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Abstract

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease of motor neu-
rons. Approximately 10% of cases are classified as familial and 90% sporadic, although
a proportion of sporadic cases have an unrecognised family history. This thesis aimed
to identify novel ALS genes from familial and sporadic cases. Whole-exome and whole-
genome sequencing analysis identified 22 candidate gene variants in an ALS family,
which were investigated using an in silico analysis pipeline including protein predic-
tions, conservation, genic tolerance, tissue expression and gene function. Three top
priority variants, in CYBSRS3, DCAF7, and SAV1, were assessed using in wvitro tox-
icity and localisation assays, with one candidate, CYB5R3, displaying a differential
cytoplasmic protein expression pattern. Whole-genome data from 635 sporadic ALS
patients were interrogated for ALS candidate genes (n = 21), and ten novel variants
were identified, including a novel CYBSRS3 variant, which rated strongly from in sil-
ico tools. Lastly, this project sought to develop a CRISPR-Cas9 protocol to generate
ALS cell models for future use in the in vitro analysis pipeline. Overall, a combina-
tion of genetic, in silico and in vitro pipelines were used to identify candidate genes
in an ALS kindred and apparently sporadic patients. Novel ALS genes will further
our understanding of disease biology and contribute to development of diagnostics and

treatments.
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Introduction

1.1 Amyotrophic lateral sclerosis

Motor neuron disease (MND) is an umbrella term for a group of conditions that are
variably caused by the progressive degeneration of motor neurons. Motor neurons are
specialised nerve cells that control muscle movement. Upper motor neurons (UMNS)
originate in the motor cortex of the brain, descend to the brain stem and spinal cord
and control the lower motor neurons (LMNs). The LMNs originate in the brain stem
and spinal cord and directly innervate the muscles. There are four main subtypes
of MND; namely amyotrophic lateral sclerosis (ALS), primary lateral sclerosis (PLS),
progressive bulbar palsy (PBP) and progressive muscular atrophy (PMA) (Figure 1.1).
PLS affects the UMNs, while PMA affects LMNs in the spinal cord. Degeneration of
UMNSs leads to muscle spasticity, weakness and paralysis, while degeneration of LMNs
leads to muscle atrophy, weakness, and flaccidity (Kiernan et al., 2011). In PBP,
the LMNs of the brainstem are the most affected, causing difficulty in chewing and
swallowing. ALS is the most common type of MND and it affects both the UMNs and
LMNs (Rowland and Shneider, 2001). It has the most rapid disease course and
shortest survival of typically 3-5 years. ALS has great phenotypic heterogeneity where

age of onset, site of onset, and progression of disease can vary widely.
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ALS also shares clinical and pathological features with frontotemporal dementia
(FTD) as well as other degenerative diseases. FTD is a neurodegenerative disease
characterised by frontotemporal cerebral atrophy (Englund et al., 1994), which leads
to changes in personality, behaviour and language. Up to 50% of ALS patients show
deficits in frontal executive skills (Lomen-Hoerth et al., 2003), and about 20% meet
the criteria for co-morbid ALS-FTD (Taylor et al., 2 ]1()) ALS and FTD also show
commonalities with white matter disease, where patients experience issues with bal-
ance, walking, and performing two or more activities simultaneously. For example, ALS
and ALS-FTD patients can exhibit white matter changes such as tissue atrophy, also
seen in white-matter disease (Lillo et al., 2012). The high degree of overlap between
ALS, FTD and perhaps other neurodegenerative diseases such as white-matter disease,
suggest that numerous conditions may form part of a continuum of neurodegenerative
disease (Fecto and Siddique, 2011).

| Motor Neuron Disease (MND) |

Upper Motor Neurons Lower Motor Neurons UMNSs and LMNs
(UMNS ) disorders (LMNs) disorders disorders
Primary lateral sclerosis Bulbar LMNs- Progressive Amyotrophic lateral
(PLS) bulbar palsy (PLS) sclerosis (ALS)
Spinal LMNs- Progressive
muscular atrophy (PMA)

FIGURE 1.1: The MND subtypes. There are four main MND subtypes. PLS affects
mostly the UMNs, PBP predominantly the bulbar LMNs, PMA the spinal LMNs and ALS
affects both the UMNs and LMNs.

The prevalence of ALS in Australia is about 8.7 per 100,000 people(recorded in
2015 by MND Australia, www.mndaust.asn.au), although prevalence is highly vari-
able between different ethnic populations (Cronin et al., 2007). Approximately 10%
of ALS cases have a family history and are considered as familial (FALS), while the
remaining 90% of cases are classified as sporadic (SALS). Most FALS cases display an
autosomal dominant pattern of inheritance, but rare autosomal recessive and X-linked
inheritance has also been identified (Al-Chalabi et al., 2012; Taylor et al., 2016).
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To date, the only proven causes of ALS are gene mutations.

Several environmental factors have also been implicated as risk factors contribut-
ing to ALS (Bozzoni et al.; 2016). Proposed risk factors include exposure to heavy
metals, electromagnetic fields, physical activity, pesticides and B-N-methylamino-L-
alanine (BMAA). There has been mixed evidence regarding the role of these environ-
mental factors on disease. Of these, exposure to pesticides and to BMAA have the
strongest evidence from in vivo studies, but both await compelling epidemiological ev-
idence (Bozzoni et al., 2016; Cox et al., 2018).

Although the underlying pathological processes of ALS are poorly understood, sev-
eral pathogenic mechanisms have been proposed. These include RNA dysfunction,
protein homeostasis, oxidative stress, impaired axonal transport, neuroinflammation,
apoptosis, and mitochondrial dysfunction (Ling et al.; 2013; Maurel et al., 2018).
The main pathological feature of ALS is aggregation of ubiquitinated misfolded pro-
teins in the motor neurons that are undergoing neurodegeneration (Leigh et al., 1989;
Neumann et al.; 2006). In 2006, it was found that most protein inclusions contain
the TAR-DNA binding protein, TDP-43 (Neumann et al., 2006). TDP-43 pathol-
ogy has also been implicated in other neurodegenerative diseases, such as Parkinson’s
disease, Alzheimer’s disease, FTD, and Huntington’s disease (Neumann et al.; 2006;
Schwab et al., 2008; Wilson et al., 2011). Moreover, experimental studies have
observed that aggregates of mutant ALS proteins are structurally different to wild
type proteins, with mutant proteins more abundant in detergent-insoluble rather than
detergent-soluble fractions of the cell (Basso et al., 2006, 2009).

Research in ALS has been progressing rapidly, but there is still a lack of early di-
agnostic tools and effective treatments for ALS. Screening of known gene mutations
and observation of progressive symptoms are currently used. Clinicians use the El
Escorial criteria, which examines the UMN and LMN symptoms to determine levels
of diagnostic certainty in the patient (Brooks et al., 2000). Most patients are only
diagnosed after UMN and LMN symptoms have been fully established. Therefore,
there is an urgent need to implement new methods for early diagnosis. For example,
the identification of blood/specimen biomarkers, and a greater genetic mutation reper-
toire (Talbot, 2009). To-date, there are only two drugs that have been licensed by
the USA-FDA for ALS treatment, Riluzole and Radicava (Edaravone), but both have
very limited efficacy (Cruz, 2018; Miller et al., 2012). A greater understanding of
disease pathogenesis and identification of the full genetic aetiology of ALS can aid the
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development of diagnostic tests, targeted therapeutic interventions and gene therapy
in the future (Marangi and Traynor, 2015), to delay disease progress and extend
the length and quality of life of ALS patients.

1.2 Genetics and pathology of ALS

Genetic mutations remain the only proven cause of ALS and mutations in more than
22 genes have been identified, accounting for about 60% of Australian FALS and 10%
of Australian SALS McCann et al. (2017). Despite rapid progress in research, 40%
of FALS cases and 90% of SALS cases still have an unknown genetic cause (Renton

et al., 2014), highlighting the need for gene discovery research.

In 1993, mutations in the first ALS gene, SOD1, were identified in ALS families in a
previously identified disease-linked genetic loci (Rosen et al.; 1993; Siddique et al.,
1991). The encoding protein, superoxide dismutase (SOD1) is involved in ER stress
and protein homeostasis. The next major disease gene discovery in ALS was 15 years
later, when ALS mutations were identified in the gene encoding TDP-43 (TARDBP),
also through linkage analysis and direct sequencing of FALS and SALS patients. The
discovery of TARDBP mutations closely followed the identification of TDP-43 pathol-
ogy in ALS (Sreedharan et al., 2008). The next year, ALS mutations in FUS were
discovered using genome-wide linkage analysis (Vance et al., 2009). FUS and TDP-
43 are both DNA and RNA binding proteins involved in RNA metabolism. In 2011,
hexanucleotide repeat expansions in C9orf72, encoding for another protein involved in
RNA processing, were identified as the most common known cause of ALS, accounting
for about 40% of FALS cases (DeJesus-Hernandez et al., 2011; McCann et al.,
2017). This repeat expansion was implicated in ALS following genome-wide linkage
studies carried out on large ALS-FTD families. Therefore, family-based linkage studies,
genome-wide association studies (GWAS) and more recently next-generation sequenc-
ing (NGS) studies have all been used to find new ALS gene mutations, as well as new

variants in ALS susceptibility genes.

In recent years, the improvements in NGS technologies have dramatically changed
human genetics research in medicine, including ALS. NGS refers to whole-genome se-
quencing (WGS), whole-exome sequencing (WES) and targeted gene sequencing. NGS
can either be used alone, or in combination with traditional genetic linkage analysis.
Many FALS genes, including CHCHD10, MATR3, PFN1, CCNF, TBK1 and UBQLN2
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(Bannwarth et al., 2014; Deng et al., 2011; Freischmidt et al., 2015; Johnson
et al., 2014; Williams et al., 2016; Wu et al., 2012) have recently identified us-
ing NGS technologies (Table 1.1). As such, in combination with linkage analysis, the
genetic cause of most large ALS families has been solved, with typically small fam-
ilies remaining. These smaller families have insufficient power for significant linkage
and segregation analysis, and therefore NGS analysis typically results in the identifi-
cation of numerous candidate gene variants. To address this issue, this project used a
three-stage novel gene discovery pipeline to prioritise and find the disease-causing gene

variant in a small ALS family (Section 1.3).

After the identification of novel ALS genes in FALS, other ALS patients with
unknown genetic mutation, including SALS, can be screened. Using this method,
mutations in many familial ALS genes such as FUS, TARDBP, and C9orf72 have
been found in sporadic ALS cases (Sreedharan et al., 2008; Vance et al., 2009;
Williams et al., 2016). Thus, gene mutations that cause FALS can also contribute
to SALS mutations discovery. So far, more than 30 genes have been implicated
in ALS, as listed in the Amyotrophic Lateral Sclerosis Online Genetics Database
(http://alsod.iop.kcl.ac.uk/). These disease genes have given researchers great
insight into the molecular origins and pathogenic mechanisms of the disease. Known
ALS genes can broadly categorised into two groups; genes involved in protein home-
ostasis, and genes involved in RNA homeostasis. The following section will thus provide
a brief history of gene mutations found in FALS, their functions and how they helped
our understanding of ALS pathogenesis (Table 1.1).

ER stress

The endoplasmic reticulum (ER) is an important organelle that plays a role in protein
folding and lipid synthesis. When proteins are misfolded and accumulate within the
ER, the unfolded protein response (UPR) signalling system is activated (Kaufman,
2002). If the UPR cannot resolve the defects, it will trigger apoptosis (Hitomi et al.,
2004; Kaufman, 2002). ER stress and UPR dysfunction have been implicated in mo-
tor neuron degeneration in ALS following analysis of mutant SOD1 mouse models and
spinal cord tissues (Atkin et al., 2008; Kieran et al., 2007; Sasaki, 2010).

