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Abstract

Background and rationale: The RNA exporter protein Glel is essential to cell survival. In
humans it is present in two isoforms; hGlela and hGlelb. The predominant isoform, hGlelb,
is implicated in the nuclear export of mMRNA molecules to the cytoplasm. hGlela has been
implicated in stress granule formation. Mutations within GLE1 have been identified in cases
of the foetal motor neuron disease lethal congenital contracture syndrome type 1 (LCCS1)
(Nousiainen et al., 2008) as well as amyotrophic lateral sclerosis (ALS) (Kaneb et al., 2015).
Spinal muscular atrophy (SMA) is a childhood form of motor neuron disease caused by a lack
of survival motor neuron (SMN) protein. Clinical overlap between the phenotypes of LCCS1
and SMA has led us to investigate whether there are any common pathological mechanisms.
Preliminary data from our lab demonstrates that Glel has potential to rescue the axonal

growth defect in SMN-deficient motor neurons in vitro.

Aims: The aims of this project were therefore to: i) investigate whether Glel and SMN interact
on a protein-protein level and where this interaction may occur in the cell. ii) evaluate the
levels of Glel within SMA cell models. iii) assess whether overexpression of Glelb can

ameliorate disease phenotypes seen in SMA cell models.

Findings: Protein-protein interaction of Glel and SMN proteins has been shown by co-
immunoprecipitations and proximity ligation assay. We report a reduction in the protein
levels of Glel within SMA patient cell models. Finally, we looked at whether overexpression
of Glelb protein could ameliorate some known SMN disease phenotypes. Overexpression did
not reduce DNA damage in SMA cells. Interestingly, Golgi morphological defects seen in SMA

patient cells, was rescued by overexpression of Glelb.

Conclusions: The clinical overlap seen between diseases caused by mutations in GLE1 and
SMN1 combined with depleted levels of Glel in SMA patients suggests that there isa common
pathway which is disrupted in these diseases. The interaction reported here between the two
proteins could support this hypothesis. More research is needed to fully identify the pathway
in which these two proteins interact and how disruption of this may lead to

neurodegeneration.
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1. Introduction

1.1 Spinal Muscular Atrophy

Spinal muscular atrophy (SMA) is a form of motor neuron disease which occurs predominantly
in early childhood. Occurring in an autosomal, recessive manner, it is typically characterised
by a loss of lower alpha motor neurons within the anterior horn of the spinal cord. This
degeneration gradually progresses causing muscle wasting and progressive paralysis. In the
most severe of cases this can cause respiratory failure and death before the age of two. A
spectrum of SMA phenotypes has been identified, by which cases can be classified by severity
(Zerres and Davies, 1999). The estimated prevalence of SMA in the general populationis 1 in
6,000 to 1 in 10,000 live births, with the carrier frequency being between 1 in 40 to 1 in 60

(D’Amico et al., 2011). This makes SMA the most common genetic form of infant mortality.

1.1.1 Genetics of SMN1-related SMA

Genetic linkage studies narrowed down the region responsible for SMA to the long arm of
chromosome 5, location 5g11.2 -13.3 (Brzustowicz et al., 1990; Melki et al., 1990). Research
conducted in 1995 demonstrated that 95% of SMA cases studied were caused by a
homologous deletion in the Survival Motor Neuron 1 (SMN1) gene, with the remaining 5% of
cases being caused by point mutations within the same gene (Lefebvre et al., 1995). The
developmental importance of this gene was confirmed through generation of a SMN1
knockout mouse model in which the embryos did not survive until birth (Schrank et al., 1997).
Itis now known that 95% of SMA cases are caused through mutation or homozygous deletions

of the SMIN1 gene, with the remaining cases being caused by mutations within other genes.

Uniquely, SMN is present twice in the human genome: a telomeric SMN1 gene and a
centrosomal SMN2 gene, with SMN1 occurring as the dominantly transcribed full length
protein (Lefebvre et al., 1995; Rochette et al., 2001) (Fig 1.1). These genes are composed of
nine exons which differ only by 5 nucleotides —SMN2 has a C to T mutation in exon 7 affecting
splicing of the protein. This results in exon 7 being skipped in the majority of transcripts,
therefore producing truncated SMN protein (SMNA7) which is rapidly degraded (Lorson et al.,

1999; Monani et al., 1999). Mutations within the SMN1 gene result in a reduction in the levels



of full-length SMN protein, which cannot be fully compensated for by the small amounts of
full length SMN produced by the SMN2 gene (Feldkotter et al., 2002). SMN protein levels
therefore correlate with disease severity, as demonstrated by a wide range of studies carried
out in vitro, in vivo and within patient postmortem tissues (Crawford et al., 2012; Lefebvre et

al., 1997; Simard et al., 2007; Sumner et al., 2006; Tiziano et al., 2009).

Chromosome 5 is one of the largest chromosomes within the human genome, duplication
events occur predominantly within the 5913.3 region where the SMN locus can be found
(Melki et al., 1994; Schmutz et al., 2004). Due to this instability, humans can possess a variable
copy number of the SMN2 gene. This is a key determinant of disease severity, as a small
amount of the mRNA transcribed from the SMN2 gene (~10%) does retain exon 7 and can
therefore produce full length SMN protein. SMNA7 protein has also been shown to be
beneficial to the survival of a severe mouse model and so could still retain partial beneficial
function (Le et al., 2005). Thus the higher the SMN2 copy number, the less severe the form of
SMA (Kolb and Kissel, 2015; Mailman et al., 2002).

However, there has been evidence to suggest that SMN2 copy number is not the only factor
at play in determining disease severity. Evidence suggests that SMN protein levels do not
necessarily correlate with SMIN2 copy number (Crawford et al., 2012) and that there is a large
overlap in the number of SMN2 copies and disease severity (Wadman et al., 2020, 2018,
2017). This indicates the presence of other disease modifying genes, which will be discussed

later in this chapter.
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Figure 1.1: Genetic and protein structure of SMIN1 and SMIN2 genes. SMN1 is a gene
composed of 9 exons. A centrosomal duplicate gene, SMN2, differs only by a silent C to T
nucleotide substitution in exon 7. This causes a splice variation removing exon 7, forming
unstable SMIN A7 protein. A small percentage of SMNZ2 is transcribed as full length SMIN. The
protein structure contains a Tudor domain, responsible for many of the proteins interactions,
a Proline-Rich domain (Pro) and a tyrosine-glycine rich (YG) box. Figure created with

biorender.com.



1.1.2 Clinical features of SMA

SMA cases resulting from mutations within SMIN1 can be clinically classified as four distinct

sub-groups of disease correlating inversely with SMIN2 gene copy number.

SMA type 0 is the most severe form of the disease, with symptoms being evident before birth.
Neonates commonly present with severe weakness, hypotonia and a significant decrease in
foetal movements. This reduced movement can result in infants being born with joint
deformities and extremely weak muscle tone. Respiratory failure due to severe muscle
weakness is the main cause of early death for these infants, with an average life expectancy

of around 6 months old (Dubowitz, 1999; Macleod et al., 1999).

The most common form of SMA is SMA type | (frequently referred to as Werdnig-Hoffman
disease). Infants with this condition show hypotonia prior to six months of age and are unable
to sit unassisted or control their head movements. Slow growth often arises due to
swallowing and feeding difficulties. Weakness occurring within intercostal muscles results in
a ‘bell-shaped’ chest causing breathing pattern abnormalities, thus resulting in respiratory

failure before the infant reaches two years of age (Finkel et al., 2014).

Development of muscle weakness between six to twelve months is the predominant
characteristic of SMA Type Il (also called Dubowitz disease). Infants presenting with this
condition can sit without support during their development, yet never acquire the ability to
stand or walk unaided. Muscle weakness, mainly within the legs, is progressive. Scolioisis
(curvature of the spine), joint contractures and progressive respiratory muscle weakness can
cause restrictive lung disease later in life. However, patients with this form of SMA frequently

survive into their twenties or thirties with normal cognition (Kolb and Kissel, 2015).

SMA type lll (also called Kugelberg-Welander disease) typically occurs after childhood,
therefore patients develop the ability to walk and stand unaided. Progressive proximal muscle
atrophy in the legs over time reduces the patient’s ability to walk, leaving patients wheelchair-
bound later in life. Patients with Type Ill SMA have a normal life expectancy and cognition

(Zerres and Davies, 1999).



SMA type IV is the mildest presentation of SMA. Onset of disease occurs within adulthood
presenting as mild to moderate muscle weakness, tremors, and mild respiratory issues. These

patients have a normal life expectancy (Kolb and Kissel, 2015).

There are also cases of clinical SMA which are not linked to mutations within the SMIN1 gene,
these cases make up less than 5% of infantile SMA and can result from mutations in a known
number of genes including Ubiquitin-like modifier-activating enzyme 1 (UBA1) and Bicaudal
D2 (BICD2), among others. Symptoms include congenital hypotonia, arthrogryposis,
progressive postnatal weakness and degeneration of the cells within the anterior horn of the

spinal cord (Farrar and Kiernan, 2015).

1.1.3 Experimental Models of SMA

To evaluate the pathways involved in the pathogenesis of SMA, it is important to use a wide
range of models which can act to recapitulate different aspects of disease. There are many
advantages and disadvantages of each of these models and, as such, data generated from

each should be assessed with this in mind.

In vitro cellular models

The main benefit of cellular models is that they are a human system, and so species-specific
cellular functions do not have to be accounted for. However, there are disadvantages to
looking at single populations of mono-layer cell growth as certain whole system aspects may
be lost. Nonetheless, cellular in vitro models remain valuable in SMA research, especially with
the advent of induced pluripotent stem cell (iPSC) technology allowing the growth of motor
neuron specific cultures. These cultures can be seen to model the pathology which is
characteristic of SMA; including motor neuron growth defects (Ebert and Svendsen, 2010;

Zhang et al., 2017).

In addition to iPSC-derived cell studies, it is also of great benefit to study the patient
fibroblasts from which these cells can be derived. Fibroblast cells can be easily obtained from
patient biopsies and are easy to grow in culture; not requiring the expensive regents required
for iPSC culture. However, as SMA is a disease which exclusively affects motor neurons,

fibroblasts - usually derived from skin samples - can be a limited cell model. Despite this



caveat, fibroblasts are still highly useful for the study of multiple disease readouts in SMA (for

example, DNA damage and golgi dysfunction (Custer et al., 2019; Karyka et al., 2022)).
Mouse models

Multiple mouse models of SMA have been developed over the years with a range of different
disease severities. A well-established, and widely used model system for neurodegenerative
diseases, mice possess closely related nervous systems to humans in an in vivo whole animal
environment. A major caveat of these models to consider for SMA research is while humans
possess two copies of the SMN gene, mice only have one. This Smn gene acts similarly to

human SMN1, only producing full length transcripts.

Knockout of the mouse Smn is embryonic lethal (Schrank et al.,, 1997). Mice with a
heterozygous deletion within the Smn gene display motor neuron loss from six months of age
and are therefore more representative of SMN type Ill disease in humans (Jablonka et al.,
2000). This correlates with a study which assesses the critical threshold of Smn protein
expression needed to see SMA disease phenotypes — found to be around an 85% loss of
protein levels (Bowerman et al., 2012). To recapitulate the severe, infantile phenotypes of
SMA, more complex transgenic mice models have therefore been generated. Here | will

discuss the main two models used in the field.

The addition of human SMN2 gene into an Smn knockout background (Smn”;SMN2) rescues
the lethality caused by knockout of Smn. This transgenic cross produces mice which are
comparable to wild type at birth (albeit smaller in size), but quickly lose motor neurons and
can be distinguished from their WT littermates after 48 to 72 hours. Additionally, these mice
show decreases in motor abilities and an average lifespan of 5 days (Hsieh-Li et al., 2000;

Monani et al., 2000).

Additional expression of SMIN A7 in this mouse model (Smn”;SMN2;SMN7/ 27) has become
another widely used model of SMA. SMN A7 expression results in additional small amounts
of full length SMN protein being produced and so reduces the severity of the phenotype.
These mice still display gross motor defects and only survive for an average of 14 days (Le et

al., 2005).



These mouse models can also be used to generate primary motor neuronal cultures in vitro,
therefore allowing the study of these SMA phenotypes in cell culture rather than a whole
model context. This allows quicker readouts and can indicate whether a therapy could have

potential prior to conducting a full in vivo study.

Zebrafish models

Danio rerio (or zebrafish) are a commonly used model to study the developmental aspects of
vertebrate biology. The use of zebrafish is popular among many researchers due to their quick
life cycles, transparency of the embryos during development and the well characterised,

simple neuromuscular circuits (Edens et al., 2015).

SMA mutant zebrafish models have been developed using antisense morpholino oligos which
target endogenous zebrafish Smn protein. Similarly to mouse models, reduction of
endogenous Smn results in motor neuron growth defects, and eventual death (McWhorter et
al., 2003). In order to more accurately reflect human disease pathology, a transgenic line
expressing the human SMN2 gene within Smn knockout fish could also be seen to recapitulate
human disease phenotypes. In this model SMN2 produced mainly unstable SMN isoforms and
small amounts of full length protein, minimally increasing survival from the Smn mutant lines

(Hao et al., 2011).

1.1.4 Roles of Survival Motor Neuron Protein

SMN is a highly conserved protein made up of 294 amino acids, weighing approximately 38
kDa, which is ubiquitously expressed. The human full length SMN protein has multiple
domains responsible for many of its functions. These include a N-terminal Gemin-2 and
nucleic acid binding domain, a C-terminal tyrosine/glycine rich domain (YG) box as well as a
proline rich (Pro) domain. A central Tudor domain is responsible for many of the protein-
protein interactions mediated by SMN. Disease-causing mutations within SMN1 have been
found in all domains of the protein, indicating a universal importance in protein function

(Singh et al., 2017) (Fig 1.1).

SMN can be found in both the nucleus and cytoplasm. Located in nuclear gems, speckles, and

Cajal bodies, the nuclear role of SMN protein is involved in RNA processing, including



assembly of ribonucleoproteins (RNPs), splicing, and regulation of transcription. Cytosolic
SMN has been implicated in the trafficking of mRNA (particularly in axons), stress granule
formation and local translation. An axonal isoform (a-SMN), formed through the retention of
intron 3, has been shown to be selectively expressed in the axons of developing motor

neurons, promoting axonal growth (Setola et al., 2007).

The main roles of SMN can be seen to be summarised in Figure 1.2.
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Figure 1.2: Roles of SMN protein. (A) SMN interacts with RNA helicase A (RHA) and ZPR1 in
the process of transcription. Transcription termination and R-loop resolution are mediated by
SMN'’s interactions with RNA polymerase Il (RNA pol Il) and Senataxin (SETX). (B) SMN forms
a complex with Gemins 2-8, presenting as nuclear gems. In the cytoplasm a complex of seven
Smith-antigen (SM) proteins binds an snRNA, to form the snRNP. This process is modulated by
the SMIN complex, which then aids import into the nucleus. Maturation of the snRNP occurs
within Cajal bodies, which then goes on to mediate splicing within the spliceosome. (C) SMIN

is required for stress granule formation (D) SMIN-primed ribosomes are present in the



cytoplasm, responsible for the translation of specific transcripts related to SMA pathology. (E)
Within neurons SMN is involved in the local translation of specific mRNASs, including B-actin,
through interactions with IGF-Il mRNA binding protein (IMP1), HuD and Heterogenous nuclear

ribonucleoprotein R (hnRNP R). Figure created with biorender.com.

Assembly of Ribonucleoproteins and pre-mRNA splicing

Full length SMN protein has been implicated in assembly of spliceosomal small nuclear
riboproteins (snRNPs) (Liu and Dreyfuss, 1996) and so it has been suggested that SMN plays

an important role in RNA metabolism which is then disrupted in SMA (Workman et al., 2012).

The SMN protein functions as part of a larger complex made up of Gemins 2-8 and Unrip.
Uridine-rich snRNAs (U1, U2, U4, U5, U6, U11, U12, U4atac, Ubatac) are transcribed in the
nucleus, these are then exported into the cytoplasm where they form complexes with seven
Smith-antigen (Sm) proteins. This forms an snRNP, with the Sm proteins in a ring-like structure
around a central small nuclear RNA (snRNA) (Liu and Dreyfuss, 1996; Pellizzoni et al., 2002).
The SMN-containing complex acts to modulate the production of snRNPs and their import
into the nucleus (Li et al., 2014). This process allows maturation of the snRNP within Cajal
bodies, a localisation which is mediated through WD40-encoding RNA antisense to p53
(WRAP53B) acting as a scaffold for SMN and coilin (a major component of Cajal bodies) to
interact (Mahmoudi et al., 2010). Once mature snRNP’s are then localised to nuclear speckles
where they can carry out their role in the spliceosome through splicing of pre-mRNA (Lamond

and Spector, 2003).

Depletion in the levels of SMIN protein causes a reduction in snRNP biogenesis which directly
correlates with the severity of SMA cases (Gabanella et al., 2007). This disruption of snRNPs
causes substantial splicing defects across the genome, particularly in genes containing large
numbers of introns (Zhang et al., 2008). However, these defects are often seen during a late
stage of the disease, therefore indicating that this may be a downstream consequence of SMA

disease pathology rather than a primary cause (Baumer et al., 2009).



There is evidence to suggest that SMN also functions in the generation of small nucleolar RNPs
(snoRNPs). Ribosomal RNA is transcribed within the nucleolus with post transcriptional
processing mediated by snoRNPs (Pellizzoni et al., 2001a). SMN binds directly with fibrillarin
and H/ACA ribonucleoprotein complex subunit 1 (GAR1), which are major components of
snoRNP assembly within the nucleolus. Mutations in SMN1 results in an accumulation of
snoRNPs outside of the nucleolus, thus implicating SMN in snoRNP processing (Pellizzoni et
al., 2001a). Loss of snoRNP chaperone protein Nopp140 within Cajal bodies is also seen in

SMA cases (Renvoisé et al., 2009).

Transcriptional Regulation

Mediated by RNA Helicase A (RHA), SMN (alongside other components of the SMN complex)
interacts with the C-terminal domain of RNA polymerase Il (RNA pol Il) (Pellizzoni et al.,
2001b). There is also evidence to support interaction of SMN with known transcription
factors, such as p53. In SMA patient fibroblasts, p53’s localisation in Cajal bodies is disrupted
due to the lack of full length SMN protein (Young et al., 2002). Transcriptional co-repressor
SIN3A also binds directly to SMN protein (Zou et al., 2004).

RNA pol lI-mediated transcription often results in formation of displaced single stranded DNA
and DNA:RNA hybrid structures, known as R-loops. These prove to be a source of genomic
instability and therefore must be resolved before they are otherwise processed to form DNA
double strand breaks. During RNA pol II-mediated transcription, the C-terminal domain of
RNA pol Il is symmetrically dimethylated by protein arginine methyltransferase 5 (PRMTS5).
This region directly binds to the Tudor domain of SMN and therefore indirectly also recruits
SMN’s binding partner Senataxin (SETX) (Yanling Zhao et al., 2016), a helicase which acts to
resolve R-loops (Skourti-Stathaki et al., 2011; Suraweera et al., 2009). This therefore places
SMN upstream of Senataxin in the process of R-loop resolution and termination of
transcription, through recruitment of the 5'-3' exoribonuclease 2 (XRN2) (Yanling Zhao et al.,

2016).

Loss of either SMN or SETX results in increased R-loop formation, therefore causing increased
levels of DNA damage (Jangi et al., 2017). In SMA cases, it is well charactered that DNA

damage levels are elevated, without disruption to DNA repair pathways (Fayzullina and
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Martin, 2016, 2014). Therefore, pointing towards genomic instability during transcription as

a cause of DNA damage in SMA cases.

MRNA Transport

The localisation and translation of specific mRNAs in SMN-deficient primary neurons are
dysregulated (Fallini et al., 2016, 2012; Rossoll et al., 2003). In a genome-wide analysis of
SMN-linked mRNA complexes, around 30% were shown to localise to neuronal axons, thus
indicating SMN’s role in axonogenesis which may be causing neuronal-specific problems in

SMA (Rage et al., 2013).

The first dysregulated transcript to be identified was a reduction in the levels of 8-Actin in the
axons and growth cones of motor neurons. Therefore, resulting in reduced growth cone size
and axonal length. Heterogenous nuclear ribonucleoprotiein R (hnRNP R) association with 8-
Actin mRNA is dependent on SMN binding to hnRNP R, together these proteins localise 8-
Actin mRNA to motor neurons (Rossoll et al., 2003). Thus, emphasising the importance of

SMN in axons of motor neurons.

HuD is another axonal specific RNA-binding protein which shows interaction with SMN (Akten
et al., 2011). SMA patient mutations can reduce this interaction, resulting in lower levels of
polyadenylated (poly(A)+) mRNA within axons of primary motor neurons, therefore indicating
an important role of SMN in axonal trafficking of mRNA (Fallini et al., 2011). HuD is important
in the process of axonal branching and dendrite formation, with HuD knockout zebrafish
models displaying similar pathological phenotypes to those seen in SMN knockout models
(Hao Le et al., 2017). Alongside HuD and SMN, IGF-Il mRNA binding protein (IMP1) has also
been implicated in RNA binding of certain transcripts important to motor neuronal function,
including 8-Actin (Kim et al., 2015), Candidate plasticity-related gene 15 (Cpg15) (Akten et al.,
2011) and growth-associated protein 43 (Gap 43) (Fallini et al., 2016). These transcripts have
been observed, in conjunction with RNA binding proteins hnRNP R and hnRNP Q, to be

associated with microtubules travelling bidirectionally along axons (Fallini et al., 2014).

Axonal colocalization of SMN and the Golgi-associated Coat Protein | (COPI) complex has also

been identified (Peter et al., 2011). SMN has been shown to bind the a-COP subunit, with
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depletion of a-COP giving rise to mislocalisation of SMN protein from axonal growth cones to
the trans-Golgi network (Ting et al., 2012). a-COP depletion has also been linked to axonal
growth defects (Custer et al., 2013; Li et al., 2015). Complimentary with the role of the COPI
complex in the trafficking of axonal mRNAs (Todd et al., 2013), together this supports the
theory that SMN is involved in neuronal mRNA trafficking required for neuronal outgrowth

and maturation.

More recently, SMA patient cells have been demonstrated to have an abnormal golgi
morphology, with patients showing a more fragmented phenotype which is restored after
SMN overexpression and dysregulated COPI-dependant trafficking. However, this did not

result in increased endoplasmic reticulum (ER) stress (Custer et al., 2019).

Translational Regulation

SMN has been demonstrated to bind polyribosomes both in vitro and in vivo independently
of RNA (Bernabo et al., 2017; Sanchez et al., 2013), with more recent research demonstrating
that SMN is a ribosome-associated protein (Lauria et al., 2020). There is also a depletion of
membrane associated ribosomes in SMA cases (Gabanella et al., 2016). By comparing the
translatome of control and SMA mice, a substantial decrease in translation efficiency was
observed within SMA cases. This corresponded to a decrease in the total levels of ribosomes

(Bernabo et al., 2017).

Out of total cellular ribosomes, a small proportion these have been shown to be SMN-primed.
These ribosomes are specifically associated with mRNAs which have been previously linked
to SMA pathology (Lauria et al., 2020). This finding may help researchers to understand better

why motor neurons are selectively sensitive in SMA disease progression.

Stress Granule Assembly

During the stress response the cell upregulates the transcription and translation of multiple
stress related genes, while simultaneously silencing other unrelated genes. This results in a
cytoplasmic pool of mRNA of which translation initiation is stalled, this dynamic structure is
assembled, maintained and dissembled by a number of mRNA binding proteins, RNPs and

protein complexes (Protter and Parker, 2016).
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SMN has been shown to colocalise with known markers of stress granules: cytotoxic granule-
associated RNA binding proteins (TIA1 and TIAR) and Rad-GTPase-activating protein (SH3-
domain) binding protein (G3BP) (Hua and Zhou, 2004; Zou et al., 2011). Known SMN-binding
partner, Fragile X mental retardation protein (FMRP) is also a component of stress granules
(Linder et al., 2008). Reduction in SMN levels, as seen in SMA patients, can increase the cell’s
sensitivity to stress through the inhibition of stress granule formation (Zou et al., 2011).
Coupled with the observation that SMN is present in stress granules prior to TIAR points

towards SMN’s function within stress granule assembly (Hua and Zhou, 2004).

1.1.5 Disease Modifying Genes

A small number of individuals with a family history of SMA can appear fully asymptomatic
despite having a homozygous mutation in the SMN1 gene and the same copy number of
SMN2 as their affected siblings (Cobben et al., 1995; Hahnen et al., 1995; Prior et al., 2004).
This therefore points to the hypothesis that other genes also have the capacity to act as
disease modifiers. Several genetic modifiers of SMA disease severity have been identified
within the literature; for example: Plastin3 (PLS3), neurocalcin delta (NCALD) and Zinc Finger
ZPR1 (ZPR1) have all been shown to have protective properties in SMA patients (Ahmad et
al., 2012; Hosseinibarkooie et al., 2016; Oprea et al., 2008; Riessland et al., 2017; Wadman et
al., 2019).

Plastin 3 (PLS3)

A gene located on the X-chromosome, PLS3’s main function is involved in F-actin binding and
bundling (Shinomiya, 2012), therefore involving the protein in all aspects of cellular function
which rely on F-actin dynamics. This can include endocytosis, neurotransmission, axonal local
translation and vesicle trafficking to name a few (Wolff et al., 2021). Plastin3 has also been
shown to form actin-containing complexes with SMN (Oprea et al., 2008). This complex is also

thought to contain hnRNP F and/or hnRNP H1/2 (Walsh et al., 2020).

An initial study in 2008 focussed on six families who together had eight female offspring that
were fully asymptomatic despite inheriting the same SMN1 and SMN?2 alleles as their male

symptomatic siblings. This study established PLS3 as a transcript which was consistently
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upregulated in these asymptomatic individuals compared to their siblings, therefore making
it a strong candidate as a SMA disease modifying gene (Oprea et al., 2008). Experimental data
shows that Pls3 overexpression can rescue axonal growth defects caused by SMN reduction.
It is thought that overexpression of Pls3 can ameliorate SMA pathogenesis through elevation
of F-actin levels which can stabilize the axonal growth cone, thus aiding axonogenesis (Oprea
et al., 2008). This has been confirmed in more recent studies which see dramatic increases in
Pls3 protein in asymptomatic patient-derived iPSCs compared to symptomatic SMA patient

cells, this protein can be seen in abundance in the growth cones of axons (Heesen et al., 2016).

Pls3 protein levels are dramatically reduced upon loss of SMN in zebrafish knockout models
(Hao et al., 2012). This appears to be regulated at a translational level. Reduced protein levels
of PIs3 have also been shown in a mouse model of SMA (Bowerman et al., 2009).
Overexpression of Pls3 results in extended life spans and reduced disease severity within SMA

mouse models (Ackermann et al., 2013; Alrafiah et al., 2018b; Kaifer et al., 2017)

These data together suggest that PLS3 is a sex-specific, disease modifier of SMA functioning
downstream of the SMN protein to stabilise axons and prevent axonal degeneration, which is

disrupted in SMA patients.

Neurocalcin Delta (NCALD)

Neurocalcin Delta (NCALD) is a neuronal calcium (Ca%*) sensor protein which is highly
conserved in mammalian species. Present in high concentrations in cerebral neurons, spinal
motor neurons and axonal growth cones (lino et al., 1998; Wang et al., 2001), NCALD is highly
implicated in endocytosis through interaction with actin and clathrin (lvings et al., 2002). This
therefore indicates NCALD’s function is important in neuronal endocytosis-dependant
mechanisms, including neurotransmitter release and axonal growth (Riessland et al., 2017).
Upregulation of NCALD during development causes inhibition of neurite outgrowth (Yamatani

et al., 2010).

Similarly to Pls3, transcriptome analysis of asymptomatic SMA patients established NCALD as
a downregulated SMA disease modifier (Riessland et al., 2017). Low levels of SMN act to

reduce voltage-dependant Ca?* influx, NCALD acts to inhibit endocytosis at low Ca?* levels.
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Therefore, downregulation of NCALD can help to restore synaptic endocytosis and normal
function. In support of this, knockdown of NCALD in SMA animal models can rescue motor
neuron growth defects, neuromuscular junction dysfunction and improve motor function

(Riessland et al., 2017).

Reductions in NCALD have been implicated in various neurodegenerative diseases, including
Alzheimer’s disease and schizophrenia (Upadhyay et al., 2019). Research demonstrates that
full knockout of NCALD proves detrimental in mouse models, while reduction in the
heterozygous mice appears to have no noticeable effect. Therefore supporting reduction of

this gene as a possible therapeutic target for SMA (Upadhyay et al., 2019).
Zinc Finger Protein ZPR1 (ZPR1)

ZPR1 was first identified as a potential SMA disease modifier through genetic linkage analysis
of nine SMA discordant families with unaffected siblings, with ZPR1 protein levels being
higher in unaffected siblings than that of those displaying symptoms of SMA (Helmken et al.,
2003). Reduced expression of ZPR1 in a mild SMA mouse model also displayed increased

disease severity (Ahmad et al., 2012).

Although its function is yet to be fully understood, ZPR1 protein interacts with SMN and is
necessary for its localisation to Cajal bodies and gems. This interaction is lost in SMA patient
cells (Gangwani et al., 2001). ZPR1 knockout mouse models proved to be embryonic lethal,
with embryos demonstrating a loss of SMN localisation to these sub nuclear structures,
alongside reduction in snRNP’s (of which SMN is responsible for the production). ZPR1
knockdown in motor neurons also displayed SMA-like pathological phenotypes, such as
growth cone defects, axonal growth reduction and increased apoptosis (Gangwani et al.,

2005).

As the homozygous ZPR17- mice proved to be embryonic lethal, the heterozygous mice were
studied in greater detail. These mice displayed neurogenerative phenotypes which led
researchers to hypothesise that the reduction of ZPR1 seen in SMA patients is exacerbating
the SMA neurodegenerative phenotypes and therefore could be a potential therapeutic

target for SMN-independent treatment of patients (Doran et al., 2006).
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Overexpression of ZPR1 in both in vitro and in vivo models of SMA displayed certain positive
effects on SMA disease phenotype’s; there was rescue axonal growth deficits of motor
neurons, prevention of R-loop accumulation, and an increase in SMN protein levels (Ahmad
et al., 2012; Kannan et al., 2020). ZPR1 has been shown to bind RNA pol Il. In addition, in vivo
association of ZPR1 and the genomic SMN locus have also been demonstrated, suggesting
that ZPR1 is a component of the core transcription complex (Kannan et al., 2020). This
therefore causes upregulation of SMN transcription, ameliorating disease phenotypes in an
SMN-dependant manner. These findings indicate the importance of ZPR1 as a protective

modifier of disease and a new therapeutic target for the treatment of SMA.

1.1.6 Treatment of SMA

Developments within SMA therapy are increasingly exciting for the whole field of motor
neuron diseases. As a disease with a clear monogenic cause which is now relatively well
characterised, SMN-dependant therapies have been at the forefront of SMA research. In
recent years, multiple ground-breaking disease modifying therapies have been approved for
SMA patients. These treatments will not only be of great benefit to the SMA community but

also set the precedent for similar therapies in other neurodegenerative diseases.

In addition to these therapies which focus on SMN-dependant mechanisms of disease,
research is ongoing into SMN-independent therapeutic strategies as well as treatments which

target pathways which are dysfunctional in disease.

SMN-dependant Therapies

The area of SMN dependant therapies is one which has been very successful in recent years.
Nusinersen®, the first clinically approved treatment for SMA, is an antisense oligonucleotide
(ASO) which binds to an intronic splice-silencing-site within the seventh intron of SMN2 to
prevent the exclusion of exon 7 from the SMN2 mRNA transcript. This therefore gives rise to
an increase in production of full length SMN and amelioration of SMA symptoms (Rigo et al.,
2012). After promising results in clinical trial phases | and Il (Chiriboga et al., 2016; Finkel et
al., 2016), multiple phase lll clinical trials were initiated, each assessing a different sub group

of SMA patients: ENDEAR assessed infants under 7 months of age with Type | SMA (Finkel et
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al., 2017), CHERISH focussed on older children (an average age of 4 years) with SMA type Il
(Mercuri et al., 2018), and finally NURTURE studied presymptomatic infants under 6 weeks of
age with only 2 or 3 copies of SMN2 (De Vivo et al., 2019). After significant improvement in
all cases, the treatment was approved for clinical use. However, as an ASO this treatment is
unable to cross the blood brain barrier (BBB) and so must be administered through lumbar
puncture, an invasive and expensive procedure. It is also short-lived and therefore requires

repeat doses.

Alternative therapies revolve around small molecules (e.g. Risdiplam®) which can act in a as
a splice modifier of SMN2, similarly to Nusinsersen®. However these drugs are capable of
crossing the BBB and therefore can be taken orally daily by the patient to increase full length
SMN, providing a safer and more user friendly treatment option (Poirier et al., 2018; Singh et
al., 2020). Risdiplam® received approval in 2020 to be administered to SMA patients of all
ages (Dhillon, 2020).

Gene therapy for SMA has shown great promise in pre-clinical studies for several years
(Benkhelifa-Ziyyat et al., 2013; Foust et al., 2010; Meyer et al., 2015; Valori et al., 2010). Still
in its infancy, adeno-associated virus (AAV)-mediated gene therapy has previously not been
approved for clinical use. Zolgensma® is a self-complimentary AAV9 (scAAV9) vector which
contains the full length SMN gene. AAV9 has a strong tropism to the central nervous system
(CNS), therefore meaning that the treatment can be injected intravenously and it will cross
the BBB. Initial clinical trials with SMA type | patients demonstrated an unprecedented
improvement in motor function and survival (Al-Zaidy et al., 2019), and so became approved
for clinical use in patients under 2 years of age in 2019 (Hoy, 2019). Due to AAV’s tropism for
the liver, elevated levels of liver enzymes have been observed in patients administered this
treatment, and so corticosteroid use is advised alongside treatment to prevent long term

damage (Hoy, 2019; Mendell et al., 2017).

The extent to which these SMN-dependant therapies have a positive effect on SMA patients
depends on the stage at which they are administered. For many patients, they offer a means
to prevent further deterioration in motor function and a maintenance of quality of life rather
than a restorative therapy. However, if treated early enough in the disease course, patients

can retain much of their motor function (De Vivo et al., 2019; Finkel et al., 2016). This
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highlights the importance of routine new-born screening for genetic disorders, as pre-
symptomatic diagnosis of SMA gives individuals the best outcomes for treatment (Hensel et

al., 2020).

SMN-independent therapies

Due to the multi-systemic nature of SMA, non-SMN related therapies may provide a

therapeutic benefit to SMA patients.

Olesoxime is a small molecule which is known to act as a neuroprotective agent and was a
potential therapy for type Il and Ill SMA. Phase Il clinical trials demonstrated that there was
no adverse effects from Olesoxime treatment and motor function was preserved in patients
(Bertini et al., 2017). However, long term follow up of this treatment did not lead to a
significant benefit for these patients and so this was dropped as a potential SMA treatment

(Muntoni et al., 2020).

Another avenue of therapy is through stimulation of muscle growth and function. Myostatin
inhibitors are a group of molecules which prevent myostatin from functioning in its normal
role to inhibit muscle over-growth within skeletal muscle. SRK-015 has demonstrated
increased muscle function and mass in SMA mouse models (Long et al., 2019), a clinical
variant is currently in development with Phase Il clinical trials showing it is safe to use (Barrett

et al., 2021).

Fast Skeletal Muscle Troponin Activators (FSTA)’s are another group of therapy’s which target
muscle weakness and neuromuscular dysfunction. CK-2127107 has been shown to be a safe
therapy in its initial clinical trial data (Andrews et al., 2018), data from clinical trials involving
SMA patients is still pending. Preliminary data from interim analysis indicate positive effects

of this drug (Schorling et al., 2020).
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1.2 GLE1: Potential new disease modifying gene

GLE1 is an essential gene which is highly conserved across species. In humans the GLE1 gene
is comprised of 16 exons which gives rise to two splice isoforms, named hGlelA and hGle1B.
The full coding region of the gene, consisting of 698 amino acids, is present in the hGlelB
while the hGlelA isoform is lacking a 43-amino acid region at the C-terminal domain. In

addition hGlelA ends in a unique four amino acid sequence (Kendirgi et al., 2003) (Fig 1.3).

Initial studies in Hela cells (Kendirgi et al., 2003), which have since been confirmed (Rayala et
al., 2004), demonstrate that the hGle1B isoform is around 1000 times more abundant than
hGlelA, making this the predominant isoform. Visualisation of GFP tagged isoforms has
shown that these two isoforms differ in their localisation: comparison with wildtype hGlel
demonstrated that GFP-hGle1B localised at the Nuclear Pore Complex (NPC) similarly to the
endogenous protein, with GFP-hGlelA being more diffuse within the cytoplasm (Kendirgi et
al., 2003; Rayala et al., 2004).

The differing localisations of Glel isoforms therefore point towards a range of roles for human
Glel. hGlelb localises to the NPC through interaction with Nup42 (also known as hCG1) (Lin
et al.,, 2018) and Nup155 (Rayala et al., 2004), these interactions can occur on both the
nucleoplasmic and cytoplasmic faces of the NPC due to the abundance of these nucleoporins
and Glel’s ability to shuttle between the nucleus and the cytoplasm (Kendirgi et al., 2005;
Rayala et al., 2004). hGlelb has been shown to be required for nuclear export of poly(A)+
mMRNA and coordination of transcriptional termination (Kendirgi et al., 2005; Sharma and
Wente, 2020). Cytoplasmic hGlelA has been shown to be required for stress granule

formation and initiation of translation (Aditi et al., 2019, 2015).

Studies into Glel have placed it as a modulator of Dbp/DDX (or DEAD-box) proteins. DEAD-
box proteins are a family of RNA helicases which are regulated through ATP binding and
hydrolysis thus changing their affinity for binding single and double stranded RNA
(Jarmoskaite and Russell, 2011). N- and C-terminal extensions confer specificity of each DEAD-
box protein to different functional protein or RNA targets, with humans having 37 different
family members and 26 in S.cerevisiea (Gilman et al., 2017). Therefore giving each DEAD-box

protein different functions in remodelling mRNP complexes, rearrangement of RNA or
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forming/separating single or double stranded RNA (Jarmoskaite and Russell, 2011). Glel
appears in many processes to bind to the DEAD-box protein to modulate its ATPase activity,
with the C-terminal region of hGlel responsible for DEAD-box protein modulation (Folkmann

et al., 2013) (Fig 1.3).

Mutations within the GLE1 gene have been shown to be responsible for severe embryonic
motor neuron diseases (Lethal Congenital Contracture Syndrome (LCCS1) and Lethal
arthrogryposis with anterior horn cell disease (LAAHD)), as well as Amyotrophic Lateral
Sclerosis (ALS) (Kaneb et al., 2015; Nousiainen et al., 2008). The most severe of these
mutations occurring within the coiled-coil domain of hGlel, this region is responsible for self-
association alongside an aggregate prone N-terminal region. Disruptions to this process result
in a mislocalisation of Glel protein and deficient Glel mediated processes (including mRNA

export and stress granule dynamics) (Mason and Wente, 2020).
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Figure 1.3: Genetic and protein structure of GLE1. Genetic structure of the human GLE1 gene
displaying its 16 exons. Human isoforms of the protein showing the protein domains: The N-
terminal hNup155 binding domain which targets the protein to the NPC; The coiled coil
domain which is responsible for protein-protein interactions; The shuttling domain which has
a role in nucleocytoplasmic transport; The Nuclear localisation domain and the C-terminal
hCG1 domain which is only present in the hGle1B isoform and is also involved in targeting the
protein to the NPC. Stars correspond to locations of mutations seen in LCCS1 (black), LAAHD
(blue) and ALS (red) patients. Figure is adapted from (Nousiainen et al., 2008), (Kaneb et al.,

2015) and (Mason and Wente, 2020). Figure created with biorender.com.
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1.2.1 Nuclear Pore Complex

The NPC is one of the main routes of RNA nuclear export, this structure is remarkably
conserved across all species of eukaryote both in structure and the proteins of which it is

made, therefore demonstrating the evolutionary importance of this structure.

Each NPC is made up of thirty different nuclear pore proteins (nucleoporins) (Cronshaw et al.,
2002). This group of proteins can be subdivided into three categories due to their chemical
structures and roles within the NPC. The first of these being phenylalanine-glycine (FG)
nucleoporins, these are rich in Phe-Gly repeat residues and act within the channel to facilitate
active transport via direct interactions with soluble transport receptors. Nucleoporins that
are lacking these FG repeats are important structural components of the NPC. Finally, the
third variety are membrane proteins known as Nups which act to anchor the NPC within the

nuclear membrane (Kéhler and Hurt, 2007).

Scanning electron microscopy has helped to elucidate the structure of the NPC, again
demonstrating the conservation across multiple eukaryotic species (Akey and Radermacher,
1993; Beck et al., 2004; Bui et al., 2013; Hinshaw et al., 1992; Kim et al., 2018). The core
structure of the NPC is an eightfold symmetrical ‘spoke complex” which spans the nuclear
membrane. The interior of this structure forms the central transporter component of the NPC
where proteins and complexes can be actively transported through specific interactions with
the FG-repeat motifs (Kim et al., 2018; Stanley et al., 2017). This inner ring appears to be the
region of the NPC which is most conserved between species (Obado et al., 2016). Two outer
rings fuse together the inner and outer nuclear membranes and together with the inner ring
form the central domain of the NPC (Alber et al., 2007). Attached to this core domain is a
‘basket’ like structure formed from eight rod shaped filaments which extend out into the
nucleoplasm, eight cytoplasmic filaments reach into the cytoplasm of the cell. The majority
of nucleoporins can be seen across the inner and outer structures symmetrically however
there are certain proteins specific to each domain; these nucleoporins appear to have roles
in the directional transport of molecules through the NPC (Hautbergue, 2017; Kohler and
Hurt, 2007).
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There are a number of important differences between the NPCs across eukaryotic species:
the yeast NPC is much smaller than that of the vertebrate (50 mDa compared to 125 mDa)
(Kim et al., 2018; Reichelt et al., 1990). Duplications appear in more evolutionarily advanced
species, with both the inner and outer rings being expanded in vertebrates as compared to
yeast, therefore explaining the difference in molecular weight. Human NPCs also have
additional copies of certain Nups connecting the rings together (Nup157 or Nupl70 is

demonstrated to connect the outer and inner rings in humans) (Kim et al., 2018).

