be interesting to investigate HC-ARFIP2 effects on the
expression of anti-apoptotic proteins downstream of Akt, such as Bcl-2, Bcl-xI and
XIAP. This could elucidate whether HC-ARFIP2 works strictly on protein degradation
or has multiple downstream targets. However, due to time restriction during the
current PhD project, the expression of these proteins was not investigated.

Furthermore, it would be interesting, and probably more accurate, to investigate
the effect of HC-ARFIP2 expression in neuronal cell lines, primary motor neurons and
mixed primary cultures and observe if there is a differential effect between cell types.

To conclude, the prosurvival effect of LV-HC seems to occur through the
PI3K/Akt pathway and may involve activation of autophagy. Although HEK293T
cells are not the best model for MND investigation, the above results are encouraging

and support, at least partially, our hypothesis.
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CHAPTER 5: Self-complementary adeno-associated
Virus design and production for Arfaptin2, HC-
ARFIP2 and TDP43 overexpression in vivo
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5.1 Introduction

Gene therapy is the treatment of a disease by introducing a nucleic acid to the cells
to modulate the defective gene, which is replaced, deleted, upregulated or repaired.
There has been a huge improvement in the field of gene therapy. However, gene
therapy for CNS diseases presents more challenges due to its complexity and the
presence of the blood brain barrier (BBB), which is a highly selective permeable
barrier that protects the CNS from changes in the blood, infections and toxins and
hence maintain the homeostasis of the CNS. Substances such as water, gases and lipid-
soluble molecules cross the BBB by passive diffusion. Other nutrients enter the CNS
through active transport via receptors on the endothelial cells. Although the BBB
protects against infiltration of microbes to the CNS, some bacteria release cytotoxins
that effect the tight junctions and allow the infiltration of these microbes to the CNS
(Turowski and Kenny, 2015). Hence, the BBB stands in the way of treatments to reach
the target cells of the CNS. Therefore, to be an efficient therapy, vector-mediated gene
transfer has to reach the CNS effectively, have long-term expression, very low toxicity
and high specificity to the target cells. In addition, gene therapy for ALS has to be
effective even when introduced after the onset of clinical symptoms, as it is usually
undiagnosed until clear symptoms have appeared.

Adeno-associated virus (AAV) is from the Parvoviridae family. It consists of a
single-stranded DNA genome, which requires a helper virus or a cellular stress to
promote the production of the complementary strand and replication. This causes slow
onset of expression. In order to eliminate this step, a self- complementary adeno-
associated virus (SCAAV) was generated, in which the two ends of the single-stranded
DNA complement each other and produce an intra-molecular double strand upon

release from the viral particle (McCarty et al., 2001, McCarty et al., 2003). SCAAV
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showed significantly quicker and much higher transduction efficiency compared to
conventional single-stranded AAV (McCarty et al., 2001, McCarty et al., 2003, Wang
et al., 2003, Duque et al., 2009, Gray et al., 2011, Aschauer et al., 2013).

CNS exposed to AAV vectors showed no or low immune response and no toxicity,
which indicates the likely safety of AAV vectors for long-term treatment.
Furthermore, AAV vectors showed the ability to transduce quiescent cells, which is
beneficial for motor neuron transduction (Duque et al., 2009, Aschauer et al., 2013).

AAV can infect a broad range of cells of the CNS, and AAV serotype 9 (AAV9)
showed generally higher transduction efficiency compared to other serotypes
(Aschauer et al., 2013). However, different AAV serotypes have different cellular
tropism, for example, AAV9 transduced cortical neurons with higher efficiency
compared to other serotypes, while AAV5 had higher transduction efficiency in the
striatum, especially for astrocytes (Aschauer et al., 2013).

Mounting evidence suggests that SCAAV9 is able to transduce cells of the CNS
with high efficiency, safety and long-term expression (Kaspar et al., 2003, Duque et
al., 2009, Foust et al., 2009, Foust et al., 2010, Valori et al., 2010, Gray et al., 2011,
Aschauer et al., 2013, Benkhelifa-Ziyyat et al., 2013, Yamashita et al., 2013). Another
advantage for sCAAV9 is that it can be introduced to the CNS using non-invasive
techniques, which is ideal for patients to improve their quality of life. SCAAV9 has the
ability to cross the blood brain barrier as intravenous injection of sSCAAV9 vector
expressing the survival motor neuron (SMN) gene was able to transduce motor neurons
without the requirement of BBB disrupting agents, upregulate SMN protein
expression and improve the survival of the SMA mice, cats and nonhuman primate
models (Duque et al., 2009, Foust et al., 2010, Valori et al., 2010). Furthermore, gene

silencing in the CNS is achievable using sSCAAV9 as a vector (Little et al., 2014). The
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ability to cross the blood brain barrier was demonstrated even in well-developed adult
animal models (Duque et al., 2009, Foust et al., 2009, Foust et al., 2010). This is an
important aspect when choosing a gene therapy vector for ALS as it is mostly an adult
onset disease. However, the exact mechanism of how sCAAV gains access through the
blood brain barrier is still unknown. Although, the highest percentage of transduced
cells in adult mice were astrocytes (Foust et al., 2009), scAAV9 cannot be ruled out
as an option of ALS gene therapy as astrocytes have been implicated in the
pathogenesis of ALS (Haidet-Phillips et al., 2011, Pirooznia et al., 2014).

In addition, scAAV9 is able to undergo retrograde axonal transport upon
intramuscular injection. Intramuscular injection of SCAAV9-SMN virus demonstrated
that it was possible to transduce cells of the CNS using this method of virus delivery,
not just motor neurons which innervated the injected muscle, and significantly
improve the survival of the SMN mouse model (Benkhelifa-Ziyyat et al., 2013).

In ALS, at disease onset intramuscular injection of AAV vector carrying
neurotrophic factors, such as insulin growth factor 1 (IGF-1) or glial cell line-derived
neurotrophic factor (GDNF), showed the ability to undergo retrograde transfer and
transduce motor neurons in the lumbar and thoracic spinal cord and hence slowed the
disease progression and induced survival of SOD1G93A mice (Kaspar et al., 2003).
However, the effectiveness of those proteins was modest as they extended the life span
by 22 days with IGF-1 and 7 days with GDNF compared to controls. In addition, the
controls used were injected with GFP-expressing virus, which is known to be toxic;
therefore, this effect on life span might be negligible if compared to non-treated
controls (Kaspar et al., 2003).

A study targeting another aspect of ALS using AAV9 as a vector and intravenous

injection as mode of administration, found that controlling the calcium permeability
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through AMPA receptor increased the motor neuron survival. However, the effect on
motor neuron survival was just around 15% and the effect on life span was not

investigated (YYamashita et al., 2013).

5.2 Aim

Based on the results in Chapter 4, we aim to investigate the effect of HC-ARFIP2
expression on an in vivo ALS mouse model. Hence, for the above reasons, we chose
SCAAVI as a vector to deliver HC-ARFIP2 to the CNS of SOD1G93A mice as those
advantages could not be accomplished using LV vector (Kaspar et al., 2003). This will
help to efficiently express the protein of interest in vivo. In addition, our aim is to
introduce the gene of interest using a non-invasive technique as the sCAAV9 showed
the capability to cross the blood brain barrier and efficiently transduce the cells of the
CNS. Using this method of virus delivery, the ultimate aim is to improve the quality

of life of ALS patients.
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5.3 Results

5.3.1 Construction of scAAV-ARFIP2, scAAV-HC-ARFIP2 and scAAV-TDP43

plasmid vectors

5.3.1.1 Amplification of FL-ARFIP2, HC-ARFIP2 and TDP43 DNA by PCR

All genes that were used in viral subcloning were amplified by PCR as mentioned
in section 2.2.3, using different primers. FL-ARFIP2 and HC-ARFIP2 primers were
designed with Agel on their 5’end and HA-tag and Xbal on their 3’end. The primers
for TDP43 contained Agel restriction site on their 5’end and Xbal on their 3’end. The
PCR products were run on a 1% agarose gel (Figure 5.1). FL-ARFIP2 is 1kbp, HC-
ARFIP2 is 0.5kbp, TDP43 is 1.25kbp. The desired bands were purified by DNA-gel

extraction kit. The inserts are ready to be subcloned into SCAAV backbone.

Ladder
ARFIP2 HC-ARFIP2 TDP43 II

kbp

2
1

0.3

Figure 5.1: FL-ARFIP2, HC-ARFIP2 and TDP43 PCR products for scAAV
subcloning. PCR products were run on 1% agarose gel for each gene. The FL-
ARFIP2 DNA is at 1kbp. The HC-ARFIP2 DNA is at ~0.5kbp. The TDP43 DNA
is at 1.25kbp.
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5.3.1.2 Digestion of scAAV-backbone
The scAAV-CMV-GFP plasmid was digested with the same restriction enzymes
(Agel and Xbal) to remove the GFP cassette to be replaced with the desired inserts

(Figure 5.2). scAAV-backbone was gel extracted and purified by gel extraction kit.

scAAV-GFP Ladderl

scAAV-CMV
backbone

GFP

Figure 5.2: scAAV-CMV-GFP plasmid. scAAV-CMV-GFP plasmid cut by
Agel and Xbal. The scAAV-CMV backbone is ~4kbp the GFP size is ~0.7kbp.
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5.3.1.3 Ligation of scAAV-backbone with the inserts

The target inserts (FL-ARFIP2, HC-ARFIP2 and TDP43) were ligated into the
sCAAV-backbone using the T4 DNA ligase. XL10-gold cells were transformed with
the ligation mix. Several colonies were picked and the plasmids were extracted.
Successful ligations were analysed using Agel and Xbal restriction enzymes and
visualised on agarose gel. The expected size for FL-ARFIP2 is 1kbp and the size of
HC-ARFIP2 is ~0.5kbp. However, the Xbal site appeared to be blocked by
methylation as Agel single digestion linearized the plasmid and Xbal did not cut the
plasmid (Figure 5.3). Therefore, Sbfl and Psil restriction sites were used instead of
Xbal to validate the insertion of FL-ARFIP2 and HC-ARFIP2 into the backbone of
SCAAV vector. Figure 5.4 shows plasmid maps of SCAAV-ARFIP2 and scAAV-HC.
It also shows successful double digestion of sSCAAV-ARFIP2 and scAAV-HC using
Agel with Sbfl which is 11bp before Xbal, or Psil, which is 89bp before Xbal.
Therefore, the expected size of FL-ARFIP2 cut by Agel and Sbfl is 1079bp while FL-
ARFIP2 cutted by Agel and Psil is 1154bp. The size of HC-ARFIP2 cut by Agel and
Sbfl is 572bp while Agel and Psil cut fragment size 647bp.

Figure 5.5 shows representative plasmid map of SCAAV vector with the TDP43.
It also shows the successful insertion of the TDP43 to the sCAAV backbone as
validated by digestion showing scAAV-backbone at ~4kbp and TDP43 at 1.25kbp.