SOD1
SOD1 was identified in 1993 following genetic linkage studies in ALS families (Sid-
dique et al.; 1991), which identified a locus at 21¢22.1-22.1. Mutation screening of
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SOD1 revealed 11 SODI missense mutations in 13 ALS families (Rosen et al., 1993).
To date, there have been over 180 SOD1 mutations reported in ALS, spanning all five
exons of the gene (Boylan, 2015). Although numbers vary among different ethnicities,
mutations in SODI account for approximately 20% of FALS cases, corresponding to
about 1-2% of all ALS cases (Boillée et al., 2006; Boylan, 2015). Inheritance of
most SODI1 mutations is autosomal dominant. Patients with SODI mutations show
ubiquitinated protein aggregates in affected neurons for which SOD1 is the main pro-
tein component. Interestingly, they are usually TDP-43 negative. ALS linked SOD1
mutations have been shown to cause oxidative stress in the ER, proteasome and mito-
chondria, which may affect protein folding and eventually cause cell death by initiating
the UPR (Atkin et al., 2008; Turner and Atkin, 2006).

RNA metabolism

RNA metabolism includes RNA transcription, processing, splicing and transport. Dys-
function of RNA metabolism was first proposed as a pathogenic mechanism in ALS
after the discovery of TDP-43 as a major component of ubiquitinated inclusions in ALS
patients. Since then, other ALS genes implicated in RNA metabolism including, FUS
(Vance et al., 2009), C9orf72 (DeJesus-Hernandez et al., 2011), ANG (Green-
way et al., 2006), HNRNPA1 (Kim et al., 2013) and MATRS3 (Johnson et al.,
2014) have also been identified.

TARDBP

The identification of TAR DNA-binding protein (TDP-43) as the main component of
ubiquitinated protein aggregates in the affected neurons of the majority of ALS pa-
tients (Neumann et al., 2006) greatly improved our understanding of ALS pathology.
Soon after, genetic studies using linkage and direct sequencing found autosomal domi-
nant missense mutations in the gene encoding TDP-43, TARDBP, from an Australian
ALS family and two sporadic cases from the UK and Australia (Sreedharan et al.,
2008). Linkage to the TARDBP locus (1p36) was confirmed, and over 50 TARDBP
mutations have since been reported in ALS (Boylan, 2015). This accounts for approxi-
mately 4% of FALS and 1% of SALS (Boylan, 2015; Renton et al., 2014). TDP-43 is
a ubiquitously expressed heterogeneous nuclear ribonucleoprotein (hnRNP), involved
in RNA processing (Wang et al., 2004). TDP-43 is important for transcriptional reg-
ulation, splicing regulation, micro-RNA processing and regulation of RNA localisation

and translation (Lagier-Tourenne et al., 2010).
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FUS

In 2009, more evidence for the involvement of abnormal RNA metabolism in ALS was
provided when two independent research groups used genome-wide linkage analysis to
identify a total of 14 different mutations in FUS from 25 ALS families (Kwiatkowski
et al., 2009; Vance et al., 2009). FUS mutations account for approximately 4% of
FALS and 1% of SALS patients (Boylan, 2015; Renton et al., 2014). Inheritance
of FUS-linked ALS is mostly autosomal dominant. FUS encodes fused-in-sarcoma, a
protein that is ubiquitously expressed and is functionally similar to TDP-43. ALS cases
with FUS mutations have protein aggregates in the motor neurons that are positive
for FUS, but negative for TDP-43. Similar to TDP-43, FUS is also a heterogeneous
nuclear ribonucleoprotein (hnRNP) that plays a role in RNA metabolism including,
regulation of transcription, splicing, processing of RNA and controls export to the cy-

toplasm (Lagier-Tourenne et al., 2010).

CYorf72

In 2006, genome-wide linkage studies carried out on large ALS-FTD families implicated
a locus on the short arm of chromosome 9 (Morita et al., 2006). In 2011, the hexanu-
cleotide (GGGGCC) repeat expansion in C9orf72 was reported at this locus in ALS
patients through haplotype analysis (DeJesus-Hernandez et al., 2011) and targeted
sequencing (Renton et al.; 2011). This pathogenic hexanucleotide repeat expansion is
the most common genetic cause of ALS, and has an incidence of about 40% in FALS pa-
tients and 3-10% in SALS patients, depending on ethnic group (McCann et al., 2017,
Renton et al., 2014). Although the exact function of the C9orf72 protein remains
unclear, bioinformatics studies have shown it to have a strong structural homology to
the DENN domain (differentially expressed in normal and neoplastic cells) (Levine
et al.,; 2013). C9orf72 protein likely plays a role in DNA and RNA processing path-
ways, such as the production of proteins from RNA, as well as RNA transport within
the cell (Renton et al., 2011), supporting the role of RNA metabolism dysfunction
in ALS. More recently, C9orf72 repeat expansions in ALS have also been linked to
increased toxicity and DNA damage (Farg et al., 2017).

UPS and autophagy

There are two major protein degradation systems in cells, the ubiquitin-proteosome
system (UPS) and the autophagy system (Ding et al., 2007). Both systems are es-
sential for protein homeostasis by controlling protein quantity and quality. In the UPS
system, proteins are first tagged with ubiquitin, then recognised by UPS chaperone

proteins that mediate transport to the proteasome for destruction (Ding et al., 2007;
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Nandi et al., 2006). Autophagy is usually initiated during cellular stress, such as
in the presence of protein aggregates. The autophagy pathway involves degradation
and recycling of proteins and organelles by lysosomes that contain proteolytic enzymes
(Banerjee et al., 2010). The UPS and autophagy pathways have been widely impli-
cated in neurodegenerative diseases, including ALS (Banerjee et al., 2010). Known
ALS genes that are involved in the UPS and/or autophagy include UBQLN2 (Deng
et al., 2011), CCNF (Williams et al., 2016), VCP (Johnson et al., 2010), OPTN
(Maruyama et al., 2010) and TBKI (Freischmidt et al., 2015).

UBQLN2

A mutation in UBQLN2, encoding the ubiquilin 2 protein, was first reported using
dense linkage mapping in an ALS-FTD family (Deng et al., 2011). UBQLN2 mu-
tations are a rare cause of X-linked dominant ALS and ALS-FTD, with reduced pen-
etrance in females, and account for less than 1% of FALS cases. The ubiquilin 2
protein plays a major role in protein homeostasis through the UPS and autophagy.
It mediates protein degradation by physically associating with ubiquitin ligases and
proteasomes (D’Angiolella et al., 2010). As a result, mutations in this gene prevent
the degradation of ubiquitinated proteins and may partly explain the presence of pro-
tein aggregates in the motor neurons of ALS patients. Moreover, ubiquilin 2 pathology
has also been found in ALS patients who do not carry mutations in UBQLN2 gene
(Williams et al., 2012). Ubiquilin 2 is responsible for the regulation of proteasome
autophagy and recycling may be an essential component of the pathways involved in

the degeneration of motor neurons (Renton et al., 2014).

CCNF

Recently, our laboratory used NGS and linkage analysis to identify mutations in CCNF,
encoding for cyclin F, in ALS and FTD patients (Williams et al., 2016). A pathogenic
CCNF mutation was found in a large Australian ALS-FTD kindred, and additional
mutations were identified from international FALS and FTD cohorts from collaborators
(Williams et al., 2016). CCNF mutations lead to aberrant misfolded proteins and
aggregation of proteins including TDP-43 in the neuronal cells. Cyclin F is a member
of the cyclin family, vital for regulation of cell cycle transitions. Cyclin F has an F-box
motif that allows binding to Skpl adaptor protein, which is part of the Skpl-Cull-
F-box (SCF) protein complex (D’Angiolella et al., 2010). SCF is an E3-ubiquitin
ligase complex that controls ubiquitination of proteins destined for destruction by the
UPS (D’Angiolella et al.; 2010). Mutations in CCNF' therefore further implicate

UPS dysfunction and abnormal protein homeostasis in ALS pathogenesis.
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In conclusion, abnormal RNA metabolism and protein homeostasis are recognised
processes in ALS pathogenesis. Both pathways are interlinked and dysfunction in
one pathway can affect the other (Ling et al., 2013). TARDBP, FUS, HNRNPA1
and C9orf72 encode for RNA-binding proteins responsible for RNA processing and
metabolism. UBQLN2, VCP, OPTN and TBK1 are all involved in protein homeosta-
sis. Dysfunction in RNA metabolism and protein homeostasis can lead to proteotoxic
stress, loss of neuroprotection, protein misfolding and lack of autoregulation (Ling
et al.; 2013). This then leads to deterioration and death of motor neurons, as typ-
ically seen in ALS patients. Other pathways that have been variably implicated in
ALS include impaired axonal transport, neuroinflammation, apoptosis, mitochondrial
dysfunction, and most recently, DNA damage (Farg et al., 2017; Ling et al., 2013;
Maurel et al., 2018).

1.3 Multi-disciplinary pipeline for ALS gene dis-

covery

As described previously, the remaining ALS families with unknown genetic mutations
are typically small, and NGS analysis of these families results in the identification
of many candidate variants. Evidence for the pathogenic nature of these candidate
variants must therefore be assessed rigorously using additional analyses such as a
combination of in silico, in vitro and in vivo tools to prevent false-positive findings
(MacArthur et al., 2014). Therefore, our laboratory has established a genetic, in
silico and in wvitro gene discovery pipeline (Figure 1.2) to address this issue. This
pipeline has been successfully applied to MQ1, a small Australian ALS family, leading
to the identification of five novel candidate genes, of which a single candidate in VPS529
ranked highly for both in silico and in vitro analyses, and is likely to be the causative

gene mutation in the family.

The family-based gene discovery workflow is summarised in Figure 1.2. Following
NGS and shared variant analysis, filtering steps were carried out to refine the variant
list. The remaining candidate variants then underwent an in silico predictive analysis
pipeline to assess the potential pathogenicity of each variant. In silico results were used
to score and rank all candidate variants to identify the strongest candidates (most likely
to be pathogenic) for in wvitro functional analysis (Figure 1.2). The in vitro pipeline
established by our lab aimed to identify specific pathological features of ALS, such as
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protein mislocalisation, insolubility, aggregation and co-localisation with TDP-43. In
the future, genes that show strong pathogenic features using the in vitro pipeline can

also undergo further in vivo mouse and zebrafish studies.

1.4 Generating ALS models using CRISPR-Cas9

To study disease-causing gene mutations, animal and cell models that accurately re-
flect those genetic changes are needed. Since motor neurons cannot be collected and
cultured directly from ALS patients, accurate disease models are essential. This can
be achieved using genome-editing tools, such as the clustered regularly interspaced
short palindromic repeats (CRISPR) and Cas9 system. The Cas9 protein recognises
CRISPR sequences in prokaryote DNA and plays a role in an adaptive immune response
to bacteriophage invasion by cleavage of bacteriophage DNA (Pourcel et al., 2005).
CRISPR-Cas9 was first reported as a genome editing tool in 2013, (Cong et al., 2013)
and has successfully been used to develop animal and cell models of neurodegenera-
tive diseases, including ALS (Cho et al., 2013; Hwang et al., 2013; Wang et al.,
2017). A point mutation in FUS was corrected in motor neurons differentiated from
patient-derived induced pluripotent stem cells (iPSCs) using CRISPR-Cas9 technology
(Guo et al., 2017). This showed that correcting the FUS mutation restored axonal
transport defects seen in the uncorrected patient-derived motor neurons (Guo et al.,
2017). CRISPR-Cas9 also has the benefit of being cheaper, more efficient, and easier
to design than other genome-editing tools, and has the potential to be used to analyse
novel ALS candidate gene variants. Moreover, a CRISPR model contains gene muta-
tions expressed under endogenous conditions and avoids limitations often associated
with overexpression models. For example, the greater abundance of the protein may
be toxic or cells may gain functions they previously lacked, such as downregulation
of DNA repair mechanisms, abnormal cell division, and compromised metabolism and
growth Kramer et al. (2010).