1.2.2 Roles of Glel

Much of the preliminary research into the role of Glel was undertaken utilising the yeast
Saccharomyces cerevisiae. Research into sequence homology between the human and yeast
proteins demonstrated that the human orthologue does not contain the same leucine-rich
nuclear export sequence seen in the yeast protein. Combined with the presence of two
isoforms of human Glel compared to the one seen in yeast, indicates that the mechanism by
which these proteins function may have evolved as systems became more complex.
Regardless of this, the structural and functional similarities between much of the remaining
regions of the gene across species still warrants the use of yeast as a tool in elucidating the
role of Glel in RNA processing (Watkins et al., 1998). In this section, | will review the pathways
as they were studied in yeast (S.cerevisiea), before comparing how they differ in humans. A
list of the names of the genes and protein isoforms in yeast and humans can be seen in Table

1.1. A summary of the roles which hGlel has been established in can be seen in Figure 1.4.

Table 1.1: Genes which are studied in both yeast and human functions of Glel

S.cerevisiea Humans

Glel hGlel

Dbp5 DDX19

Nup42 NUP42 (hCG1)
Nup159 NUP214 (CAN)
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Figure 1.4: Current knowledge of Gle1’s roles in humans. (A) hGlelb modulates DDX1 in the
cleavage of pre-mRNA by CstF-64, resulting in termination of transcription. DDX19B is
implicated in R-loop resolution independently of hGlelb. (B) hGle1b activates DDX19B to
bind RNA and export it through the nuclear pore complex (NPC). Inositol hexakisphophate
(IP¢) binds Glel to activate the ATPase activity of DDX19B. (C) hGlelb is anchored to the
cytoplasmic fibrils of the NPC by NUP155 and NUP42. DDX198B is anchored to the
cytoplasmic fibrils by NUP214 and NUP42. Both hGle1lb and DDX19B shuttle between the
nucleus and the cytoplasm. (D) hGlelA is involved in stress granule formation in response to
stress. Upon stress response, hGle1A activates DDX3 activity to silence translation and form

stress granules. Phosphorylation of hGlelA by the Mitogen Activated Protein Kinase (MAPK)
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and glycogen synthase kinase 3 (GSK3) pathways result in no activation of DDX3 and so
stress granules disassemble, causing translation to resume. Figure created with

biorender.com.

MRNA Export

Early studies demonstrated that Glel is necessary for the export of poly(A)+ RNA in cell
culture (Murphy and Wente, 1996; Strahm et al., 1999; Watkins et al., 1998). It has since been
established that hGlel’s nucleocytoplasmic shuttling activity is conferred by a 39-amino acid
region (Kendirgi et al., 2003). This shuttling activity also means that hGlel is a transient
component of the NPC rather than being part of its stable conformation as previously thought
(Kendirgi et al., 2003). Proteomic analysis supporting this alternative theory shows that hGlel
is not identified in an evaluation of NPC components despite showing association with all

other known nucleoporins (Cronshaw et al., 2002).

Dbp5 (DDX19B in humans) is an ATP-dependant DEAD-box protein which is required for
poly(A)+ RNA export (Tseng et al., 1998). Initial yeast studies demonstrated that Dbp5
continuously shuttles between the nucleus and cytoplasm, displaying interactions with Glel
(Hodge et al., 1999). In addition, further study demonstrated that Dbp5 interacts with mRNA
during the process of transcription as part of the transcriptional complex (Estruch and Cole,

2003; Zhao et al., 2002).

Inositol polyphosphates (InsPs) are a group of small, soluble molecules which undergo
multiple rounds of hydrolysis and phosphorylation. They have been heavily implicated in the
export of mMRNA from the nucleus, with cytoplasmic inositol hexakisphosphate (IPs) being

required for Glel-mediated mRNA export in S.cerevisiea (Miller et al., 2004; York et al., 1999).

IPs-bound Glel acts to stimulate Dbp5’s ATPase activity. Dbp5 alone has weak enzymatic
ability and so is unable to bind mRNA effectively. Presence of Glel causes a significant
increase in Dbpb5 activity, suggesting that activation of Dbp5 at the NPC by Glel is required to
export mRNA from the nucleus (Alcdzar-Roman et al., 2006; Weirich et al., 2006). Dbp5 is

recruited to the NPC by Nup159 binding (Schmitt et al., 1999). This interaction is necessary to
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control Dbp5’s activation by IPs-bound Glel. Nup159 binding causes release of Dbp5-bound
ADP, the ATPase activity of Dbp5 is then stimulated by Glel-1Ps and so activates Dbp5 for RNA
loading (Noble et al., 2011). This conformational shift allows multiple messenger
ribonucleoprotein (MRNP) molecules to be remodelled and exported successfully by a single

Dbp5 enzyme at the NPC (Folkmann et al., 2011; Noble et al., 2011).

In humans, spatial regulation of this process is controlled through a variety of interactions: A
sequence of 29-amino acids at the N-terminal of hGlel recognises Nupl55 and aids
localisation of Glel to the NPC. Cells which are lacking hGle1B display mRNA export defects
(Aditi et al., 2015), indicating that this interaction alone is not sufficient to recruit both isoform
hGlelA and hGlelB to the NPC (Rayala et al., 2004). Therefore, this spatial regulation is reliant
upon the C-terminal domain specific to hGlelb as a second binding region. This 43 amino acid
sequence binds to Nup42 (also known as hCG1 in humans) and localises hGle1B to the NPC
(Kendirgi et al., 2005). In yeast, Nup42 and Nup159 not only bind to Glel and Dbp5 but
through phenylalanine-glycine (FG) repeat domains they act to position the mRNP in
preparation for the remodelling activity of Dbp5 (Adams et al., 2014), however this function

is yet to be confirmed in humans.

Evolutionary conservation within this pathway in yeast and humans has been shown though
research showing that in the presence of IPs, a Nup42-Gle1-Dbp5 trimeric complex is formed.
This acts to stimulate the activating effect of Glel on Dbp5, rather than just being for

localisation to the NPC (Adams et al., 2017).

In contrast, more recently it has been shown that in humans Glel stimulation of DDX19 does
not require IPe. This indicates structural changes between yeast Dbp5 and human DDX19 in
which the IPs coordinating residues have been lost. This results in a lack of IPs seen in crystal
structures of Gle1l-Nup42-DDX19 (Lin et al., 2018). This study also implicates Nup42 as an
important modifier of Glel thermostabilty. GLE1 mutations seen in human disease
demonstrated instability at 37 °C, where the severity of the disease correlated with the level
of thermoinstabilty observed (Lin et al., 2018). They therefore attribute the changes in
activation levels seen in the previous paper to changes in Glel thermostability rather than
direct effects of IPs binding. The 2017 paper by Adams and colleagues also focusses much

more on the S.cerevisiae model rather than human cells, demonstrating where the pathways
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may have diverged during evolution. More research is required to fully understand whether

IPs is still involved in this pathway in humans.

Makorin-2 (MKRN2) is a RNA-binding E3 ubiquitin ligase which has been found to be a
negative regulator of Glel-mediated RNA export, with evidence that MRKN2 binds RNA, Glel
and Nup42 (Wolf et al., 2020).

Translation Regulation

Multiple studies have identified additional roles for Dbp5, Glel and IPs which are unrelated
to their function in mRNA export (Bolger et al., 2008; Gross et al., 2007). In studies using yeast,
it has been evidenced that Glel is involved in both the initiation and termination of
translation. During the termination of translation Glel has been shown to interact with the
termination factor Sup45/eukaryote release factor 1 (eRF1). Glel mutants also show defects
in both of these processes confirming that this protein is necessary for these actions (Bolger
et al., 2008). Dbp5 has also been implicated, alongside Glel, in recruitment of eRF1 through
MRNP remodelling in order to allow correct binding of the proteins and thus an efficient
termination (Gross et al., 2007). Glel is the main target of IPs and this association is seen to
be necessary to regulate termination of translation as well as mRNA export, thus also making
IPs necessary in the activation of Dbp5 activity during both of these processes (Alcazar-Roman

et al., 2010).

Initiation is carried out through associations between Glel and subunits of eukaryotic
initiation factor 3 (elF3). Unlike termination, translation initiation is regulated solely by Glel,
with mutations in IPs and Dbp5 having no impact on this process. Therefore demonstrating
that Glel has additional solo functions (Bolger et al., 2008). It was later found that this is due
to the ability of Glel to modulate another DEAD-box protein: Ded1 (DDX3 in humans). In
contrast to its effect on Dbp5, Glel acts to directly inhibit Ded1 ATPase activity independent
of IPs (Bolger and Wente, 2011). Depending on the condition, Ded1 can act to either promote
translation when active or when inactive it can repress this pathway. Excess levels of Ded1
can also repress translation. Glel therefore acts as a modulator of Ded1 which can fine tune

the rate of translation depending on the situation (Aryanpur et al., 2017).
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In humans, polysome profiling of cells treated with siRNA against hGlel demonstrated an
increased monosome (80S) peak alongside reduced polysomes, as is also observed in yeast
Glel depleted cells, therefore indicating that Glel’s role in translation initiation is conversed
in humans (Aditi et al., 2015). Interaction of hGlel with DDX3 was also confirmed to be
conserved, with translation defects seen in Glel depleted cells being rescued by DDX3

overexpression. Thus, implicating hGlel in DDX3 modulation of translation (Aditi et al., 2015).

Stress Granule Formation

The human Glela isoform of the gene is not necessary for mRNA transport and therefore has
distinct cellular roles to hGlelb (Aditi et al., 2015). As explained previously, Yeast Glel
modulates the expression of DEAD-box protein Ded1 and interacts with translation initiation
factor elF3 and also functions in translation termination (Bolger et al., 2008; Bolger and
Wente, 2011). Due to the dynamic and closely linked nature of translation regulation and
stress granules, it was investigated whether hGlela’s role was related to these pathways
(Aditi et al., 2015). Upon cellular stress it could be seen that hGlela was recruited to stress
granules. Depletion of hGlel lead to impaired formation of stress granules and increased
translation during a stress response, thus implicating Glel in the assembly of stress granules
(Aditi et al., 2015). This process is thought to be as a result of Glela’s ability to modulate
activity of DDX3 to distribute mRNPs between translation and stress granule formation (Aditi

et al., 2015).

More recently, it has been demonstrated that hGlela’s phosphorylation state can influence
stress granule formation. Glela is hyperphosphorylated in response to cellular stress, and this
acts to modulate stress granule dynamics. Basally phosphorylated Glela self-associates and
promotes stress granule assembly through DDX3 activation. Mitogen activated protein kinase
(MAPK) and Glycogen synthase kinase 3 (Gsk3) activity, triggered by cellular stress, causes
phosphorylation of Glela. This phosphorylation state inhibits DDX3 ATPase activity and

therefore causes stress granule disassembly (Aditi et al., 2019).

hGlel oligomerization, through the coiled coil and N-terminal aggregate prone region, has
been shown to be required for regulation of stress-related translation and stress granule

formation (Mason and Wente, 2020).
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The survival of cells once exposed to toxic stressors, such as sodium arsenite, has also been
shown to be dependent on hGlela. Depletion of Glela resulted in reduced survival while
overexpression showed increased survival rates. This therefore supports hGlela’s role in

stress granule dynamics (Glass and Wente, 2019).

Nuclear Roles of hGlelb

At the time this PhD was started, very few nuclear roles for Gle1 had been investigated. During
this PhD project new roles for hGlel have been described, such as hGlelb’s role in the

termination of transcription.

DDX19B was recently implicated in the resolution of DNA damage associated R-loops formed
during replication and transcription of RNA, therefore maintaining genomic integrity.
Depletion of DDX19 in mammalian cells correlated with an increase in R-loops, this increase
was shown to be significantly higher than that of depleted Glel (Hodroj et al., 2017a). Upon
DNA damage DDX19 re-localises to the nucleus from the NPC and resolves R-loops,
independent of other known R-loop helicases (e.g. SETX). This study implicates DDX19 in the
resolution of R-loops through Ataxia-telangiectasia-mutated-and-Rad3-related kinase and its
downstream effector Checkpoint Kinase 1 (ATR-Chkl pathway), therefore linking the
processes of MRNA nuclear export, transcription and replication stress (Hodroj et al., 20173,

2017b).

Additional research into depletion of Glel and DDX19 demonstrated that downregulation of
these proteins resulted in increased levels of DNA damage marker yH2AX, with Gle1 showing
the most significant increases. Evaluation of cytoplasmic mRNA following siRNA knockdown
identified specific subsets of mMRNA showing changes, among others there was a decrease in
expression of DNA repair factors, again with Glel showing the most prominent effects
(Okamura et al., 2018). There were also mitotic progression defects seen in cells depleted of
Glel, but not DDX19, with a specific deficit at the G2/M progression checkpoint related with
DNA damage. In addition there was evidence of scattered chromosomes, indicating that
spindle and centrosome formation was impaired (Okamura et al., 2018). Glel has been shown
to be localised to the centrosome and basal bodies, localising at the centriole around G2/M

phase of the cell cycle, with depletion of Glel resulting in microtubule dysfunction (Jao et al.,
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2017). Therefore, indicating an additional nuclear role specific to hGlelb which is unrelated

to its role as an activator of mRNA nuclear export.

The theory of Glel being involved in DNA damage pathways was evaluated by Sharma and
colleagues. Upon disruption of Glel shuttling between the nucleus and cytoplasm, they
observe an increase in R-loop staining within the nucleus. However, they discount the role of
Glel within the DNA damage response due to the lack of yH2AX staining seen when Glel
shuttling is blocked. This therefore suggests that the increase in R-loops observed is linked to
the process of transcriptional termination where R-loops can form due to the disruption to

pre-mRNA cleavage processes (Sharma and Wente, 2020).

Multiple DEAD-box proteins are implicated in the process of transcriptional termination;
DDX1 coordinates pre-mRNA cleavage alongside Cleavage stimulation factor (64kDa subunit)
(CstF-64) (Bléoo et al., 2001). DHX9 (also known as RNA Helicase A) and SETX are responsible
for the termination of transcription through removing R-loops (Chakraborty et al., 2018;
Skourti-Stathaki et al., 2011). The process by which these enzymes coordinate was still
unanswered, combined with an undetermined nuclear role for hGlel researchers decided to
investigate whether Glel could be involved in the modulation of these factors (Sharma and

Wente, 2020).

Co-localisation between Glel and DDX1 and R-loops was observed through proximity ligation
assays (PLA). Upon blockage of Glel shuttling between the nucleus and cytoplasm, the
colocalization of Glel and DDX1, as well as interaction of DDX1 and CstF-64, were reduced.
Therefore, indicating that Glel is required for DDX1 association with CstF-64. When Glel is
prevented from shuttling mRNA cleavage is therefore disrupted, causing elongated 3’-UTRs
of mRNAs by prolonged contact with RNA pol Il. Transcripts which are modulated by Glel are
specifically prone to R-loop formation during transcription, explaining the increase in R-loop
staining when Glel shuttling is blocked. This role of Glel in transcription termination is

independent of DDX19B (Sharma and Wente, 2020).
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1.2.3 Mutations within GLE1

Table 1.2: Mutations within the GLE1 gene that have been implicated in disease. The paper

in which each mutation was first characterised have been referenced. In some cases, a

predicted effect of the mutation was not suggested.

Mutation

FinMajor

T144 _E145insPFQ

p.R569H

p.R569H

p. V617M

p. V617M

Disease

LCCS1

LAAHD

(heterozygous

With Finmajor)

LAAHD

(homozygous)

LAAHD

(heterozygous

With Finmajor)

LAAHD

(homozygous)

Position
and
nucleotide
change
c.432-
10A>G

c.1706G>A

c.1706G>A

€.1849G>A

€.1849G>A

Type of Predicted
mutation and  effect
region

effected

3 new amino Disrupts

acids in the the coiled

coiled coil coil domain
domain

(intron 3)

Point Likely to

mutation in damage

exon 12. R to the C-

H substitution  terminal
domain
structure

Point Likely to

mutation in damage

exon 12. R to the C-

H substitution  terminal
domain
structure

Missense

point

mutation in

exon 13

Missense

point

mutation in

exon 13

Reference

(Nousiainen

et al., 2008)

(Nousiainen

et al., 2008)

(Ellard et al.,
2015)

(Nousiainen

et al., 2008)

(Ellard et al.,
2015)
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p.1684T

p.1684T

p.[Ser693Phe]

p.[Arg569His]

p.[Arg584Trp]

p.[D34_K107del]

LAAHD C.

2051T>C
(heterozygous

With Finmajor)

LAAHD C.

2051T>C
(homozygous)
LAAHD €.2078c>t
(homozygous)
LAAHD c.1706G>A
(heterozygous
with

p.[Arg584Trp])

LAAHD c.1750C>T
(heterozygous

with

p.[Arg569Trp])

LAAHD ¢.100-
(heterozygous 7_100-
with 3delTCTCT

p.[V238 Nfs*2])

Missense
mutation in

exon 16

Missense
mutation in

exon 16

Exon 16

Exon 12

Exon 12

In frame
deletion of 74
amino acids in

exon 2

Likely to (Nousiainen
damage et al., 2008)
the C-
terminal
domain
structure
Likely to (Paakkola et
damage al., 2017)
the C-
terminal
domain
structure
(Said et al.,
2017)
(Said et al.,
2017)
(Said et al.,
2017)
Decrease (Smith et al.,
the 2017)

strength of
splice
acceptor
site in exon
2/increase
change of

exon

skipping
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p.[V238_Nfs*2]

p.[Arg603Leu]

p.[Arg603Leu]

p.[Gly666Val]

p.S70X

hGlel-1VS14-
2A>C

p.R697C

LAAHD
(heterozygous

with

p.[D34_K107del])

LAAHD
(heterozygous
with
p.[Gly666Val])
LAAHD

(homozygous)

LAAHD
(heterozygous
with
p.[Arg603Leu])
ALS

ALS

ALS

c.1882-
2A>G

c.1808G>T

c.1808G>T

c.1997G>T

c.209C>A

c.1965-
2A>C

€.2089C>T

Exclusion of

exon 14

Nonconservati
ve amino acid
Substitution in
exon 12/13
Nonconservati
ve amino acid
Substitution in
exon 12/13
Conservative
amino acid
substitution in
exon 16
Nonsense
mutation in
exon 2

Splice site
mutation in

intron 14

Missense
mutation in

exon 16

Abolish
exon 14
splice
acceptor
site
Disrupts
IP6 binding

Disrupts IPg

binding

Disrupts C-
terminal

domain

Novel 88
amino acid
domain
replaces
hCG1
binding

domain

(Smith et al.,

2017)

(Tan et al.,

2017)

(Cerino et

al., 2020)

(Tan et al.,

2017)

(Kaneb et al.,

2015)

(Kaneb et al.,

2015)

(Kaneb et al.,

2015)
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LCCS1/LAAHD

Lethal congenital contracture syndrome 1 (LCCS1) is an autosomal recessive condition which
occurs during gestation and leads to prenatal death. Paralysis of the foetus arises from a lack
of skeletal muscle, anterior horn neurons and severe atrophy of the ventral spinal cord (Herva
et al., 1985). Lethal arthrogryposis with anterior horn cell disease (LAAHD) is a milder,
clinically similar phenotype with overlapping neuropathological and fetal akinesia
deformation sequence phenotypes with LCCS1 thus indicating a common origin between
these two disorders (Nousiainen et al., 2008; Vuopala et al., 1995). This has since established
to be a result of mutations within the GLE1 gene (Makela-Bengs et al., 1998; Nousiainen et

al., 2008) (Table 1.2, Fig 1.3).

Mutations linked to LCCS1

Sequence analysis of Finnish patient genomes allowed the specific mutation to be identified:
a homozygous A to G substitution (c.432-10A>G) within the third intron of GLE1, referred to
as Finmajor. The resulting effect of this substitution is an illegitimate splice acceptor site, giving
rise to an additional three amino acids (proline, phenylalanine and glutamine;
T144_E145insPFQ) being inserted within the coiled coil domain of the gene (Nousiainen et al.,
2008). This region of the protein is important as this allows self-association, giving rise to
multimers and disk-like structures in vitro. Therefore, when this region is mutated, these
structures cannot form correctly. In vitro (Hela cells) the mutated Finmajor protein disrupts
mMRNA export and displays less efficient nucleocytoplasmic shuttling than WT Glel (Folkmann

et al., 2013), thought to be a result of this misfolding.

Fluorescently tagged GFP-Glel proteins have also demonstrated a significant loss of NPC
localisation in the presence of LCCS1 and LAAHD causing mutations, thus indicating that
defects during the mRNP remodelling process can have disease-causing effects (Folkmann et

al., 2014).

Functional characterisation through animal models is an area of GLE1 research which hasn’t

been very well explored. This is in part due to Glel’s essential role in RNA nuclear export,
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therefore knock out models result in a phenotype causing prenatal death. Thus, meaning that

behavioural and post-natal functional consequences of losing this gene cannot be studied.

An example of a GLE1 knockdown model was shown using zebrafish containing both a GLE1
insertional mutant and ASO knockdown. This model successfully demonstrated that
disruption of GLE1 function resulted in a comparable phenotype to that seen in LCCS1 patient
foetuses. These embryos could be identified from their wildtype siblings from a phenotype
which could be seen from two days post fertilisation (dpf). However, as in human LCCS1
patients, the maximum survival was 9 dpf (Jao et al., 2012; Seytanoglu et al., 2016). In contrast
to the initial hypothesis proposed in earlier papers (Nousiainen et al., 2008), suggesting that
the phenotype seen in LCCS1 is due to problems during motor neuron development from
dysfunctional mRNA processing. This model demonstrates that a deficit of Glel impacts the
rapidly dividing neuronal precursors rather than post mitotic motor neurons. It is proposed
that this could instead be due to the required high rate of protein synthesis not being met
because of insufficient Glel activity (Jao et al., 2012). This zebrafish model also displayed a
reduced number of spinal cord motor neurons and abnormal arborisation of motor axons (Jao

et al., 2012).

Utilisation of the zebrafish disease model has also allowed researchers to evaluate the health
of other cell populations besides motor neurons. In other forms of LCCS, causative genes
known to be implicated in the development and function of Schwann cells (Seytanoglu et al.,
2016). For example; Erb-B2 Receptor Tyrosine Kinase 3 (ERBB3) — the gene known to cause
LCCS2 (Narkis et al., 2007) - has been shown to be important in multiple animal models for
the survival, migration and proliferation of Schwann cells (Lyons et al., 2005; Riethmacher et
al., 1997). A gene expression study, using LCCS foetus spinal cord, demonstrated that there
was oligodendrocyte dysfunction present in patient populations (Pakkasjarvi et al., 2006).
Studies using zebrafish glel-/- mutant embryos showed that defective Schwann cell
development was observed despite normal expression of myelin basic protein, therefore
indicating that Glel is required for the formation of myelinated Schwann Cells (Seytanoglu et
al., 2016). They hypothesise that this could be due to Glel’s role in the export and/or
transport of myelin basic protein mRNA within differentiating Schwann cells (Seytanoglu et

al., 2016).
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Mutations linked to LAAHD

Lethal arthrogryposis with anterior horn cell disease (LAAHD) is a disease which possesses a
clinical phenotype similar, yet milder, to that of LCCS1 resulting in perinatal death (Vuopala

et al., 1995).

To investigate whether these disorders have a common origin a mutation screen was carried
out: of the 12 patients evaluated, all were heterozygous for the Finmajor mutation responsible
for LCCS1. Therefore, demonstrating that there was a clear genetic overlap between the two
diseases with the greater severity of LCCS1 arising from homozygosity of the Finmajor mutation
affecting the coiled coil domain, while heterozygotes still possess one functional isoform of

the gene which can act to compensate.

Alongside this Finmajor mutation, half the patients possessed a missense point mutation within
exon 13 (c.1849G>A, p.V617M) and the other a missense mutation within exon 16 (c.2051T>C,
p.1684T) (Nousiainen et al., 2008). These mutations are hypothesised to have an effect on the
C-terminal domain of Glel and therefore affects localisation to the NPC, especially in the case
of the p.1684T mutation as this disrupts the Nup42 binding domain of the protein (Kendirgi et
al., 2003; Nousiainen et al., 2008).

More recently, cases of individuals who are homozygous for these mutations have been
identified. Two Finnish siblings who were clinically diagnosed with LAAHD after birth were
found to have a homozygous p.I1684T mutation in GLE1, postmortem studies carried out using
patient fibroblasts showed significant mislocalisation of Glel protein with decreased amounts
in the nucleus as compared to control fibroblasts. Therefore supporting the previous
hypothesis that this localisation is important to correct function of Glel (Paakkola et al.,

2017).

To date, genetic analysis of many LAAHD patients have been carried out in order to identify
multiple other mutations occurring within the GLE1 gene (Table 1.2, Fig 1.3) (Cerino et al.,
2020; Said et al., 2017; Smith et al., 2017; Tan et al., 2017; Yates et al., 2020). In contrast to
previous studies, these mutations are found to occur in a heterozygous manner with each

other, but not however with Finmajor. The conservation of the coiled coil domain of Glel in
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both isoforms is thought to result in less severe symptoms and prolonged survival (Said et al.,
2017). It has been suggested that this extended survival could be attributed to early medical
care, including tracheostomy and ventilation (Tan et al., 2017), however, it raises the question
whether these mutations should be grouped separately as a GLEI-associated disease (Said et
al., 2017; Smith et al., 2017). Although this is disputed as so few patients have demonstrated
this prolonged survival (one in each case) and so to categorise them separately may make
clinical diagnoses more complicated (Paakkola et al., 2017). Four more patients displaying

increased survival past 6 months have also recently been diagnosed (Yates et al., 2020).

In recent studies, two siblings have been observed with a homozygous c¢.1808G>T
[p.(Arg603Leu)] mutation (Cerino et al., 2020), which had only previously been observed
alongside the ¢.1997G>T [p.(Gly666Val)] mutation (Tan et al.,, 2017). This homozygous
mutation gave rise to a clinically milder disease than seen previously and was predicted to be
within the domain of the protein which is responsible for IPs binding. Therefore, perhaps
giving some indication into which protein domains are more essential than others (Cerino et

al., 2020).

Amyotrophic Lateral Sclerosis

The most prevalent form of MND is amyotrophic lateral sclerosis (ALS) which is characterised
by a relentless neurodegeneration of upper and lower motor neurons, thus resulting in
muscle weakness and atrophy causing progressive paralysis, eventually leading to death. The
cause of ALS is still largely unknown with 90% of cases occurring on a sporadic basis. There is,
however, some genetic overlap with between both sporadic and familial forms with
mutations demonstrated to be present in multiple genes including: superoxide dismutase
(SOD1), TAR DNA-binding protein 43 (TDP-43), fused in sarcoma (FUS) and chromosome 9
open reading frame 72 (C90ORF72) (Renton et al., 2013). A hallmark of these genetic mutations
is the aggregates that they form (Ling and Song, 2010; Neumann et al., 2006). These proteins
are all DNA/RNA-binding proteins implicated in numerous stages of RNA metabolism,
indicating that dysfunction in the processing of RNA could be causative in the degeneration
of motor neurons (Ling and Song, 2010). Mutations within the C9orf72 gene have also been
hypothesised to result in ALS due to RNA-mediated toxicity or haploinsufficiency (Delesus-

Hernandez et al., 2011).
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Mutations linked to ALS

As Glel plays a crucial role in the export of RNA from the nucleus, genomic DNA from 933 ALS
cases (both sporadic (760) and familial (173)) was evaluated for mutations within GLE1
compared to 190 controls. Within this study there were three mutant variants in the ALS
patients not seen in the control group: a nonsense mutation (c.209C>A, p.S70X) in a sporadic
ALS patient, a splice site mutation (c.1965-2A>C, hGle1-IVS14-2A>C) in a familial ALS patient
and a missense mutation (c.2089C>T, p.R697C) (Kaneb et al., 2015). Evaluation of these
mutants indicates that the deleterious mutants cause haploinsufficiency through nonsense

mediated decay of the mutated isoforms.

The missense mutant (p.R697C) results in a loss of the C-terminal Nup42 binding domain, this
protein isoform therefore cannot localise to the NPC (Kaneb et al., 2015) which as described

previously is known to give rise to detrimental effects.

Further study shows that the deletional mutant hGlel-1VS14-2A>C can, in fact, regulate stress
granule formation and mRNA export and so mimics the functions of both hGle1A and hGlelB.
This data suggests that this mutation in GLE1 results in disease pathology as it disrupts hGlel
homeostasis and dynamics of mRNA export rather than through haploinsuffiency as
previously hypothesised, demonstrating the importance of the Nup42 binding domain for
regulation of hGlel (Aditi et al., 2016). GLE1’s role in stress granule formation is also
important here as it has been observed that hGle1-1VS14-2A>C forms cytoplasmic aggregates
similar to those seen in neuronal inclusions of other ALS patients therefore potentially linking
inclusion formation to translation misregulation (Aditi et al., 2016). Continued research in this
area could prove vital to understanding the detrimental effects of these inclusions in multiple

neurodegenerative diseases.

A more recent Chinese study has also identified seven Glel loss of function mutations within
a population of 628 ALS patients (mostly sporadic). These are mutations which either affect
the coiled coil domain, disrupt the hCG binding domain resulting in mislocalisation or cause a

total loss of the protein (Li et al., 2021).
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1.3 Aims of PhD

There is a high degree of similarity between the pathological features seen in LCCS1 and SMA,
with RNA processing being implicated as a potential disrupted pathway due to the roles Glel
and SMN respectively play. With common roles in multiple aspects in this pathway, including
transcriptional regulation, stress granule formation and transport of mRNA there is potential
that Glel and SMN could be functioning together in a shared pathway. Uncovering more
about the roles of these proteins and how they function would increase our understanding of
these diseases, and therefore may help in the development of novel disease modifying

treatments as seen with Plastin3 and ZPR1.

Previous studies in the Azzouz laboratory have examined whether Glel can act as a
neuroprotective factor in SMA cell models. Preliminary data suggests that lentiviral mediated
overexpression of both Glela and Glelb was sufficient to restore axonal growth defects
present in SMN-deficient primary motor neurons in vitro (Figure 1.5, Appendix 1,

unpublished data).

Advances published during this PhD demonstrated that knockdown of Glel in vitro can result
in a reduction in SMN1 mRNA within the cytoplasm (Okamura et al., 2018) and that there is
evidence of a reduction in GLE1 mRNA in SMA cases (Alrafiah et al., 2018a). However, there

is limited information about what the relationship between Glel and SMN protein may be.

Our preliminary data combined with this research underlies the research aims that this thesis

will set out to answer:

1. Do SMN and Glel interact together?
2. Is Glel expression changed in SMA cell models?

3. Can Glelb act as a neuroprotective protein to rescue SMA disease phenotypes?
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Figure 1.5: Overexpression of Glela in primary cultured motor neurons from SMN delta 7
mice show rescue of axonal growth defects. (A) Representative images alpha-tubulin staining
in primary motor neuronal cultures. Primary cultures taken from WT or SMIN A7 mice 6 days
post treatment with LV-Glela (MOI 50). (B) Axonal length (um) of motor neurons. Data
displayed as mean +/- SEM. 40 cells per repeat (One way ANOVA and Bonferroni test, ***,
p<0.001, n=4) Data taken from MSc thesis by Sameehan Uday Mahjani, 2010
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2. Materials and Methods

2.1 Materials

2.1.1 Expression Constructs

Table 2.1: Plasmid DNA. A list of the plasmids which were generated and used for this

project

Plasmid

AAV Glelb
AAV Glela

LV Glelb

LV VOS

LV FLAG Glelb
pcFLAG Glelb

LV GFP

pEGFP

pEGFP-SMN

pEGFP-Glelb

pCMVdelta8.2

pDM2.G

pPRSV-Rev

pHelper

pPAAV 2-9 packaging plasmid

2.1.2 Viral Vectors

Obtained from

In house (Cloned by Matthew Wyles)
In house (Cloned by Matthew Wyles)
In house (Cloned by Matthew Wyles)
Modified by Dr Kurt de Vos at SITraN
In house (Chapter 3)

In house (Cloned by Dr Guillaume
Hautbergue)

In house

Dr Eva Karyka

Dr Eva Karyka

In house (Chapter 3)

Dr Nicole Deglon

Dr Nicole Deglon

Dr Nicole Deglon

plamidfactory.com; PF1346-120619
University of Pennsylvania; PF1347-120217

Table 2.2: Viral vectors. A list of the viral vectors which were generated and used for this

project

Virus

LV GFP

Produced

In house (Chapter 3)
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LV FLAG Glelb

AAV Glelb

LV Glelb

AAV mCherry

LV SMN (FL)

2.1.3 Antibodies

In house (Chapter 3)

In house (Chapter 3)

In house

Vector builder

In house (Made by Dr Eva Karyka)

Table 2.3: Antibodies. A list of the antibodies which were used during this project

Primary

Antibody

Target
Protein

GLE1

GLE1

FLAG M2

GAPDH

Tubulin

SSRP1

TUJ1

AAV VP1, 2,3

GFP

SMN

Host
Species

Rabbit

Rabbit

Mouse

Mouse

Mouse

Mouse

Chicken

Rabbit

Mouse

Mouse

Concentration

WB

1:1000

1:1000

1:1000

1:5000

1:1000

1:1000

1:1000

1:1000

1:1000

Concentration
ICC
1:1000

1:1000

1:1000

Source

Abcam
Ab96007
ProteinTech
26466-1-AP
Merck F1804

Millipore
CB1001-500
Sigma T9026

Abcam
ab26212
RayBiotech
119-15313
ARP 03-61084

Abcam ab1218

BD 610646
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Secondary

antibody

yH2AX

yH2AX

RNA/DNA

hybrids
(59.6)

Nucleolin

RNA Helicase

A

DNA-Pk

GOLPH3

TGN46

GM130

MAP2

Coilin

Anti-rabbit
horse rabbit
peroxidase

(HRP)

Rabbit -

Mouse -

Mouse -

Mouse -

Rabbit -

1:200

Mouse

Rabbit

1:1000

Sheep -

Mouse -

Guinea -

Pig

Rabbit

Goat 1:3000

1:1000

1:1000

1:1000

**Methanol/
Acetone
fixation

1:1000

1:1000

1:1000

1:500

1:1000

1:1000

Cell Signalling
2577

Merk Millipore
05-636
Kerafast

ENHOO1

Abcam
ab13541
Abcam
ab26271
ThermoFisher
MA5-13238
ProteinTech
19112-1-AP
BioRad
AHP500GT
BD Biosciences
610823
Synaptic
Systems
188004
ProteinTech

10976-1-AP

Thermo 32460
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Anti-mouse
HRP
Anti-chicken
HRP
Anti-mouse
Alexa 488
Anti-rabbit
Alexa 488
Anti-mouse
Alexa 568
Anti-rabbit
Alexa 568
Anti-Guinea
Pig Alexa 647
Hoeshct

33342

2.1.4 Primer Sequences

Table 2.4 Primers. A list of the primers which were used during this project

Primer
Name

LV FLAG-
GlelF

LV FLAG-
GlelR
pEGFP-Glel
insert F
pEGFP-Glel

insert R

Purpose

Cloning

Cloning

Cloning

Cloning

Goat

Goat

Goat

Goat

Goat

Goat

Goat

1:3000

1:3000

Sequence (5’ to 3’)

1:1000

1:1000

1:1000

1:1000

1:1000

1:2000

Biorad

1706516

Abcam

ab97135

Invitrogen

Invitrogen

Invitrogen

Invitrogen

Invitrogen

Thermofischer

GCATCGGCTAGCGCCACCATGGACTACAAAGAC

GATTCGACGCGTTCAGGAGCGCCAGAAGGAGGA

CTGATCATAATCAGCCATACCAC

GGGAATTCGAAGCTTGAGCTC
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pEGFP
vector F
pEGFP
vector R
Glel Seq 1
GlelSeq 3
Glel Seq 5
pCMV
PGK
WPRE F
WPRE R
18SF
18SR

HGH Poly AF
HGH Poly A F

GlelF
GlelR
GAPDH F
GAPDHR
Fos F
Fos R
ZNPF91-
CNTF F
ZNPF91-
CNTFR
RPL13a7 F
RPL13a7 R

Cloning

Cloning

Sequencing
Sequencing
Sequencing
Sequencing
Sequencing
Titration of LV
Titration of LV
Titration of LV
Titration of LV
Titration of AAV
Titration of AAV
gPCR

gPCR

gPCR

gPCR

gPCR

gPCR

gPCR

qPCR

qPCR
qPCR

agctcaagcttcgaattcccATGCCGTCTGAGGGTCGC

gtatggctgattatgatcagTCAGGAGCGCCAGAAGGAG

CTACGCAGTTCCGACAAAGG
AGCAGAGAGTCAAGCTGAGG
GGAGGGAATGGCTTTGGAAGAC
ATAGCGGTTTGACTCACGGG
TCGCACACATTCCACATCCACC
CCCGTACGGCTTTCGTTTTC
CAAACACAGAGCACACCACG
ATGGCCGTTCTTAGTTGGTG
CGCTGAGCCAGTCAGTGTAG
CTCCTGGCCCTGGAAGTTG
ACTTGCCCCTTGCTCCATAC
CCCTACGCAGTTCCGACAAA
TTCCACTTTGATCCCCCGTG
CAACTTTGGTATCGTGGAAGGAC
ACAGTCTTCTGGGTGGCAGTG
GCCTCTCTTACTACCACTCACC
AGATGGCAGTGACCGTGGGAAT
GCCATCGTGATACAGAGAACACC

CTAATGCCACCTGGAGACTGATG

CCTCAAGGTGTTTGACCGCATC
TACTTCCAGCCAACCTCGTGAG
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2.1.5 Cells used in project

Table 2.5: Immortalised Cell Lines. A list of the immortalised cell lines which were used

during this project

Cell
HEK293T

Hela

ATCC
ATCC

Obtained from

Table 2.6: Fibroblast Cells. A list of the fibroblast cells which were used during this project

Cell Reference

GMO08680

GMO00498

GMO09677
GMO00232

Age

5 months

3 Years

2 Year

7 months

Sex

Male

Male

Male
Male

Genotype
Apparently
Healthy
Apparently
Healthy
SMA Type |
SMA Type |

Obtained from

Coriell Institute

Coriell Institute

Coriell Institute

Coriell Institute

Table 2.7: iPSC/Neural Progenitor Cells/Motor Neurons. A list of the iPSC/Neural Progenitor

Cells/Motor Neurons which were used during this project

Cell Reference

Miffl

Csl4

GM

SMA 77
SMA 84

Origin
Foreskin
fibroblast

Fibroblast

Fibroblast

Fibroblast

Fibroblast

Age

Foetal

30-35

55

2 Years

6 months

Sex

M

Genotype

Apparently

Healthy

Apparently

Healthy

Apparently

Healthy

SMA Type |
SMA Type |

Obtained from

University of
Sheffield
Ceders-Senai

Coriell

Coriell

Ceders-Senai
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2.1.6 Equipment List

Table 2.8: Equipment List. A list of the Equipment which was used during this project

Equipment Manufacturer
NanoDrop 1000 LabTech
G;Box gel imaging system SynGene
Pherastar Plate reader BMG LabTech
PCR machine G-Storm
CFX96 RealTime System C1000 Touch BIO-RAD

Thermal Cycler

Confocal Microscope Leica SP5 microscope system
OPERA PHENIX High Throughput imaging Perkin-Elmer

system

Optima L-100K Ultracentrifuge Beckmann Coulter

2.2 Cell Culture

All cells were grown in an incubator at 37 °C with 95 % humidified air atmosphere and 5 %

CO.. Experiments were plated by cell counting using a haemocytometer and Trypan Blue.

2.2.1 Immortalised Cell Culture and Maintenance

Human embryonic kidney (HEK293T) cells and Hela cells were cultured in Dulbecco’s
Minimum Essential media (DMEM) (Lonza BE12-741F) containing 10 % heat inactivated foetal
bovine serum (FBS) (Life Science Production 5-001A-H1-BR) and 1 % Penicillin Streptomycin
(P/S) (Lonza DE17-603E). To maintain cell growth, cells were split twice weekly in a 1:10

dilution using trypsin (Lonza BE02-007E).

2.2.2 Fibroblast Cell Culture and Maintenance

Human fibroblast cell lines from Coriell were cultured in DMEM containing 10 % heat
inactivated FBS, 1 % P/S, and 50 ug/ml uridine. To maintain cell growth, cells were split twice

weekly in a 1:3 dilution using trypsin. A wash in 0.5M Ethylenediaminetetraacetic acid (EDTA)
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in Hanks buffered saline solution (HBSS) was performed pre-trypsinisation to loosen tight

junctions and allow easier passaging of the cells to minimise stress.

2.2.3 Cortical Neuron Preparation and Culture

Primary cortical neuron cultures were carried out by Dr Christopher Webster.

For primary cortical neuron culture, dissection of E16 wild type (WT) embryos from pregnant
females was carried out. Tissue was removed from the cortex and digested in 0.25% trypsin
in HBSS without calcium or magnesium (GIBCO) at 37°C for 15 minutes. Triturating medium
was added to the suspension and cells were then manually dissociated, using three fire-burnt
Pasteur pipettes which has progressively smaller openings. Dissociated cortical neurons were
then plated at a density of 4,500,000 cells per plate with a poly-D-lysine (Sigma) coating.
Neurobasal medium (Life Technologies) supplemented with 2% B27 (Life Technologies), 0.5
mM GlutaMax (Life Technologies) and 100 U/ml penicillin with 100 pg/ml streptomycin

(Lonza) was used to maintain cells.

2.2.4 iPSC Cell Culture

iPSC Cell Culture was carried out by Dr Cleide dos Santos Souza

iPSC cells derived from patient and control fibroblasts were converted prior to this project
starting. For the purposes of this project these cells were differentiated into neural progenitor
cells following the protocol as published in (Du et al., 2015). Briefly, iPSCs were cultured onto
6 well plates coated in matrigel, in a basal media composed of 48% knockout DMEM/F12
(Gibco), 48% Neurobasal media (Gibco), 0.5% B-27 (Gibco), 1% GlutaMax (Gibco), 1%
Penicillin/Streptomycin (Lonza), 0.5% N-2 supplement (Gibco). From days one to six, 2 uM
DMH-1 (Tocris) and 2 uM SB 431542 (Tocris) were also added to the culture medium, this was
refreshed by 50% daily. From days seven to twelve, 1 uM CHIR 99021 (Tocris), 2 UM DMH-1,
2uM SB 431542, 0.1 uM Retanoic acid (STEMCELL Technologies) and 0.5 uM PUR (Tocris) were
added to the basal media and refreshed 50% daily.
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2.2.5 Neural Progenitor Cell Culture and Differentiation into Motor Neurons

Neural Progenitor cells (NP Cell) were fully formed at day 12 of iPSC conversion. At this point,
cells could be maintained at NP cell stage and expanded in basal media containing 3 uM CHIR
99021, 2 uM DMH-1, 2 uM SB 431542, 0.1 uM Retinoic Acid, 0.5 pM PUR and 0.5 uM VPA
(Merck). Cells were split when they reached 80% confluency through dissociation with
Accutase (Thermo) for 8 minutes at 37 °C. Cells were spun at 400xg for 8 minutes and
resuspended in NPC expansion media with 10 uM Rock Inhibitor (1:1000) (Tocris). These were
then split at a ratio of 1:4 and plated onto 6 well plates pre-coated in 10 mg/ul polyornithine
(1:2000) (Sigma) (Overnight at room temperature) and matrigel (one hour at room
temperature). 24 hours after plating cells were media changed into NP cell expansion media
without Rock inhibitor. Cells were then media changed every second day and split when

needed.