The plasmid was further validated by sequencing.
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sCAAV-ARFIP2 SCAAV-HC
A A

r
LadderI uncut Agel Xbal 1 2 3 4 5 1 2

Figure 5.3: scAAV-ARFIP2 and scAAV-HC plasmid validation. scAAV-
ARFIP2 and scAAV-HC plasmids were digested with Agel and Xbal to detect
successful ligation. Agel single digestion shows linearized plasmid while Xbal did
not linearize the plasmid. Therefore, double digestion of the plasmids in lanes 5-11
did not show expected bands of scAAV backbone (~4 kbp), ARFIP2 (1 kbp) and
HC-ARFIP2 (0.5kbp).
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Open reading frame
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Figure 5.5: Validation of scAAV-TDP43 successful ligation. a) Plasmid map

represents the SCAAV-TDP43 sequence with unique restriction sites. b) TDP-43 was
ligated to the scAAV backbone and transformed into XL10-gold cells. Plasmid

extracts from several colonies were digested with Agel and Xbal. All samples show
successful digestion at the right sites (SCAAV backbone at 4kbp and TDP-43 at
~1.25kbp)

142



Chapter 5: scAAV Production

5.3.2 scAAV-based vectors efficiency testing and purification

5.3.2.1 scAAV-based plasmids efficiently overexpress the proteins of interest

HEK293T cells were transfected with SCAAV-ARFIP2, sSCAAV-HC or scAAV-
TDP43 plasmids in order to confirm the efficiency of the plasmids prior to virus
production. After 3 days of transfection, the proteins were harvested and
concentrations were determined by BCA protein assay. Western blot was performed
to determine the expression of FL-ARFIP2, HC-ARFIP2 and TDP43. The FL-ARFIP2
and HC-ARFIP2 were detected using mouse anti-HA antibody as a primary antibody.
The successful expression of FL-ARFIP2 or HC-ARFIP2 was evaluated by the
presence of bands at 38kDa and 19kDa, respectively, in the transfected samples
compared to the untransfected controls. Figure 5.6 shows successful expression of FL-
ARFIP2 and HC-ARFIP2 as they were detected by anti-HAtag antibody.

The TDP43 was detected using rabbit anti-TDP43 antibody as a primary antibody
and then stained with HRP-conjugated goat anti-rabbit antibody as a secondary
antibody. The successful overexpression of TDP43 was evaluated by comparison of
band densities between the transfected and untransfected cells. The densities of the
bands were determined using Gene tools software from Syngene. Comparing the band
densities of the sScCAAV-TDP43 transfected samples with the untransfected control, the
result shows successful overexpression of TDP43 by over 70 fold (see Figure 5.7).

Following successful validation of the vector genomes, we then started virus

production and purification of scAAV-HC.
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Untransfected scAAV-ARFIP2 scA{\V-HC

kDa Ladder r A ) [ )

50 — —> a-tubulin

. N e ™ e ¥ > FL-ARFIP2
20 — —> HC-ARFIP2

Figure 5.6: Validation of the scAAV-based plasmids expressing FL-ARFIP2 or
HC-ARFIP2. HEK293T cells were transfected with the scAAV-based plasmids
expressing FL-ARFIP2 or HC-ARFIP2 using the PEI transfection method. FL-
ARFIP2 and HC-ARFIP2 expression was detected on a western blot by mouse anti-
HA antibody. FL-ARFIP2 is detected at ~38kDa while the HC-ARFIP2 is detected

around 20kDa. a-tubulin was used as loading control.
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Untransfected scAAV-TDP43
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Figure 5.7: Validation of the scAAV-based vector genome expressing TDP43.
HEK293T cells were transfected with the scCAAV-TDP43 plasmid using the PEI
transfection method. TDP43 overexpression was detected on a western blot by
rabbit anti-TDP43 antibody. TDP43 is detected at 43kDa. a-tubulin was used as
loading control. Densitometry shows over 70 fold increase in the expression of
TDP43 compared to the untransfected (UTF) sample.
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5.3.2.2 scAAV-HC virus production and purification

Once plasmid was validated, sSCAAV-HC virus was produced by transfecting
HEK?293T cells with the scAAV-HC vector genome and packaging plasmids (pAAV-
2/9 and pHelper) using the PEI transfection method. After 5 days, the media was
collected and purified as described in Section 2.2.6.2.5. Aliquots of the 40% fraction
containing purified virus were collected. A sample of each aliquot was run on SDS-
PAGE for purity analysis. SDS-PAGE gels were stained using SYPRO-Ruby protein
gel stain. Figure 5.8 shows fractions of purified SCAAV-HC virus showing the three
bands representing the virus capsid proteins VP1, VP2 and VP3. Clean high-quality
(HQ) fractions that showed no other bands were pooled, re-concentrated and desalted.

HQ prep was re-run on SDS-PAGE to validate the purity (Figure 5.9)
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Figure 5.8: scAAV-HC fractions analysis. Samples were run on SDS-PAGE and
stained using SYPRO-Ruby protein gel. Sample numbers 3-9 showing three capsid
bands were pooled as high quality prep.

scAAV-HC
Ladder HQ

VP1
VP2

VP3

75kDa

Figure 5.9: scAAV-HC high quality fraction analysis. HQ prep shows only 3
bands representing viral capsid proteins VP1, VP2 and VP3.
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5.3.2.3 scAAV-HC efficiently overexpress HC-ARFIP2 in HEK293T cells

After production, concentration and purification of sSCAAV-HC, the viral titre was
determined by gPCR using two different sets of primers for confirmation as described
in Section 2.2.6.2.8. Viral titres ranged between 107-10%° viral genomes (vg/ml). To
validate the efficiency of the produced virus, HEK293T cells were transduced with
50ul or 100pl of scAAV-HC of which the titre was 2.55*10'%g/ml. Cells were
harvested 5 days post transduction and the protein was extracted and detected as
above.

Figure 5.10 shows that the produced viruses were able to overexpress HC-
ARFIP2. However, the achieved titres above are very low for in vivo applications. Our
group and others have shown that titres around 10**vg/ml are necessary to be able to
administer doses ranging from 1x10*t-5x10% vg in mice to achieve high level of gene
transfer to CNS. After two runs, we could not generate SCAAV-HC virus appropriate

for use in vivo.

Ladder UTD HQ50 HQ100

kDa
50 — s A-tubulin
20 HC-ARFIP2

Figure 5.10: Validation of the sScAAV-HC virus. HEK293T cells were transduced
with 50ul or 100l of sSCAAV-HC of which the titre was 2.55*10'%g/ml. HC-
ARFIP2 expression was detected by mouse anti-HA antibody.

148



Chapter 5: scAAV Production

5.4 Discussion

The aim in this Chapter was to produce a vector that efficiently overexpresses HC-
ARFIP2 in the CNS of an ALS-mouse model and use it to investigate the effect of
HC-ARFIP2 expression on SOD1G93A mice survival. Therefore, it was necessary to
produce high titre SCAAV9-based vector that expressed HC-ARFIP2. The plan was to
use this vector and run an efficacy pilot study in which virus would be administered
by facial vain injection into WT mice. After 3 weeks, the spinal cord and brain tissues
would be collected to detect the expression of HC-ARFIP2 using western blot and
immunohistochemistry. Once expression had been validated, we would proceed with
a survival study to determine the effect of HC-ARFIP2 expression on the symptoms
and life span of SOD1G93A mice.

FL-ARFIP2, HC-ARFIP2 and TDP43 were successfully subcloned into sScAAV9
vectors. As a priority, SCAAV-HC production was performed first. SCAAV-HC was
produced successfully and the viral product efficiently transduced HEK293T cells.
However, the titre of the resulting virus was too low to be used in in vivo experiments.
The target titres mostly used for in vivo experiments are around 10*3-10%*vg/ml, which
could not be accomplished after two attempts for scAAV-HC production, which
generated virus preps with titres from 107-10%° vg/ml.

The scAAV production takes approximately 3 weeks from the production of
plasmid mega prep until the titration of the virus. In addition, as SCAAV production
involves many materials and steps, any of those steps can be the reason of the reduced
titre. It can be due to technical issues like HEK293T cell viability, plasmid purity,
plasmid ratios or transfection efficiency. Our team also showed that the transgene
could influence the titre achieved. Optimising scAAV-HC viral production and
purification could take several months. Unfortunately, the lack of time as my PhD
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studentship was ending and based on the outcome of scAAV production and

purification, we decided not to proceed with the in vivo study.
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CHAPTER 6: GENERAL DISCUSSION
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6.1 Discussion

To date and despite the enormous amount of research on ALS, there is no effective
treatment available for ALS. Finding a treatment for ALS is challenging due to the
heterogeneity in the underlying pathogenesis of ALS. Although many pathogenic
mechanisms have been suggested and studied, the primary trigger for the disease
remains unknown.

Although very little is known about the exact function of Arfaptin2, its ability to
bind to molecules involved in intracellular vesicular transport, indicates the possibility
of its role in protein inclusion formation. Two independent groups have shown that
Arfaptin2 is involved in polyQ-huntingtin aggregation in Huntington’s disease (Peters
et al., 2002, Rangone et al., 2005). To date and to our knowledge, the involvement of
Arfaptin2 in ALS has not been studied. Accordingly, we sought to explore whether
Arfaptin2 is involved in protein aggregation in ALS.

In this project we used primary motor neurons from mouse embryos as a follow
up on the previous study on NSC34, which are immortalised motor neuron-like cells
used as models for motor neurons (Kong, 2011). The current study has defined a
number of important observations and issues that will be discussed in this chapter.

Pl exclusion assay, represented in Chapter 3, was performed to investigate the
effect of overexpressing FL-ARFIP2 or HC-ARFIP2 on cell viability. At first,
transfection using Fugene as a transfection reagent was used to express FL-ARFIP2,
HC-ARFIP2 or TDP43 in primary motor neurons. However, it was observed in some
experiments that all cells were dead by the end of the incubation period. In some
experiments where some cells survived, the number was much lower than expected

and would not be sufficient for statistical analysis and completion of our study. This
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was true for both transfected and mock transfected controls, which indicated that the
cytotoxic effect was probably due to the transfection reagent rather than the transfected
plasmids. In addition, as this reagent was used previously within our group to transfect
NSC34 cell lines, our observations suggest that primary motor neurons are more
sensitive to transfection reagents than neuronal cell lines. This also suggests that
primary motor neurons are better models to investigate motor neuron reaction to
treatments as they show closer resemblance to normal cells in vivo. On the other hand,
as far as we know, there is no study investigating the expression level of Arfaptin2 in
different developmental stages of the CNS. Therefore, it is unknown yet whether
Arfaptin2 or HC-ARFIP2 expression would have different effects on adult cell lines
compared to the embryonic cells that we used in this project. Hence, further validation
of these results on adult cell lines might be required.

Subsequently, in Chapter 3 subcloning of FL-ARFIP2, HC-ARFIP2 and TDP43
into LV vector was conducted. LV-based viruses , which mediated expression of FL-
ARFIP2, HC-ARFIP2 or TDP43, were successfully produced. The viral products
efficiently express the desired proteins in primary motor neurons. Survival assays
using these vectors showed that HC-ARFIP2 significantly increased motor neuron
survival by approximately 20% compared to untransduced cells. This protective effect
was observed clearly when compared to FL-ARFIP2 and TDP43 treated samples,
where survival was increased by approximately 40% in some cases. This supports
findings from our previous study (Kong, 2011), where it was shown that HC-ARFIP2
expression in NSC34 cells increased cell survival compared to controls. The findings
were similar between WT NSC34 and stably transfected G93A-NSC34 cell lines, in

both of which survival was increased by 10% when overexpressing HC-ARFIP2.
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As neurodegenerative diseases share some common features, treatments for
neurodegenerative diseases might be exchangeable; i.e. treatment for one
neurodegenerative disease might be useful for another neurodegenerative disease as
well. For example, Neuregulinl was found to have a neuroprotective effect in AD as
well as PD models (Carlsson et al., 2011, Ryu et al., 2012, Cui et al., 2013). Similarly,
we showed in this project that the neuroprotective effect of HC-ARFIP2 that has been
reported in HD models (Peters et al., 2002) is applicable to ALS in vitro models as
well.