1.5 Project aims

Gene mutations are the only proven cause of ALS, but about 40% of FALS cases still
have an unknown gene mutation. Gene discovery in familial ALS is critical, as these
genes are also often found to contribute to sporadic ALS, and have helped us under-
stand ALS disease mechanisms and pathogenesis. Moreover, novel gene discovery can
lead to improvements to diagnostic testing, including pre-implantation genetic diagno-

sis before pregnancy, which can benefit families with a history of ALS. The development



1.5 PROJECT AIMS 11

of NGS has greatly improved our ability to discover new ALS gene mutations. However,
bioinformatics analysis can result in numerous candidate gene variants, and additional
in silico and in vitro pipelines are therefore necessary to rank these genes and assess
potential pathogenicity in disease. Functional pipelines established by our lab will be
used for this purpose (Figure 1.2). Additionally, novel ALS genes identified in other
cohorts, such as those from recent publications or from collaborators, are strong candi-
date genes that can be screened through the Australian SALS cohort. CRISPR-Cas9
provides the potential to generate new cell lines containing candidate gene mutations
expressed under endogenous conditions. These could act as a platform for further func-
tional studies and validation of candidate genes, and form a part of our current gene

discovery pipeline.

The goal of this project was to use two main approaches to identify gene muta-
tions that cause ALS in familial and sporadic cases. The first approach seeked to find
candidate gene mutations in an ALS family (FALS147), and to assess the potential
pathogenic role of these candidate mutations using wn wvitro assays. WES data from
family FALS147 has previously been analysed prior to this project. Recently available
WGS data was analysed for candidate mutations as part of this project. The second
approach seeked to screen strong candidate genes in the SALS cohort to identify known
or novel mutations. Additionally, a CRISPR-Cas9 protocol was assessed and optimised

to generate knockout cell models of VPS529, that could be part of future in vitro studies.

More specifically, the aims are listed as follows and are described in Figure 1.3.
1. To screen WGS data from Australian SALS patients for mutations in 18 new ALS
genes that have recently been identified by collaborators
2. To perform genetic analysis on family FALS147 by identifying candidate gene mu-
tations in WGS data.
3. To investigate the potential pathogenicity of family FALS147 candidate gene mu-
tations using a functional analysis pipeline. This includes both in silico and in vitro
strategies.
4. To assess a CRISPR-Cas9 protocol for generation of cell models of novel candidate

variants.
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TABLE 1.1: Summary of the major ALS genes.

Gene symbol  Name Discovery method Year Protein function Reference
SOD1 Superoxide dismutase 1 Linkage 1993 Oxidative stress (Rosen et al., 1993; Siddique et al.,
1991)
ANG Angiogenin Candidate gene 2006 DNA/RNA processing (Greenway et al., 2006)
TARDBP TAR DNA binding protein Linkage, candidate gene 2008 DNA/RNA processing (Kabashi et al., 2008; Sreedharan
et al., 2008)
FUS Fused in sarcoma Candidate gene 2009 DNA/RNA processing (Kwiatkowski et al., 2009; Vance
et al., 2009)
VCP Valosin containing protein Candidate gene 2010 Protein homeostasis (Johnson et al., 2010)
OPTN Optineurin Homozygosity mapping 2010 Protein homeostasis (Maruyama et al., 2010)
Q.QQQ?\& Chromosome 9 open reading Linkage, GWAS 2011 UZ>\WZ> processing (DeJesus-Hernandez et al., 2011;
frame 72 Morita et al., 2006)
UBQLN2 Ubiquilin 2 Family-based NGS 2011 Protein homeostasis (Deng et al., 2011)
PFN1 Profilin 1 Family-based NGS 2012 Cytoskeleton and cellular  (Wu et al., 2012)
transport
HNRNPA1 Heterogeneous nuclear ribonucle- Linkage, candidate gene 2013 DNA/RNA processing (Kim et al., 2013)
oprotein Al
MATRS3 Matrin 3 Family-based NGS 2014 DNA/RNA processing (Johnson et al., 2014)
CHCHD10 Coiled-coil-helix-coiled-coil-helix ~ Family-based NGS 2014 Mitochondrial function (Bannwarth et al., 2014)
domain containing 10
TBK1 TANK-binding kinase 1 NGS burden analysis 2015 Protein homeostasis (Cirulli et al., 2015; Freischmidt
et al., 2015)
CCNF Cyclin F Linkage, family-based NGS 2016 Cell cycle (Williams et al., 2016)
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Australian ALS cases

Aim 1: Candidate Aim 2: Novel gene
gene screening discovery

Sporadic ALS | | Familial ALS (FALS147) |

| WGS | | WGS and WES |

Analysis of NGS

Aim 3: Assess | In silico pipeline | Aim 4: Develop cell models

pathogenicity of for functional analysis

variants
| In vitro pipeline I-

FIGURE 1.3: Aims of this project. Aim 1 used a candidate gene screening approach to
screen for recently reported ALS genes in our sporadic ALS cohort. Aim 2 used a novel gene
discovery to find new candidate gene mutations from WES and WGS data that contribute
to ALS disease. Aim 3 assessed potential pathogenicity of variants using an in silico and in
vitro pipeline. Aim 4 used CRISPR-Cas9 to generate new cell models for novel candidate
variants, that could form part of our existing gene discovery pipeline.

Develop cell models
using CRISPR-Cas9




Subjects and Materials

2.1 Subjects

ALS patients were recruited through the Macquarie Neurology Clinic, the Molecular
Medicine Laboratory, Concord Hospital, and the MND DNA Bank of Australia. Pa-
tients and family members who visited the Macquarie Neurology Clinic were recruited
by staff members of the Macquarie University Neurodegenerative Disease Biobank. All
patients, were diagnosed with probable or definite ALS according to El Escorial criteria
(Brooks et al., 2000), and were of mostly European descent (Non-Finnish). Family
FALS147 was recruited from the Molecular Medicine Laboratory (described in Section
4.1.1). Samples obtained from the Macquarie University Neurodegenerative Disease
Biobank were extracted using the QIASymphony automated liquid handling robot and
the DSP Midi extraction kid (Qiagen, USA), while samples obtained from the Molecu-
lar Medicine Laboratory and MND DNA bank were extracted manually using standard

protocols.

Ethics and consent

All patients and control individuals provided informed written consent to be part of
genetics research as approved by the Macquarie University Human Research Ethics
Committee (HERC) (Approval number 5201600387), and the Sydney South West Area

15
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Health Service (Approval number CH62/6,/2011-123-G Nicholson HREC/11/CRGH/179,

Title: Research study into identifying new gene mutations for motor neuron disease).

2.2 Datasets

850VCF dataset

Whole-genome sequencing (WGS) was completed on 850 ALS patients including 26
ALS families (23 SOD1 mutation positive and three mutation unknown), 628 SALS,
108 FTD, eight twin sets, and five sample duplicates. WGS data was generated using
30X TruSeq PCR~free v2.5 and HiSeq2000 NGS platform (Kinghorn Centre for Clin-
ical Genomics, Sydney). The WGS data for these individuals was in the variant call
format (VCF, named 850VCF), which contains variant specific information such as
chromosomal location, reference and alternate alleles, functional categorisation, as well
as data quality measures. Genotypes were denoted as 0/0 (wild type homozygous),
0/1 (heterozygous) and 1/1 (variant homozygous). A script written by Ingrid Tarr was
used to subset the SALS patients from the complete 850VCF dataset for gene screening
approach (Appendix A.2.1).

FALS147 dataset

Whole-exome sequencing (WES) data was also available from family FALS147, and
was used for novel gene discovery in this project. WES data was generated using 100X
TruSeq exome capture chemistry and HiSeq2000 NGS platform (Macrogen, Korea).
This data was also in the form of a VCF file.

2.3 Materials

Main reagents, buffers and growth media

Table 2.1 provides a description of the main reagents, buffers and growth media used

for cloning and tissue culture.

Cell culture media

HEK?293T cell culture media
DMEM supplemented with 10% FBS
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HEK?293T cell culture media for CRISPR-Cas9 transfections
DMEM medium supplemented with 10% FBS and 100g/ml Penicillin-Streptomycin

SH-SY5Y cell culture media
DMEM/F12 medium, supplemented with 10%FBS and 100g/ml Penicillin-Streptomycin

Solution

2.4 Constructs

pCMV6-Entry construct (OriGene, USA)

The pCMV6-Entry construct is a 4.9kb mammalian expression construct carrying se-
quences encoding a Myc-DDK tag at the C-terminal (Figure 2.1). The myc tag is a
polypeptide protein tag derived from the c-myc gene product, with 54bp in size and
1202Da in molecular mass. A bacterial promoter (Neo'/Kan") confers kanamycin re-
sistance in Escherichia coli (E. coli) and expression of the gene insert is controlled by

the mammalian CMV promoter located upstream of the Myc-DDK tag sequence.
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FIGURE 2.1: Vector map of pCMV6-Entry construct (https://www.origene.
com/).
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FIGURE 2.2: Vector map of pCMV6-AC-RFP construct (https://www.origene.
com/).

pCMVG6-AC-RFP construct (OriGene, USA)

The pCMV6-AC-RFP construct is a 6.6kb mammalian expression construct with a
TurboRFP tag at its C-terminal (Figure 2.2). The RFP (red fluorescent protein) tag
is 696bp in length, with a molecular mass of 27kDa and is a red (orange) fluorescent
protein with excitation/ emission max = 553/574 nm. The multiple cloning site of the
pCMV6-AC-RFP construct contains compatible restriction enzymes to pCMV6-Entry

vector (Figure 2.1), allowing easy sub-cloning between the two constructs.
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Methods

3.1 NGS analysis and bioinformatics

Overview

Novel gene discovery and candidate gene mutation screening approaches were used in
this project to identify novel ALS candidate genes (Figure 3.1). Novel gene discovery
was carried out to find novel candidate disease genes from family FALS147, while
candidate gene screening was used to screen SALS patients for candidate mutations
in recently published ALS genes, as well as genes implicated by collaborators or from
analysis of family FALS147. Both approaches involved custom filtering steps using
R studio, filtering from control databases, Sanger sequencing validation, and in silico

functional analysis.

3.1.1 Novel disease gene discovery in FALS
Validation of exomic variants in whole-genome data

Analysis of whole-exome data from family FALS147 was carried out prior to this
project, resulting in identification of 21 candidate gene variants. The 850VCF dataset

containing genome data for family FALS147 was interrogated for previously identified
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WES candidate gene variants to ensure that they were present in the genome data.

UNIX scripts used are described in Appendix section A.1.

Genes/variants:
From collaborators
WES and WGS data From recent publications
From family FALS147 From FALS147 analysis

2

Novel gene discovery | Candidate gene screening

L . L

Shared variant analysis Searching in genome ALS dataset
Retain variants shared by affected individuals Find same/novel gene variants in sporadic
and remove variants in control person patients (850VCF)

Custom filtering steps
Remove non-coding variants
Remove synonymous variants

Remove common variants

L

Filtering from control databases
Remove common variants from updated
control databases

L

PCR Sanger validation
Validate that the NGS variant is present using
Sanger sequencing

L

In silico functional analysis
Rank candidate gene variants using protein
prediction programs, conservation analysis,
natural variant analysis, gene expression and
gene function

FIGURE 3.1: Novel gene discovery and candidate gene screening pipeline. The
pipeline shows the different steps involved in novel gene discovery (family FALS147) and
candidate gene screening, including custom filtering steps, Sanger sequencing validation and
in silico functional analysis.