For differentiation into motor neurons, cells at a density of around 70% - 80% confluency
were fully media changed into day 13 to 18 media: basal media containing 0.5 uM retinoic
acid and 0.1 uM PUR. This was changed 50% daily. On day 19, cells were changed into day 19-
28 media: basal media containing 0.5 uM Retinoic acid, 0.1 uM PUR, 0.1 uM compound E
(Tocris), 10 ng/ml BDNF (Thermo), 10 ng/ml CNTF (Thermo), and 10 ng/ml IGF-1 (Thermo).
Cells were dissociated as previously on day 21 and plated onto pre-coated plates as needed
for experiments at a density of 10,000 per well (96 well plate), 250,000 per well (24 well plate),
2,000,000 per well (6 well plate). These cells were maintained in day 19 to 28 media until

processing for experiments at day 33 with a 50% media change every second day.

Cells transduced with virus were treated on day 28 in minimal media volume. Media was

topped up six hours post transduction and changed 50% every two days.

Generation of iPSC-derived motor neurons was performed using established protocols which
have been validated to produce a highly enriched (>90%) population of mature motor
neurons (Du et al., 2015), with staining for neuronal markers MAP2 and CHAT. This has been
extensively validated in house by Dr Cleide dos Santos Souza, showing motor neuron

populations of ~90% positive for MAP2, Tujl, CHAT and NeuN.
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2.2.6 Transfection

Transfections of DNA into the cells were carried out following the ratio of 1 DNA to 3 PEI
(Table 2.9). For each transfection condition the corresponding amount of DNA and
Polyethylenimine (PEI) was added to separate eppendorfs containing equal volumes of serum
free media (DMEM without FBS added). These were left to rest for 5 minutes before
combining the contents of the tubes, after immediately vortexing for 10 seconds the solution
was then left for 15 minutes before adding dropwise to each well. Cells were left for 48 hours

prior to processing.

Table 2.9: Different ratios of PEI to DNA used in cell culture plates

Plate DNA (pg) PEI (pg) Serum free media
(SFM) (ul)

6 well 2 6 600

12 well 1 3 300

24 well 0.5 1.5 150
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2.3 Biochemical Methods

2.3.1 Whole cell lysis

For protein extraction, cells were plated in six well plates. Cells were washed once in ice cold
Phosphate Buffered Saline (PBS) before being scraped in 500 pl PBS. Cells were pelleted at
400xg for 5 mins at 4 °C. 200 ul radioimmunoprecipitation (RIPA) lysis buffer (Tris-HCl 50mM,
NP-40 1%, Na-deoxycholate 0.5%, EDTA 2mM, NaCl 150mM, SDS 1%) was used to extract
proteins with 1X protease inhibitor cocktail (PIC) (Sigma). The lysate was left on ice for 30
minutes before being spun at 13,000xg for 10 minutes at 4 °C. The supernatant was collected

and stored at -20 °C prior to protein quantification.

2.3.2 Bicinchronic acid (BCA) Assay for protein quantification

Protein concentration was measured using the bicinchoninic acid assay (BCA assay). This
technique involved setting up a range of bovine serum albumin (BSA) (Pierce
Thermoscientific) standard concentrations (Table 2.10) to create a linear regression fit in

which the unknown protein concentrations can be assessed.

Table 2.10: Volumes of BSA and protein lysis buffer needed to create BSA standards

BSA (mg/ml) Volume BSA (pul) Volume RIPA buffer (ul)
2.0 50 0

1.5 37.5 12.5

1.0 25 25

0.75 18.8 31.3

0.5 12.5 37.5

0.25 6.3 43.5

0.125 3.1 46.9

0 0 50
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Two 20 pl replicates of each of these standards were pipetted into a 96 well plate. A suitable
dilution of each protein sample extracted previously was also pipetted in duplicate into the
same 96 well plate. The Pierce BCA reagents were combined in a volume sufficient to add 200
ul of solution to each well of both standards and samples; this was done in a 50:1 ratio of
Reagent A to Reagent B. The plate was then covered to protect the pigments from light and
placed at 37 °C for 30 minutes. The PheraStar plate reader was then used to read the

absorbance levels of the plate at 560 nm.

A range of protein concentrations ranging from 10 pg to 40 pug were used to load western

blots depending on the experiment.

Samples were diluted using milliQ H,0 and 4x lamelli buffer (10% Glycerol, 60 mM Tris/HCI
(pH 6.8), 2% SDS, 0.01% bromophenol blue, 1.2% beta-mercaptoethanol). Samples should

then be denatured by heating to 95 °C for 5 minutes.

2.3.3 Nuclear/cytoplasmic fractionation

One 6 well plate was required per condition. On the day of harvest, each well was washed
with 1x PBS. For the total fractions one well was scraped into 250 pl 1x Reporter Lysis Buffer
(Promega) and left on ice to lyse for 10 minutes. This was then spun at 13,000xg/4 °C/5
minutes. 20 ul was retained for western blot validation of the fractionation and 750 ul of Trizol

(Ambion) was added to the remainder for RNA extraction.

Protease and Ribosafe RNase inhibitors (Bioline) were added to both the hypotonic (10mM
HEPES (pH7.9), 1.5mM MgCl,, 10mM KCI, 0.5mM DTT) and reporter lysis buffers in the ratios
of 1:50 and 1:1000 respectively.

Cytoplasmic fractionation:

1 ml 1x PBS was added to each remaining well and a large cut P1000 tip was used to knock off
cells gently. This was then spun at 400xg for 4 minutes to pellet the cells. The pellet was then
quickly washed in 500 ul 1x Hypotonic lysis buffer. Without adding any physical force, two
sizes of a cut P1000 tip were used to resuspend the cell pellet in 400 pl hypotonic lysis buffer.

The cells were left to lyse on ice for 10 minutes after which they were spun at 1500xg/3
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minutes/4°C. The supernatant was then transferred to a fresh tube and the pellet retained
for the nuclear fractions. The supernatant was spun again at 3500xg/8 minutes/4°C,
transferred to a fresh tube and spun once more at 17,000xg/1 minute/4°C. This final
supernatant was the cytoplasmic fraction and 20 ul was kept aside to validate fractionation
by western blot, while 750 pl of trizol was added to the remainder (250 pl). This was then

stored on ice with the total fractions.

Nuclear fractionation:

The pellet formed from the first cytoplasmic spin was washed four times with hypotonic lysis
buffer, resuspended each time with a cut P1000 tip and spun at 1500xg/3 minutes/4°C. After
the final wash, 400 pl of 1x reporter lysis buffer was added and the pellet fully resuspended
by drawing the cells through a 25G needle ten times. This was then lysed on ice for 10 minutes
before being spun at 13,000xg/5 minutes/4°C. As with the cytoplasmic and total fractions 25
ul of supernatant was taken for fractionation validation by western blot and 750 pl Trizol was

added to the remaining supernatant (250 pl).

RNA extraction was carried out as stated later in the methods chapter (Section 2.3.6).

For western blot analysis 15 pl of each sample was loaded with 5.8 pl 4x Laemelli buffer and

3 ul of reporter buffer (1x reporter for total and nuclear, 5x reporter for cytoplasmic).

Samples were boiled for 5 minutes at 95 °C before loading to a polyacrylamide gel for western

blotting.

2.3.4 Western blotting

Precast gradient gels (4%-20%) (Biorad) were soaked in 1x running buffer for 10 minutes prior
to gel loading. A BioRad western blotting kit was used to run the sodium dodecyl sulphate—

polyacrylamide gel electrophoresis (SDS-PAGE).

2.5 pl of SDS PAGE — prism ultra-protein ladder (ab116028) was used where necessary,

appropriate volumes of sample loaded in laemelli buffer was added to each well. Empty wells
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were filled with 1X laemelli buffer to ensure even running of the gel. Gels were run at 150V

for 90 minutes in 1x running buffer (25 mM Tris, 3.5 mM SDS, 20 mM glycine).

Transfer of proteins from the gel to a polyvinylidene difluoride (PVDF) membrane,
(preactivated in 100% methanol) was done in a transfer buffer (47.9 mM Tris, 38.6 mM

Glycine, 20% Methanol) run at 250 mA for 90 minutes on ice.

The quality of the transfer and protein loading was assessed through staining with Ponceau
dye (0.1% Ponceau S, 5% acetic acid). Following this, the membrane was washed with ddH,0
several times before being placed into 5% milk (Marvel)/Tris Buffered Saline with Tween 20
(TBST) blocking solution (20 mM Tris, 137 mM NaCl, 0.2% Tween 20, pH 7.6) on a shaker for

one hour at room temperature.

Incubation of membranes with primary antibody occurred overnight at 4 °C on a haematology
mixer. Antibodies were diluted to the correct dilution (Table 2.3) in 5% milk in TBST.
Membranes were washed three times in TBST for 10 minutes each at room temperature on a
haematology mixer. The membranes were then incubated with secondary antibodies
conjugated to horseradish peroxidase (HRP) (Table 2.3) for an hour at room temperature
again on a haematology mixer. Following this the membranes were then washed again in TBST

three times for 10 minutes.

The membranes were developed using the ECL chemiluminescence detection kit (Pierce ECL,
ThermoFisher Scientific). Equal parts of Reagents A and B were mixed, and membranes were
incubated for 1 minute prior to imaging. Imaging was carried out using a G box and Gene Snap

program (Syngene).

Blots were quantified using GeneTools (Syngene). Data was normalised by loading control and

plotted relative to the average of the control in most cases.

2.3.5 Immunoprecipitation

GFP-fusion proteins were generated for GFP-tagged immunoprecipitation with the
Chromotek GFP-Trap Magnetic Agarose Kit. Protocol carried out as described by

manufacturer.
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For each condition one 10cm dish was used. Cells were scraped in 1x PBS and pelleted at
400xg/4 minutes/4°C. The pellet was resuspended in 200 pl of lysis buffer (Chromotek) (+PIC)
and left for 30 minutes on ice, pipetting up and down every 10 minutes. Each condition was
carried out both with and without RNase A (10 uM) (Sigma). The cell lysate was then
centrifuged at 13,000xg/10 minutes/4°C. The supernatant was transferred to a fresh tube
and 300 pl of dilution buffer (Chromotek) (+PIC) was added. 50 ul of this diluted lysate was

retained for western blot confirmation of the input fraction.

The magnetic agarose beads were equilibrated in dilution buffer prior to use. This was done
by gentle resuspension of the beads using a cut P200 tip. 25 pl of bead slurry was then added
to 500 pl dilution buffer. The beads were washed three times in 500 ul dilution buffer, each
time separating the beads using a magnetic rack. The protein lysate was then added to the

equilibrated beads and rotated end over end overnight at 4 °C.

Beads were removed with a magnet. Remaining supernatant was discarded and the beads
were resuspended in 500 pl wash buffer. Beads were separated with a magnet at least three
times, checking to see that the supernatant was clear. The beads were transferred to a fresh

tube and supernatant was removed.

Immunocomplexes from the beads were then dissociated through resuspension in 100 pl 2x
laemelli buffer and boiling at 95°C for 5 minutes. The beads were separated using a magnet
and the supernatant was analysed through SDS-page and immunoblotting to check for protein

binding.

2.3.6 RNA extraction

RNA extraction for this project was carried out in two ways depending on the experiment.

Whole cell RNA extraction

For whole cell RNA extraction, the RNeasy kit from QIAGEN was used. This was carried out

following the manufacturers protocol.
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Cells were grown in a 6 well plate, up to 3 wells per condition were used. Cells were scraped
and pelleted at 400xg/4 minutes/4°C in ice cold 1x PBS. 350 pl lysis Buffer RLT was added to
the pellet. An equal volume of 70% ethanol was then added to the lysate, mixed well by
pipetting. This sample was then transferred to a RNeasy spin column housed in a 2 ml

collection tube and spun at 8000xg/15 seconds. All flow-through was discarded,

The column was then washed with 700 pl Buffer RW1, again centrifuging at 8000xg/15
seconds and discarding the flow through. This step is repeated with 500 pl Buffer RPE and
then again adding a further 500 pl Buffer RPE for 2 minutes at 8000xg. The column was then
placed in a fresh 1.5 ml collection tube and 30-50 pl RNase Free water was added directly to
the spin column membrane. The RNA was eluted by spinning at 8000xg/1 minute and the

sample was nanodropped to measure RNA concentration and purity.

Nuclear/Cytoplasmic Fraction RNA extraction

The second method of RNA extraction follows the fractionation experiments. This method
uses a Phenol-Chloroform gradient. After addition of 3 parts Trizol to 1 part lysate in the
previous protocol, the sample was left at room temperature for 10 minutes. A volume of
chloroform equal to one fifth of the total volume was added to each sample and the tubes
shaken vigorously for 15 seconds. This was then left for a further 10 minutes at room
temperature before being spun at 12,000xg/10 minutes/4°C. This formed a gradient of the
RNA, precipitate, and phenol waste, carefully the top layer containing the RNA was removed
and added to a fresh tube. To this 1 ul of Glycogen, one tenth of the total volume 3M NaAc

and equal volume isopropanol was added and the mixture left at -20°C overnight.

The following day the samples were spun at 13,000xg/20 minutes/4°C. The supernatant was
discarded, and the pellet washed with 500 ul of 70% Ethanol (in DEPC water), after which the
samples were spun for a further 10 minutes at 13,000xg/4°C. Following removal of the
ethanol supernatant, the pellets were left to airdry for 10 minutes and were then
resuspended in 25 pl DEPC water. To prepare the samples for cDNA generation the RNA was
treated with DNase through addition 2.5 ul 10X DNase buffer and 1 pl DNase. This reaction

mix was then incubated at 37 °C for 20 minutes. The DNase was inactivated through addition
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of 1 ul 25 mM EDTA and heating at 75 °C for 10 minutes. The RNA’s quality and concentration

were then assessed by nanodrop.

2.3.6 Reverse transcriptase PCR (RT-PCR) generation of cDNA

cDNA was generated from high quality RNA samples prior to analysis by gPCR. This was done
with the SuperScript Ill First-Strand Synthesis System for RT-PCR (Invitrogen) following the
manufacturers protocol: Depending on the experiment, a range of RNA concentrations from
500 ng to 2000 ng was converted into cDNA. Per reaction the following volumes of reagents

were combined as in Table 2.11.

Table 2.11: Reaction mix for stage one of cDNA synthesis

Reagent Volume (pl)
RNA 500 ng — 2000 ng
50 ng/ pl Random Hexamers 1

10 mM dNTP mix 1

DEPC-treated H,0 Upto 10

This reaction was then incubated at 65°C for 5 minutes before leaving on ice for at least 1

minute.

A cDNA synthesis master mix (Table 2.12) was then made up to add to each RNA/primer
sample. A control reaction for each sample was also made which contained no reverse
transcriptase enzyme. 10 pl of this master mix was added to each sample and the reaction

was run on a thermocycler according to the parameters in Table 2.13.

Table 2.12: Master mix for stage two of cDNA synthesis

Reagent Volume per sample (ul)
10X RT buffer 2

25 mM MgCl,

0.1 M DTT 2

RNase OUT (40U/ ul) 1

SuperScript Il RT (200 U/ ul)

[EEN
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Table 2.13: Thermocycler conditions for cDNA synthesis

Temperature Step (°C) Time (minutes)
25 10

50 50

85 5

Following incubation, 1 pl of RNase H was added to each sample and further incubated for 20

minutes at 37 °C. cDNA was then stored at -20 °C for future use.

2.3.7 Quantitative PCR (qPCR)

gPCR was used to analyse the levels of certain mRNA transcripts present in the cDNA samples

previously generated. Each sample was run in triplicate to ensure technical accuracy.

Primer concentrations were optimised through standard PCR reactions in the following

reaction mix and thermocycler conditions as seen in Table 2.14.

Table 2.14: Reaction mix for Primer Optimisation PCR reaction

Reagent Volume (pl)
5x FIREpol master mix (Solis Biodyne) 2

Template cDNA (2000 ng)

Forward primer 1

Reverse primer 1

DEPC H:0 5

Primer concentrations were diluted from a 100 uM stock to make a series of 1/10, 1/20, 1/40,
1/80 dilutions. Therefore giving 1 uM, 0.5 uM, 0.25 uM, and 0.125 uM in the final 10 pl
reaction mix. These reactions were run in a thermocycler according to the parameters in

Table 2.15.
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Table 2.15: Thermocycler conditions for primer optimisation

Temperature Time Cycle
110 Heated lid

95 5 mins

95 30 seconds Cycle x35
60 1 minute

72 1 minute

10 Store

PCR products were then run on a 2.5% agarose gel as descripted later in this chapter to check

for clear products of the correct size and no primer dimers.

Once the primers were checked and the appropriate dilution was selected for optimal
amplification, the standard curve of each primer was checked to ensure that the amplification
of the product is linear across a whole range of template concentrations. Thus, ensuring that
even low levels of the product can be detected accurately. Template cDNA was serially diluted
from a 2000 ng stock 5-fold- six times, therefore giving a range of dilutions from 2000 ng to
0.128 ng assuming 100% conversion during cDNA production. The qPCR reaction mix was
prepared as outlined in Table 2.16. Each sample was run in duplicate and with a no template
control (NTC) for each reaction. These reactions were run on the thermocycler program

outlined in Table 2.17.

Table 2.16: Reaction mix for cDNA Optimisation qPCR reaction

Reagent Volume (pl)

2X Brilliant 11l Syber green (Aglient) 5

Forward Primer 1

Reverse Primer 1

DEPC H:0 2

cDNA/NTC 1, added per well
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Table 2.17: Thermocycler conditions for cDONA Optimisation

Step Temperature Time Cycles
PCRinitial activation 95 10 mins

Denaturation 95 30 sec 40 cycles
Annealing 60 30 sec

Extension 72 1 min

Melt curve analysis 95 1 min

Melt curve analysis 60 5 sec

Melt curve analysis Ramp (+0.5°C/5s)

Melt curve analysis 95 -

Storage 10 Hold

gPCR results were checked using Bio-Rad CFX Maestro program. Melt curves were checked
for clean peaks, single products and the standard curve must show an R? of >0.9 with an
efficiency between 90 and 110%. Template concentration chosen which gives a CT value
between 20 and 30. This optimal concentration was then used to run the experimental qPCR
where each sample was run in triplicate with appropriate non template controls and non-
reverse transcriptase controls in place. Reaction mixtures and thermocycler steps remain

identical to those used during optimisation.

Relative gene expression values were quantified using the AACt method (Livak and
Schmittgen, 2001). GAPDH was used as a housekeeping gene to normalise cDNA
concentration levels for each target gene. Levels of gene expression were then plotted

relative to the average of the control.
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2.3 Molecular Biology Techniques

2.3.1 Cloning of expression constructs: Gibson assembly cloning

Primers were designed complementary to the plasmid and fragment of interest with overlaps
of ~30 base pairs on either end. These primers were then used to generate DNA segments

through PCR using the following thermocycler conditions (Table 2.18).

Table 2.18: Thermocycler conditions for amplification

Temperature Time Cycle
110 Heated lid

95 5 mins

95 30 seconds Cycle x35
60 1 minute

72 1 minute

10 Store

2.3.3 Agarose gel electrophoresis

PCR products and DNA digestions were used for separation of linear DNA fragments through
agarose gel electrophoresis. 1 % agarose gels were prepared by adding 1 g of agarose powder
into 100 ml 1x Tris/Acetate/EDTA (TAE) buffer (40 mM Tris, 20 mM NaOAc, 1 mM EDTA (pH
8.0). This was dissolved through applying heat to the solution, upon generation of a clear
solution the mixture was cooled, and 100 ng/ml ethidium bromide was added. This was then

poured into a gel tray containing 20-well combs and left to set.

Upon loading, the gel was transferred into a tank of 1x TAE buffer and samples (containing 6x
Loading buffer (NEB)) were added to each well. A ladder of the appropriate molecular weight
was loaded alongside the DNA samples (Bioline: DNA hyperladders). Gels were left to run at

120 V for 30 minutes before imaging with a GENI UV light imaging system (Syngene).
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2.3.4 DNA gel extraction and Purification

DNA bands of the correct size were visualised using a UV trans illuminator. These were
carefully cut from the gel using a sharp blade and transferred into an Eppendorf tube. This
DNA was then extracted using the Wizard® SV Gel and PCR Cleanup kit (Promega) following

the manufacturer’s protocol.

2.3.5 Gibson Assembly

Fragments were then assembled in a reaction mix, using the Gibson Assembly Master mix (2x)
(NEB), in the quantities suggested by the manufacturer (NEB). Samples were incubated in a

thermocycler at 50 °C for 15 minutes and then stored on ice or at -20 °C.

2.3.6 Transformation of NEB stable 3 competent cells

Working aseptically, 10 ul of competent cells (NEB) were left to thaw on ice for five minutes
before carefully adding 1 ul of the plasmid of interest. This was then incubated on ice for 30
minutes before being placed for 30 seconds into a water bath heated to 37 °C to heat shock
the cells. Cells were immediately placed back on ice for a further 5 minutes prior to 1 ml of
outgrowth media (NEB) being added. This mixture was then left at 37 °C with agitation for 45
minutes, meanwhile a plate of the corresponding bacterial resistance (carbenicillin in this
case) was also left at 37 °C to warm up. 200 pl of the grown bacteria is then added to the
plate and spread using silica beads. This is then left at 37 °C overnight for the colonies to

grow.

2.3.7 Plasmid growth

Following the transformation, individual colonies were picked using a p200 pipette tip and
added to a tube containing an appropriate volume of LB broth (Table 2.19) with a 1:1000
dilution of carbenicillin or kanamycin (depending on the plasmids resistance gene). This was

again left overnight at 37 °C to grow.
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Table 2.19: Volumes of LB broth required per each QIAgen DNA kit

Amount of DNA required DNA Prep Volume of LB broth (ml)
<20 ug MiniPrep 5

Up to 250 ug MidiPrep 50

Up to 2.5 mg MegaPrep 500

2.3.8 DNA preparation

MiniPrep/MidiPrep/MegaPrep

On the third day, the plasmid was purified using a QlAgen kit. This protocol was carried out
using the instructions provided with this kit. For Midi and MegaPreps a vacuum was used

instead of spin column:s.

DNA concentration was quantified using a Nanodrop according to the manufacturer’s

protocol.

2.3.9 Restriction digest

Plasmids were digested to check for correct insertions. 1 ug of DNA was digested as standard
using restriction enzymes determined by the plasmid’s unique restriction sites. These were
located using A Plasmid Editor software (ApE). Typically, a 10 ul digestion mixture was made

up, using appropriate buffers for the enzymes selected.

2.3.10 DNA Sequencing

Sanger sequencing of DNA was performed by the DNA Sequencing service at the University

of Sheffield Core Genomics Facility.

2.3.11 Genomic DNA extraction

Genomic DNA was extracted using the GenElute Mammalian Genomic DNA Miniprep kit
(Sigma). The protocols for cultured cell preparation were followed as stated in the

manufacturer’s handbook.
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2.4 Viral production

2.4.1 Lentiviral production

HEK293T cells were used for lentiviral production. Twenty 10cm dishes were seeded with
3x10° cells per dish. The following day the cells were transfected with a calcium chloride
transfection mix containing the four lentiviral component plasmids (Table 2.20), calcium

chloride (0.5M CaCl,) and 2x HBS.

Table 2.20: Plasmids required for LV transfection

Plasmid Role Concentration (ug)
pCMV.delta8.2 Packaging 260

pRSV-Rev Packaging 60

pMD.G Envelope 75

SIN-W-PGK Transgene 260

5 ml of 0.5M CaCl, was added to 5ml of the DNA mixture dropwise. 10 ml of HBS (2X) was
then gently aerated (using a 5ml strippette) while adding the DNA/CaCl, mixture dropwise
with a P1000. The mixture was then left for 10 minutes to allow a fine white precipitate to
form. 1 ml of this mixture was then added to each 10cm dish dropwise, gently swirling the
plate to ensure the whole surface is covered. The plates were then incubated for 6 hours

before a full media change was performed, and the plates incubated for a further 48 hours.

At this point the virus was harvested in a tissue culture hood. All the media was combined
into a T175 tissue culture flask and filtered into a fresh T175 using a 0.45 um filter and a 50
ml syringe. This media was then split equally across 6 Beckman tubes, using a balance to
ensure equal loading of the paired tubes in the SW28 Beckman hanging rota. This was spun

at 19,000xrpm/90 minutes/4 °C in a Beckman Ultracentrifuge.

Supernatant was discarded into virkon, removing as much of the media as possible without
disturbing the viral pellet. Each pellet was resuspended with 280 pl of 1% BSA in PBS, left for
1 hour on ice before combining into one tube. This was thoroughly mixed to ensure that virus

is evenly distributed and then aliquoted for long term storage at -80 °C.
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2.4.2 Lentiviral Titration and Validation

HEK293T cells were transduced with set volumes of a control virus whose titre is known by

Flourescence activated cell sorting (FACS) (LV-GFP produced by Nelly Berrueta Ramirez and

Dr Eva Karyka; titre of 4.71 x108 TU/ml) and the newly made virus. Media was changed 6 hours

after transduction. 72 hours post transduction, cells were harvested, and genomic DNA was

extracted (as described in Section 2.3.11). Titre of this virus was analysed by qPCR using a

woodchuck hepatitis virus posttranscriptional regulatory element (WPRE) primer and an 18S

control primer for normalisation. The gPCR mixture was made as described in Table 2.21 and

run in a thermocycler according to the parameters in table 2.22.

Table 2.21: Reaction mix for LV titration by qPCR

Reagent

SYBER green master mix (QuantiFast)
Forward primer 5 uM

Reverse primer 5 uM

Nuclease free water

DNA (10 ug/pl)

Volume (ul)
5

N N

Table 2.22: Thermocycler conditions for LV titration

Step Temperature
PCRinitial activation 95
Denaturation 95
Annealing 60

Melt curve analysis 65

Melt curve analysis Ramp

Melt curve analysis 95

Storage 10

Time Cycles

5 mins

10 sec 40 cycles
30 secs

5 sec

(+0.5°C/5s)

Hold

Relative gene expression values were quantified using the AACt method (Livak & Schmittgen,

2001) and the titre worked out compared to that of the known virus (LV-GFP).
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Lentivirus expression and optimal multiplicity of infection (MOI) dosage was confirmed

through western blot analysis and immunocytochemistry.

2.4.3 Small scale AAV production

A confluent T175 flask of HEK293T cells was split 1:3 into two fresh flasks, these were
transfected 24 hours later. 3 ml of serum free media was put into two tubes labelled DNA and
PEI respectively. 40 ug pHelper (plamidfactory.com; PF1346-120619), 20 ug 2-9 packaging
plasmid (University of Pennsylvania; PF1347-120217) and 20 ug of the plasmid of interest was
added to the DNA tube while 240 ul of PEI (1 mg/ml) was added to the PEI tube. After
thorough mixing these were left to incubate for 5 minutes at room temperature, at which
point the contents of the DNA tube were transferred to the PEl tube and immediately
vortexed for 10 seconds. After a further five-minute incubation, 3 ml of the mixture was

added to each T175 flask of HEK cells.

48 hours post transfection the virus was collected. The media was removed, and cells were
washed with 20 ml of PBS per flask. Using a scraper, the cells were scraped into PBS and split
evenly between four 15 ml falcon tubes. Here the cells were pelleted by spinning them down
at 500 g for 5 minutes. The supernatant was discarded and the pellets were resuspended in
150 pl PBS. At this point, the contents of the four tubes were combined and transferred to a
1.5 ml Eppendorf tube. The contents were vortexted for 10 seconds and then snap-frozen in
dry ice. The lysates were then thawed in the 37 °C water bath and vortexed for another 10
seconds. This process was repeated three times in total before being passed through a 19
gauge needle 10 times. Finally, the cell debris was pelleted through centrifugation at max
speed at 4 °C for 15 minutes. After this, the supernatant (containing the virus) was passed

into a new Eppendorf and stored at 4 °C.

To validate the viability of the small scale AAV production 10 pl of the viral prep was mixed
with 10 pl 2x laemelli buffer and was ran on a 10% SDS PAGE gel. This blot was probed with a

rabbit anti-AAV primary antibody to assess the integrity of the viral capsid.

A 12-well plate of HEK cells was also transduced with an increasing amount of the virus (e.g.

25 pl, 50 pl and 100 pl). Protein was extracted from these cells 48 hours post transduction as
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previously and then ran on a 10% SDS-PAGE gel to assess whether the virus is both functional

and the transgene is correctly expressed.

2.3.4 Large scale AAV production

Transfection of virus plasmids

HEK293T cells were used for large scale production of Adeno-Associated Virus. Thirty T175
flasks were seeded 16 to 20 hours before transfection. Two hours prior to transfection the
medium was changed to serum free DMEM (supplemented with 0.5%

Penicillin/Streptomycin).

DNA is prepared according to Table 2.23:

Table 2.23: Quantities of Plasmids required for AAV transfection

Plasmid Ratio Amount per plate Amount per 30 plate transfection
(mg) (ng)

Helper plasmid 2 26 780

(pHelper)

Packaging plasmid 1 13 390

(pAAV9)

AAV transgene 1 13 390

Six 50 ml falcon tubes were set up each containing 15.5 ml of serum free DMEM, three for PEI
and three for DNA. To each of the PEI tubes, 1560 pl of PEl was added. To each of the DNA
tubes one third of the DNA mixture was added. Each PEI tube was added to one of the DNA
falcons and then immediately vortexed for 10 seconds. Transfection mixes were left at room

temperature for 15 minutes.

3.3 ml of DNA complexes were added to each T175 flask of HEK293T cells and swirled to
ensure full coverage of the monolayer. Transfected cells are returned to the incubator and

left for 5 days.

Harvest and concentration
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Following incubation, the supernatant was collected and placed in sterile 500 ml bottles.
Benzonase (Sigma, 250 U/ul) is added to each bottle at the final concentration of 12.5 U/ml.
The bottles were then incubated at 37 °C for 2 to 3 hours, mixing occasionally by inversion.
The solution was split between eight 50 ml falcons and cell debris were collected by a short
spin at 3850xg/10 minutes. The supernatant was then transferred to the top part of a filtering
unit (ThermoScientific Nalgene Rapid flow filter unit) attached to a 500 ml duran bottle to

which a vacuum is applied.

This cleared supernatant was then concentrated using Amicon Ultra-15 centrifugal 100k
filters (Millipore). 15 ml of supernatant was added to each filter and centrifuged at
3800xg/4°C for increasingly longer spins (starting at 10 mins, extending gradually to 1 hour)

until the final volume of 27 to 28ml is achieved. This should be kept on ice.

AAV purification by iodixanol density gradient:

All iodixanol gradient solutions were prepared prior to starting the purification (Table 2.24).

Table 2.24: lodixanol Gradient Solution Preparation

Percentage lodixanol 5M NacCl 5 x PBS-MK H;0 Phenol Red
(MgCl; and

lodixanol 60% stock KCl)

15% 12.5ml 10ml 10ml 17.5ml -

25% 20.8ml - 10ml 19.2ml 100ul

40% 33.3ml - 10ml 6.7ml -

54% 45ml - - 5ml 100ul

Using two Quick-seal 39 ml tubes (Beckman Coulter #344326), the iodixanol gradients and
concentrated virus solutions were added in the following order using disposable syringes and

a 100 mm, 18G blunt-end needle (Hamilton #7750-09), ensuring all layers are kept separate:

Virus solution (14 ml)
4 ml of 15% iodixanol

9 ml of 25% iodixanol

el

9 ml of 40% iodixanol
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5. 5ml 54% iodixanol
6. Any left-over space in the tube is filled to the rim of the neck with PBS (avoiding
bubbles).
The tubes were then sealed using a heat-sealing device, ensuring they are fully sealed to avoid
leakage. These tubes were placed in the type 70Ti rotor (Beckman Coulter) and spun at

69,000xrpm/1 hour 20 minutes/18°C using the maximum acceleration but no brake.

After centrifugation, there was a clear fraction in the 40% layer which contained the virus. To
isolate this fraction, the tube was clamped into a retort stand and a 19G needle used to
puncture a hole in the top of the tube in order to introduce air into the tube. A second 19G
needle is inserted approximately 1 cm from the bottom of the tube, towards the top of the
60% iodixanol layer. This needle should be inserted in such a way that it allows flow-through
of the contents of the tube so that the viral fraction can be collected in a drop wise manner.
This fraction is collected in 250-500 ul samples until the entire of the 40% layer and the first
half of the 25% layer have been collected (approx. 45-50 eppendorfs). This is then repeated

with the second tube.

Fraction analysis:

SYPRO ruby staining was used to analyse the capsid of the virus and show whether the virus
has formed correctly and if the fractions were clean or dirty. 6 pl of each fraction was diluted
with 6 pl water and 3 pl 4x Laemmli loading buffer, boiled for 5 minutes at 95 °C and then run
on a 10% polyacrylamide gel by SDS-PAGE. Viral capsid proteins are visualised through SYPRO

(Sigma) ruby staining of the gel following the manufacturer’s instructions.

Fractions which appear with no high molecular weight background are classed as pure ‘high
quality’ virus which can be used for in vivo work after being pooled together and mixed

homogenously, while the ‘Low-quality’ virus can also be pooled for in vitro use.

Concentration and desalting of AAV preparations:

Following pooling of high and low quality AAV, the fractions were concentrated and desalted
using a Amicon Ultra Centrifual filter device (Millipore UFC9100008). 15 ml of PBS containing

35 mM NaCl (sterile filtered) was added to each filter in a 50 ml falcon. This was spun at
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3000xg/15 minutes. The pooled samples were then added to the filter, topped up to 15 ml
with additional PBS+35 mM NaCl and spun for a further 15-20 minutes. The solution was then
pipetted up and down five times on each side to ensure the virus was not stuck to the filter.
A further 15 ml of PBS+35 mM NaCl was added to the column and spun again as previously.
This process was repeated until the original fraction volume was exchanged 10 times at least.
After thorough resuspension the viruses were aliquoted and stored at -80 °C long term, with

one aliquot being kept at -20 °C for validation.

Evaluation of vector purity:

The formation of the viral capsid in the final purified, concentrated, and desalted virus is then
validated through both western blotting and SYPRO ruby dye of the virus directly loaded into
laemelli buffer and boiled for 5 minutes at 95°C prior to loading in a 10% acrylamide gel. It is

suggested that two volumes are run of each virus, so here we chose 1 pland 5 pl.

2.3.5 AAV Titration and Validation

For working out the titre of each AAV virus, the virus samples are directly compared through
gPCR to a linearised copy of the plasmid containing the transgene used in the transfection.

The AAV Glelb plasmid linearised by Mlul was used in this case.

A series of serial dilutions (from 10 to 10®) of the linearised plasmid and virus are run by

gPCR as previously for the LV titration.
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2.4 Microscopy

2.4.1 Immunofluorescence

Forimmunostaining, 24-well plates were set up prior to the addition of cells. 13 mm coverslips
were left in 70% IMS for 15 minutes before being rinsed in sterile water three times and
placed one per well. These were then coated with 250 pl 0.5mg/ml Gelatin in sterile PBS
(Sigma) and left at 37 °C for 1 hour. This was then removed, and wells were rinsed three times
with sterile PBS prior to plating cells at a density of 45,000 cells per well for HEK cells, 25,000

cells per well for Hela cells, and 20,000 cells per well for fibroblasts.

48 hours after transfection, media was removed, and each well was washed with PBS twice.
Cells were fixed through the addition of 200 pl 4% PFA per well for 15 minutes at room
temperature, after which they were washed with a further two PBS washes. If not staining

immediately, cells were stored at 4 °C in PBS.

To begin the immunocytochemistry, cells were permeabilised by the addition of 200 ul 0.5 %
triton X-100 in PBS for 10 minutes at room temperature. This was then removed and cells
washed twice with PBS. 200 pl of 3 % BSA in PBS was then added per well to block cells for 30
minutes at room temperature. Following this, 50 pl of the primary antibody solution (Table
2.3) was pipetted onto parafilm in a humidity chamber and the coverslip was removed from

the well and kept at 4 °C overnight.

The following day, the coverslips were replaced into their respective wells and washed three
times with PBS. 200 pl of secondary antibody (Table 2.3) and Hoescht diluted in 3% BSA in
PBS was added to each well and left at room temperature for 1 hour. Cells were then washed
a further three times in PBS before being mounted in Fluromount (Sigma F4680) on glass

slides. These were then left in a cool dark place to dry overnight before being stored at 4 °C.

2.4.2 Poly (A)+ RNA Fluorescent in Situ Hybridisation (FISH)

Cells were fixed and permeabilised as previously. Hybridisation mix was made up of 1 ml
Hybridisation buffer (20% formamide, 2x SSC 10% dextran sulphate and 1% BSA), 50 pul ssDNA
and 1 ul Cy3-Oligo(dT)18 at 1 pg/ul. This was added to the cells and incubated at 37 °C for 2
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hours. Immunofluorescence for cytoplasmic markers was carried out following this stage as

previously.

All solutions for this protocol were made with either ddH,0 or PBS treated with Diethyl
pyrocarbonate (DEPC) (Biochmica, Panreac Applichem) to remove any contaminating RNase

enzymes.

2.4.3 Confocal Imaging

Cells on coverslips were imaged using a Leica SP5 confocal microscope, using the 63X oil

objective.

2.4.3 Quantification of immunofluorescence

Quantification of staining intensity was worked out through the Cell Total Corrected
Fluorescence (CTCF) method on Imagel as shown in (Walker et al., 2017). This method is
explained in Figure 2.1. This was done blinded with the help of Paolo Marchi and Louise
Whiteley. Here, the intensity of the nuclear staining would be worked out through the
following formula: Corrected Total Cell Fluorescence (CTCF) = Integrated density — (Nuclear
Area x Mean fluorescence of the background). This formula uses the integrated density of
the region of interest (ROI) which is the sum intensity of the pixels in the area of interest.
The mean fluorescence of the background was worked out by taking the average integrated
densities of ten samples from the background of the image, this value was then multiplied by
the area of the ROI (nucleus in this case) and the total subtracted from the integrated density
value. From this value, the average intensity of the stain can be worked out accounting for

any background intensity across the area of the ROI (the nucleus in this case).

For FISH cytoplasmic quantification a sample from a perinuclear region was taken and worked

out in the same way as previously.
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Figure 2.1: Method of analysis for immunofluorescence imaging using Imagel Fiji. (1) The image stack is compressed to its maximum projection. (2) A
threshold is applied to the DAPI channel to select the nuclei as a region of interest (ROI). (3) Any holes in the nuclei are filled to select the whole area (4) A
watershed is applied to separate any adjoining cells into two regions of interest (5) These ROI’s are turned into numbered areas which can then be measured
individually (6) The integrated density of the ROI’s is measured on the channel of interest (in this case, the 488 channel). (7) The background integrated

density is established by measuring an average of 10 small ROIs determined by drawing a small area outside of the original ROI.
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2.4.4 Categorisation of Golgi stain

Golgi staining was categorised depending on its morphology as shown in (Custer et al., 2019).
This was done in a blinded manner with help from Paolo Marchi and Matthew Roach. Cells

were presented alongside a reference of what each category represented.

2.4.5 Proximity ligation assay (PLA)

For the proximity ligation assay (PLA) (Sigma) a Duolink® In Situ Orange Starter kit
Mouse/Rabbit was used. Protocol was adapted from manufacturer’s protocol as follows. Cells
were fixed and permeabilised as previously described in section 2.4.1. Blocking was carried
out through incubation with PLA blocking buffer (from kit) on parafilm in a humidity chamber
at 37 °C for 30 minutes. Primary antibody incubation was carried out overnight at 4 °C in PLA
antibody dilutant (from kit). Following antibody incubation, cells were washed three times
with Wash Buffer A (from kit). PLA secondary probes (anti-mouse and anti-rabbit) were
prepared in antibody dilutant, and cells were incubated in a humidity chamber for 1 hour at
37 OC. Following an additional three washes in wash buffer A, cells were then incubated in a
ligation mixture containing ligase and ligase buffer (from kit) for 30 minutes at 37 °C. Again,
cells were washed three times using wash buffer A. Incubation with the amplification mix
(Amplification enzyme and buffer (from kit)) was then incubated for 100 minutes at 37 °C.
Cells were then washed in Wash Buffer B three times, before incubation with Hoescht
(1:5,000) for 10 minutes at room temperature with wash buffer B (0.01X). Finally, cells were
washed twice with 0.01X wash buffer B and mounted on glass slides as previously. Antibodies
for immunofluorescence cytoplasmic staining were added at the same time as primary

antibody incubation, secondaries were done alongside PLA secondary probes.

2.5.6 Quantification of PLA

Cells were imaged in Z-stacks which allowed full view of the cell’s nucleus to exclude any foci
which occurred outside of the cell. Foci were counted using the Imagel cell counter plug in
developed by Dr Kurt de Vos at SITraN. Foci number was divided by cell count to work out foci

per nucleus/cytoplasm.
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2.5.7 Imaging on the Opera Phenix High Content Imaging System

Immunofluorescence in motor neurons was done using 96 well optical plates (Gibco). These
were imaged on the High Throughput Opera Phenix imaging system (Perkin Elmer) using a
40x water objective. For each condition at least 2 replicate wells were used per condition,

with at least 20 fields of view per well. Cell count per condition was >200 cells.

2.5.8 Columbus Analysis

Columbus Software (Perkin Elmer) was used in the image analysis setting to analyse data
obtained from the Opera Phenix imaging system. Image analysis pipelines (Figure 2.2) were
generated to obtain the mean nuclear fluorescence levels from the 568 and 488 channels

respectively. Data was taken as an average from at least 2 technical replicates in each repeat.
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Figure 2.2: Image analysis pipeline for image analysis using PerkinElmer’s Columbus software. (1) The image stack is compressed to its maximum
projection. (2) The nuclei are identified using the DAPI channel. (3) The cytoplasm is determined using an axonal/cytoplasmic marker (4) The cells touching

the edges are excluded from the population (5) The intensity of the selected area (nuclei/cytoplasm/cell) can be calculated (6) The outputs are defined, in

this case as the mean intensity of each area/channel.
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2.6 Statistical analysis

All data is presented as mean * standard error of the mean (SEM). All experiments were
performed at least in triplicate where possible. If less than three replicates were performed,
no statistical analyses were performed. Data were analysed using GraphPad Prism Software
(V9.2). The following statistical tests were applied: T-test, One way ANOVA, Two-way ANOVA.