It is evident that activation of Akt by phosphorylation has a neuroprotective effect
(Ning et al., 2004, Kanekura et al., 2005, Dewil et al., 2007, Ning et al., 2010, Takata
et al., 2013, Tsai et al., 2013, Little et al., 2014, Peviani et al., 2014). Interestingly,
previous studies showed that administering Fasudil, an inhibitor of the Rho pathway,
to SOD1G93A mice delayed onset and prolonged survival through upregulation of
phospho-Akt and downregulation of PTEN (Takata et al., 2013). In addition, Little et
al. showed recently that knocking down PTEN in an SMA mouse model rescued motor
neuron function and prolonged life span (Little et al.,, 2014). These and other
observations emphasise the importance of this pathway in the development and
survival of motor neurons. Results in Chapter 4 support those findings, as we showed
that HC-ARFIP2 expression in HEK293T cells downregulated PTEN, and hence
upregulated phospho-Akt expression. The enhancement in Akt phosphorylation
induced the autophagic markers, LC311 and ULK1, suggesting activation of a protein
degradation pathway. There were no differences observed in activity of 4EBP1, which
induces protein synthesis and is downstream of the mTORC pathway. Taken together,
these results indicate that the prosurvival effect of HC-ARFIP2 is through the Akt

pathway and involves protein degradation. This effect is independent from the
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MTORC pathway. In this study, we used HEK293T cells, as they are easy to maintain
and transduce. In addition, they yield sufficient amounts of protein to be used for
western blotting.

The importance of the results presented in this thesis lies in the possibility to apply
this concept to other proteinopathies. Some neurodegenerative diseases share features
such as accumulation of misfolded proteins. In addition, Akt dysregulation has been
implicated in different neurodegenerative diseases. For example, Prion disease is a
neurodegenerative disease and a proteinopathy that is characterised by the
accumulation of misfolded prion protein. Research showed that the Akt pathway is
dysregulated in in vivo and in vitro models of Prion disease (Shott et al., 2014, Simon
et al., 2014). It was shown that activation of Akt ameliorates toxicity in cells
expressing mutant prion protein (Simon et al., 2014). One of the histopathological
characteristics of AD is the accumulation of B-amyloid peptides. A combination of
microRNA (miRNA) sequencing and miRNA-target prediction methods used to
compare microRNA expression levels in the brain of an AD mouse model and controls
showed that the biggest numbers of differentially expressed miRNAs were affecting
the PI3K/Akt pathway (Luo et al., 2014). In addition, it was shown that activation of
the PI3K/Akt pathway in in vitro and in vivo AD models using Neuregulinlbetal
improved neuronal survival by increasing the expression of Bcl-2, which is a
downstream anti-apoptotic effector to Akt (Ryu et al., 2012, Cui et al., 2013).
Similarly, reduction in Akt activity was found in PD models (Wang et al., 2013).
Targeting the Akt pathway using Fasudil, which is a Rho inhibitor, increased neuronal
survival in a PD in vivo model (Zhao et al., 2015). Collectively, these findings support
the significance of the Akt pathway in neurodegenerative diseases and support the idea

that Akt modulation could rescue from neurodegeneration.
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Impaired autophagy has also been reported in AD, PD and HD (Boland et al.,
2008, Martinez-Vicente et al., 2010, Ciechanover and Kwon, 2015, De Rosa et al.,
2015). Therapeutic strategies involving induction of autophagy in these diseases
showed that rescuing autophagy leads to rescue of neurodegeneration (Ciechanover
and Kwon, 2015). Therefore, the application of HC-ARFIP2 expression to other
neurodegenerative disease models with featuring protein aggregation could rescue Akt
dysregulation, increase autophagy and subsequently decrease aggregate formation and
neurotoxicity.

Different defects within the autophagy pathway have been described in different
neurodegenerative diseases. For instance, in HD, defective recognition and
engulfment of mutant polyQ-huntingtin by autophagosomes was observed rather than
impaired autophagosome-lysosomal degradation (Martinez-Vicente et al., 2010). In
an AD model it was demonstrated that AD-linked aggregates are caused by impaired
autophagosome clearance rather than impaired autophagy activation. This indicates
that activation of autophagy does not necessarily increase protein degradation (Boland
et al., 2008). As we showed that HC-ARFIP2 increases some autophagy markers, it is
necessary to investigate the effect of HC-ARFIP2 on autophagosome formation,
components and clearance as well; i.e autophagy flux.

Chapter 5 of the current PhD project outlines the procedure followed for sScAAV9-
based virus production. One of the down sides of using viruses as a method of gene
transfer is the laborious work that needs to be done to obtain these viruses. Though the
virus design, subcloning and production are preparatory steps rather than “real”
experiments, they were time consuming and necessary to achieve the aims of the study.

Finally, an efficient virus was successfully produced, however the viral yield was
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lower than desired for usage in mouse model studies. Therefore, high titre viral stocks

will need to be produced for subsequent studies.

6.2 Conclusion

In conclusion, the results partially support the theory of involvement of Arfaptin2
in protein degradation pathways. In addition, HC-ARFIP2 can promote motor neuron
survival through Akt pathway activation, which indicates that modulation of Arfaptin2
can be a target for therapeutic strategies for ALS.

One of the disadvantages of using viruses as a DNA transfer vector is that a “one
size fits all” concept cannot be applied. As observed in Chapter 3, different constructs
led to different expression levels using the same MOI. Therefore, a standardised MOI
cannot be used for all viruses. A more detailed optimisation of the MOI used of each

virus for each type of cell line might give a more accurate conclusion.

6.3 Future perspectives

Firstly, as a subsequent step to this study, the effect of HC-ARFIP2 expression
needs to be studied in vivo. This could be done using systemic or cerebrospinal fluid
(CSF) delivery of scAAV9-based vectors. Plasmids produced in this study can be used
for subsequent future studies as well. In addition, due to the emerging evidence
showing the role of glial cells in the pathogenesis of ALS, a co-culture study could be
conducted to determine the effect of Arfaptin2 modulation on motor neuron survival.
This could determine whether the neuroprotective effect of HC-ARFIP2 is cell type-
dependent.

Secondly, although primary motor neurons are hard to extract and the protein
lysate yield is low, it is still necessary toconfirm the downstream effectors of HC-

ARFIP2 in primary motor neurons. In addition, as HC-ARFIP2 showed induction of
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autophagic markers, autophagy flux should be studied to determine if protein
degradation is accomplished. Finally, it would be interesting to investigate the
interaction between Arfaptin2 and SOD1, TDP43 and p62 using immunoprecipitation.
Additionally, as the colocalisation study did not lead to firm conclusions, it might be
worth re-investigating the colocalisation of Arfaptin2 with the aforementioned
proteins to validate their interaction. Furthermore, it would be interesting to
investigate the colocalisation of Arfaptin2 with other ALS-linked proteins to
understand whether Arfaptin2 could be a therapeutic target for a broad spectrum of

ALS subtypes.
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Image 1: Ethical approval form for human tissue
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Image 3: FL-ARFIP2 sequence (top) alignment with LV-ARFIP2 forward sequencing

result (middle) and LV-ARFIP2 reverse sequencing result (bottom)

New DNA from 1 to 1026

Alignment to

022_am_LV-AIP2_F.abl-- Matches:894; Mismatches:112; Gaps:337; Unattempted:0
021_am_LV-AIP2_R.abl-- Matches:930; Mismatches:75; Gaps:311; Unattempted:0

* % v * % ¥ * * % %

o
1>NNNNNNNNNNNNNNNNNNCGGGC TNNGGGGC GGGC TCNGGGGC GGGGC GGGC GCCCGAAGGTCCTCCGGAGGCCCGGCATTC TGCACGCTTCAAAAGCGC>100
295 - - e bbb <1278

: ) ) . . Bgll Koz

1277 < mmmmm e e e e e e T NT!
* * " * *

I G-ACG----~ GAC-===mmmmmmmmm e GGGATCC TAGGGAAGGCAGCCACAAT - —- =~ GGAGAT--~-~~ CCCTAT---->47
167> —mmmm e e e G-ACG--~--~ GAC— === === mmmm e e GGGATCC TAGGGAAGGCAGCCACAAT - - ———— GGAGAT----~ CCCTAT---->211
1241< T--T--- T T T-TNNNN<1155

*
48> mmmmmmmmm e L Gmmmmmm Gmmmmmmm e A-mmmm A--Cmmmmmmm e GG---CGAAGC-->65
212> mmmm e C--mm- G-mmmm G- mmmmm e A--mm, A--C -GG---CGAAGC-->229
1154 T NNT! A ANCNN<1055
® * * * * il " * * *

66>-CAGGCAGCTTCCTGAAGATGATGGGC TGGAGCAGGACC TCCAGCAGGTGATGGTGTCAGGACCCAACCTCAATGAAACCAGCATTGTGTCTGGTGGC TA>164
230>-CAGGCAGCTTCCTGAAGATGATGGGC TGGAGCAGGACCTCCAGCAGGTGATGGTGTCAGGACCCAACCTCAATGAAACCAGCATTGTGTCTGGTGGCTA>328
1054 <NCA----~ NNTNCNGAAGANGATNGGC -NGANC -NGNNNTNCANCNGGNGATGGNNTCAGGACCCAACCTCAATGAANCCAGCATTNNNTNTGGTGGNTA<962

* * * * * * * * * %
165>TGGGGGC TCTGGTGATGGACTCATCCCCACAGGGTCTGGCCGCCATCCATC TCACAGCACCACTCCTTCTGGCCCTGGAGATGAGGTGGC TCGGGGCATT>264
329>TGGGGGCTCTGGTGATGGAC TCATCCCCACAGGGTC TGGCCGCCATCCATC TCACAGCACCACTCCTTC TGGCCCTGGAGATGAGGTGGC TCGGGGCATT>428
961<TGGGGGNTNTGGTGATGNANTNNTCCCCNCNNGNTCTGNCCNCCATCCATNTCNCAGCACCANTNNTTNTGGCCCTGGAGATGAGGTGGC TCGGGNCATT<862

L " »® " L " w " * ®
265>GCTGGAGAAAAGTTTGACATCGTCAAGAAATGGGGCATCAACACCTATAAGTGCACAAAGCAACTGTTATCAGAACGATTTGGTCGAGGC TCACGGACTG>364
429>GCTGGAGAAAAGTTTGACATCGTCAAGAAATGGGGCATCAACACCTATAAGTGCACAAAGCAACTGTTATCAGAACGATTTGGTCGAGGC TCACGGACTG>528
861 <GCTGGAGAAAAGTTTGACATNGTCAAGAAATGGGNCATCAACACCTATAAGTGCACAAAGCAACTGTTATCAGAACGATTTGGTCGAGGCTCACGGACTG<762

o * * * * % * * ¥ ¥
365>TGGACCTGGAGC TAGAGC TGCAGATTGAGTTGC TGCGTGAGACGAAGC GCAAGTATGAGAGTGTCC TGCAGC TGGGCCGGGCACTGACAGCCCACCTCTA>4 64
529>TGGACCTGGAGC TAGAGC TGCAGATTGAGT TGC TGCGTGAGACGAAGCGCAAGTATGAGAGTGTCCTGCAGC TGGGCCGGGCACTGACAGCCCACCTCTA>628
761<TGGACCTGGAGC TAGAGC TGCAGATTGAGTTGC TGCGTGAGACGAAGCGCAAGTATGAGAGTGTCC TGCAGC TGGGCCGGGCACTGACAGCCCACCTCTA<662

* * * * * * * * * *
465>CAGCCTGCTGCAGACCCAGCATGCACTGGGTGATGCCTTTGC TGACCTCAGCCAGAAGTCCCCAGAGC TTCAGGAGGAATTTGGC TACAATGCAGAGACA>564
629>CAGCCTGCTGCAGACCCAGCATGCACTGGGTGATGCCTTTGC TGACCTCAGCCAGAAGTCCCCAGAGC TTCAGGAGGAATTTGGC TACAATGCAGAGACA>728
661<CAGCCTGCTGCAGACCCAGCATGCACTGGGTGATGCCTTTGC TGACCTCAGCCAGAAGTCCCCAGAGCTTCAGGAGGAATTTGGC TACAATGCAGAGACA<562