Shared variant analysis

Custom bioinformatics scripts were used for shared variant analysis on family FALS147
WES and WGS data. Shared variant analysis involved identification of variants that

were present in both affected individuals and not present in the control individual. The
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bioinformatics script used the UNIX awk command to find variants with a genotype
call of 0/1 (variant present) in both affected siblings, and a call of 0/0 (variant not
present) in the control individual (Appendix A.1.5, Table 3.1). As this family showed
an autosomal dominant pattern of ALS inheritance, homozygous variants were removed
from analysis. Shared variant analysis was followed by custom filtering to exclude non-
coding variants and variants with allele frequencies >0.0001 from the public databases

as described below.

TABLE 3.1: Commands used in Unix and R

Command Language Function

cd Unix Navigate to directory/file
X=file.name Unix Denote file

awk Unix Search

cat Unix Concatenate

> Unix Save as new file name

| Unix Pipe

setwd R Navigate to directory/file

X ¢ file.name R Denote file

grep R Search

filter R Filter data by specific charater string (word)
group by R Group similar data together
%>% R Pipe

3.1.2 Candidate gene screening

A total of 21 candidate ALS genes identified by our laboratory, collaborators, or recent
publications, were screened in the SALS patient subset of the 850VCF (Section 2.2,
Table 3.2). UNIX scripts using the awk command that were previously developed in
our laboratory were adapted to identify all variants present in the full candidate gene
sequences (Appendix A.1.1 and A.1.2) or specific candidate gene variants (Appendix
A.1.3 and A.1.4) in the SALS dataset.

3.1.3 Custom variant filtering

A script was developed to further filter variants identified from both novel gene dis-

covery and candidate gene screening in R studio (Appendix A.2.2). Firstly, the filter
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TABLE 3.2: Candidate genes screened in the SALS cohort

Candidate genes

Reason

AARS?2
ABCD1
ARPP21
ARSA
AUH
CLNG
C0Q2
CSFIR
CYP27A1
EIF2B5
GBE1
HTRA1
KIF5A
LAMA?
LMNBI
PLP1
TREX1
USP7
CYB5R3
DCAF7
SAV1

White-matter disease gene
White-matter disease gene
ALS gene from collaborators
White-matter disease gene
White-matter disease gene
White-matter disease gene
White-matter disease gene
White-matter disease gene
White-matter disease gene
White-matter disease gene
White-matter disease gene
White-matter disease gene
ALS gene from collaborators
White-matter disease gene
White-matter disease gene
White-matter disease gene
White-matter disease gene
ALS gene from collaborators
FALS147 candidate gene
FALS147 candidate gene
FALS147 candidate gene

command was used for removal of variants that did not meet Filter=PASS criteria.

Next, the grep command used to output exonic variants, and remove synonymous

variants and variants with allele frequencies >0.0001 from public databases such as
dbSNP (www.ncbi.nlm.nih.gov/projects/SNP/), 1000Genomes (www.1000genomes .

org/) and the Exome Aggregation Consortium Database (ExAC, http://exac.broadinstitute.

org/). Manual filtering was then carried out to remove variants that were found

in web-based updated public control databases, including the Medical Genome Ref-

erence Bank (https://sgc.garvan.org.au/initiatives/mgrb), gnomAD (http://

gnomad.broadinstitute.org/), and ProjectMinE (http://databrowser.projectmine.

com/).
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3.1.4 PCR validation of variants

All candidate gene variants obtained from bioinformatics analysis were validated in the
relevant individuals. Variant validation included design and optimisation of primers,
polymerase chain reaction (PCR), gel electrophoresis, PCR clean-up, Sanger sequenc-

ing and chromatogram analysis, as detailed below.

Primers design for candidate gene screening

Primers were designed to amplify the target variant base, and around 200bp of flank-
ing sequences, using either Primer3Plus (http://www.bioinformatics.nl/cgi-bin/
primer3plus/primer3plus.cgi) or ExonPrimer (https://ihg.helmholtz-muenchen.
de/ihg/ExonPrimer.html). M13F (5 - TGTAAAACGACGGCCAGT - 3') and M13R-
pUC (5 -CAGGAAACAG CTATGAC - 3) universal primer sequences were also added

to the primers for optimal sequencing. Primer sets can be seen in Table 3.3.

Polymerase Chain Reaction

Polymerase Chain Reaction (PCR) was used for variant validation, with reactions
cycled on a Mastercycler Pro S (Eppendorf). Primers were first optimised as described
in Table 3.4. A temperature gradient of 53.4°C, 55.7°C, 58.3°C, 61°C, 63.7°C, 66.1°C,
68°C, and 69.4°C was used on the thermocycling program to find optimal annealing
temperature. Where optimal conditions could not be determined by this method, 10X
PCR enhancer (Life Technologies) was added to the reaction. The optimal annealing
temperature of each primer sets were determined from the intensity of the DNA bands
on an agarose gel (below). Next, primer optimisation was carried out using PCR

reactions shown in Table 3.4.

Agarose gel electrophoresis

Agarose gel electrophoresis was used to visualise amplified products. Gels were made
using 1.5% w/v agarose (Bioline) in 1X Tris-Borate-EDTA (TBE, Life Technologies),
with 1X SYBRSafe DNA gel stain (Life Technologies) to allow for visualisation of DNA.
Gel lanes were loaded with 3ul of each reaction and ran at 100V for 30-45 minutes.
EasyLadder I (Bioline) was used to determine product size and concentration. Gels
were visualised using a Safe Imager 2.0 Blue Light Transilluminator (Life Technologies)

and imaged using Gel Doc EZ Imager and Image Lab software (Bio-rad).


http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi
http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi
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PCR cleanup

PCR products were cleaned before sequencing to remove excess dNTPs and primers.
0.2ul of both exonuclease I and thermosensitive alkaline phosphatase were added to
each PCR product, and incubated at 37°C for 30mins before enzyme deactivation at
65°C for 15mins.

Sequencing analysis

Sanger sequencing of PCR products was carried out using the M13F or M13R-pUC uni-
versal primer and conducted using Big-Dye terminator sequencing on an ABI 3730XL
sequencer (Macrogen). Candidate genes that yielded messy or inconclusive results
using M13F primers were re-sequenced using M13R-pUC primer. Table 3.3 shows
the sequencing primer used for each gene primer set. Results were analysed using
Sequencher v5.1 software (Gene Codes). Chromatogram results were analysed by com-
paring them to reference gene sequences obtained from the UCSC Genome browser
(https://genome.ucsc.edu/). Heterozygous variants were confirmed by observing
double sequencing peaks and a reduced peak height compared to wild type alleles,

indicating two different bases at that locus.

3.1.5 In silico functional analysis and variant prioritisation

In silico tools were used to predict the potential pathogenicity and functional conse-
quences of variants identified from NGS and bioinformatics analysis. All novel putative
mutations identified from candidate gene screening and family FALS147 novel gene dis-
covery underwent in silico functional assessment by analysing the following: protein
prediction and conservation, gene natural variation, tissue expression and gene function
(Table 3.6). Family FALS147 WES candidate variants were previously analysed. As
such, in silico scores were used to prioritise family FALS147 variants, giving priority
to those predicted to be deleterious, have expression in brain/spinal cord, and relevant

protein function.

Protein prediction programs

Eleven protein prediction programs (Mutation Assessor, Mutation Taster, Polyphen-
2, Pon-P2, SIFT, FATHMM, PhD-SNP, PANTHER, SNPs&GO, PROVEAN, and
CADD, Table 3.5) were used to predict the potential pathogenicity of variants.


https://genome.ucsc.edu/
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Conservation analysis

Conservation of candidate protein sequences and residues was assessed by aligning
(ClustalOmega) protein sequences from the orthologues of multiple species (Homolo-
Gene, National Center for Biotechnology Information, NCBI). The number of identical
residues (out of total species analysed) were considered, as well as 10 amino acid
residues flanking the candidate residue (percentage of identical residues based on all
proteins analysed). PhyloP and PhastCons were also used to provide a conservation
score for each candidate residue and gene region respectively (Pollard et al., 2010;
Siepel et al.; 2005), determined by a positive PhyloP score and a score of 1 for
PhastCons.

Natural variation analysis

Natural variation for candidate genes was determined using the residual variation in-
tolerance score (RVIS) (http://genic-intolerance.org/) and the ExAC database
(missense z score) (Lek et al., 2016; Petrovski et al., 2013). A positive RVIS score
indicates more common functional variation than expected (tolerance to variation),
while a negative score shows less variation than expected (intolerance to variation).
RVIS also reports a percentile score for each gene, which reflects the percentile of most
variation intolerant genes a given gene falls within. Z score reflects the deviation of
observed counts from expected number, so a positive z score indicates low natural vari-
ation (intolerance to variation) and negative a z score indicates high natural variation

(tolerance to variation).

Scoring of family FALS147 exome variants

Natural variation of family FALS147 exome variants were scored using the percentage
of coding bases with non-synonymous and loss-of-function variants present in ExAC
for each gene, and the average MAF (minor allele frequency) of all functional variants.
Natural variation was ranked as low if the candidate gene had <11.5% of bases with a

functional variant, average MAF was <0.001, and RVIS score was negative.

Scoring of family FALS147 genome and other candidate gene variants

Natural variation of family FALS147 genome variants, and other gene variants identi-
fied during this project, were scored using RVIS score and z score. Natural variation

was ranked as low if the candidate gene had a negative RVIS score and positive s score.


http://genic-intolerance.org/
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Gene expression in neural tissues

Gene expression was assessed using the Human Brain Transcriptome (brain) and the
GTEx project (spinal cord) databases (Kang et al., 2011; Lonsdale et al., 2013).
Positive gene expression in the brain was recorded for genes with expression levels
above 6 on the log-2 scale in the primary motor cortex (M1C) at >40 years of age.
Gene expression in spinal cord was recorded in TPM (transcript per million), with

TPM greater than 0.5 showing positive gene expression.

Gene function

Gene function was investigated using online databases (GeneCards, Uniprot), as well
as interrogation of publications on each gene in relation to involvement in neurodegen-

erative diseases.

3.2 Generation of wild type and mutant expression

constructs for in wvitro analysis

Overview
CMV promoter CMV promoter
£ [ —
pPCMV6- Sefl Gene Sgfl - Miul Gel —
Entry Gene mutagene is Gene dlgestlon H m — E
Miul Gene
Myc Tag Myc Tag
Ligation of gene
to digested RFP
construct
Sequence
TTCACTAA validation Selection of CMV promoter
using Sanger — recombinant
sequencing constructs using PCR
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- @ Gene
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FIGURE 3.2: Generation of pCMV6-AC-RFP expression constructs. This figure
summarises the steps taken for the successful generation of pCMV6-AC-RFP constructs ex-
pressing CYB5R3, DCAF7 and SAV1 wild type and mutant candidate genes. Q5 mutagenesis
was first performed to introduce candidate gene variants in pCMV6-Entry construct. This
was then followed by digestion of the genes from the pCMV6-entry construct using Sgfl and
Milul restriction enzymes, gel extraction of the gene product, ligation to pCMV6-AC-RFP
construct, transformation, check-colony PCR, and Sanger sequencing.