Statistical significance was considered to be p < 0.05 *, p < 0.01 **, p < 0.005 ***, p < 0.001

%k %k %k %k
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3. Developing and validating tools for the project

3.1 Introduction

Glel is a highly conserved, essential nuclear export factor (Kendirgi et al., 2003) which has
also been implicated in multiple other pathways, such as stress granule formation (Aditi et al.,
2015), translation initiation and translation termination (Bolger et al., 2008; Bolger and
Wente, 2011). Mutations within this gene have been shown to be causative of a motor neuron
disease called human lethal congenital contracture syndrome 1 (LCCS1) (Nousiainen et al.,
2008) which is a severe foetal form of disease causing degeneration of motor neurons within
the anterior horn of the spinal cord (Herva et al., 1988), but other mutations have also been

implicated in amyotrophic lateral sclerosis (ALS) (Kaneb et al., 2015).

Spinal muscular atrophy (SMA) is a childhood motor neuron disease which is caused by loss
of the SMN1 gene (Lefebvre et al., 1995). This causes a progressive degeneration of lower
motor neurons located in the anterior horn of the spinal cord, leading to atrophy of muscle
(Prior et al., 1993). The most severe cases of SMA (SMA type 0) present in utero, at birth or
very early in life as general muscle weakness and limb deformities (Dubowitz, 1999; Macleod

et al., 1999).

Similarities between diseases resulting from the loss of either of these two proteins therefore
raise questions about the parallels between their functions and what pathways they might be

involved with within the cell, in particular motor neurons.
3.2 Aims

The aim of this project is to evaluate whether there is a functional link between Gle1l and SMIN
and whether this can be related to any aspects of SMA. To carry out this research, we focussed
on the dominant isoform of human Glel: Glelb. Virally mediated protein overexpression was
used to look at whether any observed SMA phenotypes could be rescued by increased levels
of Glelb. This chapter will describe the generation and validation of various lentiviral and AAV

vectors designed to modulate Glel expression in cell models used in this project.
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3.3 Results

3.3.1 pEGFP-Glelb Plasmid Cloning and Validation

To explore potential interactions between the Glel and SMN proteins we wanted to generate
construct which would express a GFP-Glelb fusion protein (Fig 3.1 A), this would then allow

use of a GFP-trap immunoprecipitation kit to assess binding partners of Glel.

This was carried out through a Gibson assembly using an in-house pEGFP C3 SMN N86 vector.
This plasmid contained a short truncation of the SMN protein fused to GFP, previous work in
the lab involved sequencing this backbone and so it was known to be a good starting point
for further cloning. The sequence for the Glelb cDNA was taken from the previously

generated and validated AAV Glelb plasmid (made in-house by Matthew Wyles).

Both the pEGFP backbone and the Glelb cDNA was PCR amplified and gel extraction of the
correctly sized products was carried out, prior to purification (Fig 3.1 B). Following ligation,
the DNA was transformed into NEB stable-3 cells. Colonies were picked and grown in LB broth,
successful growth was purified by MiniPrep (Qiagen). DNA was checked by digestion prior to

sequencing those that looked successful (Fig 3.1 C).
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Figure 3.1: Glelb cDNA was successfully cloned into a pEGFP vector. (A) Plasmid map of the
finalised pEGFP_C3_Glelb plasmid (B) PCR amplification of the Gle1b insert and pEGFP vector
backbone prior to gel extraction and purification. Ladder shown is 1kb NEB ladder. (C)
Representative digest of a ‘successful’ colony with digest sizes matching those expected (as

shown in table on the left). Ladder shown is 1kb NEB ladder.
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Following the return of correct sequencing data showing that the cDNA had correctly been
inserted into the pEGFP backbone, we aimed to validate expression of our GFP-Glelb fusion
protein. HEK cells were transfected with the chosen clone and 48 hours post transfection cells

were processed for both western blot and immunofluorescence.

Co-staining of Glel and GFP through ICC shows a clear colocalization of overexpression of
Glel with GFP (Fig 3.2 A). Western blots probed with a Glel antibody show an endogenous
band of 75 kDa, with a clear overexpression band at 100kDa in the transfected cells (Fig 3.2
B). This corresponds with the expected size of the GFP-Glelb fusion protein. Probing of the
protein lysate with a GFP antibody also shows a band at 100kDa in the transfected condition
only (Fig 3.2 C), supporting the validation of the plasmid. GAPDH shows equal loading across

the conditions.

100kDa — 100kDa —

| GleiGFp -— | GFP
75kDa — Gle1
37kDa ——| we— ", | GAPDH 37kDa — | WS SN GAPDH

Figure 3.2: Validation of the GFP-Glelb fusion protein overexpression plasmid. (A)
Immunocytochemistry of HEK cells transfected with 500ng of pEGFP-Glelb plasmid. Co-
localisation of Glel protein overexpression and GFP fluorescence confirmed with co-stained
with Glel (red) and GFP (green) antibodies. Signal overlap seen in merge image. (B) Western
blot probed with an anti-Gle1 antibody showing protein expression of both endogenous Glel

at 75kDa and overexpressed GFP-tagged Glel at around 100kDa. GAPDH (at 37kDa) is used
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to show equal loading (C) Western blot probed with an anti-GFP antibody showing protein
expression of GFP-tagged Glel at around 100kDa. GAPDH (at around 36kDa) is used to show

equal loading.

3.2.2 LV FLAG-Glelb Plasmid Cloning and Validation

Many experiments planned for this research project involve looking at overexpression of Glel
in cells which are difficult to transfect, mainly being motor neurons and fibroblasts. As a result
of this we needed to generate tagged lentiviral constructs. Using a previously generated
3xFLAG-tagged Glelb pcDNA5_FRT plasmid (kindly cloned by Dr Guillaume Hautbergue at
SITraN), and the in-house SIN-PGK-cPPT-WHV (pLenti-VOS) lentiviral backbone. Before
starting the process of cloning the FLAG-tagged Glelb plasmid was tested in HEK cells by

western blot for overexpression of a FLAG-Glelb isoform (Fig 3.3).
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75kDa — Glel 75kDa FLAG
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Figure 3.3: Western blot demonstration of overexpression of FLAG-Glelb from 3xFLAG-
tagged Glelb pcDNA5_FRT plasmid. (A) Western blot probed with anti-Glel antibody,
showing protein expression of both endogenous Glel at 75kDa and overexpressed FLAG-
tagged Glel. GAPDH (at around 36kDa) is used to show equal loading (B) Western blot probed
with an anti-FLAG antibody showing protein expression of FLAG-tagged Glel at around 75kDa.
GAPDH (at around 36kDa) is used to show equal loading.

Once this was validated, we moved to clone the insert from the pCDNAS5_FRT plasmid into

the multiple cloning site within the pLenti-VOS backbone using the Mlul and Nhel restriction
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sites (Fig 3.4 A). Primers with complimentary cut sites were designed complimentary to the
3XFLAG-Glelb insert from the pCDNAS5_FRT plasmid. These were used to PCR amplify the
insert and digest the vector, the correct sizes were verified by imaging the products on an
agarose gel prior to gel extraction and purification (Fig 3.4 B, C). Ligation of the plasmid was
carried out using the quick ligase kit and colonies were checked for the insert through

digestions with Mlul and Nhel (Fig 3.4 D).
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Figure 3.4: FLAG-Glelb cDNA was successfully cloned into the pLenti-VOS vector. (A) Plasmid
map of the finalised pLenti-VOS FLAG-Glelb plasmid (B) PCR amplification of the Gle1b insert
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from the pCDNA5_FRT plasmid prior to purification. Ladder shown is 1kb NEB ladder. (C)
Double digest of the pLenti-VOS plasmid prior to gel extraction and purification. Ladder shown
is 1kb NEB ladder. (D) Representative digest of a ‘successful’ colony with digest sizes matching
those expected from the maps (as shown in the schematics on the left). Ladder shown is 1kb

NEB ladder.

Validation of this plasmid was carried out through western blotting, as previously with the
pPCDNA5_FRT plasmid. Probing the blot with both a FLAG antibody and a Glel antibody
showed a specific overexpression of the FLAG tagged Glelb protein (Fig 3.5). GAPDH was used

to indicate equal loading of total protein extracts.
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Figure 3.5: Western blot demonstration of overexpression of FLAG-Glelb LV_SIN-PGK-WPRE
plasmid. (A) Western blot probed with anti-Gle1 antibody, showing protein expression of both
endogenous Glel at 75kDa and overexpressed FLAG-tagged Gle1lb. GAPDH (at around 36kDa)
is used to show equal loading. (B) Western blot probed with an anti-FLAG antibody showing
protein expression of FLAG-tagged Glelb at around 75kDa. GAPDH (at around 36kDa) is used

to show equal loading.

This plasmid was also validated by sequencing and so was confirmed to be ready for Lentiviral

production.
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3.2.3 LV FLAG-Glelb Viral production and Validation

Lentiviral vector (LV FLAG Glelb) was produced at a titre of 3.58 x 108 TU/ml. The produced

virus was used for in vitro studies.

Validation of this virus was carried out through both western blotting and
immunocytochemistry. A dose-response experiment was performed in human fibroblast cells
to test for the optimal multiplicity of infection (MOI) to use for experiments. Western blotting

demonstrated a clear dose dependant overexpression of a FLAG-tagged Glelb protein (Fig
3.6).
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Figure 3.6: Western blot analysis of lentiviral FLAG-Glelb overexpression in fibroblast cells
(GM8680) 4 days after LV transduction. (A) Western blot probed with anti-Glel antibody,
showing protein expression of both endogenous Glel at 75kDa and overexpressed FLAG-
tagged Glelb. GAPDH (at around 36kDa) is used to show equal loading. Quantification by
densitometric analysis of three biologically independent repeats (n=3), normalised to GAPDH

levels. All values shown relative to Untransduced (UT). (B) Western blot probed with an anti-
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FLAG antibody showing protein expression of FLAG-tagged Glelb at around 75kDa. GAPDH
(at around 36kDa) is used to show equal loading. Quantification by densitometric analysis of
three biologically independent repeats (n=3), normalised to GAPDH levels. All values shown

relative to Untransduced (UT).

Transduction efficiency was also assessed through immunocytochemistry to determine the
percentage of cells which were transduced with the virus at each dose (Fig 3.7). This data
demonstrated that an MOI of 20 was the optimal dose of virus for both protein expression

and numbers of cells transduced.
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Figure 3.7: Immunocytochemistry analysis of lentiviral FLAG-Glelb overexpression in
fibroblast cell (GM8680) 4 days after LV transduction. (A) Representative images of cells
transduced with an increasing dose of LV FLAG-Glelb. Transduced cells shown in green

through staining with an anti-FLAG antibody, therefore showing overexpression of FLAG-
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Glelb. Hoechst staining of nuclei in blue. (B) Quantification of cells which were positive for
FLAG staining indicating transduction, data from three technical repeats, 22 fields per repeat,

at least 300 cells per condition.

3.2.4 LV-GFP plasmid validation

A lentiviral vector containing a GFP reporter transgene (LV GFP) was used in experiments as
a control virus. Prior to viral production this plasmid was validated following retransformation
from an old plasmid stock. The plasmid was digested to confirm it was as expected (Fig. 3.8b).
Western blots were performed to assess protein overexpression in HEK cell protein lysates

which had been transfected with 500 ng plasmid DNA.
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Figure 3.8: LV GFP Plasmid Validation. (A) LV GFP plasmid map. (B) Digests to check
retransformation of LV GFP plasmid from old plasmid stock. (C) Western blot of protein lysates
from HEK cells transfected with LV GFP plasmid, probed with anti-GFP antibody, showing

protein expression at 27kDa. Tubulin (at 55kDa) is used to show equal loading.
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3.2.5 LV GFP viral production and validation

Lentiviral production generated a stock of LV GFP virus to be used for in vitro studies. The

final titre of this virus was 7.68 x 108 TU/ml.

Validation of LV GFP virus was carried out through both western blotting and
immunocytochemistry. A dose-response experiment was carried out to test for the optimal
MOI to use for experiments. Western blotting demonstrated a clear dose dependant
overexpression of GFP protein (Fig 3.9). Immunocytochemistry demonstrated a good
transduction efficiency from MOI 10 upwards (Fig 3.10). To match the MOI used of LV FLAG

Glelb, an MOI of 20 was chosen as the optimal dose for further experiments.
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Figure 3.9: Western blot analysis of lentiviral GFP overexpression in fibroblast cell lines
(GM8680) four days following LV transduction. (A) Western blot probed with anti-GFP
antibody, showing protein expression at 27kDa. Tubulin (at 55kDa) is used to show equal
loading. (B) Quantification by densitometric analysis of one biological repeat (n=1),

normalised to GAPDH levels. All values shown relative to Untransduced (UT).
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Figure 3.10: Immunocytochemistry analysis of lentiviral GFP overexpression in fibroblast cell
lines (GM8680) four days following LV transduction. (A) Representative images of cells
transduced with an increasing dose of LV GFP. Transduced cells shown in green through
staining with an anti-GFP antibody. Hoechst staining of nuclei in blue. (B) Quantification of
cells which were positive for GFP staining indicating transduction, data from three technical

repeats, 22 fields per repeat, at least 300 cells per condition.

3.2.6 AAV Glelb plasmid Validation

The work carried out in this thesis, combined with work done in the lab previously, led us to
aim for investigation of the neuroprotective effect of Glel in vivo. To deliver the Glelb
transgene to the CNS in vivo an AAV vector was required. The human Glelb isoform was

previously cloned into an in-house pAAV_CMV by Matthew Wyles. As with the lentiviral
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plasmids, prior to using this plasmid to produce large scale virus we wanted to ensure it was

working as expected.

The plasmids were retransformed to create stocks, and these were checked by both digestion
and sequencing. Digests of the plasmid and the inverted tandem repeats (ITRs) demonstrated
that the plasmid contained the expected insert and the ITRs were importantly still intact, as

these can easily be lost through retransformation (Fig 3.11).
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Figure 3.11: AAV Glelb plasmid and digestions. (A) Plasmid map of AAV Glelb (B) Digestions

to confirm retransformation of plasmid from old stock, in particular the ITR regions.
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Western blotting and immunocytochemistry of HEK cells transfected with the AAV Glelb
plasmid demonstrate a clear overexpression of the protein which is specific to the Glelb
isoform (Fig 3.12 A, B). Here, | also tested an AAV Glela plasmid (also generated by Matt
Wyles previously). As Glela is not the dominant isoform, combined with data generated in

later chapters of this thesis, | decided to focus specifically on Glelb from this point onwards.

Immunocytochemistry also demonstrated an overexpression of Glelb protein, this

overexpression occurs in all areas of the cell rather than one region in particular (Fig 3.12 C).
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Figure 3.12: Validation of Glelb overexpression from the pAAV_CMV_Glelb plasmid. (A)
Western blot demonstrating protein overexpression of both Gle1 isoforms in HEK cells 48 hours

after transfection. Probed with anti-Gle1 antibody, showing protein expression at 75kDa.
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GAPDH (at 36kDa) is used to show equal loading. (B) Quantification by densitometric analysis
of one biological repeats (n=1), normalised to GAPDH levels. All values shown relative to
Untransfected (UT). (€C) Immunocytochemistry showing overexpression of Glelb protein

(green) in HEK cells using a Glel antibody.

3.2.7 AAV9 Glelb viral production and validation

Following successful validation of the plasmid we proceeded with production of a pilot small
scale AAV9 production (see materials and methods for more details). This would allow us to
test whether the plasmid correctly produced a virus which would package and correctly

express the tra nsgene.

To test the outcome of the viral production, the capsid integrity and the virus’s ability to
overexpress the transgene were evaluated. Small volumes of virus were added to HEK cells
alongside a transfected well, serving as a positive control. Protein lysate was run on a western
blot and probed for Glel expression (Fig 3.13 A), quantification of Glel signal shows an
increase in the transduced well compared to untreated cells, albeit lower than the transfected
cells (Fig 3.13 B). Capsid integrity was evaluated by loading a small volume of virus mixed with
laemelli buffer into a gel and probing for the VP1, VP2 and VP3 viral capsid proteins. These
three proteins are visible at the correct sizes therefore confirming successful production of

the viral capsid (Fig 3.13 C).

95



75kDa  —|

36kDa —

Figure 3.13: Validation of a small scale AAV9 Glelb preparation. (A) Western blot probed
with anti-Gle1 antibody, showing protein expression at 75kDa. GAPDH (at 36kDa) is used to
show equal loading. (B) Quantification by densitometric analysis (n=1), normalised to GAPDH
levels. All values shown relative to Untransduced (UT). Scale is logarithmic. (C) Western

blotting of viral capsid proteins (VP1, VP2 and VP3 at 87kDa, 73kDa and 61kDa respectively).

As the plasmid appears to be capable of successfully produce functional and intact AAV9 virus,
| proceeded with generation of a purified, larger sized AAV preparation, which would be

suitable for in vivo work in the future.

The quality of the virus was assessed through SYPRO ruby staining. This allowed us to pool

viral fractions into high- and low-quality groups (Fig 3.14), which could be mixed and further

processed.
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Figure 3.14: SYPRO ruby staining of viral fractions to determine high- and low- quality
fractions. Red boxes show fractions from each prep which were clean enough to be considered

high-quality, the rest were pooled as low-quality fractions.

Once the fractions were pooled, the virus was de-salted and aliquoted for long term storage
at -80 °C. Following this process, the virus was assessed for integrity and transgene

expression, as previously described in section 3.2.7.

Firstly, the capsid integrity of the fractions was assessed through both western blotting (Fig
3.15 A) and SYPRO ruby staining (Fig 3.15 B). Both experiments demonstrated that the VP1,
VP2 and VP3 proteins were present in all fractions, therefore demonstrating the presence of

an intact capsid.
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Figure 3.15: Validation of large-scale AAV9 Glelb capsid. (A) Sypro ruby staining of viral
capsid in both high- and low- quality fractions. (B) Western blot probed with anti-VP1, VP2
and VP3 antibody at 87kDa, 73kDa and 61kDa respectively.
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After validating the presence of a correctly formed capsid, | performed a titration of both viral
fractions, to assess how concentrated our fractions were for future experiments. Titres of

both viral fractions can be seen in Table 3.1.

Table 3.1: Titre of large scale AAV9 Glelb virus fractions. Virus titred by qPCR in viral

genomes copies per ml (vg/ml).

High Quality AAV9-Glelb 1.93 x 10*

Low Quality AAV9-Glelb 1.22 x 10"

To assess whether the virus is correctly expressing the Glelb transgene, primary cortical
neurons from mice were isolated and transduced with AAV9-Glelb. AAV9 has a specific
tropism to the CNS and so transduces these neurons with high efficiency. As we are planning
to use this virus for in vivo study in mice, using primary neuronal cells from a wild-type mouse

seemed the best cell model for initial testing.

Therefore, we performed both immunocytochemistry and protein extraction from cells which
had been transduced with different MOI’s of virus. Both the low-quality and high-quality

fractions appear to demonstrate good protein expression at low and high doses (Fig 3.16 A,

B).
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Figure 3.16: Western blot analysis of AAV9 Glelb overexpression in wild-type mouse
primary cortical neurons 7 days post transduction. (A) Western blot probed with anti-Gle1
antibody, showing protein overexpression at 75kDa. GAPDH (at 36kDa) is used to show equal
loading. (B) Quantification by densitometric analysis of one biological repeat (n=1),

normalised to GAPDH levels. All values shown relative to Untransduced (UT).

AAV9-Glelb-mediated transduction efficiency was confirmed through immunofluorescence

staining with a Glel antibody (Fig 3.17 A, B). Again, the overexpression of the transgene is

expressed in both the nucleus and the cytoplasm.
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Figure 3.17: Validation of AAV9-Glelb overexpression in primary cortical neurons 7 days
following AAV transduction. (A) Transduced cells shown in green through staining with an
anti-Gle1 antibody. Hoechst staining of nuclei in blue. (B) Quantification of cells which were
positive (above the level of the endogenous Glel staining seen in the untransduced condition)
for Glel staining indicating transduction, data from two technical repeats, 32 fields per repeat,

at least 500 cells per condition.
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3.3 Discussion

This chapter’s focus was on describing the stages gone through to generate and optimise the
plasmids and vectors which will be used throughout this project. This included design,
generation and production of lentiviral and adeno-associated viral vectors aiming to
overexpress the Glelb protein, alongside corresponding controls. A plasmid overexpressing a
GFP fusion protein was also developed with the aim of using this for immunoprecipitation

experiments.

3.3.1 Choosing which Isoform of Glel to overexpress

Human Glel protein has two isoforms: hGlela and hGlelb. These differ by a 43-amino acid
domain at the C-terminus of the hGlelb isoform. qPCR analysis of Hela cells demonstrated a
1000-fold prevalence of the hGlelb isoform in comparison to the levels of hGlela, thereby
suggesting that this is the dominant isoform (Kendirgi et al., 2003). Due to the similarity of
these two isoforms, antibody recognition of specific isoforms is unfortunately not possible
other than localisation within the cell. Therefore, for all overexpression constructs we decided
to go forward with the more prevalent isoform, hGlelb, as this is the isoform responsible for
the major roles of the GLE1 gene (specifically nucleocytoplasmic shuttling of mRNA) (Kendirgi

et al., 2005).

Diseases caused by mutations within the GLE1 gene are spread across the different domains
of the protein. However, many of the mutations which have been seen in LAAHD and ALS
patients occur within the C-terminal domain, in particular the hCG1 binding domain which is
specific to the hGlelb isoform (Kaneb et al., 2015; Nousiainen et al., 2008). This therefore
could imply that it is loss of these isoform specific functions which are crucial to the survival

of the motor neurons.

The Glelb isoform is the predominant human isoform localised to the nuclear pore complex
on the nuclear membrane. However, in this study to appears that overexpression of these
Glelb constructs is occurring predominantly in the cytoplasm. This could potentially result in
the overexpressed Glelb protein acting in a manner more comparable to Glela due to its

localisation within the cell. A more thorough investigation of the impact of Glel
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overexpression would need to be carried out to fully establish which pathways the
overexpressed protein could be implicated in as this may affect interpretation of later results

with regards to isoform specific roles.

3.3.2 Production of Lentiviral vectors for in vitro study

Firstly, for the in vitro studies we aimed to produce a FLAG-tagged lentivirus overexpressing
the hGlelb protein isoform. Lentiviral vectors are well characterised as delivery vectors to
cells which are both dividing and nondividing (Azzouz et al., 2002). They have also been shown
to have high transduction efficiency in neuronal cell populations (Naldini et al., 1996) and
have been tested in clinical therapy’s for neurological diseases such as Parkinson’s disease
(PD) (Palfi et al., 2018, 2014). More recent developments in the field have favoured different
delivery vectors for clinical therapies as lentivirus has a predisposition to integrate randomly
into genome. Multiple safety concerns have been raised due to the unpredictable nature of
where these viruses integrate and the long term effects this may cause (Ciuffi, 2008; Sinn et
al., 2005). In addition to this there is the substantial host immune response to both the vector
and the transgene which needs to be considered when assessing the safety of these vectors

in vivo (Annoni et al., 2019).

However, in our case for in vitro study, lentivirus provides a suitable method for efficient
transduction of cell lines and primary neurons. These vectors can be produced in house at
high titres. In this chapter, | have demonstrated the production and validation of two different
lentiviruses, namely LV FLAG Glelb and LV GFP. Both viruses were tested for the optimal dose
which would give a good percentage of transduction in the desired cell populations, in this
case fibroblast cells. This gave us a comparable percentage of transduced cells between the
GFP and FLAG-tagged Glelb overexpression, thereby allowing us to account for any variation
in the observed conditions which may be being caused by the presence of the lentivirus itself

rather than that of the transgene.

Nevertheless, there is still the expression of the GFP protein within the control virus which, in
some cases, may cause increased immunogenicity, cytotoxicity or change the expression of
specific markers which could be evaluated (Ansari et al., 2016). Therefore, this raises the

question of how useful this is as a control in this situation. Ideally our lentiviral overexpression
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vector would also contain a GFP tag as this would mean that any toxicity seen due to GFP

would be equal across the two experimental conditions.

However, as we at this point in the project, did not have a vector which expressed a GFP-
tagged Glel we decided to use the FLAG-tagged construct which we already had in our
possession. Unfortunately, we were unable to produce a lentivirus expressing the 3xFLAG-tag
only as this protein sequence is too short to be expressed alone. This would have been
problematic as we would have had no way of detecting which cells were transduced within
the population, therefore making comparison with the positively transduced FLAG-tagged
cells difficult. For the experiments which are outlined in the reminder of this thesis we

therefore use the LV-GFP virus as a control for our LV FLAG Glelb virus.

It is also important to note that the optimal MOI for these viruses was tested in only one
healthy line of fibroblasts (GM8680). Fibroblast cells can vary greatly in their characteristics
depending on multiple factors (e.g., tissue type the sample was derived from, age of patient,
genetic backgrounds). Therefore, it would have been optimal to have tested each virus in each
of the fibroblast cell types which were to be used for experiments to ensure that the

transduction efficiency was comparable across all groups.

3.3.3 Production of Adeno-associated viral vectors

Recombinant adeno-associated virus (rAAV) is the favoured vector for in vivo work, and
therefore also clinical studies, as it functions episomally within the cytoplasm of the
transduced cell using the cells machinery to produce the desired transgene (Wang et al.,
2019). In the field of neuroscience, AAV9 is the preferred capsid as this preferentially
transduces neuronal cell populations and has been shown to be able to cross the blood brain

barrier in vivo (Aschauer et al., 2013; Foust et al., 2010; Valori et al., 2010).

In this chapter, | show the production of a functional AAV9-Glelb virus which was produced
to a high titre and quality for in vivo work in the future. This virus was validated in mouse
primary cortical neurons as it was produced with the goal of injecting and transducing mouse
brain and spinal cord tissue. Transduction with both low- and high-quality viruses

demonstrates dose-dependent overexpression of Glelb protein. Unfortunately, due to
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COVID-19 related time restraints a mouse study was not anymore feasible, and so we did not

use this virus for in vivo study during this PhD.

3.3.4 GFP-tagged Glelb for immunoprecipitation

A GFP-based immunoprecipitation was chosen for the experiments performed in the
following chapters as GFP-immunoprecipitations had already successfully been performed in
the lab using GFP-tagged SMN constructs which we could use straight away to probe for Glel
interaction. For ease of comparison, we therefore wanted to clone the Glelb coding sequence
into this same backbone. Our construct contains a N-terminal GFP tag, which according to the
protein structure of the GLE1 gene should mean it is located adjacent to the hNup155 binding
domain (Nousiainen et al., 2008). This therefore may have caused disruption to Glelb
localisation and interaction with some of its known binding partners. It has also been
demonstrated in the past that both N-terminal and C-terminal GFP tags can impact the native
subcellular localisation of proteins (Hanson and Ziegler, 2004; Palmer and Freeman, 2004). |
was able to successfully determine GFP expression by both immunofluorescence and through
the eye piece of a fluorescent microscope with the cells in culture, therefore indicating that
expression of the GFP tag itself was in no way impaired by the protein structure. Despite the
limitations of using GFP-tagged constructs, this allowed us to produce a functional construct

which we could easily perform immunoprecipitation experiments within the lab.

3.3.5 Summary

The experiments described in this chapter show successful design, generation and in vitro
validation of tools which enable investigation into the dynamics between the Glel and SMN
proteins in more depth and how they might function in a disease context. These constructs

will be used throughout the rest of this thesis to test our hypotheses.
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4. The Relationship between Glel and SMN

4.1. Introduction

Co-transcriptional processing of RNA is a complex, dynamic and multileveled process which is
crucial for correct protein expression. RNA binding proteins (RBPs) are proteins which bind
mMRNA through highly conserved RNA-binding domains (Ravanidis et al., 2018). These proteins
and their associated factors enable cells to regulate RNA transcription, post-transcriptional
processing events (such as capping, splicing/alternative splicing and polyadenylation), mRNA
nuclear export and translation prior to any post translational modifications at the protein

level.

hGlela and hGlelb have been implicated in modulation of stress granules through
translation, and nucleocytoplasmic export of mRNA respectively (Aditi et al., 2015; Kendirgi
et al., 2003). The role of SMN in the spliccosome and RNP biogenesis has been well
characterised, with additional diverse functions in mRNA trafficking, stress granule assembly
and local translation being more recent discoveries. Mutations within either of these proteins
have been implicated in diseases, namely LCCS and SMA, which selectively affect motor

neurons.

Two studies published during this PhD project begin to suggest that that knockdown of Glel
may affect the expression levels of SMIN1 (Okamura et al., 2018), and that GLEI mRNA levels
are reduced in SMA patient cells (Alrafiah et al., 2018a). However, beyond these initial
findings the relationship between Glel and SMN has not been well studied. Due to the
similarities in the biological function and the diseases which loss of either protein causes, the
basis of my PhD was to try to understand whether there is any potential interaction between

the two proteins.
4.1.2 Aims

The aims of this chapter are therefore to investigate whether there is any relationship
between the Glel and SMN proteins. This will be investigated by asking the following

questions:
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1. Do Glel and SMN interact with each other?

2. Where abouts in the cell might this interaction be occurring?

3. Are the levels of Glel protein and mRNA affected in SMA disease models?
4. Can overexpression of one protein rescue loss of the other?

4.2 Results

4.2.1 Glel and SMN proteins interact

As there are similarities between the different functions of the Glel and SMN proteins, | was
interested to investigate whether Glel and SMN play a common role in any shared pathways.

Therefore, | looked at whether the two proteins interact.

By using a plasmid which overexpresses a GFP-SMN fusion protein, | was able to perform a
GFP immunoprecipitation and probe for both known binding partners of SMN and our protein
of interest, Glel (Fig 4.1). HEK293 cells were transfected with pEGFP and pEGFP-SMN
plasmids for 48 hours prior to harvest and protein lysis. Total protein lysate was held back
prior to incubation with the ChromoTek-GFP beads to run alongside the co-
Immunoprecipitation (co-IP) samples as an input reference. This ensured that the inputs were
equally expressing the proteins we were probing for and that they were loaded evenly.
Protein lysates were also treated with RNase A to ensure that any interactions observed were

due to protein-protein interactions rather than being bound through an RNA-intermediate.

Enrichment of the GFP-tagged SMN protein was confirmed through probing of the membrane
with an anti-SMN antibody to show GFP-SMN overexpression at around 50 kDa, and an anti-
GFP antibody to show GFP overexpression at around 27 kDa in the empty vector control
samples. RNA helicase A was used as a positive control for a known binding partner of SMN
(Pellizzoni et al., 2001b). Signal was seen for RNA helicase A (at around 155 kDa) both in the
presence and absence of RNase A as expected. In the experimental condition of probing for
endogenous Glel (at 75 kDa), there is a band in both the presence and absence of RNase A,

indicative of interaction between the GFP-SMN and endogenous Glel.
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Figure 4.1: Immunoprecipitation of pEGFP-SMN plasmid shows presence of Glel protein.
GFP immunoprecipitation pulling down an overexpressed empty pEGFP construct or pEGFP-
SMN. 10% protein inputs probed for RNA Helicase A, Glel and GAPDH to show even loading
of IP protein. IP pellets probed for RNA helicase A as a published positive control with SMN.
Interaction between Glel and SMN observed in pEGFP-SMIN pellets both with and without

addition of RNase A to the protein extracts prior to immunoprecipitation (n=3).

To confirm the interaction seen by overexpression of GFP-tagged SMN protein, | decided to
repeat this experiment in the reverse configuration. To do this | cloned the more abundant
isoform of human Glel (hGlelb), into the same pEGFP vector as used for the SMN coding
sequence (as described in Chapter 3). This construct was then used as previously with pEGFP-
SMN. Again, protein lysate was taken aside prior to incubation with the GFP-beads to check
the conditions were equally incubated and loaded on the gel. Samples were also treated with
RNase A to ensure any interactions seen were protein-protein and not simply due to an RNA-
intermediate. Probing of the membrane with an anti-Glel antibody demonstrated an
enrichment within the IP of overexpressed GFP-tagged Glelb protein at around 100 kDa,
alongside endogenous Glel at 75 kDa. Probing this same lysate with an anti-SMN antibody
showed signal for samples both untreated and treated with RNase A, indicating that GFP-

Glelb was interacting with endogenous SMN (Fig 4.2).
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Figure 4.2: Immunoprecipitation of pEGFP-Glelb plasmid shows presence of SMIN protein.
GFP immunoprecipitation pulling down an overexpressed empty pEGFP construct or pEGFP-
SMIN. 10% protein inputs Glel and GAPDH to show even loading of IP protein. Interaction
between Glelb and SMN observed in pEGFP-SMN pellets both with and without addition of

RNase A to the protein extracts prior to immunoprecipitation (n=3).

Following these experiments looking at interactions based on overexpression of a tagged
protein construct, | wanted to look at whether this interaction occurs on an endogenous level.
To investigate this, | used a proximity ligation assay (PLA). This is an assay which allows
visualisation proteins in situ which are in very close proximity (40 nm). Two protein targets
can be labelled by using two primary antibodies of different species, PLA probes
complimentary to these species then can bind the selected primary antibodies. A
hybridisation reaction can then be carried out, hybridizing oligos can connect if the PLA
probes are within a close enough proximity to one another. Incubation with a ligase can then
form a circular DNA template necessary for rolling-circle amplification (RCA). Addition of a
DNA polymerase generates concatemeric sequences during RCA, amplifying the signal from
the PLA probe. Hybridisation of a labelled oligo to these sequences therefore allows

localisation of the signal, which can then be quantified and evaluated. (Sigma, 2021).
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To further investigate the interaction observed between Glel and SMN, a PLA was performed
across a variety of different cell models to assess the localisation of the proteins and how it

varies across cell types and conditions.

Firstly, | used HEK293 cells to assess whether the two proteins could be seen to localise and
where abouts in the cell this occurred. For PLA, cells were treated with either anti-Glel
antibody, anti-SMN antibody, or both anti-SMN and anti-Glel antibodies together. Anti-SMN
and Anti-coilin antibodies were also used as a positive control to demonstrate the assay had
worked in the absence of any signal in the experimental condition (Hebert et al., 2001). The
PLA was performed as previously explained and signal was visualised through confocal
microscopy. Due to the majority of the protein structure being the same between hGlela and

hGlelb, antibodies for this protein recognise both isoforms.

Minimal signal was seen in the negative control conditions of each antibody alone: a small
number of foci could be observed in the anti-Glel antibody condition (Fig 4.3 A), with none
seen in the anti-SMN antibody condition (Fig 4.3 B). Much stronger signal was seen in the
conditions treated with both antibodies, both in the experimental condition and the positive
control (Fig 4.3 C, D), suggesting that SMN and Glel proteins are occurring in close proximity
within the cell. Signal distribution was quantified looking at the distribution between the
nucleus and cytoplasm, suggesting that the interaction occurs in equally in both the nucleus

and the cytoplasm (Fig 4.3 E).
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Figure 4.3: Proximity ligation assay showing co-localisation of Gle1l and SMN protein in HEK
cells. Negative controls with (A) Glel antibody only (B) SMN antibody only, and the positive
control of (C) SMIN and coilin, (D) experimental condition of Glel and SMN antibodies together.
The red dots are indicative of co-localisation of Glel and SMN proteins. White box indicates

which area of the image is shown to the right at a higher magnification. (E) Quantification of
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nuclear vs non-nuclear foci per cell (n=3 biological repeats, 50 cells per condition). Data

displayed as mean +/- SEM.

Next, we were interested in whether the interaction between Glel and SMN was affected by
the reduction of SMN in SMA patient cells. To investigate this, we used fibroblast cells taken
from SMA patients. As seen in the HEK293 cells previously, we observed little to no signal in
the negative control conditions (Fig 4.4 A, B). Signal in the experimental condition
demonstrated that again Glel and SMN appeared to colocalise evenly across the nucleus and
cytoplasm (Fig 4.4 C-E). The levels of signal between the control fibroblast cells and the Type
| SMA patient cells did not appear to be different between the conditions. There is, however,
a greater level of variability in these cells than the HEK293s. One repeat here had to be
excluded due to problems with the kit/antibodies expiring/losing efficiency following the

COVID-19 pandemic.
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Figure 4.4: Proximity ligation assay showing co-localisation of Glel and SMN protein in
fibroblasts. (A) Negative controls with Glel antibody only and SMN antibody only in control
fibroblast cells (GM0489). (B) Experimental condition of Glel and SMN antibody together in
control cells (GM0489) and SMA cells (GM09677). The red dots are indicative of co-localisation
between Glel and SMN proteins. White box indicates which area of the image is shown to the
right at a higher magnification. Scale bars shown as 10 um. (E) Quantification of nuclear vs
non-nuclear foci per cell (n=2 biological repeat, 50 cells per condition). Data displayed as mean

+/- SEM.

As the phenotypes often observed in SMA cases are specific to motor neurons, we also
wanted to assess whether the localisation or levels of signal varied in control and SMA patient
motor neurons. The location of the interaction in these cells could potentially point us

towards a common pathway specific to motor neurons.

Here | looked at proximity of Glel and SMN protein in two control motor neuron populations:
MN Control 1 / Cs14 and MN Control 2 / GM, alongside two SMA patient motor neuron
populations: MN SMA 1 / SMA 77 and MN SMA 2 / SMA 84. As previously in the other cell
types there is little to no signal observed in the single antibody only conditions which indicates
our signal is showing true co-localisation of the two proteins (Fig 4.5 A-H). There is Glel/SMN
PLA signal within the nuclei, cytoplasm, and axons of the motor neurons of both control and
SMA cells (Fig 4.5). However due to COVID-19 related time restraints and problems with
delivery’s, this data is only preliminary (n=1) and requires further replicates to draw any

conclusions as to whether this interaction is disrupted in SMA cells.
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Figure 4.5: Proximity ligation assay showing co-localisation of Glel and SMN protein in
motor neurons. The red dots are indicative of interaction between Glel and SMN proteins.
White box indicates which area of the image is shown to the right at a higher magnification.
All scale bars 20 um. All data displayed as mean. Background red staining from MAP2 axonal
marker on far-red (647) channel. (A) MN Control 1 (Cs14) Gle1/SMN signal, Glel antibody
alone negative control, SMIN antibody alone negative control. (B) MN Control 2 (GM)

Gle1/SMN signal, Glel antibody alone negative control. (C) Quantification of foci per cell in
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MN Control 1 (Cs14) conditions (n=1, 50 cells per condition). (D) Quantification of foci per cell
in MN Control 2 (Cs14) conditions (n=1). (E) MN SMA 1 (SMA 77) Gle1l/SMN signal, Glel
antibody alone negative control, SMN antibody alone negative control. (F) MN SMA 2 (SMA
84) Gle1/SMN signal, Gle1 antibody alone negative control. (G) Quantification of foci per cell
in MN SMA 1 (SMA 77) conditions (n=1, 50 cells per condition). (H) Quantification of foci per
cell in MN SMA 2 (SMA 84) conditions (n=1, 50 cells per condition). (I) Quantification of nuclear

vs non-nuclear foci per cell.

4.2.2 Glel levels are reduced in SMA cell models

As there appears to be a clear interaction between Glel and SMN proteins. | then wanted to
look at whether the expression of GLE1 was altered in SMA patients compared to control

samples given that patients have reduced expression of SMN.

As these two genes are both ubiquitously expressed, | decided to assess whether the levels
of Glel were altered in a cell type which was representative of a more general cell type rather
than a post-mitotic specialised cell type. To test this, | looked at both endogenous protein
expression and mRNA transcript levels in control and type | SMA patient fibroblasts. Where

possible, each SMA fibroblast line was matched to an age and sex match control.

Protein lysates from each sample were extracted and run on a western blot. The membrane
was then probed with an anti-Glel antibody to look at endogenous protein expression.
Tubulin was used as a loading control to ensure equal loading across the samples, this was
used for normalisation during the quantification of signal. In both pairs of age matched cells,
SMA patients demonstrate a significant reduction of around 30-50% in Glel protein levels
when compared to the control cells (Control 1 vs SMA 1 (paired t-test, p=0.0014, **, n=5),
Control 2 vs SMA 2 (paired t-test, p=0.0312, *, n=4)). (Fig 4.6 A-B). The averages from each
cell type were also grouped and compared; showing that although there is variability in
expression across the controls, the expression levels in the SMA cells were both reduced

comparatively (Fig 4.6 C).
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Figure 4.6: Glel protein levels are reduced in SMA fibroblast cells. (A) Representative
western blot showing protein expression in human fibroblast cells: Control 1 (GM0489), SMA
1 (GM09677), Control 2 (GM08680), SMA 2 (GM00232). Western blot probed with anti-Gle1
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antibody, showing protein expression of endogenous Glel at 75kDa. Tubulin (at 55kDa) is used
to show equal loading of samples. (B) Densitometric analysis shows a reduction in Gle1 protein
levels across age-matched pairs. Control 1 vs SMA 1 (paired t-test, p=0.0014, **, n=5), Control
2 vs SMA 2 (paired t-test, p=0.0312, *, n=4). Data displayed as mean +/- SEM. Protein loading
was normalised using Tubulin signal. (C) Average values of densitometric analysis of each line
shows consistency between the age matched pairs when all normalised to Control 1. Glel
protein levels are reduced overall in SMA patient cells. Protein loading was normalised using

Tubulin signal. Data displayed as mean +/- SEM.

Complementary to western blots, cells were also processed in parallel for RNA extraction,
GLE1 mRNA transcript levels were measured through gPCR. By assessing both protein and
MRNA expression in these cells we aimed to see where during the process of gene expression

Glel levels are disrupted: at the transcript level, during RNA processing or during translation.