% * »* * ¥ * * % ¥ *

565>CAGAAACTACTATGCAAGAATGGGGAAACGC TGC TAGGAGCCGTGAACTTCTTTGTCTCTAGCATCAACACATTGGTCACCAAGACCATGGAAGACACGC>664
729>CAGAAACTACTATGCAAGANTGGGGAAACGC TGC TAGGAGCCGTGAACTTCTTTGTCTCTAGCATCAACACATTGGTCACCAAGACCATGGAAGANACGC>828
561<CAGAAACTACTATGCAAGAATGGGGAAACGCTGCTAGGAGCCGTGAACTTCTTTGTCTCTAGCATCAACACATTGGTCACCAAGACCATGGAAGACACGC <462

* ¥ * * * ¥ * * ¥ s

665>TCATGACTGTGAAACAGTATGAGGC TGCCAGGC TGGAATATGATGCC TACCGAACAGAC TTAGAGGAGC TGAGTC TAGGCCCCCGGGATGCAGGGACACG>7 64
829>TCATGACTGTGAAACAGTATGANGC TGCCAGGC TGGAATATGATGNC TANCGAACAGACTTANAGGANC TGANTC TAGGCCCCCGGGATGCNNNGNCACG>928
461<TCATGACTGTGAAACAGTATGAGGC TGCCAGGC TGGAATATGATGCC TACCGAACAGACTTAGAGGAGC TGAGTC TAGGCCCCCGGGATGCAGGGACACG<362

w* * * w * * * o * *
765>TGGTCGACTTGAG-AG-TGCCCAGGCCACTTTCCAGGCCCATCGGGACAAGTATGAGAAGC TGCGGGGAGATGTGGCCATCAAGCTCAAGTTCCTGGAAG>862
929>TGGTCNANTTGAGNA--NGNCCAGGCCNC TTTCCAGGCCCATCGGGANNAGTATGANAANC TGNGGGGANANGNGGCCATCNAGC TC-ANTTCCTGGAA->1024
361<TGGTCGACTTGAG--GATGCCCAGGCCACTTTCCAGGCCCATCGGGACAAGTATGAGAAGC TGCGGGGAGATGTGGCCATCAAGCTCAAGTTCCTGGAAG<264

% ¥ ¥ w ¥ » ¥ % ¥ v
863>AAAACAAGATCAAGGTGATGCACAAGCAGCTGC ---TGC-TCTTCCACAATGCTGTGTCCGCCTACTTTGC TGGGAACCAGAAACAGC TGGAGC --AGAC>956
102 5>NAANNNANATCANGNNNANGCNCNAGCNNCTGC [T-CNTC————~ NNNNGCTG-NNNCG-CNACTTNGCT--NNNNCNNAANNAGC TGNANCNNA--->1111
263<AAAACAAGATCAAGGTGATGCACAAGCAGCTGC ---TGC-TCTTCCACAATGC TGTGTCCGCCTACTTTGC TGGGAACCAGAAACAGC TGGAGC --AGAC<170

« *
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« “ «
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1011>GCTAGAGGAGCAGT—-—--— GA 1026
1308>NNT NN 1323

11 5<GCTAGAGGAGCAG’TACCCATACGATGTT CCAGATTACGC'IT‘I’ TCGAGGGAATTCCGATAATCAACCTCTGGATTANAAAATTTNNNAAAGATTNACNN<16

Xhol
. N HA-tag

102 6>~ mmmmmnnmmmnnn>1 026
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Image 4: FL-ARFIP2 sequence (top) alignment with LV-HC forward sequencing

result (bottom)

New DNA from 1 to 1026
Alignment to
005_am_LV-HC-27_Forward.abl-- Matches:658; Mismatches:8; Gaps:955; unattempted:0

" " " " ® " " " "
1>~ ATGAC GGACGGGATCC T-AGGGAAGGCAGCCACAATGGAGATCCC TATCCACGGGAAC GGC GAAGCCAGGCAGC TTCC TGAAGATGA>86
1 NGG-~G-~--~ CTNNGG---GGC -G~~~ GG===~C====TC=~NGG===-GBCG-~G=~=GGC===mmmnmmmnss >46
* " " * » " * * " 3
87>TGGGCTGGAGCAGGACCTCCAGCAGGTGATGGTGTCAGGACCCAACCTCAATGAAACCAGCATTGTGTCTGGTGGC TATGGGGGCTCTGGTGATGGACTC>186
47>-GGGC----GC -~ -CC = -G-A===-A=GGT ===~ CCTC=o~sm CreGoomnGr o ey A-==-GGC ===~ C-->73
» " " * * " * " " *
187> ATCCCCACAGGGTC TGGCCGCCATCCATC TCACAGEACCAC TCC TTC TGGCCC TGGAGATGAGGTGGC TCGGGGCATTGC TGGAGAARAGTTTGACATCG> 286
--------- GG--=-======~CAT===TCT====GCAC==-=GCTTC~====-==~A-A= =A== == ===~ A==GC =G~ === =====---CA-CG>101
" L ® " " " ] " " »*
287>TCAAGAAATGGGGCATCAACACC TATAAGTGCACAAAGCAACTGTTATCAGAACGATTTGGTCGAGGC TCACGGACTGTGGACCTGGAGC TAGAGCTGCA>386
102>TC------ T-==GC-=Cmmmm e GC----- G-=-CTGT-=TC- === === TC-===CT-—— == CT-T---CCT----C-A----T-C->130
" " " * " " " " " "
387>GATTGAGTTGCTGCGTGAGACGAAGCGCAAGTATGAGAGTGTCCTGCAGC TGGGCCGGGCAC TGACAGCCCA ACAGCCTGCTGCAGACCCAGCAT>486
1315=T==c=c=d €=2CG-G-G-CEom=CmamoT=T=s====TC-=G=ACcsammccs CTCT---AG--GA--TC--g-GCC ===~ AC----CAT>164
BamHI kozak Start codon
w L " " " " " " " "
487>GCACTGGGTGATGCCTTTGC TGACCTCAGCCAGAAGTCCCCAGAGCTTCAGGAGGAATTTGGC TACAATGCAGAGACACAGAAACTACTATGCAAGAATG>586
P S —— CTCAGCCAGAAGTCCCCAGAGC TTCAGGAGGAATTTGGC TACAATGCAGAGACACAGAAAC TACTATGCAAGAATG>241
" w w w w w " " " ]

587>GGGAAACGCTGCTAGGAGCCGTGAACTTCTTTGTCTCTAGCATCAACACATTGGTCACCAAGACCATGGAAGACACGCTCATGACTGTGAAACAGTATGA>686
242>GGGAAACGCTGC TAGGAGCCGTGAACTTCTTTGTCTCTAGCATCAACACATTGGTCACCAAGACCATGGAAGACACGC TCATGACTGTGAAACAGTATGA> 341

% * * % * * % * * »

687>GGCTGCCAGGCTGGAATATGATGCCTACCGAACAGACTTAGAGGAGC TGAGTC TAGGCCCCCGGGATGCAGGGACACGTGGTCGACTTGAGAG-TGCCCA>785
342>GGCTGCCAGGC TGGAATATGATGCC TACCGAACAGACTTAGAGGAGC TGAGTC TAGGCCCCCGGGATGCAGGGACACGTGGTCGACTTGAG-GATGCCCA>440

¥ % * % % % % % % %

786>GGCCACTTTCCAGGCCCATCGGGACAAGTATGAGAAGC TGCGGGGAGATGTGGCCATCAAGC TCAAGTTCC TGGAAGAAAACAAGATCAAGGTGATGCAC>885
441>GGCCACTTTCCAGGCCCATCGGGACAAGTATGAGAAGC TGCGGGGAGATGTGGCCATCAAGC TCAAGTTCCTGGAAGAAAACAAGATCAAGGTGATGCAC>540

* * * * % * * % % *

886>AAGCAGCTGCTGCTCTTCCACAATGCTGTGTCCGCCTACTTTGC TGGGAACCAGAAACAGC TGGAGCAGACCCTGCAGCAGTTCAACATCAAGCTGCGGC>985
541>AAGCAGCTGCTGCTCTTCCACAATGC TGTGTCCGCCTACTTTGC TGGGAACCAGAAACAGC TGGAGCAGACCCTGCAGCAGTTCAACATCAAGC TGCGGC>640

" * ® " * " * * * "
986>C TCCAGGAGC TGAGAAACCCTCCTGGC TAGAGGAGCAGT 1026
641>CTCCAGGAGCTGAGAAACCCTCCTGGCTAGAGGAGCAG|TACCCATACGATGTTCCAGATTACGC1|'I'G4CTCGAGFGAATTCCNATAATCAACCTCTGGAN>740
HA-tag Xhol
" " " " " L - " " "
1026 1026

741>TACAAAATTTGTGAAAGANTGACTGGTATTCTTAACTATGTTGCTCCTTTTACNC TATGTGGANACGCTGCTTTAATGCCTTTGNATCATGCTATTGCTT>840

» % » » w » " w * *

1026 1026
841>CCCGTATGGCTTTCATTTTCTCCNCCTNGNNNNAATCCTGGTTGCTGTCTCTTTATGANNANTTGNNGNCCGTNNTCNGGNNACNNNNNNNNNNGNACTG>940
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Appendices

Image 5: TDP43 sequence (top) alignment with LV-TDP43 forward sequencing result

(middle) and LV-TDP43 reverse sequencing result (bottom)

New DNA from 1 to 1245

Alignment to

019_am_LVv-TDP43-8_F.abl-- Matches:723; mismatches:11; Gaps:154; unattempted:510
017_am_LV-TDP43-8_R.abl-- Matches:810; Mismatches:10; Gaps:66; Unattempted:425

" * ¥ * w " w * ® *

0; 0
1>NNNNNNNNNGGC TNNGGGNC GGGC TCNGGGGC GGGGC GGGL GCCCGAAGGTCC TCCGGAGGCCCGGCATTC TGCACGC TTCAAAAGCGCACGTCTGCCGC>100
92< <1292

kozak
¥ *® * * BamHl * * ® * ¥ *

1 ATGTCTGAATATATTCGGGTAACCGAAGATGAGAACGATGAGCCCAT>47
101>GCTGTTCTCCTCTTCCTCATCTCCGGGCCTTTCGACCTCT, TCCGCCACCATGTCTGAATATATTCGGGTAACCGAAGATGAGAACGATGAGCCCAT>200
1291 NNNNNNC NNNA NNNNNN<1265

W # " W w W W " " W
48>TGAAATACCATCGGAAGACGATGGGACGGTGCTGCTCTCCACGGTTACAGCCCAGTTTCCAGGGGCGTGTGGGC TTCGCTACAGGAATCCAGTGTCTCAG>147
201>TGAAATACCATCGGAAGACGATGGGACGGTGC TGCTCTCCACGGTTACAGCCCAGTTTCCAGGGGCGTGTGGGC TTCGC TACAGGAATCCAGTGTCTCAG>300

1264 N NNNNNNN<1165

L * " * w *® " w* * "
148>TGTATGAGAGGTGTCCGGCTGGTAGAAGGAATTCTGCATGCCCCAGATGC TGGC TGGGGAAATC TGGTGTATGTTGTCAACTATCCAAAAGATAACAAAA>247
301>TGTATGAGAGGTGTCCGGC TGGTAGAAGGAATTCTGCATGCCCCAGATGC TGGC TGGGGAAATC TGGTGTATGTTGTCAACTATCCAAAAGATAACAAAA>400
1164 NNA NNNCCC NNGNNGGGNANTNNNNNNNNNNNNNNNANTNNNNNAANGNNNNCNAAN<1065

* * * * * ® ® * * *

24 8>GAAAAATGGATGAGACAGATGC TTCATCAGCAGTGAAAGT GAAAAGAGCAGTCCAGAAAACATCCGATTTAATAGTGTTGGGTC TCCCATGGAAAACAAC>347
401>GAAAAATGGATGAGACAGATGC TTCATCAGCAGTGAAAGT GAAAAGAGCAGTCCAGAAAACATCCGATTTAATAGTGTTGGGTC TCCCATGGAAAACAAC>500
1064 <NNAAANNGNTNANNNNNNNNNTNNTCANCANNNAANNNNAAANGNNC NNTNNNNNAAANNNTNNNANTTANTANNNNNNGNTNTNCCANGNAAANNNANC <965