3.2 GENERATION OF WILD TYPE AND MUTANT EXPRESSION CONSTRUCTS FOR in
vitro ANALYSIS 29

Two sets of constructs were generated for in vitro expression of family FALS147 can-
didate genes (CYB5R3, DCAF7 and SAV1). Wild type constructs (in pCMV6-Entry)
were purchased from OriGene (Section 2.4), and candidate gene variants were intro-
duced using the Q5 mutagenesis kit (New England Biolabs, NEB). Each wild type and
variant gene was then subcloned into pCMV6-AC-RFP, also purchased from OriGene
(Section 2.4). pCMVe6-entry constructs were generated for western blot expression
analysis and pCMV6-AC-RFP for cellular localisation and expression analysis as it
contains a red fluorophore tag (RFP). The cloning protocol is detailed below and sum-

marised in Figure 3.2.

3.2.1 Site-directed mutagenesis

The standard protocol from Q5 site-directed mutagenesis kit was used to introduce
desired single nucleotide changes into the cDNA sequences of the respective expres-
sion constructs. The PCR reaction and thermocycler conditions used are described
in Table 3.7. Mutagenesis primers were designed using the NEB online tool (http:
//nebasechanger.neb.com/). Primer sequences and optimal annealing temperatures
are shown in Table 3.8. Kinase-Ligase-Dpnl (KLD) reactions were then carried out
using 1ul of the PCR product (Table 3.7 and incubated at room temperature for 5
minutes. The kinase phosphorylates the ends of the PCR products to facilitate liga-
tion with the destination construct by the DNA ligase, and Dpnl acts to cleave the
methylated parental DNA template (wild type construct), keeping the newly synthe-

sised un-methylated mutant strands intact.

3.2.2 Digestion

Constructs were digested with AsisI and Miul (NEB) in 50ul reactions consisting of
15ug of construct, 10X Cutsmart buffer (NEB), and 1ul of each restriction enzyme.
Reactions were incubated for a minimum of 2 hours at 37°C, and heat-inactivated at
80°C for 15 minutes.

3.2.3 Gel extraction and purification

The digested pCMV6-entry gene products were then loaded on a 1% agarose gel (100V
for 1hr) for electrophoresis. Products were visualized using a Safe Imager 2.0 Blue
Light Transilluminator (Life Technologies) and Easy ladder I (Bioline) was used as a

marker. Gel bands of correct sizes were extracted from the gel using a scalpel blade
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and the digested constructs were purified using Isolate II PCR and Gel kit (Bioline),

as manufacturers instructions.

3.2.4 Ligation

For ligation of digest and purified gene inserts and empty pCMV6-RFP, a 10ul ligation
reaction, including 1ul T4 DNA ligase and 1ul Ligase 10X buffer was set up for each

using a 3:1 insert:construct ratio using the following formula:

kb of insert

kb of construct >< ng Of construct

Ligation reactions were incubated at room temperature for 3 hours.

3.2.5 Transformation

Ligation reactions were transformed into alpha-select Gold competent Escherichia coli
cells (E.coli, Bioline) using the heat-shock method. Two microlitres of the ligation
reaction were gently mixed with 25ul of thawed competent cells, then cooled on ice for
20 minutes. This was followed by heat shock at 42°C for 45 seconds and immediately
put back into ice for another 2 minutes. One-hundred and twenty-five microlitres of
SOC medium (Life technologies) was added to the cells and incubated at 37°C with
shaking at 200rpm for 1 hour. The transformed cells were subsequently plated (50ul
and 100ul) onto LB-agar plates supplemented with either ampicillin (pCMV6-AC-
RFP) or kanamycin (pCMV6-entry) to allow for selection of colonies with recombinant
constructs. The plates were inverted and incubated at 37°C overnight to allow for

growth.

3.2.6 Selection of recombinant constructs

PCR was used to identify positive colonies carrying the target gene. Gene specific
primers were designed using Primer3Plus (http://www.bioinformatics.nl/cgi-bin/
primer3plus/primer3plus.cgi, Table 3.9). Sixteen to thirty-two single colonies from
each transformation were picked from the LB agar plates with a pipette tip, resus-
pended in 5ul MyTaq, 4.2ul water and 0.4ul of each reverse and forward primer for
PCR amplification. PCR products were then ran on gel electrophoresis using a 1.5%
agarose gel at 100V for 30 minutes and analysed to verify if products of the correct size
have been obtained. If bands were not distinct enough, PCR was repeated using the
universal T7 forward primer present in the 5’ region of construct and the gene specific

reverse primer to confirm presence of insert.


http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi
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3.2.7 Purification and storage of constructs

Following colony PCR validation, positive colonies containing the insert were picked
from the LB-agar plate, and cultured in 5mL LB supplemented with 2.5l kanamycin
(100mg/ml) or 5ul ampicillin (100mg/ml) according to construct resistance (Section
2.4). These were incubated overnight at 37°C with 200rpm shaking. The next day,
glycerol stocks were generated by mixing 250ul of 100% glycerol (Sigma-Aldrich) with
7501 culture, and stored at 80 °C freezer for long-term storage. The remaining con-
struct DNA was purified using the Plasmid Miniprep Kit (Qiagen, Netherlands) as per
standard protocol and eluted into 50ul of water or elution buffer. DNA concentrations

were quantitated using a QIAxpert UV /VIS spectrophotometer (Qiagen).

3.2.8 Sequence validation of constructs

All purified constructs were verified by Sanger sequencing, using several primers to
cover the whole gene and fluorophore sequence (Table 3.10). As a 3’ tag, all pCMV6-
AC-RFP constructs were also verified to be in-frame from the end of each gene to the
RFP fluorophore tag.

3.3 In wvitro functional analysis of family FALS147

candidate genes

Overview

In vitro experiments were used to determine potential pathogenicity of family FALS147
candidate gene variants identified from NGS analysis using pCMV6-AC-RFP expres-
sion constructs. Experiments included a flow cytometer assay to assess cytotoxicity
(SYTOX Blue assay) and confocal microscopy to determine cellular localisation of
candidate proteins, their interaction with endogenous TDP-43, and the formation of
protein aggregates. Another aim of this project was to create an ALS cell model using
CRISPR-Cas9 genome editing. CRISPR-Cas9 was used to generate a gene knockout

model of VPS29, a strong candidate gene previously identified in our laboratory.

3.3.1 Cell culture maintenance

Two cell lines were used in this study. The human neuroblastoma line, SH-SY5Y,

was used to optimise transfection efficiency. The human kidney fibroblast cell line,
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HEK293T, was used to transfect candidate genes for the visualization of protein local-
isation. A flow cytometry based assay was used to assess cytotoxicity. The CRISPR-

Cas9 method was also assessed and implemented.

Cells were grown in T75 flasks with appropriate culture media (refer to Section
2.3), until approximately 80% confluent before subculture. To passage cells, medium
was removed and cells were washed with PBS. Cells were then detached with 1ml
trypsin by incubating for about 2-3 minutes at 37°C and resuspended in 5ml media to
neutralize trypsin. For SH-SY5Y cells, culture media and PBS wash were also collected
to recover floating population. Cells were collected by centrifugation for 5 minutes at
room temperature at 1,105 rcf. The supernatant was removed, and cell pellet was
resuspended in S5mL culture medium. SH-SY5Y cells were split at a 1:5 ratio into a
new T75 flask containing 10mL of pre-warmed culture media. HEK293T cells were
usually split at a 1:20 ratio. CRISPR-transfected cells were regularly monitored and
were transferred from 96-well plates to 12-well plates when the confluency reached
80-90%. Briefly, culture media was removed, and the cells were washed with PBS,
trypsinised (20ul) and transferred to 12-well plates containing 2ml culture media. All
cell lines were incubated at 37°C with 5% CO5 in a HERACELL 150i CO4 humidified
incubator (Thermo Fisher).

3.3.2 Cell seeding for transfections

Before cell seeding, cells were trypsinised, centrifuged and collected as described above.
Cell counts were done using the Scepter 2.0 Cell Counter (Millipore) and appropriate
volumes of cells were seeded to obtain different densities based on experimental need.
For transfection optimisation in SH-SY5Y, cells were plated at 1x10° in 24-well plates
with 1mL of medium, for a next day transfection. For visualization of gene expression
and aggregate formation, HEK293T cells were seeded on 12mm glass cover slips in
24-well plates at a density of 5x10* in 1ml medium. For cytotoxicity assay, HEK293T
cells were seeded at 4x10° in 6-well plates, with 2mL culture medium in each well.
The same cell seeding conditions were used for CRISPR-Cas9 transfections. Cells were
cultured for at least 24 hours in a humidified incubator at 37°C with 5% CO, before

transfections.

3.3.3 Transfections

All constructs were diluted to 500ng/ul in TE buffer. Lipofectamine LTX with PLUS

reagent and Opti-MEM media (Life Technologies) were used to transfect cells for in
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vitro analysis of candidate gene variants.

To determine optimal transfection efficiency in SH-SY5Y cells, several reagent vol-
umes were used, including 500ng, 750ng or 1,000ng DNA, 0.5ul, 0.75u1 or 1ul of Lipo-
fectamine PLUS, and various volumes of Lipofectamine LTX reagent, as summarised
in Figure 3.3. Lipofectamine LTX was diluted in Opti-MEM media (Life Technologies)

and incubated for 5 minutes before use.

Transfection conditions for HEK293T cells were previously determined by our lab-
oratory and are presented in Table 3.11. Cells were transfected in duplicate (mi-
crocopic visualisation) or triplicate (SYTOX blue assay) with pCMV6-AC-RFP wild
type or variant candidate gene constructs (SAV1, CYB5R3 and DCAF7). The DNA
and Lipofectamine PLUS was mixed to 1X Opti-MEM and incubated for 5 minutes
at room temperature. The diluted DNA was then combined with the Lipofectamine
LTX/OPTI-MEM mix for each reaction and incubated at room temperature for 20
minutes. In the meantime, culture medium on cells was aspirated, and washed once
with PBS. Culture media was then added (500ul for 24-well plates, or 2mL for 6-well
plates). One hundred microlitres and 500l of the DNA /Lipofectamine mix were added
to each well of the 24-well and 6-well plates respectively in a dropwise fashion, and gen-
tly rocked for mixing. The cells were incubated at 37°C with 5% CO,. After 24 hours,
HEK293T media was added to the plates (500ul for 24-well plates and 1mL for 6-well
plates). Cells were incubated for a minimum of 48 hours following transfections before

ready for downstream experiments.

The CRISPR reagents (Sigma-Aldrich) used for transfection are summarized in
Table 3.12 using a previously determined transfection ratio of 4:4:1 (20mM component:
20mM component: 5ulg component). CrRNA (VPS29-0-51-CCA), trRNA and Cas9
protein were gently mixed together and incubated on ice for 30 minutes. Trans-IT
CRISPR transfection reagent (Sigma-Aldrich) was diluted 1/40 in Opti-MEM and
added to the RNA /Cas9 mixture. This was followed by another 15 minutes incubation
at room temperature. Finally, 300ul of Trans-IT/CRISPR complex was added to each
well of a 6-well plate. The cells were incubated at 37°C with 5% CO, for at least 48

hours.
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Ratio of Lipofectamine to DNA
1
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FIGURE 3.3: Details of SH-SY5Y transfection optimisation. To determine optimal
transfection conditions, different ratios and volumes of Lipofectamine-LTX, Lipofectamine
LTX PLUS reagent and construct DNA were used, as shown in this figure.