Again, cells were compared to their age and sex matched controls and data was normalised
to a GAPDH loading control. Patient cells show a varied fold change expression of Glel mRNA.
SMA 1 cells demonstrate 70% reduction compared to the Control 1 cells (unpaired t-test,
p=0.0441, *; n=3), while the SMA 2 cells show an expression which is comparable to Control
2 cell (unpaired t-test, p=0.7353, ns; n=3) (Fig 4.7 A, B). The averages from each cell type were
also grouped and compared; this shows that the levels of GLEI mRNA transcripts vary across
both the control and SMA groups (Fig 4.7 C), in this case a third group of control and SMA
cells would be useful to determine the average levels of transcripts across both groups of cells

and whether this is reduced in patient cells.
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Figure 4.7: GLE1 mRNA levels are only reduced in one SMA patient sample. Fold expression
change worked out through delta delta CT analysis of gqPCR data, data normalised to the
Healthy cell condition in both cases. (A) SMA 1 (GM09677) show a 70% decrease in GLE1
MRNA levels compared against age-matched control GM0489 (unpaired t-test, p=0.0441, *,
n=3). (B) SMA 2 (GM00232) however shows no difference in GLE1 mRNA expression levels
compared to age matched control GM8680 (unpaired t-test, p=0.7353, ns, n=4). Data
displayed as mean +/- SEM. (C) Average fold expression change of Control and SMA cells,

normalised to Control 1.
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To assess whether this loss of Glel was specific to an isoform we performed a nuclear
cytoplasmic fractionation of control and SMA patient fibroblast cells. As mentioned
previously, there are two isoforms of human Glel: hGlelb and hGlela. The more abundant
isoform, hGlelb, being located on the nuclear fibrils of the nuclear pore complex, with the
hGlelaisoform found in the cytoplasm (Aditi et al., 2015; Kendirgi et al., 2005). | hypothesised
that a nuclear loss would correspond to a loss of hGlelb, while a cytoplasmic loss could be
attributed to a loss of the hGlela isoform. This, in turn, could give us more clues as to which

pathways may be affected in the SMA patient population by a reduction in Glel levels.

Successful fractionation of the nucleus and the cytoplasm of these cells was confirmed by
western blotting (Fig 4.8 A) using an anti-SSRP1 antibody as a marker for the nucleus and an
anti-Tujl antibody as a marker of cytoplasm. Unfortunately, due to the composition of
fibroblast cells, | was unable to get a fully pure nuclear fraction as they are very heavily
cytoplasmic. However, as the cytoplasmic fractions had no presence of nuclear protein it
could still be used for RNA extraction and analysis by gPCR. As shown previously, there is a
significant reduction in the total levels of GLEI mRNA (Fig 4.8 B). Additionally, there is a
significant reduction in the levels of GLE1 mRNA transcripts within the nucleus of the SMA
patient cells (paired t-test, p=0.0192, *, n=3) (Fig 4.8 C). Cytoplasmic levels of GLE1 mRNA
transcripts are not significantly different from the controls (paired t-test, p>0.05, ns, n=3) (Fig

4.8 D).
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Figure 4.8: Glel mRNA levels are reduced specifically in the nucleus of SMA patient
fibroblasts. (A) Representative western blot showing successful fractionation of fibroblast
samples: Control 1 (GM0489) and SMA 1 (GM09677). Western blot probed with anti-SSRP1
antibody to show nuclear protein expression at 85 kDa and anti-Tujl antibody to show
cytoplasmic protein expression at 55 kDa. (B) Fold expression change worked out through
delta delta CT analysis of gPCR data, normalised to the Control total condition in all cases.
Data displayed as mean +/- SEM. GLE1 mRNA levels in the total fraction are significantly
reduced in SMA cells compared to controls (unpaired t-test, p=0.0441, *, n=3). (C) GLE1 mRNA
levels in the nuclear fraction are significantly reduced in SMA cells compared to controls
(paired t-test, p=0.0192, *, n=3). (D) GLE1 mRNA levels in the cytoplasmic fraction are not

significantly different in SMA cells compared to controls (paired t-test, p=0.6321, ns, n=3).
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As loss of either Glel or SMN have been shown to give rise to diseases which specifically affect
motor neurons, | wanted to assess whether Glel protein levels were also reduced in these

cells.

Protein lysis was carried out of three control motor neuron populations: MIFF1 (MN Control
1), Cs14 (MN Control 2) and GM (MN Control 3), alongside two SMA patient motor neuron
lines: SMA 77 (MN SMA 1) and SMA 84 (MN SMA 2). These experiments were performed on
day 33 of culture, after motor neuron maturation, from three separate differentiations (n=3,
biological replicates). As before, endogenous protein expression was calculated through
densitometry analysis of western blots probed with an anti-Glel antibody. Here we also

probed for endogenous SMN to confirm the phenotype of these cells (Fig 4.9 A).

Quantification of Glel protein expression in these lines does not appear to give as striking a
result as in fibroblasts with no significant difference being observed between the healthy and
SMA motor neurons (RM one way ANOVA, p>0.5, ns, n=3) (Fig 4.9 B). Overall, when grouped
together there is a trend towards there being around a 30% reduction in endogenous Glel

protein expression compared to controls (Fig 4.9 C).

The same trend can be observed in the endogenous expression of SMN, with no significant
difference being observed between the three control lines and the two SMA lines (RM one-
way ANOVA, p>0.05, ns, n=3) (Fig 4.9 D). Overall there is a trend for reduction in SMN protein

expression in SMA cases compared to controls (Fig 4.9 E).
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Figure 4.9: Gle1 protein levels in SMA motor neurons are not significantly reduced but trend
downwards from control cells. (A) Representative western blot showing protein expression in
human iPSC-derived motor neurons: MN Control 1 (Miff1), MN Control 2 (Cs14), MN Control
3 (GM), MN SMA 1 (SMA 77), MN SMA 2 (SMA 84). Western blot probed with anti-Glel
antibody and anti-SMN antibody, showing protein expression of endogenous Glel at 75kDa
and endogenous SMN at 36 kDa respectively. Tubulin (at 55kDa) is used to show equal loading
of samples. (B) Densitometric analysis of Gle1 protein expression levels shows no significant
difference across the different cell types (one-way ANOVA, p>0.05, ns, n=3). Data displayed as
mean +/- SEM. Protein loading was normalised using Tubulin signal. (C) Averages values from
each cell type were grouped into Controls vs SMA. This shows a tendency for Glel protein
expression levels to be reduced in SMA cells compared to controls. Data displayed as mean +/-
SEM. Protein loading was normalised using Tubulin signal. (D) Densitometric analysis of SMIN
protein expression levels shows no significant difference across the different cell types (one-
way ANOVA, p>0.05, ns, n=3). Data displayed as mean +/- SEM. Protein loading was
normalised using Tubulin signal. (E) Averages values from each cell type were grouped into
Controls vs SMA. This shows that SMA cells have reduced SMN protein expression compared
to controls. Data displayed as mean +/- SEM. Protein loading was normalised using Tubulin

signal.

4.2.3 Overexpression of Glelb does not rescue loss of SMIN and vice versa in fibroblast cells

Following on from previous experiments, to investigate whether reduction of Glel was linked
to a reduction in SMN, | wanted to assess whether the loss of SMN protein in SMA patient

fibroblasts could be rescued by restoration or elevation of Glel protein levels, and vice versa.

To perform these experiments, | used lentiviral vectors overexpressing either Glelb or SMN,
alongside a lentivirus containing GFP only as a control. As mentioned in Chapter 3, all MOI’s
for viral overexpression were previously optimised (LV SMN produced and optimised by Dr
Evangelia Karyka in our team). We used control and SMA patient fibroblasts so that we could
assess how overexpression of either protein could rescue the endogenous reduction seen in

the patient cells previously.
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Protein lysates were run on western blots to look at SMN and Glel protein levels. Tubulin was

used to show even loading (Fig 4.10 A).

In this case, overexpression of SMN protein did not appear to increase the protein levels of
Glel in either control cells or the SMA patient cells (paired t-Test, p=0.5783, ns, n=3). (Fig
4.10 B). Vice versa, overexpression of Glelb protein did not act to restore SMN protein levels
in SMA lines (paired t-Test, p=0.1727, ns, n=3) and had no effect on SMN protein expression

in the control cells (Fig 4.10 C).
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Figure 4.10: Glel and SMN protein levels do not influence each other by overexpression. (A)

Representative western blot showing protein expression in human fibroblast cells: Control

(GM0489) and SMA (GM09677). Western blot probed with anti-Glel antibody or anti-SMN

antibody, showing protein expression of Glel at 75kDa and SMN at 37kDa respectively.

Tubulin (at 55kDa) is used to show equal loading of samples. (B) Densitometric analysis of

SMN protein expression levels. There is no significant difference between SMN protein levels
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when LV FLAG Glelb is overexpressed compared to the SMA untreated condition (paired t-
Test, p=0.5783, ns, n=3). Protein loading was normalised using Tubulin signal. Data displayed
as mean +/- SEM. (C) Densitometric analysis of Glel protein expression levels. There is no
significant difference between Glel protein levels when LV SMN is overexpressed compared
to the SMA untreated condition (paired t-Test, p=0.1727, ns, n=3). Protein loading was

normalised using Tubulin signal. Data displayed as mean +/- SEM.
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4.3 Discussion

The aim of the work which has been described in this chapter was to investigate whether
there is a link between the Glel and SMN proteins. To assess this, | evaluated whether Glel
and SMN proteins interact with each other on a protein-protein level through co-
immunoprecipitations with anti-GFP coated beads. Proximity ligation assays in different cell
models also provided a means to assess where in the cell interactions are likely to occur. |
then set out to evaluate whether Glel expression was disrupted in an SMA disease context
using two different cell models. Finally, | utilised the tools described in Chapter 3 to test
whether the reduction of either protein could be rescued through overexpression of the

other.

4.3.1 There is protein-protein interaction between Glel and SMN proteins and the two

proteins are found in close proximity in both the nucleus and the cytoplasm.

Due to both proteins’ involvement in RNA processing pathways and we decided to investigate
whether Glel and SMN could potentially interact with one another. Therefore, | performed
GFP co-immunoprecipitations, using constructs previously generated in the lab (by Dr Eva
Karyka) and those described in chapter 3, alongside proximity ligation assays in different cell

lines.

These experiments provided novel data indicating that Glel and SMN proteins interact on a
protein-protein level. Through assessment of interaction using different methods, we can
have confidence that the interaction is likely to exist and therefore could indicate biological
function. This is not an interaction which has previously been described in the literature,
interestingly it also does not come up in an affinity purification mass spectrometry screen of
overexpressed FLAG-Glelb in HEK293 cells (Wolf et al., 2020), suggesting that it may involve

another protein or occurs transiently within the cell.

The band seen where | overexpress and pulldown the GFP-Glelb protein construct is much
weaker than the band we observe when | overexpress and pulldown GFP-SMN. It would be
interesting here to clone the hGlelA isoform into the same GFP construct and see whether

this improves the signal. By western blot we cannot discriminate between the endogenous
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isoforms as they are too similar in size and both are recognised by the same antibody. Through
proximity ligation assay we see signal in both the nucleus and the cytoplasm of cells. As
previously described, hGlelb is predominantly localised to the cytoplasmic fibrils of the
nuclear pore complex and shuttles between this and the nucleus. The hGlelA isoform,
however, is exclusively cytoplasmic and so may be the isoform responsible for the more distal

association with SMN seen in this assay.

Of note is the location of the PLA signal observed in the iPSC-derived motor neuron model.
The presence of Glel and SMN proteins colocalising within the axons of motor neurons could
point towards involvement in SMN’s role as a regulator of axonal mRNA transport, stability
and translation (Akten et al., 2011; Fallini et al., 2012; Kye et al., 2014). This is also a novel
finding and could help to explain the results seen previously in the lab where the axonal
growth defect seen in SMIN -/- motor neurons could be rescued by Glel overexpression (Fig
1.5, unpublished data). A potential experiment here could be to look at whether
overexpression of Glel has any effect on axonal beta-actin mRNA expression within the
growth cone, as this is disrupted specifically in SMA cases (Rathod et al., 2012; Rossoll et al.,

2003).

It would also be interesting to see whether Glel also binds to any other well documented
binding partners of SMIN. Proximity ligation assay looking at Glel and Senataxin in Hela cells
demonstrates a close colocalization between the two proteins (Sharma and Wente, 2020).
The AP-MS screen mentioned earlier suggests that FLAG-Glelb also pulls down MYBBP1A and
DHX9 (Wolf et al., 2020), which are known binding partners of SMN (Fuller et al., 2009;
Pellizzoni et al., 2001b). Although proximity ligation assay between Glel and DHX9 in Hela

cells failed to produce a signal (Sharma and Wente, 2020).

As the signal was much weaker in the Glel pulldown, it would perhaps also be beneficial to
see whether the GFP-SMN co-IP gives us any information about whether it binds to any of

Glel’s known interacting partners, for example Nup42 or DDX19.
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4.3.2 Glel protein levels are reduced in SMA patient fibroblasts

The genetic cause of SMA is a mutation within the SMN1 gene which causes a 80-90% loss of
SMN protein (Lefebvre et al., 1995). Other proteins have also been identified as having
reduced levels within SMA models, for example Plastin3 (Hao et al., 2012), and Zinc finger
Protein ZPR1 (Gangwani et al., 2001). Following our link of Glel and SMN proteins, | aimed to

investigate whether Glel expression is altered in SMA cases.

In this chapter | have demonstrated a reduction (between 30-50%) in the protein levels of

Glel within two different pairs of age matched fibroblasts.

A lack of Glel protein has previously been observed in ALS patients who possess mutations
within the GLE1 gene indicative of a role in neuronal health (Kaneb et al., 2015). Furthermore,
a zebrafish model deficient in Glel protein displays reduced spinal motor neurons, specifically
reducing the secondary and tertiary motor neuronal branches (Jao et al., 2012; Seytanoglu et
al., 2016). This phenotype can also be observed in SMN-/- zebrafish embryos, which can then
be rescued by overexpression of SMIN protein (Hao et al., 2015). Therefore, potentially linking
the reduction in Glel protein levels seen in SMA patient cells to the severe neurodegenerative

phenotype seen in this disease.

Next, | evaluated the quantities of mRNA within these same cell lines. The fibroblast line
GMO09677 demonstrated a clear reduction in the levels of Glel mRNA, specifically in the
nucleus. Decreases in nuclear Glel protein have been previously observed in the GLE1 p.1684T
mutation responsible for LAAHD (Paakkola et al., 2017). This could potentially point towards
a loss of hGlelb, as this is the isoform which is predominantly localised to the nucleus and the
NPC (Kendirgi et al., 2003). Therefore suggesting that there may be disruption in the mRNA
export pathway which this isoform is heavily implicated in (Adams et al., 2017; Kendirgi et al.,

2003).

However, the patient line GM00232 showed no difference in mRNA levels despite having a
significant reduction in the levels of Glel protein. Both of these cell lines are classified as Type
| SMA cases, and are therefore homozygous for deletions in exons 7 and 8 of the SMN1 gene,

with GM09677 having 3 copies of the SMN2 gene, and GM00232 having 2 copies of the SMN2
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gene (Coriell, 2021a, 2021b; Stabley et al., 2015). Due to the significant reduction we see on
a protein level in these cells, we could speculate that this could be due to a different problem
in the gene expression pathway, this cell line may produce mRNA which can be detected by
these specific GLE1 primers, but it may not lead to fully functional protein. It would be
interesting to investigate whether splicing is occurring correctly in these cells as SMN is a
major component of the spliceosome, similar experiments were performed when assessing
how Plastin3 expression is effected by a loss of SMN1 (Hao et al., 2012). Potentially this could
also be due to variation in the control fibroblasts too. The GM08680 control cells which we
use here have been reported to have a 10% loss or gain of chromosomes (Coriell, 2021c), this
could be causing problems when comparing transcript levels to these SMA cells. Comparing
between the two control cell types, Control 2 cells (GM08680) show only 50% of GLEI mRNA
transcript levels as compared to Control 1 cells (GM0489). This therefore could be masking a

drop in the mRNA levels in the SMA cells.

Due to this inconsistency, it is difficult to fully assess whether this change in expression is
occurring at a transcriptional or translational level. This would be best evaluated through
gPCR analysis of an additional age matched control and Type | SMA fibroblast sample,
alongside analysis of other components of the RNA processing pathway as mentioned
previously. Additional fibroblast cells would also help to assess the levels of variability within
control fibroblast cell types themselves. Therefore, strengthening the differences in Glel
levels between control and SMA through ensuring they are not occurring due to natural

variability within fibroblasts cells. However, this was not possible due to time constraints.

A study done in 2018 suggests there is a reduction in Glel mRNA in type | SMA fibroblasts
(Alrafiah et al., 2018a), however, there are certain limitations to this paper. Despite grouping
two parental fibroblast samples with one Type | SMA fibroblast line (GM03813), there is still
a significant reduction in the GLE1 mRNA transcripts compared to controls. Indicating that
potentially the carrier parental cells (GM03814, GM03815) may also have reduced levels of
GLE1 transcripts compared to controls. More research would have to be conducted with these

cells to draw any conclusions from this data.

Protein expression was also investigated in iPSC-derived mature motor neuron protein

lysates, here the difference was less striking than in the fibroblast cell lines with no significant
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difference being seen between the three control lines (MIFF1, Cs14 and GM) and the two
SMA lines. When grouped together as control vs SMA, there does appear to be a trend for
decreased Glel protein expression. More replicates looking at the expression of these two
proteins may help to decrease the variability which we see in these samples and give a clearer

picture of whether there is a decrease in the protein levels of Glel in these motor neurons.

Differences in expression levels have been observed between different cell types previously.
Studies have demonstrated that there is significant difference in the gene expression between
iPSC-motor neurons and the fibroblasts from which they were derived (Fuller et al., 2015),
indicating that there are certain cell type specific changes which are important to assess

within both populations.

4.3.3 Reduction of Glel and SMN expression levels are not rescued by overexpression of the

other protein

As there is a reduction in the protein levels of Glel in SMA fibroblasts, | wanted to investigate
whether this was directly because of the lack of SMN in this population, or whether it was
independent of SMN levels. To evaluate this hypothesis, | used the GM09677 fibroblast cells
and its age matched control GM0498. Using these cells would allow me to see whether
overexpression of Glelb or SMN could rescue the reduced levels of the other protein. For
these experiments | used the lentiviral vectors which were described in chapter 3; LV_FLAG-
Glelb and LV-GFP. | also used a full-length LV-SMN which was previously produced in the lab
by Dr Eva Karyka.

There was no observable increase in the levels of Glel when SMN levels were restored and
vice versa, meaning that restoration of one protein’s expression level will not rescue the
other. ZPR1 has been shown to be a positive transcriptional modifier of both SMN1 and SMN2
and when overexpressed raises the levels of SMN protein both in vitro and in vivo, thereby
improving known SMA disease phenotypes in a SMN-dependant manner (Kannan et al.,
2020). Although known to be involved in transcription and translation processes, Glel does

not show this same affect and so may be involved with SMN in an alternative manner.
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Importantly, to answer this question thoroughly | would have liked to also perform
knockdown experiments of the two proteins, using siRNA to knockdown both Glel and SMN
expression levels in healthy control fibroblasts or motor neurons. This would give us more
information about whether the reduction of Glel we see in SMA cases is directly because of

a loss of SMN or is indeed occurring independently of SMN loss.

4.3.4 Glel and SMN proximity ligation assay signal is not altered between control and SMA

patient samples.

Surprisingly, although both the expression levels of SMN and Glel are reduced in SMA cases,
in both SMA fibroblast cells and iPSC-derived motor neuron cells there does not appear to be
a significant reduction in the PLA signal. Although there is substantial variability in the
fibroblast conditions which may be masking any potential reductions, more repeats would
need to be performed in these cells to fully assess whether there is any difference between
signal in controls vs patient cells. Especially since in this patient line we see a specific nuclear
reduction in GLE1 mRNA transcripts through nuclear/cytoplasmic fractionation, it would be
interesting to see whether there is a reduction in nuclear PLA signal which corresponds to

this.

Despite this variation, there does appear to be a difference in the foci size between the
conditions, with the control cell foci appearing slightly larger than that of SMA. This could
potentially indicate increased protein co-localisation in the control cells but would possibly

require more investigation before any conclusions could be made.

4.3.5 Cell models used in this chapter

In this chapter | use different cell lines and systems to investigate my hypotheses. For initial
experiments to assess whether there is a potential link between the Glel and SMN proteins,
we used HEK293 cells as our model cell line. These are an immortalised cell line derived from
an aborted foetus in 1973. These cells were optimal for initial investigation due to their easily

transfectable nature and fast growth rate.

For experiments involving patient samples | began by looking into fibroblasts cells from

patients and age-matched controls. Fibroblasts are primary cells derived from skin. Multiple
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studies looking at neurological diseases have used fibroblasts as a model as they display
disease phenotypes which can be studied as biomarkers (Bell et al., 2020; Macdonald et al.,
2018; Mahadik and Mukherjee, 1996). There are various advantages and disadvantages to
using this as a model of disease. Firstly, as they can be derived from patient skin biopsies, it is
a good method of generating cell models from patients and age matched control samples.
They are also robust cells which can be grown easily in the lab, although they do have a much
slower growth rate than immortalised cell lines. The nature of these cells can also mean that
they are much more difficult to treat with drugs or virus’s than other cell lines, therefore
making certain experiments less effective without sufficient optimisation (Auburger et al.,
2012). However, as they are primarily skin cells, they may not be fully representative of
pathways which are particularly suspectable in more refined cell populations —in the case of

this study: motor neurons.

Therefore, | wanted to also study whether the results seen in the fibroblast populations were
conserved in motor neurons. This would help us to understand more about how a reduction
of either Glel or SMN specifically causes degeneration of motor neurons. An iPSC-derived
population of Neural Progenitor Cells were consequently generated (with the kind help of Dr
Cleide De Souza Santos at SITraN) using previously described protocols (Du et al., 2015).
Culturing of motor neurons requires the addition of multiple neurotrophic factors over a
period of up to 40 days. These neurons are highly sensitive to external stress, such as lack of
factors, changes in temperature/CO; and other variables which may occur during handling.
This makes culture of healthy motor neuron populations challenging protocols which stretch

over many months.

Human iPSC models have been extensively used in SMA research, with groups demonstrating
that these cell populations display a lack of SMN1 and motor neuron specific cell death

progressively over time (Barrett et al., 2014; Ebert and Svendsen, 2010; Sareen et al., 2012).

4.3.6 Summary

In summary, in this chapter | have demonstrated that there is a reduction in Glel expression
levels in SMA patient fibroblast cells, this may be consistent in iPSC-derived motor neurons,

but more work is required to confirm this hypothesis. | have also seen that reduction at an
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MRNA level is sample specific with only one cell type showing a reduction, specifically in the

nucleus of the cells.

| have also demonstrated that Glel and SMN are binding partners in close proximity in both
the nucleus and the cytoplasm. This interaction does not appear to be altered by the
decreased levels of the SMIN and Glel proteins in SMA cases, this may indicate that these two
proteins are functioning in a pathway which is crucial for the survival of the motor neurons,

but more research is needed into how these two proteins may be functioning together.

Therefore, in chapter 5 of this thesis | will look at potential pathways which may involve these
two proteins and whether overexpression of Glelb can act to ameliorate SMA disease

phenotypes.
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5. Can overexpression of Glelb rescue disease phenotypes of Spinal
Muscular Atrophy in in vitro cell models?

5.1 Introduction

Therapies to treat Spinal Muscular Atrophy have largely focussed on replacing mutated
SMN1. During the course of this PhD, Zolgensma® (a novel gene therapy) was approved for
clinical use in Type | SMA patients (Agency, 2020). This is an adeno-associated viral vector
which can specifically deliver functional SMN1 to the nervous system in order to improve

motor function and prevent degeneration of motor neurons (Mendell et al., 2017).

In addition to these SMN-dependant therapies, researchers have also worked for many years
on looking at different genetic modifiers which can act to rescue SMA pathology despite of
the lack of SMN protein, for example Plastin3 (Oprea et al., 2008), ZPR1 (Kannan et al., 2020)
or Neurocalcin (Riessland et al., 2017). It has been suggested that these therapies can also be
used in conjunction with treatments to increase SMN expression in order to ameliorate the

disease phenotypes (Kaifer et al., 2017).

In Chapter 4, | demonstrated that Gle1 expression levels could potentially be downregulated
in SMA patient models and that Glel and SMN likely function together in a shared pathway.
Combined with previous studies in our lab which demonstrated that overexpression of Glel
protein in a SMA disease context can act to rescue axonal growth defects (Fig 1.5, unpublished
data), we wanted to evaluate whether addition of Glelb to SMA patient cells could reduce

the severity of disease phenotypes.
5.1.2 Aims

In this chapter | therefore aim to investigate whether overexpression of hGlelb can rescue
any disease phenotypes which we expect to see in SMA cell models. This includes looking at
published phenotypes of SMA pathology such as increased DNA damage (Jangi et al., 2017). |
will also investigate phenotypes which appear to be relevant to Glel function that have been
shown to be dysfunctional in SMA cases, such as localisation of poly(A)+ mRNA (Narcis et al.,

2018) and Golgi morphology (Custer et al., 2019; Ting et al., 2012).
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5.2 Results

5.2.1 DNA Damage

DNA damage is a well characterised disease phenotype within SMA cases (Fayzullina and
Martin, 2016; Jangi et al., 2017; Yanling Zhao et al., 2016). Two papers published during this
PhD implicated components of the mRNA export pathway with DNA damage. The first studied
the role of DDX19 in resolving R-loops, where the protein transiently moves from its
cytoplasmic localisation to the NPC to the nucleus upon induction of DNA damage (Hodroj et
al., 2017a). As part of this study, Hodroj and colleagues, observed increased yH2AX (a marker
of DNA double strand breaks) upon induced DNA damage and replication stress when DDX19
was depleted by RNAI. Interestingly, they also observed an increase in yH2AX levels when
Glel is knocked down (Hodroj et al., 2017a). The second paper of interest (Okamura et al.,
2018), also studied the effects that knockdown of Glel had on components of the DNA
damage pathway. This study indicated that knockdown of Glel alters the DNA damage
response, showing a significant increase in yH2AX after siRNA-mediated Glel knockdown.
DNA damage detecting and repairing proteins were also downregulated by Gle1l knockdown

(Okamura et al., 2018).

Therefore, | was interested to see whether Glel is in any way involved in the DNA damage
response and whether this could help to reduce the levels of DNA damage we see in SMA
patients. | hypothesised that as DDX19 is translocating from the nuclear pore to the nucleus,
specifically to sites of R-loops, then potentially Glelb (as its activator) may also be moving

alongside it and having a potential role in DDX19-mediated R-loop resolution (Fig 5.1).

To evaluate this hypothesis, | began by staining control and patient SMA fibroblasts with a
marker for R-loops, this would allow us to assess whether Glel does indeed translocate from
its position on the NPC to sites of DNA damage within the nucleus. These patient cells have
been used previously in the lab to demonstrate an increase in R-loops in SMA patient cells
compared to controls. Staining taken from three separate plating’s of cells demonstrated a
consistent co-localisation of Glel with the S9.6 marker of R-loops. Staining appears to
demonstrate a co-localisation of Glel protein to both R-loops (visualised using the $9.6

antibody) and the nucleolus (visualised using a nucleolin antibody) (Fig 5.2 A, B). The majority
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of the colocalisation of Glel appeared to be within these nucleolar structures. The specificity
of the $9.6 antibody and the presence of R-loops in nucleolar structures has been previously

validated in our group (Fig 5.3) (Karyka et al., 2022; Walker et al., 2017).

R-loop

Nucleus

Cytoplasm

Figure 5.1: Schematic of hypothesis focussing on DNA damage phenotype. As described in
(Hodroj et al., 2017) DDX19 has a role in resolving nuclear R-loops which form during
replication stress or DNA damage. DDX19, upon phosphorylation by Chk1, relocates from its
cytoplasmic position on the nuclear pore complex to the nucleus, therefore resolving R-loops
through its activity as a helicase. This occurs in a senataxin independent manner. As GLE1 is a
known activator of DDX19 activity, | hypothesise that Glelb may also transiently move from
the cytoplasmic fibrils of the nuclear pore complex inside the nucleus and may have some

potential link to this pathway. Figure created with biorender.com.
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Control

Control

Figure 5.2: GLE1 staining by immunocytochemistry in SMA patient fibroblast cells co-

localises with markers of the nucleolus and R-loops (56.9). (A) Control fibroblast cells

(GM8680) and SMA patient fibroblasts (GM9677) stained with $9.6 antibody for visualising R-




loop staining in red. GLE1 endogenous protein can be seen in green. Scale bar is 20 um. For
high magnification images scale bar is 10 um, area taken as high magnification is marked in
white. Data collected from three biologically independent replicates (n=3). (B) Control
fibroblast cells (GM8680) and SMA patient fibroblasts (GM9677) stained with nucleolin for
visualising nucleoli stained in red. GLE1 endogenous protein can be seen in green. Scale bar is
20 um. For high magnification images scale bar is 10 um, area taken as high magnification is

marked in white. Data collected from three biologically independent replicates (n=3).

Control

+ RNAse H

S9.6/Hoechst

Figure 5.3: RNase H treatment of Control and SMA fibroblasts showing specificity of $9.6
antibody. Fixed control and SMA fibroblasts were pre-treated with RNaseH and stained for
R-loops (S9.6). Data generated and figure made by Dr Evangelia Karyka (Karyka et al.,
2022).

Due to the localisation of endogenous Glel to these markers, | moved into looking into

whether Glelb might play a functional role in the reduction of DNA damage. Here we use the
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marker of double strand breaks: y-H2AX. Double strand breaks are formed frequently during
DNA replication and transcription alongside cellular stress. DNA damage observed in SMA
cases is thought to be transcription-associated (unpublished data from our lab). The marker
for R-loops was not used for this and following experiments due to the variability and
unspecific nature of the staining it produces, although a better marker for SMA associated

DNA damage (Ed et al., 2021).

For initial experiments | used Hela cells as a cellular model in which to induce transcriptionally
associated DNA damage through treatment with campthothecin (CPT). This is a drug which
inhibits topoisomerase I. Cells were transfected with an overexpression plasmid for Glelb, 48
hours following transfection cells were treated with CPT for 1 hour at 37 °C and left for a
range of recovery times prior to fixation (Fig 5.4 A). Intensity of the yH2AX staining was carried
out through Corrected Total Cell Fluorescence (CTCF) method, in the cells overexpressing

Glelb, only cells showing increased Glel staining were counted.

Here | saw that there was an increase in the intensity of the yH2AX staining immediately
following CPT treatment in both the un-transfected condition and the cells transfected with
the Glelb overexpression plasmid. This increase was only statistically significant in the cells
overexpressing Glelb (RM one way ANOVA; +Glelb: UT vs CPT RO, p=0.0296, *, n=3), however
was close to significance in the untransfected cells (RM one way ANOVA, untransfected; UT
vs CPT RO, p=0.0549, ns, n=3) (Fig 5.4 B). Addition of Glelb to the cells did not have any effect
on the levels of yH2AX staining compared to the untransfected controls across each of the
time points (Fig 5.4 B). This data therefore indicates that addition of Glelb does not have any
effect on the induction of double strand breaks caused by CPT and so is likely not to be

involved in any DNA damage response pathways.
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Figure 5.4: Overexpression of Glelb doesn’t protect human cell lines against induced DNA
damage. (A) Imnmunocytochemistry of untreated and AAV Glelb transfected Hela cells.
Endogenous and overexpressed Glel protein stained in green and yH2AX levels stained in
red. Cells were then treated for 1 hour with campthothecin (CPT) and fixed 0 (R0), 30 (R30)
or 60 (R60) minutes after treatment. Scale bar is 20 um. Data collected from three
biologically independent replicates (n=3, 50 cells per condition). (B) Quantification of yH2AX
staining by corrected total cell fluorescence (CTCF) method. RO: Zero minutes recovery time
after CPT treatment, R30: 30 minutes recovery time following CPT treatment, R60: 60
minutes recovery time following CPT treatment. There was no significant difference in the
YH2AX signal in the untransfected cells which had been treated with CPT (zero recovery time)
(RM one way ANOVA, untransfected; UT vs CPT RO, p=0.0549, ns, n=3). Cells overexpressing
Glelb showed a significant increase between untreated and treated with CPT (zero recovery
time) (RM one way ANOVA; +Glelb: UT vs CPT RO, p=0.0296, * n=3). There was no
significant difference between each of the time points when comparing untransfected cells
to those overexpressing Glelb (RM one way ANOVA; CPT RO, p=0.8925, ns, n=3; CPT R30,
p=0.4750, ns, n=3; CPT R60, p=0.6997, ns, n=3).

As previously demonstrated (Chapter 4), within the SMA patient fibroblasts Glel protein
expression appears to be reduced. Therefore, | wanted to investigate whether restoration of
the levels of Glel could potentially act to ameliorate some of SMA’s disease phenotypes,

using DNA damage as our initial example.

Using lentiviral constructs (described in Chapter 3), | aimed to investigate whether
overexpression of Glelb in SMA patient fibroblasts could reduce the endogenously increased
levels of yH2AX which these cells display. For this experiment, | stained healthy control and
SMA fibroblasts with yH2AX and Flag antibodies (Fig 5.5 A). For the transduced conditions,
only cells which were positive for Flag staining were quantified. As expected, we observed a
significant increase in the corrected total cell fluorescence (CTCF) values of the yH2AX staining
between the Control and SMA cells (RM one way ANOVA; Control vs SMA p=0. 0291, *, n=3).
Control cells which were treated with LV Flag Glelb showed a significant increase in the levels
of yH2AX staining (RM one way ANOVA; Control vs. Control +Glel p=0.0145, *, n=3). SMA

cells transduced with LV Flag Glelb do not show a significant change in yH2AX levels
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compared to untreated SMA cells (RM one way ANOVA; SMA vs SMA +Glel p=0.9908, ns,
n=3) (Fig 5.5 A, B).
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Figure 5.5: Overexpression of Glelb in SMA patient fibroblast cells doesn’t reduce
endogenous DNA damage. (A) Immunocytochemistry of Healthy (GM8680) and SMA
(GM9677) patient fibroblasts. FLAG tagged Glelb protein stained in red and yH2AX levels
stained in green. Scale bar is 20 um. Data collected from three biologically independent

replicates (n=3, 50 cells per condition). (B) Quantification of yH2AX staining by corrected total
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cell fluorescence (CTCF) method. Each data set is normalised to its average value. There is a
significant increase in yH2AX signal between the control cells and control cells treated with LV
Flag Glelb. There is a significant increase in yH2AX signal between the control cells and SMA
cells. There is no significant difference in yH2AX signal between SMA cells and SMA cells
treated with LV Flag Glelb (RM one way ANOVA; Control vs. Control +Glel p=0.0145, *;
Control vs SMA p=0.0291, *; SMA vs SMA +Glel p=0.9908, ns; n=3).

Fibroblasts are primary cells but still undergo cell replication. Therefore, double strand breaks
occur much more frequently as the cell goes through the cell cycle, specifically S phase where
the DNA itself is replicated during transcription and double strand breaks are exposed. During
this phase cells could potentially have an increased level of yH2AX staining which may not be

directly related to the phenotype we are looking at.

Consequently, as a final readout we wanted to look at the DNA damage levels within the iPSC-
derived motor neuron SMA cells (Fig 5.6 A). Unfortunately, in this case over three biologically
independent repeats no difference in the endogenous levels of yH2AX staining could be
detected between control cells and SMA cases (Fig 5.6 B). Therefore, we did not continue

with this line of experiments to assess impact of Glelb on DNA damage.
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Figure 5.6: There was no observable increase in yH2AX staining in iPSC derived SMA motor
neuron populations. (A) Immunocytochemistry of Healthy 1 (Csi4, Control 2 (GM), SMA 1
(SMA 77) and SMA 2 (SMA 84) iPSC derived motor neurons. yH2AX visualised in orange, motor
neuron axons visualised by MAP2 in red with nuclei in blue. Scale bar is 20 um. Data collected
from three biologically independent replicates, (n=3, data average from 24 fields, 2 technical
replicates per biological repeat, at least 200 cells per condition). (B) Quantification of yH2AX
staining from average intensity of 568 channel signal. There is no significant difference

between any of the cell types (Repeated measures one-way ANOVA, P=0.1735, ns, n=3).
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5.2.1 RNA nuclear export defects

As Glel is primarily a protein which functions in the process of mMRNA nuclear export. | thought
it was important to look at this pathway in SMA cases as a reduction of Glel protein
(specifically a nuclear reduction) may point to dysregulation of mRNA export from the
nucleus. There have been reports in the literature that mRNA nuclear export is disrupted in
the SMN A7 mouse model, with accumulation of poly(A) RNA nuclear granules (Narcis et al.,
2018), which supports our hypothesis. | wanted first to assess whether this was a phenotype
which we could also see in the SMA cells which we are using. The plan is to assess whether
overexpression of Glelb may act to reduce nuclear accumulation of poly(A) RNA, including

mMRNAs and long intergenic non-coding RNAs (lincRNAs).

To investigate whether this phenotype is present in our cells, | first looked at the two sets of
fibroblast cells available in our lab. Fluorescent in situ hybridisation (FISH) within these cells
using a probe for poly(A)+ RNA demonstrated strong nuclear staining, with diffuse staining
visible in the cytoplasm (Fig 5.7 A). This cytoplasmic staining appeared to trend towards being
stronger in the Control cell lines (in particular Control 2, where cytoplasmic foci can be seen)
(Fig 5.7 A). There was no significant difference between the nuclear staining intensity
between controls and SMA cells, although there was a trend for there to be increased signal
in the SMA cases (Fig 5.7 B, C). Across all four of the cell types there was no significant
difference between any of the groups cytoplasmic staining intensity (RM one way ANOVA, ns,
n=3) (Fig 5.7 D). However, when grouped together as Control and SMA, there is a trend

towards a decrease in the level of cytoplasmic staining (Fig 5.6 E).
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Figure 5.7: There is a reduction in cytoplasmic poly(A)+ RNA staining in SMA patient
fibroblasts compared to control cells. (A) Fluorescent in situ hybridisation (FISH) staining of
poly(A)+ mRNA within the nucleus and cytoplasm. Control 1 (GM4989), Control 2 (GM680),
SMA 1 (GM09677), and SMA 2 (GMO00232) fibroblasts. Data collected from 3 biologically
independent replicates, 50 cells per condition per repeat (n=3). Scale bar is 20 uM. Area of
higher magnification images shown in white. (B) Quantification of poly (A) probe staining
within the nucleus by corrected total cell fluorescence (CTCF) method, data is normalised to
the average of each dataset. There is no statistical significance between any of the cell types
(RM one way ANOVA, ns, n=3) (C) Average nuclear value from each data set grouped as
control vs SMA. (D) Quantification of poly (A) probe staining within the nucleus by corrected
total cell fluorescence (CTCF) method, data is normalised to the average of each dataset. A
perinuclear ROl was taken for cytoplasmic quantification as visualised by a cytoplasmic
marker. There is no statistical significance between any of the cell types (RM one way ANOVA,
ns, n=3). (E) Average cytoplasmic value from each data set grouped as control vs SMA. There

is a trend toward decreased cytoplasmic signal in SMA cells than in Controls

Due to decreased levels of cytoplasmic poly(A)+ RNA staining in these SMA patient fibroblast
cells, | decided to test whether lentiviral overexpression of FLAG tagged Glelb protein would
have any impact on the distribution of this staining. As a control for the lentivirus itself | used
LV GFP. Unfortunately, due to time constraints caused by Covid-19 and problems with our
confocal microscope, for these experiments | used a different method of imaging; an
automated Opera Phenix high throughput imaging system. The trend we saw through using
confocal imaging was not conserved through this method as there was little difference across

any of the cells, and so | therefore did not continue with this experiment (Fig 5.8 A-C).

150



+LV Flag Gle1b

+LV GFP

Control 1

*
®
&

P
"’

s 4
w4 %

Control 2

3
o. aoz %o
¢




Mean 568 intensity

Nuclear signal Cytoplasmic signal
3000 400

2000
1000 ’%‘
0= T T T T T
© () ()

Mean 568 intensity

Q \J
& N
X2 O x2 & X2 O L o®
x x x x
Control 1 Control 2 SMA 1 SMA 2
Control 1 Control 2 SMA 1 SMA 2

Figure 5.8: Overexpression of Glelb in SMA patient fibroblasts doesn’t affect poly-(A)+ RNA
distribution. (A) Fluorescent in situ hybridisation (FISH) staining of poly(A)+ mRNA within the
nucleus and cytoplasm. Control 1 (GM4989), Control 2 (GM680), SMA 1 (GM09677), and SMA
2 (GMO00232) fibroblasts. Data collected from 2 biologically independent replicates (n=2), data
average from 24 fields, 2 technical replicates per biological repeat, at least 200 cells per
condition. Scale bar is 20 um. (B) Quantification of poly (A) probe staining within the nucleus
by taking the mean value of the 568 channel per condition. (C) Quantification of poly (A) probe

staining within the cytoplasm by taking the mean value of the 568 channel per condition.

As the previous study demonstrating a nuclear accumulation of poly(A)+ mRNA granules
within the nucleus focussed on motor neurons derived from the SMN A7 mouse model (Narcis
et al., 2018), | wanted to investigate whether the iPSC-derived motor neurons which | was
working with also displayed a similar phenotype which may suggest that there is impaired
MRNA nuclear export in this model. Therefore, | repeated the FISH staining in this model.
Unfortunately, as in the SMA fibroblast lines, there was no detectable difference between the
healthy and control cells in either the nuclear or cytoplasmic intensity of the poly(A)+ RNA

probe (Fig 5.9 A, B).
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Figure 5.9: There is no detectable difference between RNA distribution in Control iPSC
derived motor neurons compared to SMA patient iPSC derived motor neurons. (A)
Immunocytochemistry of Healthy 1 (Cs14, Control 2 (GM), SMA 1 (SMA 77) and SMA 2 (SMA
84) iPSC derived motor neurons. yH2AX visualised in orange, motor neuron axons visualised
by MAP2 in red with nuclei in blue. Scale bar is 20 um. Data collected from three biologically
independent replicates (n=3), data average from 24 fields, 2 technical replicates per
biological repeat, at least 200 cells per condition. (B) Quantification of yH2AX staining from
average intensity of 568 channel signal. There is no significant difference between any of the

cell types.
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As there appeared to be no detectable global defect in the nuclear export of poly(A)+ RNA in
the SMA cells which | am using here, | hypothesised that the nuclear loss of Glel on both a
protein and mRNA level in one set of the SMA fibroblast cells (as demonstrated in chapter 4)
may be only affecting specific transcripts which Glel is specifically responsible for the nuclear
export of. A list of these transcripts was recently published (Sharma and Wente, 2020). In this
paper, Sharma and colleagues used a Glel1l-SD peptide which binds to the 39 amino acid
domain which is responsible for Glelb’s nuclear-cytoplasmic shuttling activity, therefore
blocking Glel shuttling. Consequently, there is significant nuclear accumulation of poly(A)+
MRNA, with a specificincrease in the transcripts of 70 genes. Therefore we can infer that these
transcripts specifically require Glelb for their nuclear export (Sharma and Wente, 2020) (Fig

5.10).
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Figure 5.10: Schematic of certain transcripts which are selectively exported from the nucleus
when Glelb shuttling blocked. (left) Under normal conditions, hGle1B shuttles between the
nucleus and cytoplasm to help export the mRNP complex. (right) Nucleocytoplasmic shuttling
of Glelb is impaired when the Glel shuttling domain is blocked by a synthetic peptide (Gle1-
SD) which is complimentary for this 39 amino acid sequence. This causes nuclear retention of

a specific set of mMRNA transcripts. Figure created with biorender.com.