* # # # ¥ * W * ¥ ¥

34 8>CGAACAGGACCTGAAAGAGTATTTTAGTACCTTTGGAGAAGTTC TTATGGTGCAGGTCAAGAAAGATC TTAAGACTGGTCATTCAAAGGGGTTTGGCTTT>447
501 >CGAACAGGACCTGAAAGAGTATTTTAGTACCTTTGGAGAAGTTCTTATGGTGCAGGTCAAGAAAGATC TTAAGACTGGTCATTCAAAGGGGTTTGGCTTT>600
964 <GANCNNGNNNNGNANNNGTNTTTTAGTNCNNTNGNNNAAGTTNTNATGNTGCANNTCANGNNNNNNTNTTANNACTGNTCATTCAAAGGGGTTNGGCTTT<865

" w* * % w ® " * * ¥

44 8>GTTCGTTTTACGGAATATGAAACACAAGTGAAAGTAATGTCACAGCGACATATGATAGATGGACGATGGTGTGAC TGCAAACTTCCTAATTC TAAGCAAA> 547
601>GTTCGTTTTACGGAATATGAAACACAAGTGAAAGTAATGTCACAGC GACATATGATAGATGGACGATGGTGTGACTGCAAACTTCC TAATTCTAAGCAAA>700
864 <GTTNGTTTTNNGGAATATGAAACNCAAGTGAAAGTAANNTCACAGCGACATATGATAGATGGACGATGGTGTGAC TGCAAACTTCCTAATTNTAAGCAAA<T 65

" # # s W W W " W "

54 8>GCCAAGATGAGCCTTTGAGAAGCAGAAAAGTGTTTGTGGGGCGCTGTACAGAGGACATGAC TGAGGATGAGC TGCGGGAGTTCTTCTCTCAGTACGGGGA>647
701>GCCAAGATGAGCC TTTGAGAAGCAGAAAAGTGTTTGTGGGGC GC TGTACAGAGGACATGAC TGAGGATGAGC TGCGGGAGTTCTTC TCTCAGTACGGGGA>800
764 <GNCAAGATGANCCTTTGAGAAGCAGAAAAGTGTTTGTGGGGCGC TGTACAGAGGACATGAC TGAGGATGAGC TGCGGGAGTTCTTCTCTCAGTACGGGGA<665

* * * * ® * * * * ®
64 8>TGTGATGGATGTCTTCATCCCCAAGCCATTCAGGGCCTTTGCCTTTGTTACATTTGCAGATGATCAGATTGCGCAGTCTCTTTGTGGAGAGGACTTGATC>747
801>TGTGATGGATGTCTTCATCCCCAAGCCATTC-NNNNNTTTGCCTTTGNTACATTTGCANANGATCANATTGNNCAGTCTCTTTGTGGA- - - === ===~~~ >887

664<TGTGATGGATGTCTTCATCCCCAAGCCATTCAGGGCCTTTGCCTTTGTTACATTTGCAGATGATCAGATTGCGCAGTCTCTTTGTGGAGAGGACTTGATC <565

w " " * w " w " " w
748>ATTAAAGGAATCAGCGTTCATATATCCAATGCCGAACC TAAGCACAATAGCAATAGACAGTTAGAAAGAAGTGGAAGATTTGGTGGTAATCCAGGTGGCT>847
B 7m0 >887
564 <ATTAAAGGAATCAGCGTTCATATATCC AATGCCGAACC TAAGCACAATAGCAATAGACAGTTAGAAAGAAGT GGAAGATTTGG TGO TAATCCAGGTGGC T<4 65

* # * # W * W # W *

84 8>TTGGGAATCAGGGTGGATTTGGTAATAGCAGAGGGGGTGGAGC TGGTTTGGGAAACAATCAAGGTAGTAATATGGGTGGTGGGATGAACTTTGGTGCGTT>947
888>-NAGGANTTGNTCATTAANGGNATCANCGTTCATATNTCCNNTGCCNAANC TAANCNCNATANCAANANANAGT TANAAAGAANTGGANANTTNGNGNAA>986
464<TTGGGAATCAGGGTGGATTTGGTAATAGCAGAGGGGGTGGAGC TGGTTTGGGAAACAATCAAGGTAGTAATATGGGTGGTGGGATGAACTTTGGTGCGTT<365

v # " W w W W " " ¥
94 8>CAGCATTAATCCAGCCATGATGGCTGCCGCCCAGGCAGCACTACAGAGCAGTTGGGGTATGATGGGCATGTTAGCCAGCCAGCAGAACCAGTCAGGCCCA>1047
987>TCCNNNNGNTTTNGNANCNNNNNNANTNNNANANNNNAGGNNNNANC TNGNTNGGNAANNNNNNNANNANNNGGNNGNNGGNNNANNTNGNNGNNNNNNN>1086
364<CAGCATTAATCCAGCCATGATGGC TGCCGCCCAGGCAGCAC TACAGAGCAGTTGGGGTATGATGGGCATGTTAGCCAGCCAGCAGAACCAGTCAGGCCCA<265

* # ® * " * * ® * ¥
1048>TCGGGTAATAACCAAAACCAAGGCAACATGCAGAGGGAGCCAAACCAGGCCTTCGGTTC TGGAAATAAC TCTTATAGTGGCTCTAATTCTGGTGCAGCAA>1147
1087>NTNNNCNNCNNNNNGNNNCNNC NANNNNNNNNNNNN>1186

264 <TCGGGTAATAACCAAAACCAAGGCAACATGCAGAGGGAGCCAAACCAGGCCTTCGGTTCTGGAAATAACTC TTATAGTGGC TCTAATTC TGGTGCAGCAA<LGS

® * % % * ® w % * %

114 8>TTGGTTGGGGATCAGCATCC AATGCAGGGTCGGGCAGTGGTTTTAATGGAGGCTTTGGC TCAAGCATGGATTCTAAGTCTTCTGGC TGGGGAATGTAG—-—>1 24 5
118 NNA

NNA
164 <TTGGTTGGGGATCAGCATCCAATGCAGGGTCGGGCAGTGGTTTTAATGGAGGCTTTGGC TCAAGCATGGATTCTAAGTCTTCTGGC TGGGGAATGT. A‘GS
Xho

1245 1245
1284 1284
64 UGGAATI’CCGATAATC AACCTCTGGATTANAAAATTNNNNAAAGATNNANNNNNNNNNNNN<1
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Image 6: FL-ARFIP2 sequence (top) alignment with scAAV-ARFIP2 forward

sequencing result (middle) and scAAV-ARFIP2 reverse sequencing result (bottom)

New DNA from 1 to 1026
Alignment to
017_am_AAV-AIP2-4_AAV-F.abl--

Matches:889; Mismatches:123; Gaps:309; unattempted:0

010_am_AAV-AIP2-4_R.abl-- Matches:968; Mismatches:50; Gaps:256; unattempted:0

" . - " . - - . . -
0. >0
1 TGGCTAGCGTTTAAACTTAAGC TTGGTACCGAGC TCGGATCCACTAGTCCAGTGTGGTGGAATTC TGCAGTCGACGGTACCGCGG>100
1266 <NNANNNNNNNNNNANNNNNNNNNNNNNNNNNNNNNNN = = = = = = = = = = = = = = = = - = - = = oo Co o C <1230
* Agel *

1 - -—— - Te=—- >2
101>GCCCGGGATCGACCGGTRCCACCA == = = mmmmmmmmmm mmm m mmmmmmmmmmmmmmmm mmmmmmm T s St s it i >125
fPgog acamamireo i T 153

" "
R Gesspp TG AC-- e SRS GEATC==c=suii CT--AG>19
126>-———====mmmmmmmmmmmmmemm G----AC------G AC-======Gmmmmmm === GGATC----—--~ CT--AG>142
1152 NNT NNGNANC TNNNG<1053
* " " " " * » »” *

20>--GG-~-~AAGG-CAGC - -C - ~ACAATGGAGATCCC TATCCACGGGAACGGC GAAGCCAGGCAGC TTCC TGAAGATGATGGGC TGGAGCAGGACCTCCAGC>109
143>--GG---AAGG-CAGC --C - -ACAATGGAGATCCCTATCCACGGGAACGGCGAAGCCAGGCAGC TTCC TGAAGATGATGGGC TGGAGCAGGACCTCCAGC>232
1052<NCGGNNNNAGGNNNGCNNCNNA - - - ~NGNGANNCNT-NNNNCNGNAACGGNGAAGCCAGNCAG--NNNNGNNGATGATNGGC TGGANCAGGNNNTCCANC<960

»* * w " * w » L * w
110>AGGTGATGGTGTCAGGACCCAACCTCAATGAAACCAGCATTGTGTCTGGTGGC TATGGGGGC TCTGGTGATGGAC TCATCCCCACAGGGTCTGGCCGCCA>209
233>AGGTGATGGTGTCAGGACCCAACCTCAATGAAACCAGCATTGTGTCTGGTGGC TATGGGGGC TCTGGTGATGGACTCATCCCCACAGGGTCTGGCCGCCA>332
959<AGGTGANGGTNTCANGACCCAANNNCAATGAAACCAGCATTGTNTCTGGTGGC TATGGGGGNTNTGGTGATGGANTCNTCCCCACAGGNTCTGGCCGCCA<860

w s s
210>TCCATCTCACAGCACCACTCCTTCTGGCCCTGGAGATGAGGTGGC TCGGGGCATTGC TGGAGAAAAGT TTGACATCGTCAAGAAATGGGGCATCAACACC>309
333>TCCATCTCACAGCACCACTCCTTCTGGCCCTGGAGATGAGGTGGC TCGGGGCATTGC TGGAGAAAAGT TTGACATCGTCAAGAAATGGGGCATCAACACC>4 32
859<TCCATCTCACAGCACCANTNNTTNTGGCCCTGGAGATGAGGTGGC TCGGGGCATTGC TGGAGAAAAGTTTGACATCGTCAAGAAATGGGGCATCAACACC<760

% * * w* * * *®

»* o -
310>TATAAGTGCACAAAGCAACTGTTATCAGAACGATTTGGTCGAGGC TCACGGAC TGTGGACC TGGAGC TAGAGC TGCAGATTGAGTTGC TGCGTGAGACGA>409
433>TATAAGTGCACAAAGCAACTGTTATCAGAACGATTTGGTCGAGGC TCACGGACTGTGGACC TGGAGC TAGAGC TGCAGATTGAGTTGCTGCGTGAGACGA>532
7 59<TATAAGTGCACAAAGCAACTGTTATCAGAACGATTTGGTCGAGGC TCACGGACTGTGGACCTGGAGC TAGAGC TGCAGATTGAGTTGCTGCGTGAGACGA<660

" * » v ¥ e e

* * * * * * * * * *
410>AGCGCAAGTATGAGAGTGTCCTGCAGC TGGGCCGGGCACTGACAGCCCACCTCTACAGCCTGC TGCAGACCCAGCATGCACTGGGTGATGCCTTTGCTGA>509
533>AGCGCAAGTATGAGAGTGTCCTGCAGC TGGGCCGGGCACTGACAGCCCACCTCTACAGCCTGC TGCAGACCCAGCATGCACTGGGTGATGCCTTTGCTGA>632
659<AGCGCAAGTATGAGAGTGTCCTGCAGC TGGGCCGGGCACTGACAGCCCACCTCTACAGCCTGC TGCAGACCCAGCATGCACTGGGTGATGCCTTTGCTGA<S60