3.3.4 Endogenous TDP-43 immunofluorescent staining

To visualize protein expression and interaction with endogenous TDP-43 under the
confocal microscope, immunofluorescent staining was performed. Transfected cells were
fixed and permeabilized with 250ul 4% paraformaldehyde (PFA) and 0.2% Triton X-100
diluted in PBS (PBS), for 15 minutes at room temperature. Cells were then washed 3
X 5 minutes PBS washes. Non-specific antibody binding was blocked with 5% normal
goat serum (NGS, Abacus ALS) in PBS (blocking media) for 30 minutes at room
temperature. Cells were then incubated with 1/500 TDP-43 primary antibody (rabbit
polyAB TDP43, Cosmo Bio, Catalogue no. TIP-PTD-P02) in blocking media overnight
at 4°C. This was followed by 3 X 5 minutes PBS washes, and incubation with 1/250
goat anti-rabbit AlexaFluor 488 secondary antibody (Green fluorescence, Invitrogen)
in blocking media for 1 hour at room temperature. After another set of 3 X 5 minutes
PBS washes, the coverslips were mounted using ProLong Gold Antifade Mountant with

the nuclear marker DAPT (Invitrogen) and cured overnight before imaging.

3.3.5 Confocal microscopy

Cells were visualised using a Zeiss LSM 880 Confocal microscope, with the ZEN Pro

Imaging Software by Zeiss (Germany). Images were acquired with a 63X oil-immersion
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objective. Images were merged and transfected cells were counted using the cell count-

ing tool in Fiji ImageJ software (https://fiji.sc/).

3.3.6 Flow cytometry

BD LSRFortessa X-20 flow cytometer (BD Biosciences) was used to investigate trans-
fection efficiency in SH-SY5Y cells and to measure the percentage of dead cells during
SYTOX blue assay analysis. Forward scatter and side scatter lights (FSC and SSC) are
used to investigate the population of interest based on size and internal complexity. As
shown in Figure 3.4, FSC measures light scattered less than 10° and SSC records light
scattered at a 90° angle as a cell passes through the laser beam. FSC gives information
about the size of the cell, while SSC is related to the internal cellular complexity, such

as size of nucleus, cell membrane and granularity.

SSC

Excitation
laser light

FSC

SSC

FIGURE 3.4: Diagram showing forward scatter and side scatter lights for flow
cytometery. FSC measures light scattered less than 10° as a cell passes through the laser
beam and gives information about cell size, while SSC records light scattered at a 90° angle
as a cell goes through and shows internal cellular complexity, such as nucleus, cell membrane
and granularity.

Flow cytometry to investigate transfection efficiency in SH-SY5Y and HEH293T
cells

SH-SY5Y cells transfection optimisation

To investigate transfection efficiency in SH-SY5HY cells, cells were first transfected using
different conditions (Section 3.3.3). Non-transfected cells were used as controls. Cul-
ture media and a PBS wash were collected before cells were detached with 300ul trypsin

and incubated for about 2-3 minutes at 37°C. Trypsin was deactivated with 2ml media
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in each well, and the trypsin/media solution was transferred to the cell media/PBS so-
lution before centrifugation at 1,105 rcf for 5 minutes. The supernatant was discarded
and cells were resuspended in 1mL PBS and transferred to flow cytometry tubes. BD
LSRFortessa X-20 flow cytometer was then used to measure cell transfection. Gating
was carried out using non-transfected cells to exclude debris and unwanted particles
(P1), while including transfected cells (P2) (Figure 3.5). To select P2 gating, a value
of 0.5% was selected to account for background fluorescence. Analysis was carried out
to filter transfected cells positive for REP fluorescence (excitation/ emission = 553/574
nm) to determine transfection efficiency using different transfection conditions. Ten
thousand cells were collected for each group, and number of transfected cells were
counted (Q2 population). Data was analysed using BD FACSDiva software V8.0.1
(BD Biosciences).

Wild type and mutant gene transfections in HEK293T cells

Population size of wild type and mutant transfected cells were also compared to ensure
that transfection efficiency did not differ between wild type and mutant constructs of
each candidate gene. Flow cytometry was used to measure transfection efficiency for
the different groups using the same protocol and gating parameters as for SH-SY5Y
transfection efficiency analysis, above (Figure 3.5). However, to account for any dif-
ferences in efficiency during SYTOX blue assay analysis, 10,000 transfected cells were

included for each group.

Non-transfected Non-transfected Transfected sample

P2

P2

Counts
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FSC-A RFP RFP

FIGURE 3.5: Flow cytometry population gating to assess transfection efficiency.
To assess transfection efficiency, P1 was first determined using SSC and FSC from non-
transfected sample to include eliminate debris. Next, P2 was selected to identify transfected
cells (RFP fluorescence) using non-transfected cells (0.5% cells). The same P2 was used as a
reference to find transfection efficiency for other transfected samples.



3.3 In vitro FUNCTIONAL ANALYSIS OF FAMILY FALS147 CANDIDATE GENES 37

Flow cytometry assay to assess cytotoxicity

To measure cell death following candidate gene expression, HEK293T cells were first
transfected with empty construct, wild type and mutant (SAV1, CYB5R3 and DCAF7)
pCMV6-AC-RFP constructs as above. Non-transfected cells and the cells transfected
with the empty pCMV6-AC-RFP construct were used as controls. Cells were collected
as described previously and transferred to flow cytometry tubes. 1X SYTOX Blue
dead cell stain (Invitrogen) was added to each cell suspension and incubated in the
dark for a minimum of 10 minutes. SYTOX Blue cell stain is a high-affinity nucleic
acid stain that easily enters cells with damaged plasma membranes (dead cells), while
leaving healthy cells unstained. SYTOX fluorescence analysis was performed using BD
LSRFortessa X-20 flow cytometer. To identify cell populations, debris and unwanted
particles were first excluded from the analysis by gating population of cells with similar
FSC and SSC measurements (Figure 3.6, P1). Secondly, population gating is carried
out to include transfected cells positive for RFP fluorescence (excitation/ emission =
553/ 574 nm) and SYTOX blue positive cells (excitation/emission 444 /480 nm) (Figure
3.6, Q2 marked by the arrow). Ten thousand RFP positive cells were collected for each
group and the number of transfected dead cells were counted (Q2 population). This

percentage of transfected dead cells was then compared between wild type and mutant

group.
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FIiGURE 3.6: Flow cytometry population gating for SYTOX blue toxicity assay.
SSC and FSC data from transfected and SYTOX treated cells were collected and analysed
using the FACSDiva software. (A) First, population gating was performed using SSC and FSC
to eliminate debris and unwanted particles from the analysis (P1). (B) P1 was subsequently
gated to analyse cells that were positive for RFP and SYTOX blue fluorescence (Q2, shown
by arrow). P2 was the population of interest and was counted to determine cytotoxicity
differences between wild type and mutant group.
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3.3.7 Statistical analyses

All statistical analyses required for this project were carried out using Prism v6 software
(GraphPad). Statistical significance was calculated using Students t test to compare the
difference between different groups. All values in the bar charts are shown as mean +
standard error of the mean (S.E.M) (*p<0.05; **p<0.01, *** p<0.001, ****p<0.0001).

3.4 Generation of a VPS29 knockout cell line using
CRISPR-Cas9

To generate a VPS29 knockout cell line, cells were plated, transfected with CRISPR
reagents, sorted with fluorescent-activated cell sorter (FACS), and checked for VPS29
protein expression using dot blotting technique. The steps are summarized in Figure
3.8. CRISPR~Cas9 system has three main components, Cas9 protein, CRISPR RNA
(crRNA) and trans-activating ctRNA (tractrRNA), all purchased from Sigma Aldrich
(Figure 3.7). CrRNA and trRNA together form the guideRNA, and combine with Cas9
to target and cut DNA specific to the crRNA. There was an Atto488 fluorescent tag
(excitation 488nm, green) conjugated to the tracrRNA, to allow for flow sorting and
visualization of transfected cells. All three components were transfected into HEK293T

cells using Trans-IT CRISPR transfection reagent as described in Section 3.3.3.

CAS9
protein

Cas9 recognition site

Guide RNA INNGERNA—

tracrRNA

Ficure 3.7: CRISPR-Cas9 components. The three main components are the Cas9
protein, CRISPR RNA (crRNA) and trans-activating ctRNA (tractrRNA). crRNA and tracr-
RNA both form part of the guide RNA, where the crRNA recognises and binds to target
RNA, which has a complementary sequence. Cas9 protein targets the PAM sequence and
will only cut DNA at this location.
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Platecellsin 6-well plates

| Transfect with CRISPR reagents |

Flow sorting

Culturein 96-well plates

Check each well for growth

Passage to 12-well plates

Collect protein lysates

Dot blotting (2 rounds)

Western blotting

Sequencing

Successful knockout cell line
generated

FiGUurE 3.8: Pipeline for the generation of a CRISPR-Cas9 VPS529 knockout
cell line. Following flow sorting, only colonies that were healthy and originated from a single
cell were maintained. Dot blotting and western blotting was used to discard cells that still

showed VPS29 expression.

3.4.1 Fluorescence-activated cell sorting

FACSMelody (BD Biosciences) was used to sort CRISPR-Cas9 transfected cells based
on the Atto488 fluorescent tag (excitation 488nm) conjugated to the tracrRNA. Prior
to sorting, transfected HEK293T cells were washed in PBS, trypsinised, and centrifuged

at 1,105 rcf for 5 minutes. The cells were washed with 5 ml PBS twice by resuspension

and centrifugation at 1,105 rcf. The pellet was then resuspended in 1mL PBS. Seventy

microlitres of PBS was pre-added to each well of a 96-well plates for collection. Single

cell sorting was performed using FACSMelody and cells that were positive for Atto488

fluorescence were collected in two 96-well plates containing one transfected cell per

well, while cells testing negative were discarded (Figure 3.9).
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FiGURE 3.9: Fluorescence-activated cell sorting using the Atto488 fluorescent
tag. Cells passing through the laser beam were monitored, and sorted based on the Atto488
fluorescent tag. Atto488 positive cells were sorted into a 96-well collection plate, while
Att0488 negative cells were discarded.

3.4.2 Cell lysis

Atto488 positive cells passaged to 12-well plates (section 3.3.1) were lysed for dot
blotting to determine VPS29 protein expression. Media was first removed, and cells
were washed with PBS, trypsinised (200ul), and 8004l of culture media was added to
each well. New 12-well plates were prepared with 2mL media, and 1/10 (100ul) of the
trypsinised cell suspension was added to the new plate to maintain the colony, while the
remaining 9/10 (900u1) was placed in 1.5ml Eppendorf tubes for cell lysis. The tubes
were spun at 1,000 rpm for 5mins to remove the supernatant, before resuspending the
pellet in 1mL PBS. Samples were spun again to remove the PBS and kept on ice to
slow protein degradation. One hundred and fifty microlitres of RIPA buffer containing
10X phosphatase inhibitor (Sigma Aldrich) and 25X protein inhibitor (Sigma Aldrich)
was added to lyse the cells. Samples were rotated on a rotating wheel in a cold room

for 30 minutes before proceeding to dot blotting.
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3.4.3 Expression analysis by dot blotting

Two microlitres of each lysed sample was slowly pipetted onto a nitrocellulose mem-
brane. The membrane was then allowed to air dry for about 30 minutes. Non-specific
sites were blocked with Odyssey blocking buffer (Li-Cor Biosciences) for about 1 hour at
room temperature on a rocking platform. Blocking solution was removed and kept for
future use, while the membrane was incubated with 1/500 dilution primary anti-goat
polyclonal VPS29 antibody (Abcam, catalogue no. ab51972) with agitation for 1 hour,
followed by 3 X 5 minutes washes with tris buffered saline with tween-20 (TBS-T).
Secondary antibody incubation (Donkey anti-goat 1gG, 1/20,000, Li- Cor Biosciences)
was also carried out for 1 hour, followed by another 3 X 5 minutes washes with TBS-T,
1 X 5 minutes with TBS, and 1 X 5 minutes with water. The membrane was lightly
dried before imaging with automatic settings provided by Odyssey CLx imaging sys-
tem (Li- Cor Biosciences) and analysed with Image Studio software. The colonies with

visibly reduced expression were maintained, while the rest was discarded.
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TABLE 3.3: Primer sequences, PCR product size, optimal PCR reaction conditions, annealing temperatures and

sequencing primers for gene primer sets used for candidate gene screening

Primer name Sequence 5’ to 3'(with M13F or M13R-pUC) PCR product size Optimised conditions T Sequencing primer
ABCD1_Ex1 M13_F TGTAAAACGACGGCCAGTTTCAACTGCTGCCCCAGG 580bp MyTaq 66.1 MI3F
ABCDI1_Ex1 M13_R CAGGAAACAGCTATGACAGTAGAGGCGGTAGGCGTG