To investigate my hypothesis, | went through the list of mRNA transcripts which are reported

in this study (Sharma and Wente, 2020) and grouped them by pathways. Of particular interest
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were the pathways which are known to be disrupted in SMA cases already in the literature.
My focus therefore came down to a list of 9 transcripts which covered the pathways of growth
factors, cytoskeletal proteins, the MAPK pathway, ribosomal proteins, the Golgi and zinc finger
proteins (Table 5.1). gPCR primers for all these transcripts were designed, ordered, and
optimised. Three of the transcript pairs were suitably optimised within the time frame and so
these transcripts were used for preliminary investigation. These genes were Fos; an
immediate early gene involved in gene expression modulation, differentiation, and apoptosis,
ZFP91-CNTF; a read-through transcript of the ZFP91 and CNTF genes which is thought to be

non-coding and RPL13ap7; a ribosomal pseudogene.

Table 5.1: A list of mRNA transcripts which are selectively retained in the nucleus when
Glelb’s shuttling activity is blocked (Sharma and Wente, 2020). Transcripts highlighted in
yellow were optimised and used for subsequent qPCR analysis. All information about the roles

of each transcript was found on uniprot.

Pathway Transcript  Fold Role (all taken from uniport.com)
Change
Growth Factor EGR1 19.73 Transcriptional regulator
Cytoskeletal TPP3 88.73 Regulator of microtubule dynamic
XIRP1 9.79 Protect actin filaments during

depolymerization
RND1 8.68 Regulate the organization of the actin
cytoskeleton in response to extracellular

growth factors

MAPK Fos 72.87 Regulation of cell proliferation, differentiation,
Pathway apoptotic cell death
Ribosomal RPL13Ap7 16.02 Pseudogene (non-coding)
Proteins
RPS17 7.87 Component of 40S subunit
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Golgi GOLGA6L18 20.74 Golgi-associated protein

Zinc Finger ZFP91- 128 Readthrough transcript of nucleic acid binding

Proteins CNTF protein and a nervous system hormone

For these experiments age and sex matched pair of fibroblasts - Control 1 (GM00489) and SMA
1 (GMO09677) - were used for nuclear and cytoplasmic fractionation, followed by qPCR analysis
of the transcript levels. Fractionation of the nucleus and cytoplasm was confirmed by western
blotting of the protein lysates and probing for a nuclear marker (SSRP1) and cytoplasmic
marker (Tujl) (Fig 5.11 A). As mentioned previously in Chapter 4, there is some cytoplasmic
contamination of the nuclear fractions. However, due to the nature of these fibroblast cells,

this was the optimal fraction which we could obtain.

gPCR analysis shows that in the cases of ZFP91-CNTF and RPL13a7 there was no difference in
total levels between control and SMA cells (ZFP91-CNTF: one way ANOVA, p=0.8340, ns, n=4.
RPL13a7: one way ANOVA, p=0.8776, ns, n=4). There was also no significant difference
between the mRNA transcript levels in the nucleus and cytoplasm in control and SMA cells for
each (ZFP91-CNTF: Control nuclear vs SMA nuclear: one way ANOVA, p=0.9647, ns, n=4;
Control Cytoplasmic vs SMA Cytoplasmic: one way ANOVA, p=0.9973, ns, n=4. RPL13a7:
Control nuclear vs SMA nuclear: one way ANOVA, p=0.9368, ns, n=3; Control Cytoplasmic vs
SMA Cytoplasmic: one way ANOVA, p=0.9024, ns, n=3.) (Fig 5.11 C, D). Fos mRNA transcripts
are significantly downregulated in the nucleus of SMA cells compared to controls (One way
ANOVA; Control Nuclear vs Cytoplasmic Nuclear, p=0.0005, ***, n=4). However, when looking
at the cytoplasmic fractions, there does not seem to be an increase in the mRNA transcripts
retained in the nucleus as the cytoplasmic fractions are not significantly different from one
another (One way ANOVA, Control cytoplasmic vs SMA cytoplasmic, p=8163, ns, n=4) despite

the reduction seen in the total/nuclear levels (Fig 5.11 B).
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Figure 5.11: Nuclear/cytoplasmic distribution of mRNA transcripts selectively exported by
Glelb are not altered in SMA patient fibroblasts compared to control cells. (A)
Representative western blot showing successful fractionation of fibroblast samples: Control
(GM00489) and SMA (GM(09677). Western blot probed with anti-SSRP1 antibody to show
nuclear protein expression at 85 kDa and anti-Tujl antibody to show cytoplasmic protein
expression at 55 kDa. (B) Fold expressions change of FOS mRNA transcripts, worked out
through delta delta CT analysis of gPCR data, shown relative to the Control total condition in

all cases. Data displayed as mean +/- SEM, from four biologically independent replicates (N=4).
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Data normalised to GAPDH loading control. FOS levels are reduced in SMA patient cells, but
there is no difference in Cytoplasmic levels of mRNA transcripts (Control Total vs SMA Total;
one way ANOVA, p=7081, ns, n=3. Control Nuclear vs SMA Nuclear; one way ANOVA, p=0.0005,
*** n=4. Control Cytoplasmic vs SMA Cytoplasmic; one way ANOVA, p=8163, ns, n=4) (C) Fold
expressions change of ZFP91-CNTF mRNA transcripts, worked out through delta delta CT
analysis of gPCR data, shown relative to the Control total condition in all cases. Data displayed
as mean +/- SEM, from four biologically independent replicates (N=4). Data normalised to
GAPDH loading control. There is no difference in mRNA transcript expression between any of
the conditions (Control Total vs SMA Total; one way ANOVA, p=0.8340, ns, n=4. Control
Nuclear vs SMA Nuclear; one way ANOVA, p=0.9647, ns, n=4. Control Cytoplasmic vs SMA
Cytoplasmic; one way ANOVA, p=9973, ns, n=4). (D) Fold expressions change of RPL13a7
mRNA transcripts, worked out through delta delta CT analysis of qPCR data, shown relative to
the Control total condition in all cases. Data displayed as mean +/- SEM, from three biologically
independent replicates (N=3). Data normalised to GAPDH loading control. There is no
difference in mRNA transcript expression between any of the conditions (Control Total vs SMA
Total; one way ANOVA, p=8776, ns, n=4. Control Nuclear vs SMA Nuclear; one way ANOVA,
p=0.9368, ns, n=3. Control Cytoplasmic vs SMA Cytoplasmic; one way ANOVA, p=9024, ns,
n=3).

5.2.3 Golgi dysregulation

During preliminary experiments staining for endogenous levels of Glel protein in the control
and SMA fibroblast cells, it was noticed that the staining was picking up signal in a perinuclear
structure. Investigative staining established that this staining colocalised closely with markers

of both the cis- and trans-Golgi (GM130 and TGN46 respectively) (Fig 5.12 A, B).
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Figure 5.12: Localisation of Glelb in trans and cis golgi in both control and SMA fibroblast
cells (A) Control fibroblast cells (GM8680) and SMA patient fibroblasts (GM9677) stained with
TGNA46 for visualising trans-golgi in red. Gle1l endogenous protein can be seen in green. Scale
bar is 20 uM. For high magnification images scale bar is 10 uM, area taken as high
magnification is marked in white. Data collected from three biologically independent replicates
(n=3). (B) Control fibroblast cells (GM8680) and SMA patient fibroblasts (GM9677) stained
with GM130 antibody for visualising cis-golgi in red. Glel endogenous protein can be seen in

green. Scale bar is 20 uM. For high magnification images scale bar is 10 uM, area taken as
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high magnification is marked in white. Data collected from three biologically independent

replicates (n=3).

Initial impressions from this staining demonstrated that there appeared to be a difference in
the Golgi morphology between the control cells and the SMA patient cell lines. There is
evidence in the literature that SMN is linked to the Golgi network (Ting et al., 2012), and that
there has been abnormal Golgi morphology reported with decreased levels of COPI in SMA
cells (Custer et al.,, 2019). Therefore, | was interested to see whether this difference in
morphology was consistent with that reported in the literature, as well as assessing whether

overexpression of Glelb could act to restore the morphology to that of the control cells.

Control and SMA patient cells were therefore stained with the marker of the trans Golgi; TGN
46 as well as a Glel antibody to assess both endogenous Glel levels alongside overexpressed
Glelb protein (Fig 5.13 A, B). Golgi morphology was categorised using the method
demonstrated in (Custer et al., 2019). Cells were categorised according to the scale seen in Fig
5.13 C, with 1 being a more clustered morphology and 3 being a more diffuse, ‘ribbon’-like
structure. Quantification of three biologically independent replicates was performed blinded
by two individuals, as the outcome was consistent between the two quantifications only one
has been displayed here (Fig 5.13 D, Appendix 2). This analysis demonstrated that the control
cells had a ribbon like structure (typically associated with Golgi morphology), while the SMA
cells displayed a much more compacted structure. When Glelb was overexpressed, using a
previously generated LV Glelb virus, the morphology of the Golgi in cells showing increased
Glel staining appeared to be more consistent with that of the control cells than the untreated
SMA cells, therefore resulting in many more of the cells being categorised as category 3 rather

than 1 prior to treatment. (Fig 5.13 D).
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Figure 5.13: Golgi has a more ‘clustered’ phenotype in SMA fibroblast cell lines.
Overexpression of Glelb led to the rescue of the disrupted Golgi phenotype in SMA
fibroblast cell lines. (A) Control fibroblast cells (GM8680) and SMA patient fibroblasts
(GM9677) stained with TGN46 antibody for visualising trans-Golgi in red. Glel protein can be
seen in green. Scale bar is 20 um. Data collected from three biologically independent replicates
(n=3). Zoomed scale bar is 10 um. (B) Control fibroblast cells (GM8680) and SMA patient
fibroblasts (GM9677), treated with LV Glelb (MOI 20) for four days, stained with TGN46
antibody for visualising trans-Golgi in red. Gle1 protein can be seen in green. Scale bar is 20
um. Data collected from three biologically independent replicates (n=3). Zoomed scale bar is
10 um. (C) Method used for categorisation of Golgi staining. Adapted from (Custer et al.,
2019). (D) Quantification of cells categorised by method shown in C. Data displayed as mean
+/- SEM. Data collected from three biologically independent replicates (n=3), 60 cells per
condition. SMA cells tend to show a more clustered phenotype compared to controls (Two-
way ANOVA, Control vs SMA, Category 1; p=0.0634, ns, n=3. Control vs SMA, Category 3;

p=1606, ns, n=3). When Glel protein is overexpressed, there is a significant increase from Type
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1 to Type 3 in SMA cells (Two-way ANOVA, SMA vs SMA+Glelb, Category 1, p=0.0.0276, *,
n=3. SMA vs SMA+Glelb, Category 3; p=0.0026, **, n=3).

As explained previously, as SMA is a disease which specifically effects motor neurons, | was
interested to see whether this observed phenotype was conserved in iPSC-derived motor
neurons. In the interest of time, these experiments were imaged on the Opera Phenix high
throughput imaging system, meaning that the images are a lower magnification than
previously. Here, two sets of control and two sets of SMA patient motor neurons were stained
with trans-Golgi marker TGN46 (in yellow) to visualise the Golgi Apparatus (Fig 5.14 A),
neurons were stained with neuronal marker MAP2 (red) and nuclei with Hoechst (Blue).
Categorisation of the Golgi morphology was done as previously described by (Custer et al.,
2019) (Fig 5.14 B). As seen in the fibroblast cells, the SMA patient cells tended to display a
more clustered Golgi morphology than the control cell lines (Fig 5.14 C). Due to time
limitations and Covid-19 related constraints, rescue experiments including Glelb

overexpression in motor neurons are still on going.
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Figure 5.14: Golgi phenotype observed in SMA fibroblasts is conserved in iPSC-derived motor
neurons. (A) Immunocytochemistry of Control 1 (Cs14), Control 2 (GM), SMA 1 (SMA 77) and
SMA 2 (SMA 84) iPSC derived motor neurons. TGN46 visualised in yellow, motor neuron axons
visualised by MAP2 in red with nuclei in blue. Scale bar is 20 uM. Data collected from three

biologically independent replicates (n=3). (B) Method used for categorisation of golgi staining.
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Adapted from (Custer et al., 2019). (C) Quantification of cells categorised by method shown in
C. Data displayed as mean +/- SEM. Data collected from three biologically independent
replicates (n=3), 40 cells per condition. SMA cells tend to show a more clustered phenotype
compared to controls (Two-way ANOVA, Control 1 vs SMA 1, Category 1; p=0.0133, *, n=3.
Control 2 vs SMA 1, Category 1; p=0.0376, *, n=3. Control 1 vs SMA 1, Category 3; p=0.1855,
ns, n=3. Control 2 vs SMA 1, Category 3; p=0.4115, ns, n=3).

To explore potential mechanisms of the observed changes in SMA cases, | wanted to
investigate the pathways involved in Golgi morphology. GOLPH3 is a Golgi membrane tether
which when downregulated promotes a condensed Golgi morphology (Dippold et al., 2009)
(Fig 5.15). Through interaction with Phosphatidylinositol-4-phosphate (Ptdins(4)P) at the
Golgi membrane, GOLPH3 binds MYO18A to link the Golgi to F-actin filaments. This
interaction causes tensile force and extension of the Golgi network thus forming the ribbon
structure. GOLPH3 can be phosphorylated by the DNA damage responder; DNA-Pk. Therefore,
activation of GOLPH3 by upregulation of DNA-Pk in response to increased DNA damage cause
increased tensile strength to be placed on the Golgi network by F-actin, therefore leading to
Golgi fragmentation. In SMA cases, it has been reported that despite increased levels of DNA
damage, there is a downregulation of DNA-Pk specifically (Kannan et al., 2020). Hence, |
hypothesise that within these SMA patient cells which are displaying a compacted Golgi
phenotype that there could potentially be a reduction in the levels of GOLPH3, alongside a
reduction in DNA-Pk which may be resulting in a downregulation of this GOLPH3 based

pathway.

To assess this, protein lysates taken from iPSC-derived motor neurons were run on western
blots and probed with antibodies against DNA-Pk and GOLPH3 (Fig 5.16 A). Three control
motor neuron cell types (MIFF1 (MN Control 1), Cs14 (MN Control 2) and GM (MN Control 3))
were used alongside two SMA patient motor neuron cell types (SMA 77 / MN SMA 1 and SMA
84 / MN SMA 2). These experiments were performed on day 33 of culture, after motor neuron
maturation, from three separate differentiations (n=3, biological replicates). As before,

endogenous protein expression was calculated through densitometric analysis (Fig 5.16 B-E).
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There was no difference between the protein expression levels of DNA-Pk (Fig 5.16 B, C) or

GOLPH3 (Fig 5.16 D, E) in control motor neurons compared to SMA patient motor neurons.

Compacted Fragmented
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MYO18A

Figure 5.15: Potential pathways related to Golgi dysfunction. The levels of GOLPH3 activity
can influence the morphology of the Golgi. Potential low levels of GOLPH3, can mean that the
Golgi appears compacted due to actin depolymerisation. High levels of GOLPH3 activity
stimulates MYO18A, which in turn causes F-actin to exert tensile strength onto the Golgi,
causing it to form its classic ribbon-like structure. Pathways such as the DNA damage response
cause activation of DNA damage responder DNA-Pk, this increases the activity of GOLPH3,
therefore stimulating Golgi extension by F-Actin through MYO18A, eventually resulting in

Golgi fragmentation (Dippold et al., 2009). Figure created with biorender.com.
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Figure 5.16: There is no difference in protein expression levels of DNA-Pk and Golph3
between control and SMA iPSC-derived Motor neurons. (A) Representative western blot
showing protein expression in human iPSC-derived motor neurons: MN Control 1 (Miff1), MN
Control 2 (Cs14), MN Control 3 (GM), MN SMA 1 (SMA 77), MN SMA 2 (SMA 84). Western blot probed
with anti-DNA-Pk antibody and anti-Golph3 antibody, showing protein expression of DNA-Pk
at 490kDa and Golph3 at 36 kDa respectively. Tubulin (at 55kDa) is used to show equal loading
of samples. (B) Densitometric analysis of DNA-Pk protein expression levels shows no
significant difference across the different cell types (one-way ANOVA, p>0.05, ns, n=3). Data
displayed as mean +/- SEM. Protein loading was normalised using Tubulin signal. Data
normalised to the average of the controls. (C) Values from each cell type were grouped into
Controls vs SMA. There is no difference between DNA-Pk levels in controls vs SMA cells. Data
displayed as mean +/- SEM. (D) Densitometric analysis of SMN protein expression levels shows
no significant difference across the different cell types (one-way ANOVA, p>0.05, ns, n=3).
Data displayed as mean +/- SEM. Protein loading was normalised using Tubulin signal. Data
normalised to the average of the controls. (E) Values from each cell type were grouped into
Controls vs SMA. There is no difference between Golph3 levels in controls vs SMA cells. Data

displayed as mean +/- SEM.
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5.3 Discussion

This chapter aimed to see whether overexpression of Glelb protein could act to rescue any
of the SMA disease phenotypes in our experimental models. | looked at established disease
phenotypes of SMA, starting with DNA damage. Overexpression of Glelb did not have any
protective effect when DNA double strand breaks were induced by CPT treatment. There was
also no significant rescue of endogenous DNA double strand breaks in SMA fibroblast cells

which were treated with a lentivirus overexpressing Glelb.

| then looked at whether there were any observable RNA export defects in our SMA cell
models. After some promising preliminary data, | did not observe any significant nuclear
accumulation of poly (A)+ RNA in SMA patient fibroblasts or motor neurons. A subset of
MRNA transcripts which were reported previously to specifically require Glelb for nuclear
export were assessed in SMA patient fibroblasts (Sharma and Wente, 2020). This allowed me
to see whether nuclear export of these transcripts is disrupted in SMA cells. There appeared
to be no obvious defects in nuclear export of a number of these transcripts between control
and SMA cases, despite a novel global reduction in Fos transcript levels between control and

SMA cases.

Finally, | evaluated the morphology of the Golgi apparatus in SMA cells compared to controls.
The Golgi morphology in SMA fibroblasts and motor neurons appears to display a more
clustered phenotype than that of the control cells, a finding which has not previously been
identified. In fibroblast cells, overexpression of Glelb led to the rescue of the abnormal
morphology of the Golgi. GOLPH3 was identified as a potential target for this pathway, with
downregulation of GOLPH3 being shown to result in a more clustered Golgi phenotype. |
therefore evaluated the levels of GOLPH3 in these cells alongside DNA-Pk, a DNA damage
responder which evidence suggests is also downregulated in SMA cases. However, in this
case, there was no difference in the protein levels of either of these proteins in our cell

models.
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5.3.1 Glelb plays no part in the DNA damage response and endogenous DNA damage levels in

SMA cases are not rescued by overexpression of Glelb

Glelb acts as a regulator of the DEAD-box helicase DDX19B; the activation of DDX19B ATPase
activity by Glelb and IP¢ facilitates export of mRNA from the nucleus into the cytoplasm
(Alcdzar-Roman et al., 2006; Montpetit et al., 2011; Weirich et al., 2006). Knockdown of Glel,
DDX19 and IPg all resulted in increased yH2AX levels, with Gle1 knockdown showing the most
significant increase. A reduction in mRNA for DNA repair factors (BRCA1 and FANCD2) were
also observed when any of these three factors were knocked down, suggesting a delay in the
DNA damage response (Okamura et al., 2018). Other studies have also identified knockdown
of DDX19B to result in increased yH2AX signal (Paulsen et al., 2009) and as a result, selective

activation of the ATM kinase pathway (Hodroj et al., 2017a).

R-loops are formed from displaced single stranded DNA molecule and a RNA:DNA hybrid.
They form frequently during transcription as a result of replicative stress-induced genomic
instability (Aguilera and Garcia-Muse, 2012). These R-loops can expose the coding ssDNA and
result in DNA breaks through exposure to DNA deaminases, which can give rise to DNA double
strand breaks (Rinaldi et al., 2021). Within mammalian cells, SETX is a nuclear protein which
can help to facilitate resolution of R loops during the termination of transcription (Alzu et al.,
2012; Skourti-Stathaki et al., 2011). More recent papers have linked SETX and DNA repair
factor BRCA1 as a complex which specifically repairs R-loop based DNA damage located within
transcriptional pause sites (Hatchi et al., 2015; Hill et al., 2014). DDX19B has been proposed
as a novel resolver of these R-loop structures, acting independently of SETX and functioning
through an ATR-Chk1 dependant mechanism, which therefore acts in response to replication

stress (Hodroj et al., 2017a).

SMA cases possess widespread RNA processing defects, largely intron retention, due to the
major role of SMN in the spliceosome. This further results in induction of DNA damage
through the formation of R-loops during transcription (Jangi et al., 2017). There are also
reports of a reduction in the levels of SETX within SMA fibroblast cells alongside increased
yYH2AX and R-loop signal. Despite there being increased levels of DNA damage, there was also
a significant downregulation of DNA-PK, therefore causing defects within the non-

homologous end joining (NHEJ)-mediated pathway of DNA repair (Kannan et al., 2018).
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Therefore, due to the links between the Glelb/DDX19/IPs complex and R-loop resolution |
was interested to look at Glel in the context of SMA cases to see if there was any link to the
increased formation of R-loops. Immunocytochemistry of Glel and R-loops (visualised by the
S6.9 antibody) demonstrated co-localisation between the two staining’s. This mainly did
occur in the nucleolus, as demonstrated by co-localisation with nucleolin antibody. This
corresponds to R-loops which are forming during transcription of ribosomal RNA by RNA

polymerase | (RNAP 1).

Antibody staining with S9.6 has previously been optimised in our group with RNase H
treatment to show resolution of the R-loops (Walker et al., 2017). This would be interesting
in this situation to confirm that the staining we are seeing from the Glel antibody is also
specific to R-loops themselves and not just a coincidence or interaction with another protein
within the nucleolus. A study by Sharma and colleagues published in 2020, also confirmed the
co-localisation of Glel with R-loops through proximity ligation assay, therefore supporting

our observations in the absence of this control condition (Sharma and Wente, 2020).

To evaluate whether Glelb plays a role alongside DDX19B in the resolution of R-loops (and
therefore DNA double strand break resolution), we first set out to assess whether
exogenously induced DNA damage caused by Campthothecin (CPT). This is a topioisomerase
I inhibitor and so induces DNA double strand breaks through blocking the super coil relaxing
ability of Top | which occurs during transcription and replication. Here | stained cells with
YH2AX, a widely used marker of double strand breaks (DSB). | decided to use this marker due
to it being an early-stage marker of DNA damage as it recognises double stand breaks and
forms foci around them, these foci represent the DSB’s quantitatively and so can be used as
a direct readout of DNA damage levels within the cell. Ideally we would have also used a
marker for R-loops, however due to widespread issues with the reliability of this antibody and
the staining it produces we decided to use yH2AX as the main marker (Ed et al., 2021; Smolka
et al.,, 2021). In this assay, | hypothesised that if Glelb was in some way involved in
recruitment of DNA repair proteins then overexpression may help either to be in some way
protective to the cells and prevent a significant rise in yH2AX staining or improve the speed
of the cell’s recovery from the induced DSBs. However, there was no reduction in the amount

of induced DNA damage in Hela cells when Glelb was overexpressed both upon immediate
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fixation of the cells, and after recovery periods of 30 minutes and an hour. This therefore

indicated that there was no involvement of Glelb with the DNA damage response.

It would also be interesting to assess whether DDX19B protein expression or localisation is
affected in SMA cases, as disruption to an additional R-loop resolving helicase may also be
contributing to the increases seen in R-loops/DNA damage levels in SMA cases (Kannan et al.,

2020, 2018).

As previously mentioned, a study published later into this PhD also demonstrated clearly that
Glel co-localises with R-loops through positive signal in a proximity ligation assay (Sharma
and Wente, 2020). This study also demonstrated that blockage of Glel shuttling from the
nucleus to the cytoplasm increased the levels of S9.6 staining within the nucleus (excluding
the nucleolar staining). They link this rise in R-loops to the mRNA’s which Glel selectively
exports from the nucleus being rich in R-loops formed during their transcription rather than
due to other means of DNA damage. Which they confirm by seeing no increase in yH2AX signal
in the cells where Glel shuttling is blocked. This is verified by also inducing DNA damage with
hydroxyurea and again blocking Glel nuclear shuttling, here they see no changes in the levels
of yH2AX intensity. Therefore linking Gle1b to R-loops formed during transcription rather than

the DNA damage response (Sharma and Wente, 2020).

| was interested to see whether overexpression of Glelb would restore the reduction in Glel
levels which we saw in SMA cells in Chapter 4 and may therefore act to ameliorate some of
the disease phenotypes. Cells transduced with lentivirus expressing Glelb did not show any
reduction in the levels of yH2AX staining intensity compared to untreated SMA cells.
Therefore, indicating that overexpression of Glelb does not help to rescue disrupted R-loop

formation which results in increased levels of DNA damage.

However, it appears as if overexpression of Glel within healthy cells may predispose them to
cellular stress. The Hela cells in Figure 5.4 overexpressing Glelb appear much more rounded
when exposed to CPT and when treating healthy fibroblasts with LV FLAG Glelb, there is a
significant increase in yH2AX staining (Fig 5.5). This may indicate that if Glel is to be used to

ameliorate disease phenotypes then careful consideration needs to be paid to the dosage.
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Unfortunately, there was no difference in the levels of yH2AX signal between control and SMA
patient motor neurons. This could have been due to external stress on these cells such as CO>
levels or cell culture conditions as during the time that these experiments were conducted
there were multiple issues in the tissue culture lab. Due to time restraints these experiments

could not be repeated.

5.3.2 Discrepancies in global polyadenylated RNA export defects in SMA patient cells

As Glelb plays a major role in the export of mMRNA from the nucleus to the cytoplasm, | next
wanted to investigate whether there were any RNA export defects in the SMA patient cells
which could be related to a reduction in Glel protein levels. Reports in the literature indicated
that in motor neurons isolated from the SMN A7 mouse model there was the presence of
nuclear aggregates of polyadenylated mRNA, alongside a cytoplasmic depletion of

polyadenylated mRNA (Casafont et al., 2010; Narcis et al., 2018).

| therefore stained cells for poly(A)+ RNA using an oligo-dT Cy3 probe. Initial confocal imaging
of staining in fibroblasts showed a promising trend with there being a significant reduction in
the poly(A)+ mRNA within the cytoplasm of SMA fibroblasts compared to the control cells.
Unfortunately, due to time restraints a different method of imaging was used for
overexpression experiments. For these experiments | used the automated Opera Phenix high
throughput imaging system, however, there was no observable difference between patient
and control cells and so despite there being clear overexpression of Glelb in the treated cells,
| did not continue with these experiments in this case. This difference in imaging utilised a
different magnification (40x lens vs 63x lens on the confocal), however, this should not be a
large enough difference to account for a difference in overall signal. Therefore, this could
indicate that there could have potentially been issues with the probe. Further investigation
would be required to check the experiment is working as required, for example including a
control condition treated with a drug such as actinomycin A. This would block transcription
and so show a reduction in mRNA in the nucleus of treated cells, therefore validating the

specificity of the probe.
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5.3.3 Transcripts which are specifically exported through Glel-mediated pathways do not

appear to be disrupted in SMA patient fibroblasts

As there did not appear to be a global RNA export defect seen in these cells, | hypothesised
that there might be a more specific set of transcripts which were disrupted due to a reduction
in Glel protein levels (Sharma and Wente, 2020). The original list of mRNA transcripts
disrupted when Glel nuclear shuttling is blocked is quite extensive, containing 70 candidates.
Therefore, | wanted to narrow it down before ordering primers for optimisation. By grouping
the transcripts into common pathways, it became easier to see which ones could potentially

have some relation to defects seen in SMA cases.

Optimisation of primers for many of the selected transcripts proved difficult due to the low
expression levels within the non-neuronal cell type which we were using as our model system.
However, the three primers which | did manage to optimise did give us a good representation

across the pathways which we wished to look at.

Overall, there was no difference in any of the mRNA transcripts in the mRNA distribution
between the control and SMA cell types. Therefore, it appears as if Glelb mediated transport
of mMRNA from the nucleus to the cytoplasm isn’t disrupted in these cells despite the decrease

in Glel protein levels.

Interestingly, although proportionally there was no difference in the nuclear/cytoplasmic
distribution of mRNA transcript levels for FOS in control and SMA cells, there is a significant
decrease in FOS mRNA transcripts in SMA cells compared to controls. Fos is an immediate
early gene which forms heterodimeric complexes with members of the Jun family creating
the AP-1 transcription factor. c-Fos has been shown to be responsible for regulating cellular
mechanisms which mediate neuronal excitably and survival (Zhang et al., 2002), neuronal
activity and plasticity (Joo et al., 2015). Previously in the literature, c-Jun NH2-terminal kinase
3 (JNK3) has been implicated in neuronal degeneration which arises from SMN deficiency
(Genabai et al., 2015). The involvement of JNK activation in neuronal apoptosis has been also
been characterised in other neurodegenerative disorders previously (Eilers et al., 1998; Kuan
et al., 2003; Le-Niculescu et al., 1999; Morishima et al., 2001). c-Fos has previously been

shown to downregulate the interaction between c-Jun and ATF2 and so reduce the activation
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of apoptotic pathways (Yuan et al., 2009), therefore downregulation in SMA cases of c-Fos

may explain the activation of JINK3 pathways which lead to neurodegeneration.

5.3.4 Glelb overexpression rescues the abnormal Golgi morphology in SMA fibroblast and

motor neurons.

The Golgi Apparatus is a dynamic organelle and can be affected by multiple different cellular
processes: such as stress, DNA repair, trafficking and replication (Kulkarni-Gosavi et al., 2019;
Makhoul et al., 2019; Stalder and Gershlick, 2020). A range of neurodegenerative disorders
have been demonstrated to show morphological defects within the Golgi, including
amyotrophic lateral sclerosis (Statland et al., 2015; Sundaramoorthy et al., 2015) and

Alzheimer’s disease (Joshi et al., 2015).

Links between the Golgi and SMA have been investigated previously in the field. Mutations
within bicaudal D homolog 2 (BICD2), a golgin and motor adaptor protein, have been
identified as pathological in three families affected with autosomal dominant SMA (Neveling
et al., 2013). The Coatomer complex is involved in mediating Golgi trafficking pathways. A
major subunit of this complex, alpha-COP, has been identified as an SMN binding protein
which is important for SMN localisation to axonal growth cones and is in turn downregulated

in SMN depleted cells (Custer et al., 2019; Peter et al., 2011).

In this chapter, | describe an observed morphological difference between SMA patient and
control cells. This was blindly categorised by two independent operators, which showed that
the SMA patient cells displays a clustered Golgi phenotype than the control cells. This
appeared to be conserved across both fibroblast cells and iPSC-derived motor neurons.
Interestingly this is the opposite phenotype of what is observed by Custer and colleagues
(2019), who see a more fragmented Golgi in their fibroblast populations compared to their
control cells. This difference could be due to them using an antibody for the cis-Golgi (GM130)
as opposed to the trans-Golgi marker used in my experiment (TGN46). However,
colocalization of the two antibodies in these fibroblast lines display a very similar morphology

in our hands.
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Staining of Glel by immunocytochemistry was observed within Golgi structures in the
fibroblast cells, whether this is an artefact of the staining or has any functional relevance
remains an unanswered question which would need further investigation to assess. Golgi
fractionation would allow us to assess more accurately whether Glel protein is localising to
the Golgi apparatus (Taguchi et al., 2003). There are studies in yeast which demonstrate that
Glel interacts with SEC15, which is a protein which is responsible for vesicle trafficking from
the Golgi to the cell surface (Bowser and Novick, 1991; Davierwala et al., 2005). However, this
is yet to be confirmed in mammalian systems. The human homolog of SEC15 is Exocyst
Complex component 6B (EXOC6B) (NCBI, 2021). There is no current published research
looking at whether this relationship between Glel and EXOC6B is conserved in mammalian

systems.

Upon overexpression of Glelb, the morphology of the Golgi Apparatus within SMA patient
cells shows restoration to a more diffuse morphology as seen in the control cells. However,
as mentioned previously due to the highly dynamic nature of this organelle, morphology may
not be the most accurate indication of dysfunction. Therefore, we wanted to also look at
markers which may change in response to pathogenic or beneficial changes within the cell.
Interestingly, one of the transcripts whose nuclear export was specifically mediated by Glel
was a Golgi related protein (GOLGA6L18). Unfortunately, due to low transcript levels | was

unable to assess whether this was disrupted in SMA cases.

GOLPH3 is a trans-Golgi membrane bound protein which binds to actin filaments through
MYO18A, thus generating acto-myosin tensile force. Depending on whether GOLPH3 is
activated or downregulated, this can either cause the Golgi to extend or compact respectively.
Therefore, in our case, we hypothesised that the levels of GOLPH3 may be being
downregulated in SMA patient cell models due to the morphological phenotype which was
being observed. However, expression of GOLPH3 protein appeared to uniform across all cell
types. It may perhaps be more beneficial to look for ways to observe GOLPH3 phosphorylation

to measure its activity levels rather than looking at protein levels.

As DNA-Pk is also implicated in activation of the GOLPH3 pathway, | hypothesised that the
lack of DNA-Pk which has been reported in SMN deficient cells may be causing the Golgi to be

displaying a more compacted morphology rather than the extended one seen in the controls.
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In the cell models used in this study there does not appear to be any difference in the DNA-
Pk levels in motor neurons between control and SMA patient cells. However, the DNA-Pk
protein is very large (470 kDa), so perhaps further optimisation of this antibody is required to

accurately represent the protein levels within these cells.

5.3.5 Conclusions

In this chapter | have assessed multiple pathways in SMA patient fibroblasts and iPSC-derived
motor neurons. | have described novel findings demonstrating a disrupted Golgi morphology
in SMA patient fibroblasts and iPSC-derived motor neurons. | have also shown a significant
reduction in the expression of Fos mRNA transcripts in SMA patient fibroblasts, this is not a
finding which has been described in the literature and so is an interesting avenue for future

research.

Overall, it is unclear whether overexpression of Glelb protein is beneficial to these cells and
further research is needed to reach a conclusion either way. There does appear to be rescue
of certain SMA disease phenotypes, Golgi morphology and axonal growth defects (as shown
previously in the lab). However whether this improves the survival of the cells has not been
assessed. Preliminary evidence seems to suggest that a reduction in the levels of Glel protein
in SMA cells does not have any impact on the export of RNA from the nucleus. It would be
useful here to look at other pathways in which Glel has been shown to be involved to see if

overexpression can have any effect, for example stress granule formation.
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6. General Discussion

SMA is a devastating childhood motor neuron disease resulting from a loss of full length SMN
protein, characterised by death of anterior horn motor neurons within in the spinal cord. SMIN
itself has roles in multiple aspects of RNA processing, from splicing to local translation within
axons. In recent years, major advances have been made in SMA treatment, with approval of
AAV9 mediated SMN expression (Zolgensma®) and antisense oligonucleotide (Spinraza®)-
based therapies. However, these treatments have limitations for older SMA patients (SMA
Types II-IV) as they are most effective if administered prior to disease onset or in the very
early stages of disease. Therefore, there is still potential scope for improved therapeutics in
SMA with combinatorial therapies offering greater benefit in these cases. To develop
therapies which may help to ameliorate disease, it is of great importance to try to understand
the disease pathogenesis as thoroughly as possible, allowing targeted treatment of disrupted

pathways across the lifespan of affected individuals.

Glel is an essential, well conserved protein involved in the modulation of DEAD-box proteins
which facilitate multiple pathways within the cell, mainly mRNA export, transcription
termination and stress granule dynamics. Mutations within this gene can cause severe forms

of early-onset motor neuron diseases and have also been found in ALS patients.

Considering the similarities between the pathways in which SMN and Glel proteins function
and the diseases that they cause when they are mutated, this thesis was focussed on
establishing: i) whether there is any functional interaction between these two proteins and

ii) the potential role of GLE1 as a disease-modifying gene.

6.1 Key findings from this PhD project

To achieve my project objectives, | first set out to design and generate constructs and vectors
essential for the planned studies. This was done through cloning of the Glelb transgene into
various viral vectors and tagged constructs. Successful large-scale productions of viral vectors
(lentivirus and adeno-associated virus) encoding Gle1lb were validated and optimised for both

in vitro and in vivo use.
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Following successful generation of GFP-tagged Glelb constructs, co-immunoprecipitation of
Glel and SMN indicated interaction between the two proteins which was not RNA-
dependant. This is a novel interaction which has not been reported in the literature
previously. Proximity ligation assays demonstrated co-localisation of the two proteins in a
variety of cell types, with signal being conserved in number between controls and SMA
patient cells. The distribution of the co-localised Gle1l and SMN signal was split roughly equally
between the nucleus and the cytoplasm, with signal being visible in the axons of motor

neurons potentially indicating a role in the local translation of mRNA.

A reduction in the protein expression of Glel can also be seen in SMA patient cells. This
difference is more prominent in the fibroblast cells than in iPSC-derived motor neurons,
potentially pointing towards a neuronal specific role of the proteins which is important for
survival. A paper published during the course of this PhD suggested that mRNA levels of GLE1
are reduced in patient fibroblasts (Alrafiah et al., 2018a), in our hands there was variability in
MRNA levels between these cell lines which may be masking any potential difference.
Nonetheless, the finding that Glel protein expression is reduced in SMA patient cells is a novel
and interesting finding which may be important in understanding more about the pathways

affected in this disease.

To assess whether Glel and SMN can restore the reduction in levels seen in both proteins in
SMA cells, I also looked to see whether overexpression of one protein could rescue the other.
In this case, there was no change in SMN levels when Gle1lb was overexpressed and vice versa.
Therefore, indicating that if Glelb has neuroprotective effects in SMA cases, it is not through

SMN-dependant means.

Following these findings, | wanted to investigate whether restoration of Glel levels within
SMA cells could help to ameliorate any disease phenotypes which occur because of SMN
deficiency. Previous data from our lab (Figure 1.5, Appendix 1, Unpublished data),
demonstrated that overexpression of Glel in primary mouse motor neurons from SMNA7
SMA mouse model (Le et al., 2005) could rescue the axonal growth defect seen in these cells
(Alrafiah et al., 2018b). | therefore wanted to look at whether overexpression of Glelb could
result in improvements in several other disrupted pathways: DNA damage, mRNA export and

Golgi morphological changes.
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Data presented in this thesis, alongside research published during the course of this PhD,
indicates that Glel co-localises with R-loops and blockage of Glelb shuttling between the
nucleus and cytoplasm results in an increase in R-loops within the nucleus (Sharma and
Wente, 2020). This was subsequently proved to be due to Glelb’s role in modulation of DDX1
during termination of transcription rather than due to any role of Glel in the DNA damage
response (Sharma and Wente, 2020). Within this thesis, | show that overexpression of Glelb
in Hela cells exposed to CPT, widely used to induce DNA double strand breaks, has no
protective effect. In addition to this, SMA cells treated with a lentivirus overexpressing Glelb
do not show a reduction in the overall levels of DNA damage, suggesting that restoration of
Glel levels does not influence the transcriptionally associated increased DNA damage seen in

SMA patient populations.

Defects within the mRNA export pathway in SMA cases is not an area which is very widely
studied. Recent evidence suggests that there is an accumulation of mRNA granules within the
nucleus of SMA primary motor neurons from the SMNA7 mouse model (Narcis et al., 2018),
however, research beyond this study is limited. In this thesis | demonstrate that confocal
imaging of Oligo dT FISH staining of poly(A)+ RNA shows a trend towards an increased nuclear
signal and reduction in cytoplasmic signal in the SMA fibroblasts, indicating that there is an
MRNA export defect in these cells. Unfortunately, due to time restrictions Glel-mediated
rescue experiments were imaged using a different imaging system and this result could not
be replicated. As mutations in both GLE1 and SMN1 affect motor neurons specifically,
together with the initial finding in primary motor neurons | wanted to see whether this mMRNA
export defect was more obvious in motor neurons. However, again, no difference across the

cells could be seen.

When Glelb’s shuttling ability is impaired, there is a subset of mRNA transcripts which
selectively are retained in the nucleus. To assess whether Glel specific mRNA transport is
disrupted in the SMA fibroblast cells where we saw the largest difference in Oligo dT FISH
poly(A)+ mRNA staining, | performed nuclear/cytoplasmic fractionation and RNA extraction
from these cells. This allowed me to probe for these transcripts to see whether the reduction
in Glel levels seen in these cells is affecting nuclear export of mRNA. In each of the three

transcripts | looked at: c-Fos, ZFP91-CNTF and RPL13ap7, there was no difference between
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mMRNA distribution in the nucleus and the cytoplasm. However, these results did highlight the
novel finding that Fos levels are significantly reduced in SMA patient fibroblasts compared to

controls.

The final phenotype assessed was Golgi morphology. A disrupted Golgi has been implicated
in multiple neurodegenerative diseases including amyotrophic lateral sclerosis (ALS) and
Alzheimer’s disease (Joshi et al., 2015; Sundaramoorthy et al., 2015). Fragmented Golgi has
previously been observed in SMA patient fibroblasts (Custer et al., 2019). However, in this
thesis | demonstrate that SMA cells display a more clustered Golgi phenotype than that of the
control cells. Interestingly, overexpression of Glelb in SMA fibroblasts restored the
morphology of the Golgi to a more ribbon like structure as seen in control cells. This, however,
does not give us any readout on Golgi function so this would be important to consider in
future. Custer and colleagues did not observe an increased sensitivity of SMA cells to
thapsigarin (a means of measuring ER-golgi stress), so the disrupted Golgi phenotype may be

occurring due to other means such as loss of F-actin tensile strength.

| also investigated a potential pathway which may be causing a compacted Golgi phenotype:
the GOLPH3 pathway. Decreases in GOLPH3 and its activity can result in a compacted Golgi
as we have observed in the SMA patient cells. Therefore, | looked at protein levels of GOLPH3
and DNA-Pk in iPSC-derived patient cells. Unfortunately, this showed no indication that
protein levels in controls and SMA patients were different. A method of looking at GOLPH3

activity maybe a more useful readout in this situation.
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Figure 6.1: Summary of main conclusions from PhD project. Total protein levels of Gle1, c-Fos and
SMN are reduced in SMA patient cells compared to healthy controls. Glel and SMN colocalise in both
the nucleus and the cytoplasm of control and SMA cells, with colocalisation also occurring in the axons.
The Golgi morphology appears more compacted in SMA patient cells compared to healthy controls.