" * " *® * »® ® " * "
510>CCTCAGCCAGAAGTCCCCAGAGC TTCAGGAGGAATTTGGC TACAATGCAGAGACACAGAAACTACTATGCAAGAATGGGGAAACGC TGC TAGGAGCCGTG>609
633>CCTCAGCCAGAAGTCCCCAGAGC TTCAGGAGGAATTTGGC TACAATGCAGAGACACAGAAAC TACTATGCAAGAATGGGGAAACGC TGC TAGGAGCCGTG>7 32
559<CCTCAGCCAGAAGTCCCCAGAGC TTCAGGAGGAATTTGGC TACAATGCAGAGACACAGAAACTACTATGCAAGAATGGGGAAACGC TGC TAGGAGCCGTG<4 60

* * * * * * * * * *
610>AACTTCTTTGTCTCTAGCATCAACACATTGGTCACCAAGACCATGGAAGACACGC TCATGACTGTGAAACAGTATGAGGC TGCCAGGC TGGAATATGATG>709
733>AACTTCTTTGTCTCTAGCATCAACACATTGGTCACCAAGACCATGGAANANACGC TCATGAC TGTGAAACAGTATGAGGC TGCCAGGCTGGAATATGATG>832
459<AACTTCTTTGTCTCTAGCATCAACACATTGGTCACCAAGACCATGGAAGACACGC TCATGACTGTGAAACAGTATGAGGC TGCCAGGC TGGAATATGATG<360

* * * w " w »* » * *
710>CCTACCGAACAGACTTAGAGGAGC TGAGTC TAGGCCCCCGGGATGCAGGGACACGTGGTCGACTTGAG-AG-TGCCCAGGCCACTTTCCAGGCCCATCGG>807
833>NCTANCGAACAGANTTANANGANC TGANTC TAGGNCCCCGGGNNGCAGGGACNCGTGGTCNACTTGAGNA - -NGCCCAGGCCACTTTCCAGGCCCATCGG>930
359<CCTACCGAACAGACTTAGAGGAGC TGAGTCTAGGCCCCCGGGATGCAGGGACACGTGGTCGACTTGAG--GATGCCCAGGCCACTTTCCAGGCCCATCGG<262

* * * * * * * * * *
B808>GACAAGTATGAGAAGC TGCGGGGAGATGTGGCCATCAAGC TCAAGTTCCTGGAAGAAAACAAGATCAAGGTGATGCACAAGCAGC TGCTGCTCTTCCACA>907
931 >GANAAGTATGANNANC TGCGGGNANANGNNNNNNTCAAGCTCANGTTCC AANNANNATC. NNNANNNGC TGCTGNNCNTNCNNN>1030
261<GACAAGTATGAGAAGC TGCGGGGAGATGTGGCCATCAAGC TCAAGTTCCTGGAAGAAAACAAGATCAAGGTGATGCACAAGCAGCTGCTGCTCTTCCACA<L62

« “ « « - « «
908>ATGCTGTGTCCGCCTACTTTGC ~TGGGAACCAGAAACAGC TGGAGCAGACCCTGCAGCAGT T - -~ C-AAC------ ATC-=mmmmmm = AAGC-T--->980
1031>ANG CGCCNANTTNGCH ANNNNC TGNNNCNNANCC T NANC ANNCNTNNN>1127

161<ATGCTGTGTCCGCCTACTTTGC - TGGGAACCAGAAACAGC TGGAGCAGACCC TGCAGCAGT ==~ ~ C-AAC--==== ATC-=mmmmmmm AAGC-T---<89
* *
981>------- GCGGC-- e C-mmm TCCAG-======= === m———m GAGCTGAGAAAC>1003
1128 --C T--mm N>1219
R GCGGC--- - ——=-C----- TCCAG-=========== === mmmmmmmm GAGCTGAGAAAC<66
* " "®
1004>CCTCCT-=============———————- GGCT--==——-=-== A-==m—= GA= === GGAGCAGT---=-=-=-~~ GA~~>1026
1220>NNT--TI T ANae>1307
65<CCTCCT=======mmmmm === o GGCT==========~ T GA== === GGAGCAGTACCCATACGATGK33
" ,. w HA-tag
1026 1026
1307 1307
324TTCCAGATTACGATGATC TAGAGTCGACNNNN<1
Xbal
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Appendices

Image 7: FL-ARFIP2 sequence (top) alignment with sScAAV-HC forward sequencing

result (bottom)

New DNA from 1 to 1026
aAlignment to
028_am_AAV-HC-4_AAV-F.abl-- Matches:624; Mismatches:2; Gaps:617; Unattempted:0

* » " * ® * * * * *
1>~ ATGACGGAC GGGATCCTAGGGAAGGC AGCCACAATGGAGATCCCTATCCAC GGGAAC GGCGAAGCCAGGCAGCTTCCTGAAGATGAT>87
1>NNNNNNNNNNNNNNTG--G=========CTA- ==~~~ GC-G-=====Temm T===TA===A-==c=A-ececec e e e e e e e c e CTT=-===-AA-==m== >34

" " L w " " w " L
88>GGGCT-GGAGCAGGACCTCCAGCAGGTGATGGTGTCAGGACCCAACCTCAATGAAACCAGCATTGTGTCTGGTGGC TATGGGGGC TCTGGTGATGGACTC>186
35>--GCTNG-=-======~ NT--A-Cmmmmmmmmm == C--GA-===mmmmmmmm G-==Cmmmmmmmmm e TC-GG-----, 7\ — C-Cmmmmmmmmm ACT->59

* " L " * * * " w "
187>ATCCCCACAGGGTCTGGCCGCCATCCATCTCACAGCACCACTCCTTCTGGCCCTGGAGATGAGGTGGC TCGGGGCATTGC TGGAGAAAAGTTTGACATCG>286
60>A--=======~ GTC-mmmmmmmm e m e CAG-====mmmmm TG--=-TGG=-TG=Gmm= === === ===, Ammmmmm e A-mmmmm TT---C-T-G>81
L * * * * * * * ® L
287>TCAAGAAATGGGGCATCAACACCTATAAGTGCACAAAGCAACTGTTATCAGAACGATTTGGTCGAGGC TCACGGACTGTGGACCTGGAGC TAGAGCTGCA>386
82>-C-AG-=-T====Cmmmmmmmmmmmmmm G-=--AC-==G====~ G-TA-C-==-CG======~ CG-GGC-C-CG-===~~ GGA--T====Cmmmmmmm= CAP111
el
" " " * * * " " * g
387>GATTGAGTT! GAGAGTGTCCTGCAGCTGGGCCGGGCACTGACAGCCCACCTCTACAGCCTGCTGCAGACCCAGCAT>486
112>---=mmmmm G- o e L L CA-TG— ----------- >125
Agel kozak Start codon
w L w w w* w »*
487>GCACTGGGT! GATGCCTTTGCTGACCTCAGCCAGAAGTCCCCAGAGCTTCAGGAGGAATTTGGC TAC AATGC AGAGACACAGAAACTACTATGCAAGAATG>586
126> -====mmmmmmmmm e — e CTCAGCCAGAAGTCCCCAGAGC TTCAGGAGGAATTTGGC TACAATGCAGAGACACAGAAACTACTATGCAAGAATG>201
* * * * * * * * *® *

587>GGGAAACGCTGCTAGGAGCCGTGAACTTCTTTGTCTCTAGCATCAACACATTGGTCACCAAGACCATGGAAGACACGCTCATGACTGTGAAACAGTATGA>686
202>GGGAAACGCTGCTAGGAGCCGTGAACTTCTTTGTCTCTAGCATCAACACATTGGTCACCAAGACCATGGAAGACACGC TCATGACTGTGAAACAGTATGA>301

% * * % * * * * * *

687>GGCTGCCAGGC TGGAATATGATGCC TACCGAACAGAC TTAGAGGAGC TGAGTC TAGGCCCCCGGGATGCAGGGACACGTGGTCGACTTGAGAG-TGCCCA>785
302>GGCTGCCAGGC TGGAATATGATGCC TACCGAACAGAC TTAGAGGAGC TGAGTC TAGGCCCCCGGGATGCAGGGACACGTGGTCGACTTGAG-GATGCCCA>400

% * * % » »* * % * *

786>GGCCACTTTCCAGGCCCATCGGGACAAGTATGAGAAGC TGCGGGGAGATGTGGCCATCAAGC TCAAGTTCCTGGAAGAAAACAAGATCAAGGTGATGCAC>885
401>GGCCACTTTCCAGGCCCATCGGGACAAGTATGAGAAGC TGCGGGGAGATGTGGCCATCAAGC TCAAGTTCC TGGAAGAAAACAAGATCAAGGTGATGCAC>500

* * * * * ® * * * *

886>AAGCAGCTGCTGCTCTTCCACAATGCTGTGTCCGCCTACTTTGC TGGGAACCAGAAACAGC TGGAGCAGACCCTGCAGCAGTTCAACATCAAGC TGCGGC>985
501>AAGCAGCTGCTGCTCTTCCACAATGCTGTGTCCGCCTACTTTGC TGGGAACCAGAAACAGC TGGAGCAGACCCTGCAGCAGTTCAACATCAAGC TGCGGC>600

* * * % " * * " " *

986>C TCCAGGAGC TGAGAAACCCTCCTGGC TAGAGGAGCAGT 1026
601>cchAGGAGCTGAGAAACCCTCCchcTAcAccAccAc#AcCCATACGATGTTCCAGATTACccThc&fcTAGACTCGACCTGCAGGkAAGAccAAGcTc>7oo

HA-tag Xbal Sbfl

1026 >1026
701>ACCTGACTCGATGCTTTATTTGTGAAATTTGTGATGC TATTGCTTTATTTGTAACCATTATAAGC TGCAATAAACAAGTTAACAACAACAATTGCATTCA>800

* % % %

1026 1026
801>TTTTATGNTTCAGGNTCNNGGGNA A TTTTN>843
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Image 8: TDP43 sequence (top) alignment with sScCAAV-TDP43 forward sequencing

result (middle) and sSCAAV-TDP43 reverse sequencing result (bottom)

New DNA from 1 to 1245

Alignment to

031_am_AAV-TDP-4_AAV-F.abl-- Matches:794; Mismatches:16; Gaps:122; Unattempted:435
033_am_AAV-TDP-4_AAV-R. abl-- Matches:874; Mismatches:11; Gaps:16; Unattempted:359

* * * % * * * * * *
0 >0
1>NNNNNNNNNNNNNNTGGCTAGCGTTTAAACTTAAGCTTGGTACCGAGCTCGGATCCACTAGTCCAGTGTGGTGGAATTC TGCAGTCGACGGTACCGCGGG>100
1239« <1239
kozak
% Age' % ® % * * * ® ® ®

ATGTCTGAATATATTCGGGTAACCGAAGATGAGAACGATGAGCCCATTGAAATACCATC GGAAGACGATGGGACGGTG>78
101 XCCGGGATC&ACCGG‘I{GCCACCATGT CTGAATATATTCGGGTAACCGAAGATGAGAACGATGAGCCCATTGAAATACCATC GGAAGACGATGGGACGGTG>200
1238< <1182

% % * * * % % * * ®

79>CTGCTCTCCACGGTTACAGCCCAGTTTCCAGGGGCGTGTGGGC TTCGCTACAGGAATCCAGTGTCTCAGTGTATGAGAGGTGTCCGGCTGGTAGAAGGAA>178
201>CTGCTCTCCACGGTTACAGCCCAGTTTCCAGGGGCGTGTGGGCTTCGC TACAGGAATCCAGTGTCTCAGTGTATGAGAGGTGT! CCGGCTGGT AGAAGGAA>300
1181 <NNNCNNNNNA NTNNNNCNGANC! - <1082