AUH_Ex10 M13_F TGTAAAACGACGGCCAGTTGGAGTAAGAAGGATGAGTTTGGTTAC  406bp MyTaq 63.7 MI3R pUC
AUH_Ex10 M13_R CAGGAAACAGCTATGACTGAAGTACACGGATGGGTCC

C2CD4A _Ex2 M13_F TGTAAAACGACGGCCAGTGAGCGGAGACTGGCTTCTC 181 bp MyTaq 68  MI3R pUC
C2CD4A _Ex2 M13_R CAGGAAACAGCTATGACCTCGTCCATCCCTGCTTCT

CYB5R3_Ex1 M13_F TGTAAAACGACGGCCAGTGGTTAGCTAGGGAAGGGCTC 257bp MyTaq 68  MI3F
CYB5R3_Ex1 M13_R CAGGAAACAGCTATGACACCCCTCCTCAAATACCCAC

CYB5R3_Ex4 M13_F TGTAAAACGACGGCCAGTAGTGGGTTGACAAGACCCAG 247bp MyTaq 63.7 MI3F
CYB5R3_Ex4 M13 R CAGGAAACAGCTATGACTCCACATGGGCTGTTGC

DCAF7_Ex4 M13_F TGTAAAACGACGGCCAGTAGCTTGCATGAGAACCTTGG 245bp MyTaq 63.7 MI3F
DCAF7_Ex4 M13_R CAGGAAACAGCTATGACCAAGCTGACCTCTTCCTGTG

GBE1_Ex8 M13_F TGAGTTTCATCAACCAACTGAG 513bp MyTaq 63.7 MI3R pUC
GBE1_Ex8 M13_R CACGAATTATAGCATATTCAGCAG

KIF5A_Ex18.19 M13_.F TGTAAAACGACGGCCAGTTGGAGTTCTGGTCACAACGTG 424bp MyTaq 63.7 MI3R pUC
KIF5A_Ex18.19 M13.R  CAGGAAACAGCTATGACTACAGCAAGGTGACAGGACC

LAMA2_Ex2 M13_F TGTAAAACGACGGCCAGTTTTGGGTTACTTTAATGCTCCG 359bp MyTaq 63.7 MI3F
LAMA2 Ex2 M13_R CAGGAAACAGCTATGACTTAATGCAACTTGGCCTCAAC

NUTM2A _Ex2 M13_F TGTAAAACGACGGCCAGTCTGTCTGTGTTCACGGCTCT 206 bp MyTaq 68  Messy
NUTM2A Ex2 M13. R CAGGAAACAGCTATGACCCCACCTCTGTCCTCATCTG

NUTM2A NEW M13.F TGTAAAACGACGGCCAGCTCTCCGTGGAGGAACAGAG 359bp MyTaq 63.7 MI3F
NUTM2A_NEW M13.R CAGGAAACAGCTATGACAGCCATCCTGTTCTGTCACC

TERF2IP_Ex1 M13_F TGTAAAACGACGGCCAGTGGAGCTGGAGGCCTATCG 176 bp MyTaq+enhancer 63.7 MI13R pUC
TERF2IP_Ex1 M13_R CAGGAAACAGCTATGACGGGCATTTTCCTTCACGTAG

USP7_Ex21 M13_F TGTAAAACGACGGCCAGTTTCTGGCCATATTAAACGTTAGAC 256bp MyTaq 61 MI13R pUC
USP7_Ex21 M13_R CAGGAAACAGCTATGACGCTCGGGATCTAGGTACAAATG

ZNF580_Ex2 M13_F TGTAAAACGACGGCCAGTGTGCAGCTGGAGGAGGAG 381bp MyTaq+enhancer 66.1 MI3F

ZNF580_Ex2 M13_R

CAGGAAACAGCTATGACTGTGTGGGTCAGACTTGGTG
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TaBLE 3.4: PCR conditions for primer optimisation and variant validation

Reagent PCR optimisation PCR validation
Water 3.7 7.4
MyTaq ) 10
Primer Forward 0.4 0.8
Primer Reverse 0.4 0.8
DNA 0.5 1

Total volumes 10 (ul) 20 (pl)
Temperature (°C) Time Cycles
95 3 min 1X

95 15 sec 35 X
50-70 15 sec 35 X
72 15 sec 35 X
72 5 min 1X
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TABLE 3.5: Details of the In silico pipeline

Analysis

Tool

Description

Scores

Reference

Protein prediction
Protein prediction

Protein prediction

Mutation Assessor
Mutation Taster

Polyphen-2

sequence conservation
sequence conservation
homology information plus structural and func-

tional annotation of proteins

high, medium, low ,neutral
disease causing, polymorphism
probably damaging, possibly damaging, benign

(Reva et al., 2011)
(Schwarz et al., 2010)
(Adzhubei et al., 2010)

Protein prediction Pon-P2 amino acid features, conservation, functinoal an- pathogenic, neutral, unknown tolerance (Niroula et al., 2015)
notations

Protein prediction SIFT sequence conservation damaging, tolerated (Ng and Henikoff, 2003)

Protein prediction FATHMM function prediction deleterious, tolerated (Shihab et al., 2013)

Protein prediction PhD-SNP homology information plus structural and func- disease-related, neutral polymorphism (Capriotti et al., 2006)
tional annotation of proteins

Protein prediction PANTHER sequence conservation disease, unclassified, neutral (Thomas and Kejariwal, *

Protein prediction SNPs&GO homology information plus structural and func- disease, neutral (Calabrese et al., 2009)
tional annotation of proteins

Protein prediction PROVEAN function prediction deleterious, neutral (Choi and Chan, 2015)

Protein prediction CADD score that intergrates multiple annotations into ranking scores (>20 is high) (Kircher et al., 2014)
one metric

Conservation PhyloP p-values based on an alignment and model of neu- positive (conserved), negative (accelerated) (Pollard et al., 2010)
tral evolution

Conservation PhastCons probability that a nucleotide is from a conserved 0-1, 1(conserved) (Siepel et al., 2005)
element

Conservation NCBI homologene contains protein sequence alignments for different 1A, 1B, 2, 3, 4 (Pruitt et al.,
species

Natural variation  z score calculated using the deviation of observed counts positive (low variation), negative (high variation) (Lek et al., 2016)
from expected number

Natural variation — RVIS score rank genes in terms of deviation of functional ge- positive (high variation), negative (low variation) (Petrovski et al., 2013)
netic variation relative to expectation

Gene expression HBT contains transcriptome data from human brain log-2 signal intensity score >6 (expressed) (Kang et al., 2011)

Gene expression

GTEx project

contains details about human gene expression and

regulation

reads per trascripts per million (TPM) values >0.5 (ex-

pressed)

(Lonsdale et al., 2013)
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TABLE 3.7: Q5 site-directed mutagenesis PCR conditions

Reagent

Volume(pl)

Q5 2X master mix
10mM F primer
10mM R primer

10ng plasmid template
dH,0O

12.5
1.25
1.25
1
9

Total volume

25ul

Temperature Time

Cycles

98°C 30 sec
98°C 10 sec
TA 30 sec
72°C 3 mins
72 °C 2 mins

1X
25X
25X
25X
1X

KLD reaction

Volume(pl)

PCR product
2 X KLD reaction buffer
10X KLD enzyme mix

Nuclease free water

Total volume

TABLE 3.8: Q5 site-directed mutagenesis primer information

Primer name Sequence 5 to 3’ TA
Q5_CYB5R3_p.HI5Y F CAAGGACACCtATCCCAAGTTTC 60°C
Q5_CYB5R3_p.H95Y_ R AAGTAAACCTTGATGACCAG

Q5. DCAF7p.V252I. F GATTCTAGATaTCCGGGTTCC 60°C

Q5_-DCAF7 p.V252I. R ACCACCTCCATTCCATCC

Q5 SAV1 p.D219E F
Q5.SAV1_p.D219E_R

ATTATATAGAaCATAACACAAATACAAC 55°C
ATTTTCTCCCTCTCATTG
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TABLE 3.9: Primers used for selection of recombinant constructs

Oligonucleotide name Sequence 5’ to 3’ Product size
SAV1_F_primer ACGAGCCCCTGTGAAATATG 186
SAV1_R _primer CACTGCTGTCTCTGCTTTCG

CYB5R3_F _primer CTACCTCTCGGCTCGAATTG 179
CYB5R3_R primer TGTCTCCAATCTGCATGCTC
T7_F_primer AATACGACTCACTATAG 348
CYB5R3_R_primer TGTCTCCAATCTGCATGCTC
DCAFT7_F _primer CACCTTTGACCACCCATACC 180
DCAFT7_R_primer AGGGGAGCACAGAAATCAGA
T7_F_primer AATACGACTCACTATAG 571
DCAF7_R_primer AGGGGAGCACAGAAATCAGA

TABLE 3.10: Primers used to validate constructs using Sanger sequencing

Oligo name Sequence 5 to 3’ Gene
T7 Primer AATACGACTCACTATAG CYB5R3
CYB5R3_cDNA 568bp_part FF' AGAAGGACATCCTGCTGCGA

Internal pCMV6_entry_R TCTGTTCAGGAAACAGCTATGA

T7 Primer AATACGACTCACTATAG SAV1
SAV1_cDNA_1127bp_F TGCCCAACAACATGGAAAAAA

SAV1 ¢cDNA 470bp part ' ATATTATGAATACAACCATCAT
DCAF7_cDNA 571bp part F ACATGTTTGCCTCTCGTGGGTGCT DCAF7?
DCAF7_¢cDNA_1000bp_F TACAACAACTCGCCTCGGAGATA
DCAF7_¢DNA _793bp R TTGACACATGCTCGATGG

TABLE 3.11: Transfections reagents and volumes for 24 and 12-well plates

DNA mix 24-well plate (ul) 12-well plate (ul)
Construct DNA (500ng/pl) 2 10

Lipofectamine Plus reagent 1 )

Opti-MEM 47 235

Total volumes 50 250
Lipofectamine mix 24-well plate (ul) 12-well plate (ul)
Lipofectamine L'TX 3 15

Opti-MEM 47 235

Total volumes 250 250
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TABLE 3.12: Reagents for CRISPR-Cas9 transfection

Reagents Volume per well (6-well plate)
crRNA - 20mM 7.2

tracRNA - 20mM 7.2

Cas9 protein - 0.5ug 1.8

Opti-MEM 275

Trans-IT-CRISPR 6.9

Total volume 298.1




Results

4.1 NGS analysis and bioinformatics

4.1.1 Family FALS147 information

W

FIGURE 4.1: Pedigree for family FALS147. Family FALS147 consists of two gen-
erations with autosomal dominant inheritance of ALS. DNA was available from individuals
marked with stars, all of whom underwent WES and WGS. Females are represented by circles,
and males by squares. Black filled symbols indicate individuals affected by ALS, a diagonal
strikethrough shows a deceased individual. The arrow represents the family proband.