Figure created with biorender.com.

6.2 Potential Pathways for Gle1-SMN interaction

Here, we demonstrate a novel interaction between Glel and SMN. There are multiple
pathways that both proteins function in which could potentially involve some sort of
interaction between them. Interestingly, PLA data demonstrates that the interaction is
occurring in across different regions of the cell potentially pointing towards interaction of

both Glel isoforms with SMN.

The potential interaction between Glel and SMN is still yet to be fully explored and much
work is needed to understand how these two proteins may be involved with each other. It
would be of benefit to perform in vitro binding assays and mass spectrometry to establish
whether the interaction between the two proteins is direct or whether they might be forming

part of a scaffold or protein complex.
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A mass spectrometry screen using FLAG-Glelb was performed by Eric Wolf and colleagues
(Wolf et al., 2020). As mentioned previously, results from this screen do not show SMN as a
potential binding factor of Glel. This could suggest that either this interaction is occurring
transiently within the cell, there is another scaffolding protein required for
interaction/complex formation or the interaction maybe more relevant to the Glela isoform.

These hypotheses would have to be investigated before a conclusion can be reached.

As Glel has been established as a modulator of DEAD-box proteins, it could also be interesting
to investigate known DEAD-box binding partners of SMN. DDX20 (also known as GEMIN 3), is
a major component of the SMN complex. Gemin3 is also a known binding partner of ALS-
associated proteins (Cacciottolo et al., 2019). Due to Gle1’s link to ALS and our findings here,
it may be worth investigating whether Glel is involved in the modulation of this DEAD-box

protein in addition to its activity with DDX19, DDX3 and DDX1.

In the nucleus, Glelb has recently been implicated in transcription termination through
modulation of DDX1 (Sharma and Wente, 2020). In this paper they show through PLA that
Glel also is in close proximity to Senataxin (SETX), a known binding partner of SMN, and
propose that Glel may also be involved in modulating the role of SETX in R-loop resolution
(Sharma and Wente, 2020). This is interesting as SMN is responsible for the recruitment of
SETX to the R-loops at sites of transcription termination (Yanling Zhao et al., 2016). Therefore,
potentially linking the nuclear roles of SMN and Glel through the pathway of R-loop

resolution at sites of transcription termination.

As explained in Chapter 1, the role of SMN in trafficking and local translation of mRNA in the
axons of motor neurons could help to explain the increased sensitivity of motor neurons
within SMA. Mutations within the GLE1 gene also result in neuronal specific deficits, although
the role of Glel in these cell types is yet to be explored. Therefore, the presence of Glel/SMN
PLA signal within the axons of motor neurons could prove to be an interesting and exciting
finding which needs further investigation, especially coupled with the previous data from our
lab that overexpression of Glel in primary motor neurons from the SMNA7 mouse model
rescued the axonal growth defect. Investigation into whether Glel associates with any of the

neuronal binding partners of SMN, for example HuD or a-COP, may help to understand more
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about the mechanisms by which SMIN and Glel are functioning within motor neurons and

why their loss is so detrimental.

Another important cytoplasmic pathway that could prove interesting to study is stress granule
formation. Both proteins are implicated in the assembly of stress granules (Aditi et al., 2015;

Zou et al., 2011) and points towards another pathway worth investigating.

DDX21 is a nucleolar DEAD-box helicase which is involved in rRNA transcription and
processing, including the resolution of R-loops (Song et al., 2017). Recent research in our lab
group has shown a motor neuron specific deficit of DDX21 within SMN-deficient models
(Karyka et al., unpublished data). DDX21 is a high hit on the Glelb mass spectrometry screen
mentioned previously (Wolf et al., 2020). Coupled with our data here, indicating that Glel ICC
staining colocalises with nucleolin, this could be an interesting mechanism to look further into

with regards to Glel and SMN interaction.

6.3 GLEI as a potential a genetic disease modifier for SMA

Loss of SMN is the primary cause of SMA in patients. SMN protein depletion is likely to affect
its binding partners and downstream pathways. Therefore, it is interesting to observe that
the levels of Glel are downregulated in SMA fibroblasts and motor neurons. Another disease
modifying gene, Plastin3, has also been shown to be downregulated in SMA cases. Hao and
colleagues demonstrate that SMIN post-transcriptionally regulates the protein levels of Pls3
(Hao et al., 2012). In this thesis, analysis of GLEI mRNA in SMA cell models was not conclusive
with large amounts of variation in transcript levels between control cells. Therefore, more
work would be needed here to fully investigate whether the transcription and RNA processing
of GLE1 is affected by a loss of SMN. Alternatively, it could also be investigated whether loss
of SMN affects Glel translation or protein stability (Hao et al., 2012). This would give us more
information about where in the disease progression depletion of Glel could be occurring and

what this might mean for disease pathogenesis.

As discussed previously, Gle1 knockout models in zebrafish display reduced numbers of spinal
cord motor neurons, abnormal arborisation and defective Schwann cell development (Jao et

al., 2012; Seytanoglu et al., 2016). SMN knockout zebrafish display very similar characteristics
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(Hao et al., 2015). Schwann cells in SMA mouse models have been shown to require SMN for
their development, with a lack of SMN resulting in myelination defects hypothesised to be
due to SMN’s role in translational control of myelin proteins (Hunter et al., 2014). These
defects were seen to be rescued when SMN was overexpressed specifically in the Schwann
cells, thereby improving neuromuscular function but interestingly not survival of the mice
(Hunter et al., 2016). It would therefore be interesting to investigate the relationship of Glel
and SMN in the context of glial cells, as prior studies looking at SMA related therapies have
focussed on motor neurons specifically. This paper suggests that other SMA-related disease
pathologies can be targeted using a therapy which targets a range of CNS cell types (Hunter

et al., 2016).

Other known disease modifiers of SMA include ZPR1. Overexpression of ZPR1 in SMA disease
models can be shown to transcriptionally upregulate SMN2 expression, therefore
ameliorating SMA disease phenotypes through SMN-dependant means. (Kannan et al., 2020).
The work shown in this thesis revealed that overexpression of Glelb does not appear to have
any impact on the protein levels of SMN, indicating that if there is any improvement in SMA
disease phenotypes (e.g. axonal growth or rescue of Golgi morphology), that it would be

occurring in an SMN-independent manner.

Assessment of the effect of Glelb overexpression in SMA cell models does not clearly indicate
that there is a therapeutic benefit of Glel in SMA cases. There are promising results in certain
aspects, for example Golgi morphology and axonal growth defects. However, more research
is needed to confidently establish whether these effects have an impact on survival or overall

disease severity.

6.4 Novel SMA disease features

The work carried out as part of this PhD has uncovered some phenotypes within SMA cell

models which have, to my knowledge, not been observed in SMA populations previously.

The first readout is a compacted Golgi morphology. A recent study which focusses on the
morphology of the Golgi in SMA fibroblast cells (Custer et al., 2019), reported that the Golgi

in SMA patient fibroblasts display a more fragmented Golgi morphology when compared to
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healthy control cells. There are a few differences between our study and the work carried in
this paper, firstly they use a marker of the cis-Golgi (GM130), while we look at a marker of the
trans-Golgi (TGN46). This could potentially influence the morphology observed in these cells
as these are two distinct compartments of the Golgi Apparatus with different interacting
partners. A variety of different Golgi morphology’s is reviewed in depth in (Makhoul et al.,
2019), where they suggest different morphology’s of each Golgi compartment. Despite the
differences in morphology seen between us and this group, | have shown that the compacted

Golgi phenotype is conserved between fibroblast cells and iPS-derived motor neurons.

Disruption of the Golgi Apparatus has now been linked to multiple diseases and can result in
functional changes such as disrupted glycosylation and membrane trafficking. Morphological
changes within the Golgi can often precede other pathological phenotypes in
neurodegenerative diseases and therefore could be an important disease marker to be aware

of (Liu et al., 2021).

Another interesting finding within this project was the downregulation of FOS mRNA
transcripts in SMA patient cells. This finding was not investigated further due to the significant
delay caused by Covid-19 restrictions, but it still an interesting finding with implications for
SMA disease pathology. c-Fos protein expression is heavily involved in learning and memory
pathways, with knockout models displaying defects in long-term memory formation (Gallo et
al., 2018). Although primarily a disease affecting motor neurons, cognitive impairment has
been seen in SMA Type | patients (Polido et al., 2019). This could be a novel pathway which
explains some of these symptoms displayed in patients, although much more research is

needed into this hypothesis.

6.5 Future Directions

It would be interesting to assess whether the expression levels of Glel are also
downregulated in SMA mouse models. Using CNS and muscle tissue from SMN delta7 mice at
a range of time points, from birth to end stage of disease, would demonstrate whether there

was a downregulation of Glel levels and at what stage of disease this might occur.
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In vivo proof-of-concept experiments would also be interesting to carry out. In Chapter 3 |
describe the generation and validation of a high quality ssAAV9-Glelb virus suitable for in vivo
experiments. In our lab previously it has been demonstrated that AAV9-mediated delivery of
transgenes via cisterna magna injections at post-natal day 1 leads to significant transduction
of spinal motor neurons and can result in significant increases of survival in the SMN delta 7
mouse model (Alrafiah et al., 2018a). Therefore, it would be interesting to see whether in this
model, overexpression of Glel would have an effect on disease progression. This would

provide a clearer answer in relation to the therapeutic benefit of Glel in SMA.

The role of Glel within neurons is something which has not been well studied. Due to the
neuronal specific diseases which arise from mutations within Glel, it would be very
interesting to further investigate what these neuronal specific roles could potentially be and

whether mutant forms of Glel disrupt neuronal pathways.

6.6 Final Conclusions

In conclusion, the data presented in this thesis implicates Glel as a novel protein of interest
in relation to SMA and its causative SMN gene. Glel and SMN colocalise within the nucleus,
cytoplasm, and axons of motor neurons, with SMA patient cells displaying reduction of Glel
protein. Overexpression of Glel can act to rescue axonal growth defects and disrupted Golgi
morphology although does not appear to improve endogenous increases in DNA damage seen
in SMA patient cells. More research is needed to fully understand the pathways in which Glel
and SMN are both involved in together and how this may be influencing SMA disease
pathogenesis. Understanding more about these pathways can help the development of
therapies that can be used in conjunction with pre-approved SMN-dependant treatments to

create a comprehensive cure for all SMA patients.
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Appendix 1: Lentiviral mediated overexpression of Glel in WT primary mouse motor

neurons transduced with LV-shSMN rescues axonal growth defect. (A)
Immunocytochemistry staining of alpha-tubulin of WT mouse primary motor neurons. GFP

immunoflourescenece shows transduced cells. (B) Quantification of axonal length (One way
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ANOVA+Bonferroni post hoc test, p<0.05, *). Data taken from Masters Thesis by Regina
Marketou, 2009
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Appendix 2: Additional categorisation graphs for Golgi quantification in fibroblasts and

motor neurons, to show conservation of trends across different individual quantifiers. (A)
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Quantification of fibroblast cells. Data displayed as mean +/- SEM. Data collected from three
biologically independent replicates (n=3), 60 cells per condition. SMA cells tend to show a more
clustered phenotype compared to controls (Two-way ANOVA, Control vs SMA, Category 1;
p=0.1303, ns, n=3. Control vs SMA, Category 3; p=1167, ns, n=3). When Glel protein is
overexpressed, there is a significant increase from Type 1 to Type 3 in SMA cells (Two-way
ANOVA, SMA vs SMA+Glelb, Category 1; p=0.0.0027, **, n=3. SMA vs SMA+Glelb, Category
3; p=0.0001, ***, n=3). (B) Quantification of iPSC-derived motor neurons. Data displayed as
mean +/- SEM. Data collected from three biologically independent replicates (n=3), 40 cells
per condition. SMA cells tend to show a more clustered phenotype compared to controls (C)
Motor neuron data grouped into control and SMA. SMA cells show a significantly higher
tendency to be more category 1 (clustered) than control cells, which are more likely to be

category 3 (Two-way ANOVA: Category 1: p=0.477, *, n=6. Category 3: p=0.445, *, n=6).
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Appendix 3: Plasmid Sequences

PEGFP Glelb
ACTGGGTATTCGTCATGTCGATACCGTTTGTATTTCCAGCTACGATCACGACAACCAGCGCGAGCTTAAAGTGCTGA
AACGCGCAGAAGGCGATGGCGAAGGCTTCATCGTTATTGATGACCTGGTGGATACCGGTGGTACTGCGGTTGCGA
TTCGTGAAATGTATCCAAAAGCGCACTTTGTCACCATCTTCGCAAAACCGGCTGGTCGTCCGCTGGTTGATGACTAT
GTTGTTGATATCCCGCAAGATACCTGGATTGAACAGCCGTGGGATATGGGCGTCGTATTCGTCCCGCCAATCTCCGG
TCGCTAATCTTTTCAACGCCTGGCACTGCCGGGCGTTGTTCTTTTTAACTTCAGGCGGGTTACAATAGTTTCCAGTAA
GTATTCTGGAGGCTGCATCCATGACACAGGCAAACCTGAGCGAAACCCTGTTCAAACCCCGCTTTAAACATCCTGAA
ACCTCGACGCTAGTCCGCCGCTTTAATCACGGCGCACAACCGCCTGTGCAGTCGGCCCTTGATGGTAAAACCATCCC
TCACTGGTATCGCATGATTAACCGTCTGATGTGGATCTGGCGCGGCATTGACCCACGCGAAATCCTCGACGTCCAG
GCACGTATTGTGATGAGCGATGCCGAACGTACCGACGATGATTTATACGATACGGTGATTGGCTACCGTGGCGGCA
ACTGGATTTATGAGTGGGCCCCGGATCTTTGTGAAGGAACCTTACTTCTGTGGTGTGACATAATTGGACAAACTACC
TACAGAGATTTAAAGCTCTAAGGTAAATATAAAATTTTTAAGTGTATAATGTGTTAAACTACTGATTCTAATTGTTTG
TGTATTTTAGATTCCAACCTATGGAACTGATGAATGGGAGCAGTGGTGGAATGCCTTTAATGAGGAAAACCTGTTTT
GCTCAGAAGAAATGCCATCTAGTGATGATGAGGCTACTGCTGACTCTCAACATTCTACTCCTCCAAAAAAGAAGAGA
AAGGTAGAAGACCCCAAGGACTTTCCTTCAGAATTGCTAAGTTTTTTGAGTCATGCTGTGTTTAGTAATAGAACTCTT
GCTTGCTTTGCTATTTACACCACAAAGGAAAAAGCTGCACTGCTATACAAGAAAATTATGGAAAAATATTCTGTAAC
CTTTATAAGTAGGCATAACAGTTATAATCATAACATACTGTTTTTTCTTACTCCACACAGGCATAGAGTGTCTGCTATT
AATAACTATGCTCAAAAATTGTGTACCTTTAGCTTTTTAATTTGTAAAGGGGTTAATAAGGAATATTTGATGTATAGT
GCCTTGACTAGAGATCATAATCAGCCATACCACATTTGTAGAGCTTTTACTTGCTTTAAAAAACCTCCCACACCTCCC
CCTGAACCTGAAACATAAAATGAATGCAATTGTTGTTGTTAACTTGTTTATTGCAGCTTATAATGGTTACAAATAAAG
CAATAGCATCACAAATTTCACAAATAAAGCATTTTTTTCACTGCATTCTAGTTGTGGTTTGTCCAAACTCATCAATGTA
TCTTATCATGTGTGGATCAACTGGATAACTCAAGCTAACCAAAATCATCCCAAACTTCCCACCCCATACCCTATTACC
ACTGCCAAATTACCTGTGGTTTCATTTACTCTAAACCTGTGATTCCTCTGAATTATTTTCATTTTAAAGAAATTGTATTT
GTTAAATATGTACTACAAACTTAGTAGTTGGAAGGGCTAATTCACTCCCAAAGAAGACAAGATATCCTTGATCTGTG
GATCTACCACACACAAGGCTACTTCCCTGATTAGCAGAACTACACACCAGGGCCAGGGGTCAGATATCCACTGACCT
TTGGATGGTGCTACAAGCTAGTACCAGTTGAGCCAGATAAGGTAGAAGAGGCCAATAAAGGAGAGAACACCAGCT
TGTTACACCCTGTGAGCCTGCATGGGATGGATGACCCGGAGAGAGAAGTGTTAGAGTGGAGGTTTGACAGCCGCC
TAGCATTTCATCACGTGGCCCGAGAGCTGCATCCGGAGTACTTCAAGAACTGCTGATATCGAGCTTGCTACAAGGG
ACTTTCCGCTGGGGACTTTCCAGGGAGGCGTGGCCTGGGCGGGACTGGGGAGTGGCGAGCCCTCAGATCCTGCAT
ATAAGCAGCTGCTTTTTGCCTGTACTGGGTCTCTCTGGTTAGACCAGATCTGAGCCTGGGAGCTCTCTGGCTAACTA
GGGAACCCACTGCTTAAGCCTCAATAAAGCTTGCCTTGAGTGCTTCAAGTAGTGTGTGCCCGTCTGTTGTGTGACTC
TGGTAACTAGAGATCCCTCAGACCCTTTTAGTCAGTGTGGAAAATCTCTAGCAGTGGCGCCCGAACAGGGACCTGA
AAGCGAAAGGGAAACCAGAGCTCTCTCGACGCAGGACTCGGCTTGCTGAAGCGCGCGCACGGCAAGAGGCGAGG
GGCGGCGACTGGTGAGTACGCCAAAAATTTTGACTAGCGGAGGCTAGAAGGAGAGAGATGGGTGCGAGAGCGTC
AGTATTAAGCGGGGGAGAATTAGATCGCGATGGGAAAAAATTCGGTTAAGGCCAGGGGGAAAGAAAAAATATAA
ATTAAAACATATAGTATGGGCAAGCAGGGAGCTAGAACGATTCGCAGTTAATCCTGGCCTGTTAGAAACATCAGAA
GGCTGTAGACAAATACTGGGACAGCTACAACCATCCCTTCAGACAGGATCAGAAGAACTTAGATCATTATATAATAC
AGTAGCAACCCTCTATTGTGTGCATCAAAGGATAGAGATAAAAGACACCAAGGAAGCTTTAGACAAGATAGAGGA
AGAGCAAAACAAAAGTAAGACCACCGCACAGCAAGCGGCCGCTGATCTTCAGACCTGGAGGAGGAGATATGAGG
GACAATTGGAGAAGTGAATTATATAAATATAAAGTAGTAAAAATTGAACCATTAGGAGTAGCACCCACCAAGGCAA
AGAGAAGAGTGGTGCAGAGAGAAAAAAGAGCAGTGGGAATAGGAGCTTTGTTCCTTGGGTTCTTGGGAGCAGCA
GGAAGCACTATGGGCGCAGCCTCAATGACGCTGACGGTACAGGCCAGACAATTATTGTCTGGTATAGTGCAGCAG
CAGAACAATTTGCTGAGGGCTATTGAGGCGCAACAGCATCTGTTGCAACTCACAGTCTGGGGCATCAAGCAGCTCC
AGGCAAGAATCCTGGCTGTGGAAAGATACCTAAAGGATCAACAGCTCCTGGGGATTTGGGGTTGCTCTGGAAAAC
TCATTTGCACCACTGCTGTGCCTTGGAATGCTAGTTGGAGTAATAAATCTCTGGAACAGATTGGAATCACACGACCT
GGATGGAGTGGGACAGAGAAATTAACAATTACACAAGCTTAATACACTCCTTAATTGAAGAATCGCAAAACCAGCA
AGAAAAGAATGAACAAGAATTATTGGAATTAGATAAATGGGCAAGTTTGTGGAATTGGTTTAACATAACAAATTGG
CTGTGGTATATAAAATTATTCATAATGATAGTAGGAGGCTTGGTAGGTTTAAGAATAGTTTTTGCTGTACTTTCTATA
GTGAATAGAGTTAGGCAGGGATATTCACCATTATCGTTTCAGACCCACCTCCCAACCCCGAGGGGACCCGACAGGC
CCGAAGGAATAGAAGAAGAAGGTGGAGAGAGAGACAGAGACAGATCCATTCGATTAGTGAACGGATCTCGACGG
TATCGGTTAACTTTTAAAAGAAAAGGGGGGATTGGGGGGTACAGTGCAGGGGAAAGAATAGTAGACATAATAGCA
ACAGACATACAAACTAAAGAATTACAAAAACAAATTACAAAAATTCAAAATTTTATCGATGGTCGAGTACCGGGTA
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GGGGAGGCGCTTTTCCCAAGGCAGTCTGGAGCATGCGCTTTAGCAGCCCCGCTGGGCACTTGGCGCTACACAAGTG
GCCTCTGGCCTCGCACACATTCCACATCCACCGGTAGGCGCCAACCGGCTCCGTTCTTTGGTGGCCCCTTCGCGCCA
CCTTCTACTCCTCCCCTAGTCAGGAAGTTCCCCCCCGCCCCGCAGCTCGCGTCGTGCAGGACGTGACAAATGGAAGT
AGCACGTCTCACTAGTCTCGTGCAGATGGACAGCACCGCTGAGCAATGGAAGCGGGTAGGCCTTTGGGGCAGCGG
CCAATAGCAGCTTTGCTCCTTCGCTTTCTGGGCTCAGAGGCTGGGAAGGGGTGGGTCCGGGGGCGGGCTCAGGGG
CGGGCTCAGGGGCGGGGCGGGCGCCCGAAGGTCCTCCGGAGGCCCGGCATTCTGCACGCTTCAAAAGCGCACGTC
TGCCGCGCTGTTCTCCTCTTCCTCATCTCCGGGCCTTTCGACCTCTAGGATCCATGGACTACAAAGACCATGACGGTG
ATTATAAAGATCATGACATCGATTACAAGGATGACGATGACAAGGGATCCATGCCGTCTGAGGGTCGCTGCTGGGA
GACCTTGAAGGCCCTACGCAGTTCCGACAAAGGTCGCCTTTGCTACTACCGCGACTGGCTGCTGCGGCGCGAGGAT
GTTTTAGAAGAATGTATGTCTCTTCCCAAGCTATCTTCTTATTCTGGATGGGTGGTAGAGCACGTCCTACCCCATATG
CAGGAGAACCAACCTCTGTCTGAGACTTCGCCATCCTCTACGTCAGCTTCAGCCCTAGATCAACCCTCATTTGTTCCC
AAATCTCCTGACGCAAGCTCTGCCTTTTCCCCAGCCTCCCCTGCAACACCAAATGGAACCAAGGGCAAAGATGAGTC
CCAGCACACAGAATCTATGGTACTTCAGTCCTCACGGGGGATCAAAGTGGAAGGCTGCGTCCGAATGTACGAACTG
GTACACAGAATGAAAGGAACAGAGGGCCTGAGGCTATGGCAGGAGGAGCAGGAGAGGAAGGTGCAAGCCCTCTC
GGAGATGGCATCTGAACAACTGAAGCGGTTTGATGAATGGAAGGAACTGAAGCAGCATAAAGAATTCCAGGACTT
GCGGGAAGTAATGGAGAAGAGCTCCAGAGAAGCCTTGGGACACCAAGAGAAGCTAAAAGCTGAGCACCGTCACA
GAGCAAAGATTCTCAACCTGAAGCTGCGGGAAGCAGAGCAGCAGCGCGTGAAGCAAGCAGAACAGGAGCGGCTT
CGGAAGGAAGAAGGCCAGATCCGCCTGCGGGCCCTCTATGCTCTGCAGGAGGAGATGCTGCAGCTCAGCCAGCAG
CTGGATGCCTCTGAGCAGCACAAAGCCCTGCTTAAGGTCGACCTGGCTGCCTTCCAGACCCGAGGCAACCAGCTGT
GCAGCCTCATCTCAGGGATCATCCGGGCCTCTTCAGAGAGCAGCTATCCCACAGCAGAGAGTCAAGCTGAGGCTGA
GCGAGCTCTGCGGGAAATGCGGGACCTCCTGATGAACTTGGGGCAGGAGATCACCAGAGCCTGCGAAGACAAGA
GGAGGCAGGATGAAGAAGAGGCCCAGGTAAAGCTGCAAGAGGCACAGATGCAGCAGGGACCAGAGGCCCACAA
AGAGCCCCCAGCTCCCAGCCAGGGCCCAGGAGGGAAACAGAATGAAGACCTCCAGGTGAAGGTACAAGACATTAC
AATGCAGTGGTACCAGCAGCTGCAGGATGCTTCCATGCAGTGTGTGTTGACCTTTGAGGGCCTGACCAACAGCAAG
GACAGTCAGGCCAAAAAGATAAAGATGGACCTCCAGAAGGCTGCTACCATCCCAGTGAGCCAAATCTCTACCATTG
CAGGCTCAAAACTGAAGGAGATCTTTGACAAGATCCACAGCCTGCTCTCTGGAAAACCTGTTCAATCTGGTGGGCG
CTCTGTGTCTGTCACACTTAACCCACAGGGGCTGGACTTTGTTCAATACAAACTGGCAGAGAAATTTGTGAAACAAG
GCGAGGAGGAAGTGGCCTCTCACCATGAAGCAGCATTCCCCATTGCAGTTGTGGCATCCGGGATCTGGGAGCTCCA
CCCCAGAGTGGGGGACCTCATTCTTGCTCATCTACATAAGAAGTGTCCTTACTCTGTTCCTTTCTATCCCACTTTCAAG
GAGGGAATGGCTTTGGAAGACTATCAGAGGATGCTTGGTTACCAAGTAAAGGATTCCAAAGTGGAGCAGCAAGAC
AACTTTCTAAAACGCATGTCAGGGATGATCCGTCTCTACGCTGCTATCATCCAGCTCCGGTGGCCATATGGAAACCG
ACAGGAGATTCACCCTCATGGCTTAAATCATGGATGGCGCTGGTTGGCACAGATCTTAAACATGGAGCCCTTGTCA
GATGTGACAGCCACCCTCCTCTTTGACTTCCTGGAGGTGTGTGGGAATGCCCTCATGAAGCAATACCAGGTTCAGTT
CTGGAAGATGCTAATTCTCATCAAAGAGGACTACTTTCCCAGAATTGAAGCTATCACAAGCTCAGGACAGATGGGC
TCCTTCATACGCCTCAAGCAGTTCTTGGAGAAATGTTTGCAACACAAGGACATTCCTGTCCCCAAGGGCTTTCTGACT
TCCTCCTTCTGGCGCTCCTGACTCGAGGGAATTCCGATAATCAACCTCTGGATTACAAAATTTGTGAAAGATTGACT
GGTATTCTTAACTATGTTGCTCCTTTTACGCTATGTGGATACGCTGCTTTAATGCCTTTGTATCATGCTATTGCTTCCC
GTATGGCTTTCATTTTCTCCTCCTTGTATAAATCCTGGTTGCTGTCTCTTTATGAGGAGTTGTGGCCCGTTGTCAGGC
AACGTGGCGTGGTGTGCACTGTGTTTGCTGACGCAACCCCCACTGGTTGGGGCATTGCCACCACCTGTCAGCTCCTT
TCCGGGACTTTCGCTTTCCCCCTCCCTATTGCCACGGCGGAACTCATCGCCGCCTGCCTTGCCCGCTGCTGGACAGG
GGCTCGGCTGTTGGGCACTGACAATTCCGTGGTGTTGTCGGGGAAGCTGACGTCCTTTCCATGGCTGCTCGCCTGT
GTTGCCACCTGGATTCTGCGCGGGACGTCCTTCTGCTACGTCCCTTCGGCCCTCAATCCAGCGGACCTTCCTTCCCGC
GGCCTGCTGCCGGCTCTGCGGCCTCTTCCGCGTCTTCGCCTTCGCCCTCAGACGAGTCGGATCTCCCTTTGGGCCGC
CTCCCCGCATCGGGAATTCGAGCTCGGTACCTTTAAAACCAATGACTTACAAGGCAGCTGTAAATCTTAGCCACTTTT
TAAAAGAAAAGGGGGGACTGGAAGGGCTAATTCACTCCCAACGAAAACAAAATCTGCTTTTTGCTTGTACTGGGTC
TCTCTGGTTAGACCAAATCTGAGCCTGGGAGCTCTCTGGCTAACTAGGGAACCCACTGCTTAAGCCTCAATAAAGCT
TGCCTTGAGTGCTTCAAGTAGTGTGTGCCCGTCTGTTGTGTGACTCTGGTAACTAGAGATCCCTCAAACCCTTTTAGT
CAGTGTGGAAAATCTCTAGCAGCATCTAGAATTAATTCCGTGTATTCTATAGTGTCACCTAAATCGTATGTGTATGAT
ACATAAGGTTATGTATTAATTGTAGCCGCGTTCTAACGACAATATGTACAAGCCTAATTGTGTAGCATCTGGCTTACT
GAAGCAGACCCTATCATCTCTCTCGTAAACTGCCGTCAGAGTCGGTTTGGTTGGACGAACCTTCTGAGTTTCTGGTA
ACGCCGTCCCGCACCCGGAAATGGTCAGCGAACCAATCAGCAGGGTCATCGCTAGCCAGATCCTCTACGCCGGACG
CATCGTGGCCGGCATCACCGGCGCCACAGGTGCGGTTGCTGGCGCCTATATCGCCGACATCACCGATGGGGAAGA
TCGGGCTCGCCACTTCGGGCTCATGAGCGCTTGTTTCGGCGTGGGTATGGTGGCAGGCCCCGTGGCCGGGGGACT
GTTGGGCGCCATCTCCTTGCATGCACCATTCCTTGCGGCGGCGGTGCTCAACGGCCTCAACCTACTACTGGGCTGCT
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TCCTAATGCAGGAGTCGCATAAGGGAGAGCGTCGATATGGTGCACTCTCAGTACAATCTGCTCTGATGCCGCATAG
TTAAGCCAGCCCCGACACCCGCCAACACCCGCTGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCCGCTTACAG
ACAAGCTGTGACCGTCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGTCATCACCGAAACGCGCGAGACGAAAG
GGCCTCGTGATACGCCTATTTTTATAGGTTAATGTCATGATAATAATGGTTTCTTAGACGTCAGGTGGCACTTTTCGG
GGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAACCC
TGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTATGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTT
GCGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGC
ACGAGTGGGTTACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGAACGTTTTCCA
ATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCGTATTGACGCCGGGCAAGAGCAACTCGGTC
GCCGCATACACTATTCTCAGAATGACTTGGTTGAGTACTCACCAGTCACAGAAAAGCATCTTACGGATGGCATGACA
GTAAGAGAATTATGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAACTTACTTCTGACAACGATCGGAG
GACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCATGTAACTCGCCTTGATCGTTGGGAACCGGAGCT
GAATGAAGCCATACCAAACGACGAGCGTGACACCACGATGCCTGTAGCAATGGCAACAACGTTGCGCAAACTATTA
ACTGGCGAACTACTTACTCTAGCTTCCCGGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCAC
TTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAATCTGGAGCCGGTGAGCGTGGGTCTCGCGGTATC
ATTGCAGCACTGGGGCCAGATGGTAAGCCCTCCCGTATCGTAGTTATCTACACGACGGGGAGTCAGGCAACTATGG
ATGAACGAAATAGACAGATCGCTGAGATAGGTGCCTCACTGATTAAGCATTGGTAACTGTCAGACCAAGTTTACTC
ATATATACTTTAGATTGATTTAAAACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGATAATCTCATG
ACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGA
TCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCA
AGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTCCTTCTAGTGTAGC
CGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTG
CTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGG
GCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTG
AGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACA
GGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGAC
TTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACG
GTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACC
GCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGA
AGAGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCTGTGGAATGTGTGTCAGTT
AGGGTGTGGAAAGTCCCCAGGCTCCCCAGCAGGCAGAAGTATGCAAAGCATGCATCTCAATTAGTCAGCAACCAG
GTGTGGAAAGTCCCCAGGCTCCCCAGCAGGCAGAAGTATGCAAAGCATGCATCTCAATTAGTCAGCAACCATAGTC
CCGCCCCTAACTCCGCCCATCCCGCCCCTAACTCCGCCCAGTTCCGCCCATTCTCCGCCCCATGGCTGACTAATTTTTT
TTATTTATGCAGAGGCCGAGGCCGCCTCGGCCTCTGAGCTATTCCAGAAGTAGTGAGGAGGCTTTTTTGGAGGCCT
AGGCTTTTGCAAAAAGCTTGGACACAAGACAGGCTTGCGAGATATGTTTGAGAATACCACTTTATCCCGCGTCAGG
GAGAGGCAGTGCGTAAAAAGACGCGGACTCATGTGAAATACTGGTTTTTAGTGCGCCAGATCTCTATAATCTCGCG
CAACCTATTTTCCCCTCGAACACTTTTTAAGCCGTAGATAAACAGGCTGGGACACTTCACATGAGCGAAAAATACAT
CGTCACCTGGGACATGTTGCAGATCCATGCACGTAAACTCGCAAGCCGACTGATGCCTTCTGAACAATGGAAAGGC
ATTATTGCCGTAAGCCGTGGCGGTCTGTACCGGGTGCGTTACTGGCGCGTGA

LV GFP Plasmid Sequence:

TGGAAGGGCTAATTCACTCCCAAAGAAGACAAGATATCCTTGATCTGTGGATCTACCACACACAAGGCTACTTCCCT
GATTAGCAGAACTACACACCAGGGCCAGGGGTCAGATATCCACTGACCTTTGGATGGTGCTACAAGCTAGTACCAG
TTGAGCCAGATAAGGTAGAAGAGGCCAATAAAGGAGAGAACACCAGCTTGTTACACCCTGTGAGCCTGCATGGGA
TGGATGACCCGGAGAGAGAAGTGTTAGAGTGGAGGTTTGACAGCCGCCTAGCATTTCATCACGTGGCCCGAGAGC
TGCATCCGGAGTACTTCAAGAACTGCTGATATCGAGCTTGCTACAAGGGACTTTCCGCTGGGGACTTTCCAGGGAG
GCGTGGCCTGGGCGGGACTGGGGAGTGGCGAGCCCTCAGATCCTGCATATAAGCAGCTGCTTTTTGCCTGTACTGG
GTCTCTCTGGTTAGACCAGATCTGAGCCTGGGAGCTCTCTGGCTAACTAGGGAACCCACTGCTTAAGCCTCAATAAA
GCTTGCCTTGAGTGCTTCAAGTAGTGTGTGCCCGTCTGTTGTGTGACTCTGGTAACTAGAGATCCCTCAGACCCTTTT
AGTCAGTGTGGAAAATCTCTAGCAGTGGCGCCCGAACAGGGACCTGAAAGCGAAAGGGAAACCAGAGCTCTCTCG
ACGCAGGACTCGGCTTGCTGAAGCGCGCGCACGGCAAGAGGCGAGGGGCGGCGACTGGTGAGTACGCCAAAAAT
TTTGACTAGCGGAGGCTAGAAGGAGAGAGATGGGTGCGAGAGCGTCAGTATTAAGCGGGGGAGAATTAGATCGC
GATGGGAAAAAATTCGGTTAAGGCCAGGGGGAAAGAAAAAATATAAATTAAAACATATAGTATGGGCAAGCAGG
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GAGCTAGAACGATTCGCAGTTAATCCTGGCCTGTTAGAAACATCAGAAGGCTGTAGACAAATACTGGGACAGCTAC
AACCATCCCTTCAGACAGGATCAGAAGAACTTAGATCATTATATAATACAGTAGCAACCCTCTATTGTGTGCATCAA
AGGATAGAGATAAAAGACACCAAGGAAGCTTTAGACAAGATAGAGGAAGAGCAAAACAAAAGTAAGACCACCGC
ACAGCAAGCGGCCGCTGATCTTCAGACCTGGAGGAGGAGATATGAGGGACAATTGGAGAAGTGAATTATATAAAT
ATAAAGTAGTAAAAATTGAACCATTAGGAGTAGCACCCACCAAGGCAAAGAGAAGAGTGGTGCAGAGAGAAAAA
AGAGCAGTGGGAATAGGAGCTTTGTTCCTTGGGTTCTTGGGAGCAGCAGGAAGCACTATGGGCGCAGCCTCAATG
ACGCTGACGGTACAGGCCAGACAATTATTGTCTGGTATAGTGCAGCAGCAGAACAATTTGCTGAGGGCTATTGAGG
CGCAACAGCATCTGTTGCAACTCACAGTCTGGGGCATCAAGCAGCTCCAGGCAAGAATCCTGGCTGTGGAAAGATA
CCTAAAGGATCAACAGCTCCTGGGGATTTGGGGTTGCTCTGGAAAACTCATTTGCACCACTGCTGTGCCTTGGAATG
CTAGTTGGAGTAATAAATCTCTGGAACAGATTGGAATCACACGACCTGGATGGAGTGGGACAGAGAAATTAACAAT
TACACAAGCTTAATACACTCCTTAATTGAAGAATCGCAAAACCAGCAAGAAAAGAATGAACAAGAATTATTGGAAT
TAGATAAATGGGCAAGTTTGTGGAATTGGTTTAACATAACAAATTGGCTGTGGTATATAAAATTATTCATAATGATA
GTAGGAGGCTTGGTAGGTTTAAGAATAGTTTTTGCTGTACTTTCTATAGTGAATAGAGTTAGGCAGGGATATTCACC
ATTATCGTTTCAGACCCACCTCCCAACCCCGAGGGGACCCGACAGGCCCGAAGGAATAGAAGAAGAAGGTGGAGA
GAGAGACAGAGACAGATCCATTCGATTAGTGAACGGATCTCGACGGTATCGGTTAACTTTTAAAAGAAAAGGGGG
GATTGGGGGGTACAGTGCAGGGGAAAGAATAGTAGACATAATAGCAACAGACATACAAACTAAAGAATTACAAAA
ACAAATTACAAAAATTCAAAATTTTATCGATGGTCGAGTACCGGGTAGGGGAGGCGCTTTTCCCAAGGCAGTCTGG
AGCATGCGCTTTAGCAGCCCCGCTGGGCACTTGGCGCTACACAAGTGGCCTCTGGCCTCGCACACATTCCACATCCA
CCGGTAGGCGCCAACCGGCTCCGTTCTTTGGTGGCCCCTTCGCGCCACCTTCTACTCCTCCCCTAGTCAGGAAGTTCC
CCCCCGCCCCGCAGCTCGCGTCGTGCAGGACGTGACAAATGGAAGTAGCACGTCTCACTAGTCTCGTGCAGATGGA
CAGCACCGCTGAGCAATGGAAGCGGGTAGGCCTTTGGGGCAGCGGCCAATAGCAGCTTTGCTCCTTCGCTTTCTGG
GCTCAGAGGCTGGGAAGGGGTGGGTCCGGGGGCGGGCTCAGGGGCGGGCTCAGGGGCGGGGCGGGCGCCCGA
AGGTCCTCCGGAGGCCCGGCATTCTGCACGCTTCAAAAGCGCACGTCTGCCGCGCTGTTCTCCTCTTCCTCATCTCCG
GGCCTTTCGACCTCTAGGATCCACCGGTCGCCACCatggtgagcaagggcgaggagctgttcaccggggtggtgeccatectggtcgag
ctggacggcgacgtaaacggcecacaagttcagegtgtccggegagggegagggegatgecacctacggcaagetgaccctgaagttcatctgeaccac
cggcaagctgeccgtgecctggeccaccctegtgaccaccctgacctacggegtgeagtgettcagecgetacceccgaccacatgaageageacgactt
cttcaagtccgccatgeccgaaggctacgtccaggagegeaccatcettcttcaaggacgacggcaactacaagacccgegecgaggtgaagttcgagg
gcgacaccctggtgaaccgcatcgagetgaagggcatcgacttcaaggaggacggcaacatectggggeacaagetggagtacaactacaacageca
caacgtctatatcatggccgacaagcagaagaacggcatcaaggtgaacttcaagatccgecacaacatcgaggacggceagegtgeagetegecgac
cactaccagcagaacacccccatcggegacggecccgtgetgetgeccgacaaccactacctgagceacccagtecgecctgagcaaagaccccaacg
agaagcgcgatcacatggtcctgetggagttcgtgaccgecgecgggatcactctcggeatggacgagetgtacaagtaaageggecgcCTCGAGG
GAATTCCGATAATCAACCTCTGGATTACAAAATTTGTGAAAGATTGACTGGTATTCTTAACTATGTTGCTCCTTTTAC
GCTATGTGGATACGCTGCTTTAATGCCTTTGTATCATGCTATTGCTTCCCGTATGGCTTTCATTTTCTCCTCCTTGTATA
AATCCTGGTTGCTGTCTCTTTATGAGGAGTTGTGGCCCGTTGTCAGGCAACGTGGCGTGGTGTGCACTGTGTTTGCT
GACGCAACCCCCACTGGTTGGGGCATTGCCACCACCTGTCAGCTCCTTTCCGGGACTTTCGCTTTCCCCCTCCCTATT
GCCACGGCGGAACTCATCGCCGCCTGCCTTGCCCGCTGCTGGACAGGGGCTCGGCTGTTGGGCACTGACAATTCCG
TGGTGTTGTCGGGGAAGCTGACGTCCTTTCCATGGCTGCTCGCCTGTGTTGCCACCTGGATTCTGCGCGGGACGTCC
TTCTGCTACGTCCCTTCGGCCCTCAATCCAGCGGACCTTCCTTCCCGCGGCCTGCTGCCGGCTCTGCGGCCTCTTCCG
CGTCTTCGCCTTCGCCCTCAGACGAGTCGGATCTCCCTTTGGGCCGCCTCCCCGCATCGGGAATTCGAGCTCGGTAC
CTTTAAAACCAATGACTTACAAGGCAGCTGTAAATCTTAGCCACTTTTTAAAAGAAAAGGGGGGACTGGAAGGGCT
AATTCACTCCCAACGAAAACAAAATCTGCTTTTTGCTTGTACTGGGTCTCTCTGGTTAGACCAAATCTGAGCCTGGGA
GCTCTCTGGCTAACTAGGGAACCCACTGCTTAAGCCTCAATAAAGCTTGCCTTGAGTGCTTCAAGTAGTGTGTGCCC
GTCTGTTGTGTGACTCTGGTAACTAGAGATCCCTCAAACCCTTTTAGTCAGTGTGGAAAATCTCTAGCAGCATCTAG
AATTAATTCCGTGTATTCTATAGTGTCACCTAAATCGTATGTGTATGATACATAAGGTTATGTATTAATTGTAGCCGC
GTTCTAACGACAATATGTACAAGCCTAATTGTGTAGCATCTGGCTTACTGAAGCAGACCCTATCATCTCTCTCGTAAA
CTGCCGTCAGAGTCGGTTTGGTTGGACGAACCTTCTGAGTTTCTGGTAACGCCGTCCCGCACCCGGAAATGGTCAG
CGAACCAATCAGCAGGGTCATCGCTAGCCAGATCCTCTACGCCGGACGCATCGTGGCCGGCATCACCGGCGCCACA
GGTGCGGTTGCTGGCGCCTATATCGCCGACATCACCGATGGGGAAGATCGGGCTCGCCACTTCGGGCTCATGAGC
GCTTGTTTCGGCGTGGGTATGGTGGCAGGCCCCGTGGCCGGGGGACTGTTGGGCGCCATCTCCTTGCATGCACCAT
TCCTTGCGGCGGCGGTGCTCAACGGCCTCAACCTACTACTGGGCTGCTTCCTAATGCAGGAGTCGCATAAGGGAGA
GCGTCGATATGGTGCACTCTCAGTACAATCTGCTCTGATGCCGCATAGTTAAGCCAGCCCCGACACCCGCCAACACC
CGCTGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCCGCTTACAGACAAGCTGTGACCGTCTCCGGGAGCTGC
ATGTGTCAGAGGTTTTCACCGTCATCACCGAAACGCGCGAGACGAAAGGGCCTCGTGATACGCCTATTTTTATAGGT
TAATGTCATGATAATAATGGTTTCTTAGACGTCAGGTGGCACTTTTCGGGGAAATGTGCGCGGAACCCCTATTITGTT
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TATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAATGCTTCAATAATATTGAAAAA
GGAAGAGTATGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCTCA
CCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGTGGGTTACATCGAACTGGATCT
CAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGAACGTTTTCCAATGATGAGCACTTTTAAAGTTCTGCTAT
GTGGCGCGGTATTATCCCGTATTGACGCCGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGAATGACTT
GGTTGAGTACTCACCAGTCACAGAAAAGCATCTTACGGATGGCATGACAGTAAGAGAATTATGCAGTGCTGCCATA
ACCATGAGTGATAACACTGCGGCCAACTTACTTCTGACAACGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTGC
ACAACATGGGGGATCATGTAACTCGCCTTGATCGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGC
GTGACACCACGATGCCTGTAGCAATGGCAACAACGTTGCGCAAACTATTAACTGGCGAACTACTTACTCTAGCTTCC
CGGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCACTTCTGCGCTCGGCCCTTCCGGCTGGCT
GGTTTATTGCTGATAAATCTGGAGCCGGTGAGCGTGGGTCTCGCGGTATCATTGCAGCACTGGGGCCAGATGGTAA
GCCCTCCCGTATCGTAGTTATCTACACGACGGGGAGTCAGGCAACTATGGATGAACGAAATAGACAGATCGCTGAG
ATAGGTGCCTCACTGATTAAGCATTGGTAACTGTCAGACCAAGTTTACTCATATATACTTTAGATTGATTTAAAACTT
CATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGATAATCTCATGACCAAAATCCCTTAACGTGAGTTTTCG
TTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGC
TTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGT
AACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTCCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACT
CTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTA
CCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAG
CCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCG
AAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGG
GGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTC
AGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCT
CACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGC
CGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCCAATACGCAAACCGLCTCT
CCCCGCGCGTTGGCCGATTCATTAATGCAGCTGTGGAATGTGTGTCAGTTAGGGTGTGGAAAGTCCCCAGGCTCCC
CAGCAGGCAGAAGTATGCAAAGCATGCATCTCAATTAGTCAGCAACCAGGTGTGGAAAGTCCCCAGGCTCCCCAGC
AGGCAGAAGTATGCAAAGCATGCATCTCAATTAGTCAGCAACCATAGTCCCGCCCCTAACTCCGCCCATCCCGCCCC
TAACTCCGCCCAGTTCCGCCCATTCTCCGCCCCATGGCTGACTAATTTTTTTTATTTATGCAGAGGCCGAGGCCGCCT
CGGCCTCTGAGCTATTCCAGAAGTAGTGAGGAGGCTTTTTTGGAGGCCTAGGCTTTTGCAAAAAGCTTGGACACAA
GACAGGCTTGCGAGATATGTTTGAGAATACCACTTTATCCCGCGTCAGGGAGAGGCAGTGCGTAAAAAGACGCGG
ACTCATGTGAAATACTGGTTTTTAGTGCGCCAGATCTCTATAATCTCGCGCAACCTATTTTCCCCTCGAACACTTTTTA
AGCCGTAGATAAACAGGCTGGGACACTTCACATGAGCGAAAAATACATCGTCACCTGGGACATGTTGCAGATCCAT
GCACGTAAACTCGCAAGCCGACTGATGCCTTCTGAACAATGGAAAGGCATTATTGCCGTAAGCCGTGGCGGTCTGT
ACCGGGTGCGTTACTGGCGCGTGAACTGGGTATTCGTCATGTCGATACCGTTTGTATTTCCAGCTACGATCACGACA
ACCAGCGCGAGCTTAAAGTGCTGAAACGCGCAGAAGGCGATGGCGAAGGCTTCATCGTTATTGATGACCTGGTGG
ATACCGGTGGTACTGCGGTTGCGATTCGTGAAATGTATCCAAAAGCGCACTTTGTCACCATCTTCGCAAAACCGGCT
GGTCGTCCGCTGGTTGATGACTATGTTGTTGATATCCCGCAAGATACCTGGATTGAACAGCCGTGGGATATGGGCG
TCGTATTCGTCCCGCCAATCTCCGGTCGCTAATCTTTTCAACGCCTGGCACTGCCGGGCGTTGTTCTTTTTAACTTCAG
GCGGGTTACAATAGTTTCCAGTAAGTATTCTGGAGGCTGCATCCATGACACAGGCAAACCTGAGCGAAACCCTGTT
CAAACCCCGCTTTAAACATCCTGAAACCTCGACGCTAGTCCGCCGCTTTAATCACGGCGCACAACCGCCTGTGCAGT
CGGCCCTTGATGGTAAAACCATCCCTCACTGGTATCGCATGATTAACCGTCTGATGTGGATCTGGCGCGGCATTGAC
CCACGCGAAATCCTCGACGTCCAGGCACGTATTGTGATGAGCGATGCCGAACGTACCGACGATGATTTATACGATA
CGGTGATTGGCTACCGTGGCGGCAACTGGATTTATGAGTGGGCCCCGGATCTTTGTGAAGGAACCTTACTTCTGTG
GTGTGACATAATTGGACAAACTACCTACAGAGATTTAAAGCTCTAAGGTAAATATAAAATTTTTAAGTGTATAATGT
GTTAAACTACTGATTCTAATTGTTTGTGTATTTTAGATTCCAACCTATGGAACTGATGAATGGGAGCAGTGGTGGAA
TGCCTTTAATGAGGAAAACCTGTTTTGCTCAGAAGAAATGCCATCTAGTGATGATGAGGCTACTGCTGACTCTCAAC
ATTCTACTCCTCCAAAAAAGAAGAGAAAGGTAGAAGACCCCAAGGACTTTCCTTCAGAATTGCTAAGTTTTTTGAGT
CATGCTGTGTTTAGTAATAGAACTCTTGCTTGCTTTGCTATTTACACCACAAAGGAAAAAGCTGCACTGCTATACAAG
AAAATTATGGAAAAATATTCTGTAACCTTTATAAGTAGGCATAACAGTTATAATCATAACATACTGTTTTTTCTTACTC
CACACAGGCATAGAGTGTCTGCTATTAATAACTATGCTCAAAAATTGTGTACCTTTAGCTTTTTAATTTGTAAAGGGG
TTAATAAGGAATATTTGATGTATAGTGCCTTGACTAGAGATCATAATCAGCCATACCACATTTGTAGAGCTTTTACTT
GCTTTAAAAAACCTCCCACACCTCCCCCTGAACCTGAAACATAAAATGAATGCAATTGTTGTTGTTAACTTGTTTATT
GCAGCTTATAATGGTTACAAATAAAGCAATAGCATCACAAATTTCACAAATAAAGCATTTTTTTCACTGCATTCTAGT
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TGTGGTTTGTCCAAACTCATCAATGTATCTTATCATGTGTGGATCAACTGGATAACTCAAGCTAACCAAAATCATCCC
AAACTTCCCACCCCATACCCTATTACCACTGCCAAATTACCTGTGGTTTCATTTACTCTAAACCTGTGATTCCTCTGAA
TTATTTTCATTTTAAAGAAATTGTATTTGTTAAATATGTACTACAAACTTAGTAGT