* % % * * % * * * %

179>TTCTGCATGCCCCAGATGC TGGC TGGGGAAATCTGGTGTATGT TGTCAACTATCCAAAAGATAACAAAAGAAAAATGGATGAGACAGATGCTTCATCAGC>278
301>TTCTGCATGCCCCAGATGCTGGCTGGGGAAATCTGGTGTATGTTGTCAACTATCCAAAAGATAACAAAAGAAAAATGGATGAGACAGATGCTTCATCAGC>400
1081 <GNNNNNANNNNCATNNCCCNGNTGNNGNNGGNNANTNNNNNNTANGTNNTNNNTNNNNAANNNNNNNNAANNNAAAANGGATGAGACAGATNNTNNTCAN<982

% % * % * * ® ® * *

279>AGTGAAAGTGAAAAGAGCAGTCCAGAAAACATCCGATTTAATAGTGTTGGGTC TCCCATGGAAAACAACCGAACAGGACCTGAAAGAGTATTTTAGTACC>378
401>AGTGAAAGTGAAAAGAGCAGTCCAGAAAACATCCGATTTAATAGTGTTGGGTCTCCCATGGAAAACAACCGAACAGGACCTGAAAGAGTATTTTAGTACC>500
981 <CANNNAANNNNAAANNANCANTNCNGNAAANNNTNCGATTTANTAGTNTNGGNTNTCCCATGNAAACAANC GAACNGGNNNGAAAGAGTATTT-AGTNNC<883

% % % % * % * * * *

379>TTTGGAGAAGTTCTTATGGTGCAGGTCAAGAAAGATC TTAAGACTGGTCATTCAAAGGGGTTTGGCTTTGTTCGTTTTACGGAATATGAAACACAAGTGA>478
501>TTTGGAGAAGTTCTTATGGTGCAGGTCAAGAAAGATC TTAAGACTGGTCATTCAAAGGGGTTTGGCTTTGTTCGTTTTACGGAATATGAAACACAAGTGA>600
882<NTTGGAGAAGTTNTTATGGTGCAGNTCNAGAAAGATNTTAAGACTGNTCATTCAAAGGGGTTTGGCTTTGTTNGTTTTACGGAATATGAAACACAAGTGA<7 83

* * * % * * * ® ® ®

479>AAGTAATGTCACAGCGACATATGATAGATGGACGATGGTGTGACTGCAAACTTCCTAATTC TAAGCAAAGCCAAGATGAGCCTTTGAGAAGCAGAAAAGT>578
601>AAGTAATGTCACAGCGACATATGATAGATGGACGATGGTGTGACTGCAAACTTCCTAATTC TAAGCAAAGCCAAGATGAGCC TTTGAGAAGCAGAAAAGT>700
782<AAGTAATGTCACAGCGACATATGATAGATGGACGATGGTGTGACTGCAAACTTCNTAATTNTAAGCAAAGCCAAGATGAGCCTTTGAGAAGCAGAAAAGT<683

% % % % * * * * % *

579>GTTTGTGGGGCGCTGTACAGAGGACATGAC TGAGGATGAGC TGCGGGAGTTCTTCTCTCAGTACGGGGATGTGATGGATGTCTTCATCCCCAAGCCATTC>678
701>GTTTGTGGGGCGCTGTACAGAGGACATGAC TGAGGATGAGC TGCGGGAGTTCTTCTCTCAGTACGGGGNNGTGATGGATGTCTTCATCCNCAAGCCATTC>800
682<GTTTGTGGGGCGCTGTACAGAGGACATGACTGAGGATGAGC TGCGGGAGTTCTTCTCTCAGTACGGGGATGTGATGGATGTCTTCATCCCCAAGCCATTC<583

* % % % ® * w* ® % *

679>AGGGCCTTTGCCTTTGTTACATTTGCAGATGATCAGATTGCGCAGTCTCTTTGTGGAGAGGACTTGATCATTAAAGGAATCAGCGTTCATATATCCAATG>778
801>NNGNCCTTTGCCTTTGTTACATTTGCAGATGATCAGATTGCGCANTCTCTTTGNGGANAGGANTTGATCATTAAAGGAATCAGCGTTCATATATCCANTG>900
582<AGGGCCTTTGCCTTTGTTACATTTGCAGATGATCAGATTGCGCAGTCTCTTTGTGGAGAGGAC TTGATCATTAAAGGAATCAGCGTTCATATATCCAATG<483

* *® * * " * * ® " ®
779>CCGAACCTAAGCACAATAGCAATAGACAGT TAGAAAGAAGTGGAAGATTTGGTGGTAATCCAGGTGGCTTTGGGAATCAGGGTGGATTTGGTAATAGCAG>878
901>CCGAANCTNANCACAATANCNATAGACAGTTA----==~ e e e e e S ->932

482<CCGAACCTAAGCACAATAGCAATAGACAGTTAGAAAGAAGTGGAAGATTTGGTGGTAATCCAGGTGGC TTTGGGAATCAGGGTGGATTTGGTAATAGCAG<383

*® * * ® * * ® ® ® *®
879>AGGGGGT GGAGCTGGTTT GGGAAACAATCAAGGTAGTAATATGGGTGGTGGGATGAACTTTGGTGCGTTCAGCATTAATCCAGCCATGATGGCTGCCGCC>978
933>---=-- e G T NAAANAANTGGNANANTTGGTGGNNATCCNGNNGGNTTTNGGAATCNN>980

382<AGGGGGT GGAGCTGGTIT GGGAAACAATCAAGGTAGTAATATGGGTGGTGGGATGAACTTTGGTGCGTTCAGCATTAATCCAGCCATGATGGCTGCCGCC<283

* * * * * * " * *® ®
97 9>CAGGCAGCACTACAGAGCAGTTGGGGTATGATGGGCATGTT, AGCCAGCCAGCAGAACCAGT CAGGCCCATC GGGT AATAACCAAAACCAAGGCAACATGC>1078
981 >NNNNNNTTNGNANNANCNNNNGGGGNGNANCTNGNTN NVANNNNNANT, NTNNNNC >1080

282<CAGGCAGCACTACAGAGCAGTTGGGGTATGATGGGCATGTTAGCCAGCCAGCAGAACCAGTCAGGCCCATCGGGTAATAACCAAAACCAAGGCAACATGC <183

* * * * * * ® ® ® ®
1079>AGAGGGAGCCAAACCAGGCCTTCGGTT CTGGAAATAACTCTTATAGTGGCTCTAATTCTGGTGCAGCAATTGGTT GGGGATC AGCATCCAATGCAGGGTC>1178

1081 >NNNGNNNNC >1180
182<AGAGGGAGCCAAACCAGGCCTTCGGTTCTGGAAATAACTCTTATAGTGGC TCTAATTC TGGTGCAGCAATTGGTTGGGGATCAGCATCCAATGCAGGGTC<83

* % % % * * * *

1179>GGGCAGTGGTTTTAATGGAGGC TTTGGC TCAAGCATGGATTCTAAGTC TTC TGGC TGGGGAAT GTAG~~mmmmmmmnnnnn>1 24 5
1181 >1247
82<GGGCAGTGGTTTTAATGGAGGCTTTGGCTCAAGCATGGATTCTAAGTCTTCTGGC TGGGGAATGTAGTC TAGANNNNNNNNN<L

Xbal
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Protein aggregation and Arfaptin2: A novel therapeutic target against

neurodegenerative diseases
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AETICLEINFOD

AESTEACT

Therapeutic targets for newradegenerative @nditions are comstantly emerging. Diseases such as
amyatrophic lateral scleross and Huntingtonk disease are multifartorial and imohve dysfunction of
varions =llular pathway s Protein aggrezate formation is one of the crudal pathological signs of eldx
dyshundtion, and # characteristic of many neurodegenerative conditions. Proteins recruiied to theses
aggregabes are thought i play a mole in formation of the pathogenic inchsions. This review aims at
explaring the aurrent evidence for protein aggregation and the role for AfaptinZ, 2= 2 candidate Bctar
cantriuting i the formation of 2z resomes ad a potential therapeutic Grge in maotor neuron disexe.

Focal points:

Bedsid =

Und erstanding the multifactorial nature of the pathogenesis of neurodegenerative diseases will
mniribute in the research into the therapeutic trgsts of the disezss, allowing mare factors to be
disaversd in patients affecied by the debiligting disorders of the nervows gysem

Benchszide

(ol ahorative efforts in investigating the causes and pathways of neurodegeneration are lkely to
increame the chance of discovering novel therapy approaches that may be utilisad in mare than ane
type of neunndegenerative disanders.

Industry

The application of the nowel therapeutic targst such a5 ArBptin, and ather proteins Zsociated with
proten aggregates, to the development of therapy approaches may open new avemuss in drug
disaovery for neunadegensrative dieanes.

(nmmmumity

Dhseases of central nervous system bear a great impad on the quality of life of the patents and their
@ners. Promating the awareness through commumnicating the current staie of the ressanch provides a
form of 2 mental suppart to thase affected by these conditions.

Regulunry agendies

The nead for funding the research into the hasic undersanding of the mechanismes imahed in the
pathogenesis of the neurodegenerative mnditions must not be overlooked. The res=arch into the
ellular defedts provides with inval uahle findings about the hedthy and dissased cell functioning.

& 214 European Sogety for Transltional Medicine. Publishad by Erevier Ltd All ights reserved.

1. Inmtroduction

plysological funions Neurdegenerative diseases including amyo-
trophic Lateral scleros| ALS), Aldbeimer's (A, Huntirgton's (HD) and

Mewrodege rerative diseases anstitute a class of disorders of te  Parkdnsons | PD) dise ases show some similarities in their pathogeness
@niral pervous system charcierised by pogessve los of newmns,  One of the common mechanisms casing reurdegeneration in these
which subsequently leads 1o death a5 a resull of kss of vital  conditions s potein aggremition. Prolein aggregites e i significant

*Conmsponding author Tel: +44 14 220245, fax: +44 14 222090,

E-puydl afitress Kningishe Misdac uk (B0 Ming).
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[pattilogical allmark of many, if po sl ative disenses.
Protein agmegation & maniesed in the lom of protein indisions,
aso kmown a5 apmesomes. These are non-membranos, siable,
dewrmenl-isolble, [Fshest enniched, poly-ubiquimed proein
appremites with high molecdar weight, whidh are formed die 1o
either verexpresion of a protein which eseeds e demadation
ity of defecive probeolytic pathwas [12250 It is yet o be
established wiat precise molecuar mechansms precede the loma-
tion of protein aggregites; however wliquitin-proesome pathway
lanys o oo e by nodes. There fore, components associabed with te
uliquitin-professome madvinery may be imponant payers in the
st ablis Tt of the disease pathopenesis. This review eames o dw
peneral duaractenstics of prolsin aggregaies in neunde generative
diseases and their inerference with professome-medizied degrada-
i A presents Arlapting a5 2 modifier of tee this pathway and 4
pential therapeutc Larget

L Typesol protein aggregates

There are three common kypotheses regarding the e of proiein
apprepaies in the pathology of neumdessnerative diseasss Firstly,
proein aggregies have weie effed on newrons and indue their
death, Semmndly, agpregates are rmed x5 4 delersive response o
prodect the cells against tecic Abnormal proteins. Finally, the agge
it e formed a5 & resultof other e effects |2

Protein incusions vary in strecture, and may be chamcestic
of different peundegenerative diseases. Four inclusion stnectunes
e been reporied in neumdegenerative disexses which ame
dkein-like inclusions lewy bodies, Bumind bodies and haline
Isodies. Skein-like inchsions are te most common in and specific
i ALS 290 The protein composition of these aggresomes can be
detected by immunostaining, and may vary depending on the
caigie of the disease Their appearance can range from small dot-
like once they begin tw form, to fament-like aggregates that
incremss in size by Fusing with other sggregates | 14). The casative
frctors that may lesd o protein aggresome formation snd oon-
trilbuste to the pathology dbserved in neurode genera tive conditions

may ke speculated given the cument evidence, which & discussed
further omwards.