LV FLAG Glelb Plasmid Sequence
ACTGGGTATTCGTCATGTCGATACCGTTTGTATTTCCAGCTACGATCACGACAACCAGCGCGAGCTTAAAGTGCTGA
AACGCGCAGAAGGCGATGGCGAAGGCTTCATCGTTATTGATGACCTGGTGGATACCGGTGGTACTGCGGTTGCGA
TTCGTGAAATGTATCCAAAAGCGCACTTTGTCACCATCTTCGCAAAACCGGCTGGTCGTCCGCTGGTTGATGACTAT
GTTGTTGATATCCCGCAAGATACCTGGATTGAACAGCCGTGGGATATGGGCGTCGTATTCGTCCCGCCAATCTCCGG
TCGCTAATCTTTTCAACGCCTGGCACTGCCGGGCGTTGTTCTTTTTAACTTCAGGCGGGTTACAATAGTTTCCAGTAA
GTATTCTGGAGGCTGCATCCATGACACAGGCAAACCTGAGCGAAACCCTGTTCAAACCCCGCTTTAAACATCCTGAA
ACCTCGACGCTAGTCCGCCGCTTTAATCACGGCGCACAACCGCCTGTGCAGTCGGCCCTTGATGGTAAAACCATCCC
TCACTGGTATCGCATGATTAACCGTCTGATGTGGATCTGGCGCGGCATTGACCCACGCGAAATCCTCGACGTCCAG
GCACGTATTGTGATGAGCGATGCCGAACGTACCGACGATGATTTATACGATACGGTGATTGGCTACCGTGGCGGCA
ACTGGATTTATGAGTGGGCCCCGGATCTTTGTGAAGGAACCTTACTTCTGTGGTGTGACATAATTGGACAAACTACC
TACAGAGATTTAAAGCTCTAAGGTAAATATAAAATTTTTAAGTGTATAATGTGTTAAACTACTGATTCTAATTGTTTG
TGTATTTTAGATTCCAACCTATGGAACTGATGAATGGGAGCAGTGGTGGAATGCCTTTAATGAGGAAAACCTGTTTT
GCTCAGAAGAAATGCCATCTAGTGATGATGAGGCTACTGCTGACTCTCAACATTCTACTCCTCCAAAAAAGAAGAGA
AAGGTAGAAGACCCCAAGGACTTTCCTTCAGAATTGCTAAGTTTTTTGAGTCATGCTGTGTTTAGTAATAGAACTCTT
GCTTGCTTTGCTATTTACACCACAAAGGAAAAAGCTGCACTGCTATACAAGAAAATTATGGAAAAATATTCTGTAAC
CTTTATAAGTAGGCATAACAGTTATAATCATAACATACTGTTTTTTCTTACTCCACACAGGCATAGAGTGTCTGCTATT
AATAACTATGCTCAAAAATTGTGTACCTTTAGCTTTTTAATTTGTAAAGGGGTTAATAAGGAATATTTGATGTATAGT
GCCTTGACTAGAGATCATAATCAGCCATACCACATTTGTAGAGCTTTTACTTGCTTTAAAAAACCTCCCACACCTCCC
CCTGAACCTGAAACATAAAATGAATGCAATTGTTGTTGTTAACTTGTTTATTGCAGCTTATAATGGTTACAAATAAAG
CAATAGCATCACAAATTTCACAAATAAAGCATTTTTTTCACTGCATTCTAGTTGTGGTTTGTCCAAACTCATCAATGTA
TCTTATCATGTGTGGATCAACTGGATAACTCAAGCTAACCAAAATCATCCCAAACTTCCCACCCCATACCCTATTACC
ACTGCCAAATTACCTGTGGTTTCATTTACTCTAAACCTGTGATTCCTCTGAATTATTTTCATTTTAAAGAAATTGTATTT
GTTAAATATGTACTACAAACTTAGTAGTTGGAAGGGCTAATTCACTCCCAAAGAAGACAAGATATCCTTGATCTGTG
GATCTACCACACACAAGGCTACTTCCCTGATTAGCAGAACTACACACCAGGGCCAGGGGTCAGATATCCACTGACCT
TTGGATGGTGCTACAAGCTAGTACCAGTTGAGCCAGATAAGGTAGAAGAGGCCAATAAAGGAGAGAACACCAGCT
TGTTACACCCTGTGAGCCTGCATGGGATGGATGACCCGGAGAGAGAAGTGTTAGAGTGGAGGTTTGACAGCCGCC
TAGCATTTCATCACGTGGCCCGAGAGCTGCATCCGGAGTACTTCAAGAACTGCTGATATCGAGCTTGCTACAAGGG
ACTTTCCGCTGGGGACTTTCCAGGGAGGCGTGGCCTGGGCGGGACTGGGGAGTGGCGAGCCCTCAGATCCTGCAT
ATAAGCAGCTGCTTTTTGCCTGTACTGGGTCTCTCTGGTTAGACCAGATCTGAGCCTGGGAGCTCTCTGGCTAACTA
GGGAACCCACTGCTTAAGCCTCAATAAAGCTTGCCTTGAGTGCTTCAAGTAGTGTGTGCCCGTCTGTTGTGTGACTC
TGGTAACTAGAGATCCCTCAGACCCTTTTAGTCAGTGTGGAAAATCTCTAGCAGTGGCGCCCGAACAGGGACCTGA
AAGCGAAAGGGAAACCAGAGCTCTCTCGACGCAGGACTCGGCTTGCTGAAGCGCGCGCACGGCAAGAGGCGAGG
GGCGGCGACTGGTGAGTACGCCAAAAATTTTGACTAGCGGAGGCTAGAAGGAGAGAGATGGGTGCGAGAGCGTC
AGTATTAAGCGGGGGAGAATTAGATCGCGATGGGAAAAAATTCGGTTAAGGCCAGGGGGAAAGAAAAAATATAA
ATTAAAACATATAGTATGGGCAAGCAGGGAGCTAGAACGATTCGCAGTTAATCCTGGCCTGTTAGAAACATCAGAA
GGCTGTAGACAAATACTGGGACAGCTACAACCATCCCTTCAGACAGGATCAGAAGAACTTAGATCATTATATAATAC
AGTAGCAACCCTCTATTGTGTGCATCAAAGGATAGAGATAAAAGACACCAAGGAAGCTTTAGACAAGATAGAGGA
AGAGCAAAACAAAAGTAAGACCACCGCACAGCAAGCGGCCGCTGATCTTCAGACCTGGAGGAGGAGATATGAGG
GACAATTGGAGAAGTGAATTATATAAATATAAAGTAGTAAAAATTGAACCATTAGGAGTAGCACCCACCAAGGCAA
AGAGAAGAGTGGTGCAGAGAGAAAAAAGAGCAGTGGGAATAGGAGCTTTGTTCCTTGGGTTCTTGGGAGCAGCA
GGAAGCACTATGGGCGCAGCCTCAATGACGCTGACGGTACAGGCCAGACAATTATTGTCTGGTATAGTGCAGCAG
CAGAACAATTTGCTGAGGGCTATTGAGGCGCAACAGCATCTGTTGCAACTCACAGTCTGGGGCATCAAGCAGCTCC
AGGCAAGAATCCTGGCTGTGGAAAGATACCTAAAGGATCAACAGCTCCTGGGGATTTGGGGTTGCTCTGGAAAAC
TCATTTGCACCACTGCTGTGCCTTGGAATGCTAGTTGGAGTAATAAATCTCTGGAACAGATTGGAATCACACGACCT
GGATGGAGTGGGACAGAGAAATTAACAATTACACAAGCTTAATACACTCCTTAATTGAAGAATCGCAAAACCAGCA
AGAAAAGAATGAACAAGAATTATTGGAATTAGATAAATGGGCAAGTTTGTGGAATTGGTTTAACATAACAAATTGG
CTGTGGTATATAAAATTATTCATAATGATAGTAGGAGGCTTGGTAGGTTTAAGAATAGTTTTTGCTGTACTTTCTATA
GTGAATAGAGTTAGGCAGGGATATTCACCATTATCGTTTCAGACCCACCTCCCAACCCCGAGGGGACCCGACAGGC
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CCGAAGGAATAGAAGAAGAAGGTGGAGAGAGAGACAGAGACAGATCCATTCGATTAGTGAACGGATCTCGACGG
TATCGGTTAACTTTTAAAAGAAAAGGGGGGATTGGGGGGTACAGTGCAGGGGAAAGAATAGTAGACATAATAGCA
ACAGACATACAAACTAAAGAATTACAAAAACAAATTACAAAAATTCAAAATTTTATCGATGGTCGAGTACCGGGTA
GGGGAGGCGCTTTTCCCAAGGCAGTCTGGAGCATGCGCTTTAGCAGCCCCGCTGGGCACTTGGCGCTACACAAGTG
GCCTCTGGCCTCGCACACATTCCACATCCACCGGTAGGCGCCAACCGGCTCCGTTCTTTGGTGGCCCCTTCGCGCCA
CCTTCTACTCCTCCCCTAGTCAGGAAGTTCCCCCCCGCCCCGCAGCTCGCGTCGTGCAGGACGTGACAAATGGAAGT
AGCACGTCTCACTAGTCTCGTGCAGATGGACAGCACCGCTGAGCAATGGAAGCGGGTAGGCCTTTGGGGCAGCGG
CCAATAGCAGCTTTGCTCCTTCGCTTTCTGGGCTCAGAGGCTGGGAAGGGGTGGGTCCGGGGGCGGGCTCAGGGG
CGGGCTCAGGGGCGGGGCGGGCGCCCGAAGGTCCTCCGGAGGCCCGGCATTCTGCACGCTTCAAAAGCGCACGTC
TGCCGCGCTGTTCTCCTCTTCCTCATCTCCGGGCCTTTCGACCTCTAGGATCCATGGACTACAAAGACCATGACGGTG
ATTATAAAGATCATGACATCGATTACAAGGATGACGATGACAAGGGATCCATGCCGTCTGAGGGTCGCTGCTGGGA
GACCTTGAAGGCCCTACGCAGTTCCGACAAAGGTCGCCTTTGCTACTACCGCGACTGGCTGCTGCGGCGCGAGGAT
GTTTTAGAAGAATGTATGTCTCTTCCCAAGCTATCTTCTTATTCTGGATGGGTGGTAGAGCACGTCCTACCCCATATG
CAGGAGAACCAACCTCTGTCTGAGACTTCGCCATCCTCTACGTCAGCTTCAGCCCTAGATCAACCCTCATTTGTTCCC
AAATCTCCTGACGCAAGCTCTGCCTTTTCCCCAGCCTCCCCTGCAACACCAAATGGAACCAAGGGCAAAGATGAGTC
CCAGCACACAGAATCTATGGTACTTCAGTCCTCACGGGGGATCAAAGTGGAAGGCTGCGTCCGAATGTACGAACTG
GTACACAGAATGAAAGGAACAGAGGGCCTGAGGCTATGGCAGGAGGAGCAGGAGAGGAAGGTGCAAGCCCTCTC
GGAGATGGCATCTGAACAACTGAAGCGGTTTGATGAATGGAAGGAACTGAAGCAGCATAAAGAATTCCAGGACTT
GCGGGAAGTAATGGAGAAGAGCTCCAGAGAAGCCTTGGGACACCAAGAGAAGCTAAAAGCTGAGCACCGTCACA
GAGCAAAGATTCTCAACCTGAAGCTGCGGGAAGCAGAGCAGCAGCGCGTGAAGCAAGCAGAACAGGAGCGGCTT
CGGAAGGAAGAAGGCCAGATCCGCCTGCGGGCCCTCTATGCTCTGCAGGAGGAGATGCTGCAGCTCAGCCAGCAG
CTGGATGCCTCTGAGCAGCACAAAGCCCTGCTTAAGGTCGACCTGGCTGCCTTCCAGACCCGAGGCAACCAGCTGT
GCAGCCTCATCTCAGGGATCATCCGGGCCTCTTCAGAGAGCAGCTATCCCACAGCAGAGAGTCAAGCTGAGGCTGA
GCGAGCTCTGCGGGAAATGCGGGACCTCCTGATGAACTTGGGGCAGGAGATCACCAGAGCCTGCGAAGACAAGA
GGAGGCAGGATGAAGAAGAGGCCCAGGTAAAGCTGCAAGAGGCACAGATGCAGCAGGGACCAGAGGCCCACAA
AGAGCCCCCAGCTCCCAGCCAGGGCCCAGGAGGGAAACAGAATGAAGACCTCCAGGTGAAGGTACAAGACATTAC
AATGCAGTGGTACCAGCAGCTGCAGGATGCTTCCATGCAGTGTGTGTTGACCTTTGAGGGCCTGACCAACAGCAAG
GACAGTCAGGCCAAAAAGATAAAGATGGACCTCCAGAAGGCTGCTACCATCCCAGTGAGCCAAATCTCTACCATTG
CAGGCTCAAAACTGAAGGAGATCTTTGACAAGATCCACAGCCTGCTCTCTGGAAAACCTGTTCAATCTGGTGGGCG
CTCTGTGTCTGTCACACTTAACCCACAGGGGCTGGACTTTGTTCAATACAAACTGGCAGAGAAATTTGTGAAACAAG
GCGAGGAGGAAGTGGCCTCTCACCATGAAGCAGCATTCCCCATTGCAGTTGTGGCATCCGGGATCTGGGAGCTCCA
CCCCAGAGTGGGGGACCTCATTCTTGCTCATCTACATAAGAAGTGTCCTTACTCTGTTCCTTTCTATCCCACTTTCAAG
GAGGGAATGGCTTTGGAAGACTATCAGAGGATGCTTGGTTACCAAGTAAAGGATTCCAAAGTGGAGCAGCAAGAC
AACTTTCTAAAACGCATGTCAGGGATGATCCGTCTCTACGCTGCTATCATCCAGCTCCGGTGGCCATATGGAAACCG
ACAGGAGATTCACCCTCATGGCTTAAATCATGGATGGCGCTGGTTGGCACAGATCTTAAACATGGAGCCCTTGTCA
GATGTGACAGCCACCCTCCTCTTTGACTTCCTGGAGGTGTGTGGGAATGCCCTCATGAAGCAATACCAGGTTCAGTT
CTGGAAGATGCTAATTCTCATCAAAGAGGACTACTTTCCCAGAATTGAAGCTATCACAAGCTCAGGACAGATGGGC
TCCTTCATACGCCTCAAGCAGTTCTTGGAGAAATGTTTGCAACACAAGGACATTCCTGTCCCCAAGGGCTTTCTGACT
TCCTCCTTCTGGCGCTCCTGACTCGAGGGAATTCCGATAATCAACCTCTGGATTACAAAATTTGTGAAAGATTGACT
GGTATTCTTAACTATGTTGCTCCTTTTACGCTATGTGGATACGCTGCTTTAATGCCTTTGTATCATGCTATTGCTTCCC
GTATGGCTTTCATTTTCTCCTCCTTGTATAAATCCTGGTTGCTGTCTCTTTATGAGGAGTTGTGGCCCGTTGTCAGGC
AACGTGGCGTGGTGTGCACTGTGTTTGCTGACGCAACCCCCACTGGTTGGGGCATTGCCACCACCTGTCAGCTCCTT
TCCGGGACTTTCGCTTTCCCCCTCCCTATTGCCACGGCGGAACTCATCGCCGCCTGCCTTGCCCGCTGCTGGACAGG
GGCTCGGCTGTTGGGCACTGACAATTCCGTGGTGTTGTCGGGGAAGCTGACGTCCTTTCCATGGCTGCTCGCCTGT
GTTGCCACCTGGATTCTGCGCGGGACGTCCTTCTGCTACGTCCCTTCGGCCCTCAATCCAGCGGACCTTCCTTCCCGC
GGCCTGCTGCCGGCTCTGCGGCCTCTTCCGCGTCTTCGCCTTCGCCCTCAGACGAGTCGGATCTCCCTTTGGGCCGC
CTCCCCGCATCGGGAATTCGAGCTCGGTACCTTTAAAACCAATGACTTACAAGGCAGCTGTAAATCTTAGCCACTTTT
TAAAAGAAAAGGGGGGACTGGAAGGGCTAATTCACTCCCAACGAAAACAAAATCTGCTTTTTGCTTGTACTGGGTC
TCTCTGGTTAGACCAAATCTGAGCCTGGGAGCTCTCTGGCTAACTAGGGAACCCACTGCTTAAGCCTCAATAAAGCT
TGCCTTGAGTGCTTCAAGTAGTGTGTGCCCGTCTGTTGTGTGACTCTGGTAACTAGAGATCCCTCAAACCCTTTTAGT
CAGTGTGGAAAATCTCTAGCAGCATCTAGAATTAATTCCGTGTATTCTATAGTGTCACCTAAATCGTATGTGTATGAT
ACATAAGGTTATGTATTAATTGTAGCCGCGTTCTAACGACAATATGTACAAGCCTAATTGTGTAGCATCTGGCTTACT
GAAGCAGACCCTATCATCTCTCTCGTAAACTGCCGTCAGAGTCGGTTTGGTTGGACGAACCTTCTGAGTTTCTGGTA
ACGCCGTCCCGCACCCGGAAATGGTCAGCGAACCAATCAGCAGGGTCATCGCTAGCCAGATCCTCTACGCCGGACG
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CATCGTGGCCGGCATCACCGGCGCCACAGGTGCGGTTGCTGGCGCCTATATCGCCGACATCACCGATGGGGAAGA
TCGGGCTCGCCACTTCGGGCTCATGAGCGCTTGTTTCGGCGTGGGTATGGTGGCAGGCCCCGTGGCCGGGGGACT
GTTGGGCGCCATCTCCTTGCATGCACCATTCCTTGCGGCGGCGGTGCTCAACGGCCTCAACCTACTACTGGGCTGCT
TCCTAATGCAGGAGTCGCATAAGGGAGAGCGTCGATATGGTGCACTCTCAGTACAATCTGCTCTGATGCCGCATAG
TTAAGCCAGCCCCGACACCCGCCAACACCCGCTGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCCGCTTACAG
ACAAGCTGTGACCGTCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGTCATCACCGAAACGCGCGAGACGAAAG
GGCCTCGTGATACGCCTATTTTTATAGGTTAATGTCATGATAATAATGGTTTCTTAGACGTCAGGTGGCACTTTTCGG
GGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAACCC
TGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTATGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTT
GCGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGC
ACGAGTGGGTTACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGAACGTTTTCCA
ATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCGTATTGACGCCGGGCAAGAGCAACTCGGTC
GCCGCATACACTATTCTCAGAATGACTTGGTTGAGTACTCACCAGTCACAGAAAAGCATCTTACGGATGGCATGACA
GTAAGAGAATTATGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAACTTACTTCTGACAACGATCGGAG
GACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCATGTAACTCGCCTTGATCGTTGGGAACCGGAGCT
GAATGAAGCCATACCAAACGACGAGCGTGACACCACGATGCCTGTAGCAATGGCAACAACGTTGCGCAAACTATTA
ACTGGCGAACTACTTACTCTAGCTTCCCGGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCAC
TTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAATCTGGAGCCGGTGAGCGTGGGTCTCGCGGTATC
ATTGCAGCACTGGGGCCAGATGGTAAGCCCTCCCGTATCGTAGTTATCTACACGACGGGGAGTCAGGCAACTATGG
ATGAACGAAATAGACAGATCGCTGAGATAGGTGCCTCACTGATTAAGCATTGGTAACTGTCAGACCAAGTTTACTC
ATATATACTTTAGATTGATTTAAAACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGATAATCTCATG
ACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGA
TCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCA
AGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTCCTTCTAGTGTAGC
CGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTG
CTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGG
GCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTG
AGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACA
GGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGAC
TTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACG
GTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACC
GCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGA
AGAGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCTGTGGAATGTGTGTCAGTT
AGGGTGTGGAAAGTCCCCAGGCTCCCCAGCAGGCAGAAGTATGCAAAGCATGCATCTCAATTAGTCAGCAACCAG
GTGTGGAAAGTCCCCAGGCTCCCCAGCAGGCAGAAGTATGCAAAGCATGCATCTCAATTAGTCAGCAACCATAGTC
CCGCCCCTAACTCCGCCCATCCCGCCCCTAACTCCGCCCAGTTCCGCCCATTCTCCGCCCCATGGCTGACTAATTTTTT
TTATTTATGCAGAGGCCGAGGCCGCCTCGGCCTCTGAGCTATTCCAGAAGTAGTGAGGAGGCTTTTTTGGAGGCCT
AGGCTTTTGCAAAAAGCTTGGACACAAGACAGGCTTGCGAGATATGTTTGAGAATACCACTTTATCCCGCGTCAGG
GAGAGGCAGTGCGTAAAAAGACGCGGACTCATGTGAAATACTGGTTTTTAGTGCGCCAGATCTCTATAATCTCGCG
CAACCTATTTTCCCCTCGAACACTTTTTAAGCCGTAGATAAACAGGCTGGGACACTTCACATGAGCGAAAAATACAT
CGTCACCTGGGACATGTTGCAGATCCATGCACGTAAACTCGCAAGCCGACTGATGCCTTCTGAACAATGGAAAGGC
ATTATTGCCGTAAGCCGTGGCGGTCTGTACCGGGTGCGTTACTGGCGCGTGA

AAV Glelb Plasmid Sequence
CCTGCAGGCAGCTGCGCGCTCGCTCGCTCACTGAGGCCGCCCGGGCAAAGCCCGGGCGTCGGGCGACCTTTGGTC
GCCCGGCCTCAGTGAGCGAGCGAGCGCGCAGAGAGGGAGTGGCCAACTCCATACTAGGGGTTCCTGCGGCCGCAC
GCGTGGAGCTAGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATATATGGAGTTCCGCGTTACAT
AACTTACGGTAAATGGCCCGCCTGGCTACCGCCCAACGACCCCCGCCCATTGACGTCAATAATGACGTATGTTCCCA
TAGTAACGTCAATAGGGACTTTCCATTGACGTCAATGGGTGGAGTATTTACGGTAAACTGCCCACTTGGCAGTACAT
AAGTGTATCATATGCCAAGTACGCCCCCTATTGACGTCAATGACGGTAAATGGCCCGCCTGGCATTATGCCCAGTAC
ATGACCTTATGGGACTTTCCTACTTGGCAGTACATCTACGTATTAGTCATGCTATTACCATGGTGATGCGGTTTTGGC
AGTACATCAATGGGCGTGGATAGCGGTTTGACTCACGGGGATTTCCAAGTCTCCACCCCATTGACGTCAATGGGAG
TTTGTTTTGCACCAAAATCAACGGACTTTCCAAAATGTCGTAACAACTCCGCCCCATTGACGCAAATGGGCGGTAGG
CGTGTACGGTGGGAGGTCTATATAAGCAGAGCTCGTTTAGTGAACCGTCAGATCGCCTGGAGACGCCATCCACCTG
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TTTTGACCTCCATAGAAGACACCGGGACCGATCCAGCCTCCGCGGATTCGAATCCCGGCCGGGAACGGTGCATTGG
AACGCGGATTCCCCGTGCCAAGAGTGACGTAAGTACCGCCTATAGAGTTATAGGCCCACAAAAAATGCTTTCTTCTT
TTAATATACTTTTTTGTTTATCTTATTTCTAATACTTTCCCTAATCTCTTTCTTTCAGGGCAATAATGATACAATGTATC
ATGCCTCTTTGCACCATTTAAAGAATAACAGTGATAATTTCTGGGTTAAGGCAATAGCAATATTTCTGCATATAAATA
TTTCTGCATATAAATTGTAACTGATGTAAGAGGTTTCATATTGCTAATAGCAGCTACAATCCAGCTACATTCTGCTTTT
ATTTTATGGTTGGGATAAGGCTGGATTATTCTGAGTCCAAGCTAGGCCCTTTTGCTAATCATGTTCATACCTCTTATC
TTCCTCCCACAGCTCCTGGGCAACGTGCTGGTCTGTGGCTGGCCCATCACTTTGGCAAAGAATTGGGATTCGAACAT
CGATTGAATTCCCCGGGGATCCctagtaacggccgccagtgtgectggaattcatgecgtctgagggtegetgetgggagaccttgaaggeect
acgcagttccgacaaaggtcegectttgcetactaccgegactggetgetgeggegegaggatgttttagaagaatgtatgtctcttcccaagcetatcettctta
ttctggatgggtggtagagcacgtectaccccatatgcaggagaaccaacctetgtctgagacttcgecatectctacgtcagettcagecctagatcaac
cctcatttgttcccaaatctcctgacgcaagcetctgecttttccccagectceccctgcaacaccaaatggaaccaagggcaaagatgagtcccageacac
agaatctatggtacttcagtcctcacgggggatcaaagtggaaggctgegtccgaatgtacgaactggtacacagaatgaaaggaacagagggectg
aggctatggcaggaggagcaggagaggaaggtgcaagecctctcggagatggeatctgaacaactgaageggtttgatgaatggaaggaactgaag
cagcataaagaattccaggacttgcgggaagtaatggagaagagctccagagaagecttgggacaccaagagaagctaaaagetgagcaccgteac
agagcaaagattctcaacctgaagctgegggaagcagagcageagegegtgaagcaagcagaacaggageggcttcggaaggaagaaggecagat
ccgectgegggecctctatgetctgcaggaggagatgetgeagetcagecageagetggatgectctgagcagcacaaagecctgettaaggtegacct
ggctgecttccagacccgaggcaaccagetgtgeagectcatctcagggatcatccgggectcttcagagageagetatcccacagcagagagtcaag
ctgaggctgagcgagctctgegggaaatgegggacctectgatgaacttggggcaggagatcaccagagectgcgaagacaagaggaggeaggatg
aagaagaggcccaggtaaagctgcaagaggcacagatgcagcagggaccagaggceccacaaagageccccageteccagecagggeccaggagsg
gaaacagaatgaagacctccaggtgaaggtacaagacattacaatgcagtggtaccagcagcetgcaggatgcttccatgeagtgtgtgttgacctttga
gggcctgaccaacagcaaggacagtcaggccaaaaagataaagatggacctccagaaggcetgetaccatcccagtgagecaaatctctaccattgea
ggctcaaaactgaaggagatctttgacaagatccacagectgetctctggaaaacctgttcaatctggtgggegetctgtgtetgtcacacttaacccac
aggggctggactttgttcaatacaaactggcagagaaatttgtgaaacaaggcgaggaggaagtggectctcaccatgaagceagceattecccattgea
gttgtggcatccgggatctgggagctccaccccagagtgggggacctceattcettgetcatctacataagaagtgtecttactetgttectttctateccactt
tcaaggagggaatggctttggaagactatcagaggatgcttggttaccaagtaaaggattccaaagtggagcagcaagacaactttctaaaacgeatg
tcagggatgatccgtctctacgetgetatcatccagetecggtggecatatggaaaccgacaggagattcaccctcatggcettaaatcatggatggeget
ggttggcacagatcttaaacatggagcccttgtcagatgtgacagcecaccctectctttgacttcctggaggtgtgtgggaatgecctcatgaageaatac
caggttcagttctggaagatgctaattctcatcaaagaggactactttcccagaattgaagctatcacaagctcaggacagatgggctccttcatacgec
tcaagcagttcttggagaaatgtttgcaacacaaggacattcctgtccccaagggcetttctgacttectecttetggegetectgatgtcactccatcacce
accatcaccgctgetgcaaagaggcaataataaaggaactgaagacagcetgtattgggagaagtcatgtcatccatcacactggeggccgCTCGAG
AGATCTACGGGTGGCATCCTGTGACCCCTCCCCAGTGCCTCTCCTGGCCCTGGAAGTTGCCACTCCAGTGCCCACCA
GCCTTGTCCTAATAAAATTAAGTTGCATCATTTTGTCTGACTAGGTGTCCTTCTATAATATTATGGGGTGAGGGGGG
TGGTATGGAGCAAGGGGCAAGTTGGGAAGACAACCTGTAGGGCCTGCGGGGTCTATTGGGAACCAAGCTGGAGT
GCAGTGGCACAATCTTGGCTCACTGCAATCTCCGCCTCCTGGGTTAAGCGATTCTCCTGCCTCAGCCTCCCGAGTTGT
TGGGATTCCAGGCATGCATGACCAGGCTCAGCTAATTTTTGTTTTTTITGGTAGAGACGGGGTTTCACCATATTGGCC
AGGCTGGTCTCCAACTCTAATCTCAGGTGATCTACCCACCTTGGCCTCCCAAATTGCTGGGATTACAGGCGTGAACC
ACTGCTCCCTTCCCTGTCCTTCTGATTTTGTAGGTAACCACGTGCGGACCGAGCGGCCGCAGGAACCCTAGTGATGG
AGTTGGCCACTCCCTCTCTGCGCGCTCGCTCGCTCACTGAGGCCGGGCGACCAAAGGTCGCCCGACGCCCGGGCTT
TGCCCGGGCGGCCTCAGTGAGCGAGCGAGCGCGCAGCTGCCGCAGGGGCGCCTGATGCGGTATTTTCTCCTTACG
CATCTGTGCGGTATTTCACACCGCATACGTCAAAGCAACCATAGTACGCGCCCTGTAGCGGCGCATTAAGCGCGGC
GGGTGTGGTGGTTACGCCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCC
TTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTAGTGCTTTAC
GGCACCTCGACCCCAAAAAACTTGATTTGGGTGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGC
CCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGGC
TATTCTTTTGATTTATAAGGGATTTTGCCGATTTGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAACG
CGAATTTTAACAAAATATTAACGTTTACAATTTTATGGTGCACTCTCAGTACAATCTGCTCTGATGCCGCATAGTTAA
GCCAGCCCGACACCCGCCAACACCCGCTGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCCGCTTACAGACAA
GCTGTGACCGTCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGTCATCACCGAACGCGCGAGACGAAAGGGCCT
CGTGATACGCCTATTTTTATAGGTTAATGTCATGATAATAATGGTTTCTTAGACGTCAGGTGGCACTTTTCGGGGAA
ATGTGCGCGGAACCCCTATTTGTTTATTTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATA
AATGCTTCAATAATATTGAAAAAGGAAGAGTATGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGC
ATTTGCCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGT
GGGTTACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCGAAGAACGTTTTCCAATGATGA
GCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCGTATTGACGCCGGGCAAGAGCAACTCGGTCGCCGCATA
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CACTATTCTCAGAATGACTTGGTTGGTACTCACCAGTCACAGAAAAGCATCTTACGGATGGCATGACAGTAAGAGA
ATTATGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAACTTACTTCTGACAACGATCGGAGGACCGAAG
AGCTAACCGCTTTTTTGCACAACATGGGGGATCATGTAACTCGCCTTGATCGTTGGGAACCGGAGCTGAATGAAGC
CATACCAAACGACGAGCGTGACACCACGATGCCTGTAGCAATGGCAACAACTTGCGCAAACTATTAACTGGCGAAC
TACTTACTCTAGCTTCCCGGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCACTTCTGCGCTCG
GCCCTTCCGGCTGGCTGGTTTATTGTGATAAATCTGGAGCCGGTGAGCGTGGGTCTCGCGGTATCATTGCAGCACT
GGGGCCAGATGGTAAGCCCTCCCGTATCGTAGTTATCTACACGACGGGGAGTCAGGCAACTATGGATGAACGAAA
TGACAGATCGCTGAGATAGGTGCCTCACTGATTAAGCATTGGTAAGACAGATCGCTGAGATAGGTGCCTCACTGAT
TAAGCATTGGTAACTGTCAGACCAAGTTTACTCATATATACTTTAGATTGATTTAAAACTTCATTTTTAATTTAAAAGG
ATCTAGGTGAAGATCCTTTTGATAATCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACC
CCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAAAAAAAAACCAC
CGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCG
CAGATACCAAATACTGTCCTTCTAGTGTAGCCGTAGTTAGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACC
TCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGA
TAGTTACCGGAAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCT
ACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAGGCGGACAGGTA
TCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATA
GTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAA
AACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGT
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Outcomes of PhD Programme

Conferences
e Oral Presentations
o Northeast Postgraduate Conference (NEPG), Newcastle UK 2018:

“Investigating the role of the RNA exporter protein Glel in motor neuron
diseases” Emily Graves, Eva Karyka, Laura Ferraiuolo, Guillaume Hautbergue,
Mimoun Azzouz.
e Poster Presentations
o NEPG, Newcastle 2019: “Investigating the role of the RNA exporter protein
Glel in motor neuron diseases” Emily Graves, Eva Karyka, Laura Ferraiuolo,
Guillaume Hautbergue, Mimoun Azzouz.
o Medical School Research Day 2019, Sheffield: “Investigating the role of the
RNA exporter protein Glel in motor neuron diseases” Emily Graves, Eva
Karyka, Laura Ferraiuolo, Guillaume Hautbergue, Mimoun Azzouz.
o DiMeN Knowledge Exchange 2019, Sheffield: “Investigating the role of the
RNA exporter protein Glel in motor neuron diseases” Emily Graves, Eva
Karyka, Laura Ferraiuolo, Guillaume Hautbergue, Mimoun Azzouz.
e Conferences Attended
o American Society of Gene and Cell Therapy (ASGCT) conference online 2020
o SMA Research Symposium online 2020
e Conferences Organised/Chaired
o Member of NEPG organising committee 2020,
= Chaired Science Communication workshop and Neuroscience Oral

Presentation session

Outreach
e |I’'m a Scientist Online 2020

e Tutor for the Brilliant Club 2020/2021
e MRC Festival 2018/2019
e Writer for PrelLights 2019

Outside Training/Opportunities
e BioTech YES competition 2018
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e 4 month internship at CamBioScience, 2020.

Publications

1. Evangelia Karyka, Nelly Berrueta Ramirez, Christopher P. Webster, Paolo M. Marchi,
Emily J. Graves, Vinay K. Godena, Lara Marrone, Anushka Bhargava, Swagat Ray, Ke
Ning, Guillaume M. Hautbergue, Sherif F. EI-Khamisy and Mimoun Azzouz. SMN-
deficient cells exhibit increased ribosomal DNA damage Life Science Alliance April
2022

2. Tobias Moll, Emily Graves, John Franklin, Adrian Higginbottom, Mimoun Azzouz,
Johnathan Cooper-Knock & Pamela J Shaw ALS-associated GLT8D1 mutations cause
loss of motor neurons via disrupted neurotrophic signalling (In Preparation)

3. EmilyJ Graves, Matthew A Roach, Mimoun Azzouz. What’s new in gene therapy for

ALS? Expert Opinion in Biological Research (In Preparation)
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