3. Protein degradation impairment in newrsde genera ve
i ases

There & mowning evidence showing that proteohytic mach-
meries, such a5 ubiquitin-prolesomal  sEem (UPS)  andjor
autopagy-yssomal degradation, are impaired in e wnode gene -
tive diseases, which causes cell wmicity and death |5162126 27|
Fr escample, the inhilition of proeasome degradation pathways in
primary moor newrons causes redistibution of the ransactive
resporse DNA-binding protein 43 KDa (TDP-43 ], which i3 imvoled
in ALS pathdgenests, o the cytoplasm and aggregation, while other
cellular sressors had no elled on its distribution. This redistrbe-
i wias sccompanied by incresed isolubility, molecular weight
{ ~5i0 kD), ubiquitination and phosplonylation. Reduction in TDR
43 levels makes the newnmas valneralde, and knocking down TDP-
43 incresses their death rae Therelore, it seems that TDP-43
distribution & antrolled, at least parly, by the protasome sysiem
and that a first kit such a5 TOP-43 mutadon, increases the el
vilnerability and a second it such as proteasome dysfunction,
indusces peurodeenaration and vice versa [27)

In addition, impaired whiquitin profeasome activity flays role in
tawsopathies aech a5 thise representative of AD. Tau i & protein that
i imhved in miaotubide fomation, which has a direa impact on
Juatvnal trarcsport. 1t huas been shown that a phosphond ated form of

187

pro-survival Knme Akt plosprylies Du ot Se2ld, therely
protecting it fom aggregation. However, protasame inhibition
decreases phosphondation of Akt leading to its degeased activity.
This causes Gy de-phosplaorylation st normal site (Ser214) while
inducing plasphorylition st other sboomal dies by AR down-
sraam effecior protein ghoogen synthase Kinase-3 [ (GSE-3[) forme-
ig  apgregale-prone  prolein, resuling in sccurmuliion  and
spgrepation of alnomal midded proteins [30)

4. Impaired endosomal trafficking and soonal trangson

Given the highly polarsed sructre of pewons, fundional endo-
somal wafficking and avonal Tanspont are essential for newnon
survival Impaiment of fwese fundions & one of the pathologal
harader istics of ALS pewions, manifested by dysregulsted protein and
organelle trarspon between te dendrites, cell body and o, and
turmver of the membrane poteins (9. Some of te evideme
SUppOing this stement is dsoused frer In one sndy, pre
ymplomatic ALS-5000 (superoxide dismitase 1) mouse models
showed impaired ponal raspon dgns ach o decresse in speed
and fregquency of retrograde movement of endooytic camiers |128L
Alsin, 4 prowin encoded by ALS? gene, wiich i involved in nuckear
impor and export veside transpon and endosomal traffiding is a
representtve fador ALS-relsed mutations of ALS? gene have been
dound in juvenile ALS cises causing loss of fundion of this progin
(Yang et al, 2001 Dysfunction in aonal Ganspot may thenelore

resull in aggregation of proteins and contribute 1o the pathogeness
o AlS.

5. Adaptin2 protein strid fure

ADP-ribodylition  Deto-interacting proin 2 (Afaplin?), alio
Jetvwmh a5 paitier of Rac] (POR1 L &5 & piootein cofs sting of 341 aming
ackd (a2 ) with a molecular welght of ~ 386 KDa that is whi quitously
expresed in diferent types of cellL It &5 expressed 5 3 oytoplasmic
protein that predominantly localises 1o the perinuciear regon and i
asaneciated with microbsbules-or ganigng centre, and colocalises with
the trans-Golg marker TGNGG [15.17- 13 It shares 813 sequene
Tsomaobegy with Arfaptin L Though the exact fnction of Arlaptin2 i
S0 ik i, LS roedn oo on ghes some clise of the pesdbe
cellular processes that it might be involved in. Arfaping contains a
leurine zipper wiids gives it ahigh poitive charge that might have a
Timsction in DOMA binding. The C-teminis contains the Bin/amjhi-
plyysinfvs (BAR) domain which ks present in different proteins that
are involved in membrane curvature and i & responsble for
dimerisation, membrane binding and cunaiwe sensing |13,T7].
Arlaptin? sl mntain 5 highly comserved amplipathic heli [AH)
region (aa ®-112) (g 1L Both, BAR and AH are believed
i be essendal for Arfapin? binding @ the tans-Golgi network.
This brding occurs vis small GTPae and ploshatidylinsitol
4-phespluatae (P4 binding |6].

It interacts with the ADP-ribosylation factor (ARF ) family pro-
e, which are GTP-binding proteins that are involved in intracel-
lidlar vesicular transpor incheding formation of costed vedcle and
eytoskeletal reorgnisation |7, 10,1523 | and trarsporation beween
the e ndopl asmic reticul um and Golgi | 1,13 (Table 11 1t alsobinds 1o

! i a8 M1

S S L
1
!

Laucrm
I

Fig. 1. Shemat: presencoen of mown imporant Arkponl domains AH
i phiparhic helog BAR, Binf armphiphysinRes domain
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Tabik 1

Lt of acshar s nmerac g widh ariaptind and dhedr fanorion
Pratan Funion Rederences
Racl M emirane rulfling and 2.00n Cytoslelon nearTangement 0|
hl-& Memibarane o fficking, recnaitefieonns o the Gobgi Jpparane and otokeleann agansaon F |
M-l Foamaion of andonomes, #nidogam &0 Cagl rraficing, and orane-Gogl nemaol promin Sonkng #l
FIZF Endecame-Seived Tanspam sk, aunphagy, mrans-Godgi netook prowdin soring, and cyndinesi |
FI4F Viesloular wafficking, endopliamic moulum (ER) sopon aumophary, oypkines, and ain oytake Bon @arrangsm s 58|
PP I @ o, TR Cycise I 1t NG ol im0, Weshoular alfi cdng, an d o g ma enan ¢ 524

Racl, which is also 4 small GTP-binding protein that & involved in
membrane nuffling, sctin cytskeleton reamangement [20], geners-
tion of supenodde, trandomuation of oncogenic cells and scthation
of trasenption Botors ina GTP-dependent maner though its
C-termminal

6. Arfaptin2 role in Huntington's disease

Astrikdig evidence for the involverment of Arlapting in protein
aggregation in neurodegenerative diseases came from a sudy of
Huntingion's disesse HD & a neumdegenerative disease, which &
caised by & pathologic poly-glutamine (polyd) repeat expansdon
in Jundigin gene givieg fie o a protein prodect oyl
huntingtin The functions of huntirgtin proein include celiolar
piocssses such as tramscription, vescular trafficking and mitosis.
The polyQ-buntingtin pathogenic effect & through disuption of
proteasomal activity |11 Co-localkation of Arfaptin2 with hun-
Tiregtin aggremates in HD cell models was suggestive of its potential
mle in aggresome fomuation. Bvidence showed that both ful
length and the N-teminis of Afapting done ae ables to inhibit
proteasome activity and subsequently induce polyQ-huntingtin
aggregation in revrnal cells, On the other hand, expression of the
C-terminis of Arfaptind (HC-AIP2) dwwed axtensively dedessed
aggregate formation. This aggregate fomation inhiliton was
found 10 be thiough the protesome pathway, & inhibition of
prodessome pathway by lactacystin reversad the inhibitory efect
of HC-AIP2 | 18],

Comsitent with the dscusaon in the aarier section, phasplsr-
ylation pattemn of Arfaptin? & amother [actor which may be a key
determinant in protein aggregation process. 11 has been reponed
that phosphonylied Arfiptind st serine resdue 260 ( Ser26)) can
redisce huntingtin apmegation |19) Insulin-like growth fcto
1 decreases the PolyQ-huntingtin rewngieic effect through phos
phorylating Al The phosphorylaed Akt in tum phosphonylates
e poly-huntinglin. However, AR hu been shown o have
anither pathway for inhibiting the polyQ-huntingtin newntoxic
effect that i huntingtin phosphorylation- independent. Newronal
cells transfected with hunringtn that contain the pathologic paly-
glutamine exparsion but lacks the phosphorylation site shwed
dgnificantly induced survival and decressed intracellul ar incl uson
formation after westment with AKL It s been shown that Akt
phosphorylates the full-length Arapting ai Ser260. The de
phosphoryltion of Ariaptin? by mut ating Ser260 cuses its redis-
trilbsistion from the periniclaar rgion o fom a network srscise
thimug it the cytoplasm in a microiubule-depe ndent manner. In
addition, primary soristal neuron cultures from HD embryonic ras
wera doubile transkected with Arfaptin2 and an active Torm of Akt
showed that Araptin? was phosphorylated by Akt kading 1o
dgnificant incresse in survival and decressed protein incluson
formation. This survival was decressed when cells were trans-
fected with a mutant dephosphorylated form of Arfaptin2 [13)

Also, Arfaptin? espresion was fownd to be increased in biain of
HD mouse [18] and patients [13). Arfaptin? has been found to
disrupt the proteasome function in HD cell models 18,19

188

1- €D —{uPs — 1 Aggegation

& m —+] UP§ — | Ajjregaion ——31 Neuran sunival

3 & r —+ T UPS——T Heuron sundl

Fig- 2 Schemaric presenmgon of sugmaed parbways of Ak pon e &t in
ekl surdval in HunSngo's dkaase

Therefore, two hypothesss were rased Frsty, Arfapin? &
invnlved in the pathogenesis of HD by inhibiting the protessome
degradation pathway, whereas its tunaied HCAIR? works i
4 mepative modulator for Adapting | 18] Secondly, Adaptin & a
defence profein that, when phosphoryated, retains the potas-
some function and inkibits protein aggregation |13) (Fig 21

7. Fuiure perspectives for Arlaptin2 & a therapeutic gt

Wiather a similar Arfaptin2-indieced pathogensiis in degen-
erating newnds applies w other disorders such as ALS and AD &
Shill oo e investigated. Thowgh the exact function of Afaptin &
ot fully enderstood, knowing its binding parteers gae some
ingght of its function. Arfaptin? imolvement in Akl pathway,
which inhibits JpOploss, Suggests its importance in cell survval.
In addition, it birds t proteins imoived in endosomal malficking
and protein depradation [67.13) Evidences ako showed that
midilation of Afaptin? decresses motor mewron death in Hun-
tinglon’s disease by rescuing the proteasome activity |15,13) As
proteasome sctivities are impaired in neurodegens rat e disonders
and depls phoriated Arfapting was o to inhibit protesome
sctivities, Arfaptin protein can provide 2 novel target for ther-
ApeUlic intarventions Aginst neuradegenerstive diseases.

Exculive summary

# Ope of the @llular pathological hallmarks of neundegenera-
tive disesses ich x5 Alrheimer's, Parkinson's, Huntington's amd
moter neuron  disease, & sccumulation of proteins iRt

apLregaled

® |ris thowght that interferende with key cellular pathways such
5 i tin protexsome degradation and e ndeomal tralficking
contributes significantly 1o the formation of protein aggregates
[aggresomes], in which some of the prodeins become seques
tered and bence lose it normal functions.

* Research into one of the neurodegenerative diseases, Hunting-
tois disense, kas led to 4 discovery of 3 Alasylition Goto-
interacting protein Afraptin? association with these protein
inchisions.
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* Given the commdonalities between the celular mewnonal
eration pathways in other neurode generative conditions, it is
proposed that Arfaptin? may ako be involved in protein

aggregate formation in motor newon disease.

- Su"l.mui insights into Arfaptin? protein sequence suggest its
involvement in multiple pathwas, including DNA binding,
proteasome and Akt pathways, as well 2 msociation with
trans-Gaolgl network

® Further analyses into the mechanims leading to Arfapting
directly or indirectly triggening aggregate formation are meces
sary! hiwever, currently there are significant clues sugpesing
its inhibiton may lead to resowing the protein aggregation
formation. Thiswill further enhance the research into Arfaptin2
Ieeing a potential target Against newrodege nerative comditions
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