49
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Family FALS147 is a two generation ALS kindred, which was previously screened
and shown to be negative for all known ALS gene mutations (Figure 4.1). Family
FALS147 comprises two affected children, one affected parent, and one married-in
parent, consistent with autosomal dominant inheritance of ALS. Exome and genome
sequencing data was available from the two affected children and the one married-in

control.

4.1.2 Validation of exomic variants in whole-genome data

Twenty-one candidate gene variants resulting from family FALS147 WES analysis
(identified prior to this project) were screened in the whole-genome data (Appendix
Table A.1). With one exception (ISM2), all candidate gene variants were present in the
whole-genome data from the two affected FALS and absent in the married in control

parent.

4.1.3 Analysis of family FALS147 whole-genome sequencing
data

Whole-genome sequencing data from family FALS147 was subjected to shared variant
analysis (Section 3.1.1) to identify variants that were present in both affected individ-
uals and absent in the married in control parent. In total, 683613 shared variants were
identified. Of these, 3214 variants were identified within genes or within 1kb upstream
and downstream from coding sequences. These included coding variants (0.49%) and
non-coding variants in introns and splice sites (Figure 4.2). Filtering of coding variants,
shown in Figure 4.3, led to the identification of 15 novel heterozygous non-synonymous
candidate variants in 11 genes (Appendix Table 4.1). Analysis across the WGS dataset
identified extremely high allele-counts (variants present in >90% of screened samples
that are likely to be false-positives) for 11 variants, which were subsequently removed.
In contrast, four candidate gene variants (located in NUTM2A, C2CD4A, TERF2IP,
and ZNF580) were found only in the two affected individuals from family FALS147.
These four novel candidate variants were screened through updated control databases

and underwent Sanger sequencing for validation (Sections 4.1.5 and 4.1.6).



4.1 NGS ANALYSIS AND BIOINFORMATICS

ol

splicing, 25

intronic, 236445

non-coding RNA, 42994

UTR3, UTRS, 5843

upstream, downstream,
8972

intergenic, 361979

FIGURE 4.2: Types of shared variants identified in family FALS147. Most of the
shared variants were intergenic (55%), followed by intronic (36%) and non-coding RNA (7%).
There are only 3215 exonic variants (0.49%).

TABLE 4.1: Family FALS147 candidate gene variants identified from WGS anal-

ysis

Gene Location  Accession no Variant (DNA) Variant (Protein) Obtained from

MSTIL 1:17085995 NM_001271733 ¢.C902G p-A301G FALS147 whole-genome analysis
NBPF19  1:145366193 NM_001351365 c¢.C8548A p-Q2850K FALS147 whole-genome analysis
OR2T38  1:248436972 NM_001004695 ¢.T145G p-W49G FALS147 whole-genome analysis
OR2T12  1:248458736 NM_001004692 ¢.T145G p-W49G FALS147 whole-genome analysis
FAMS8A1  6:17601035 NM_016255 c.A395G p-H132R FALS147 whole-genome analysis
FAM8A1  6:17601040 NM_016255 ¢.G400A p.G134S FALS147 whole-genome analysis
FAM8A1  6:17601041 NM_016255 ¢.G401T p.-G134V FALS147 whole-genome analysis
FAM8A1 6:17601044 NM_016255 ¢.T404C p.L135P FALS147 whole-genome analysis
FAM8A1  6:17601058 NM_016255 c¢.G418A p-A140T FALS147 whole-genome analysis
NUTM2A 10:88988120 NM_001099338 ¢.C483A p.-H161Q FALS147 whole-genome analysis
CDHR5 11:618998 NM_001171968 ¢.C1543G p-P515A FALS147 whole-genome analysis
ORG6S1 14:21109726 NM_001001968 ¢.C125G p-T42R FALS147 whole-genome analysis
C2CDJA  15:62359942 NM_207322 ¢.G130A p-D44N FALS147 whole-genome analysis
TERF2IP 16:75682129 NM 018975 ¢.G349A p-A117T FALS147 whole-genome analysis
ZNF580 19:56154346 NM_001163423 ¢.C472T p-R158C FALS147 whole-genome analysis
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Filtering ste No. of

g step variants
analysis

Filter=PASS 659474
only

dbSNP147 and ExAC 29

FALS147 WES

. 15
analysis

Allele counts 4

Updated control
databases

Novel WGS analysis
variants

FiGUurE 4.3: Filtering of family FALS147 WGS data. Novel candidate variants
identified after custom bioinformatics filtering analysis of WGS data from family FALS147.
Shared variant analysis identified 683613 variants. Custom filtering resulted in the identifi-

cation of four novel candidate gene variants that were not previously identified from analysis
of WES data.

4.1.4 Candidate gene screening in SALS whole-genome se-

quencing data

A small but significant proportion of apparently SALS cases are known to carry
pathogenic mutations in genes that were originally linked to FALS. As such, the top 3
candidate genes identified from WES analysis of family FALS147 (CYB5R3, DCAF7
and SAV1), as well as from recent publications or collaborators (18 genes, Table 3.2)
were screened in the SALS WGS dataset to identify additional novel gene variants that
may contribute to disease. Analysis of the top three family FALS147 candidate genes
(SAV1, CYB5R3, and DCAF), led to the discovery of four additional gene variants.
Moreover, 20 new candidate variants were identified after candidate gene screening and
custom filtering of the 18 genes obtained from publications or collaborators. These

novel variants are shown in Appendix Table A.2.
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4.1.5 Updated control database filtering

All variants identified from the novel gene discovery pipeline in family FALS147 as well
as candidate gene screening were further filtered using NGS data from publicly available
control datasets, including GnomAD, MGRB and ProjectMinE. Three of the 21 family
FALS147 exome candidate variants (CCDC50, IL17RE, and LRRC70) were removed
after control screening. Four (of 24) gene variants identified from gene screening from
sporadic cohorts were also removed. Summaries of candidate gene variants filtered out

and maintained following control variant filtering are shown in Tables 4.2 and 4.3.

TABLE 4.2: Details of candidate genes filtered out by updated control databases

Gene GnomAD MGRB ProjectMinE
CCDC50 (c.A811G) Yes (3 Non-Finnish) No No
IL17RE (c.C64A) Yes (5 Non-Finnish) No No
LRRC70 (c.A1490T)  Yes (2 Non-Finnish) No No
AUH (c.C973G) Yes (1 African and 4 Non-Finnish) Yes No
CYP27A1 (¢.G1309T) Yes (2 Non-Finnish) Yes No
LAMAZ2 (c.C5937G)  Yes (3 Non-Finnish) Yes No
LAMA2 (c.C7513T)  Yes (4 Non-Finnish and 2 others)  Yes No

TABLE 4.3: Novel variants from candidate gene screening

Gene Patient sample Acession no Codon change AA change
DCAF7  chl17:61657233 NM_005828 c.G457C p.G153R
CYB5R3 ch22:43026934 NM_007326 c.C218A p.P73H
CYB5R3 ch22:43040403 NM_001171660 c¢.G113A p.S38N
CYB5R3 ch22:43040433 NM_001171660 c.A83G p-Q28R
ABCD1  chrX:152990929  NM_000033 ¢.G208C p.V70L
AARS2  chr6:44272510 NM_020745 c.G1624T p.D542Y
AUH chr9:93976697 NM_001698 c.C953T p.T318I
AUH chr9:94123951 NM_001698 c.A221C p.E74A
GBFE1 chr3:81643080 NM_000158 c.C1087T p. L363F
GBFE1 chr3:81754764 NM_000158 c.G144T p.R48S”
GBFE1 chr3:81810577 NM_000158 c.T92A p.L31H”
HTRA1  chrl0:124248938 NM_002775 ¢.G573C p.K191N”
LAMA2  chr6:129371083 NM_000426 c.A133C p.N45H
LAMA2  chr6:129511430 NM_000426 c.T1548A p.-D516E
LAMAZ2  chr6:129571323 NM_000426 c.A1849C p. T617P
LAMA2  chr6:129591890 NM_000426 c.C2444T p.S815F
LAMA2  chr6:129641769 NM_000426 c.G4145T p.C1382F
LAMA2  chr6:129766925 NM_000426 c.A6388T p-12130L
KIF5A chr12:57969899 NM_004984 c.A2053G p.K685E
USP7 chr16:8994445 NM_003470 c.G2251C V751L
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4.1.6 Validation of ALS candidate variants by direct DNA

sequencing

Validation of family FALS147 candidate variants

Candidate variants identified from NGS data required validation by direct DNA se-
quencing. Primers designed to amplify candidate gene variants were successfully opti-
mised (Table 3.3) and used for PCR amplification and Sanger sequencing. All family
FALS147 variants were validated. Exomic variants were previously validated by other
group members. Among the four novel genomic variants obtained from WGS analy-
sis, ZNF580, C2CD4A, and TERF2IP variants were confirmed to be present in both
affected siblings while absent in the control parent, while NUTM2A had ambiguous
results. An example of successful validation is shown in Figure 4.4 for C2CD4A. Ta-
ble 4.4 shows the final list of all PCR validated candidate gene variants remaining for
family FALS147, following filtering from control databases.

,1\/\/\ 2 Control 11
c G A A C
a c 1 Tt a

Affected 111

Affected 112

FIGURE 4.4: Chromatograms showing validation of the family FALS147
C2CD/A candidate variant. The family FALS147 candidate variant in C2CD/A
(c.G130A , p.D44N) was present in both patient DNA samples, and was absent in the control,
and was successfully validated by Sanger sequencing.
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TABLE 4.4: PCR validated family FALS147 candidate gene variants

Gene Location Accession no Variant (DNA) Variant (Protein) Obtained from

PRAMEF12 c¢hr01:12837663  NM_001080830 ¢.G1373A p-R458H FALS147 whole-exome analysis
ZBTBSA chr01:33059103  NM_001040441 ¢.A571G p.K191E FALS147 whole-exome analysis
TTN chr02:179546450 NM_133378 ¢.T29378A p-19793N FALS147 whole-exome analysis
ANKRD31  chr05:74491500 NM_001164443 ¢.T973C p-F325L FALS147 whole-exome analysis
DNAHS chr06:38879296  NM_001206927 ¢.G9793T p-G3265C FALS147 whole-exome analysis
OR2A25 chr07:143771959 NM_001004488 ¢.C647G p-5216C FALS147 whole-exome analysis
PPP1R9A chr07:94540079  NM_001166163 ¢.C654G p.1218M FALS147 whole-exome analysis
FGD6 chr12:95604810 NM_018351 ¢.C250G p-Q84E FALS147 whole-exome analysis
NR1H) chr12:100904749 NM_005123 ¢.G273T p-M911 FALS147 whole-exome analysis
ISM2 chr14:77950679  NM_182509 c.A614G p-N205S FALS147 whole-exome analysis
SAV1 chr14:51111611  NM_021818 c¢.T65TA p.D219E FALS147 whole-exome analysis
HERC?2 chr15:28474716  NM_004667 ¢.A5010C p-E1670D FALS147 whole-exome analysis
DCAF7 chr17:61662588  NM_005828 c¢.GT54A p-V2521 FALS147 whole-exome analysis
NDEL1 chrl7:8347611 NM_001025579 ¢.G22C p-DSH FALS147 whole-exome analysis
ZZEF1 chr17:3961306 NM_015113 ¢.T5147C p-VI716A FALS147 whole-exome analysis
CYB5R3 chr22:43024269  NM_007326 c.C283T p.-HI5Y FALS147 whole-exome analysis
FBLN1 chr22:45928969  NM_006487 c.C571T p-R191X FALS147 whole-exome analysis
AFF2 chrX:147743972 NM_001169124 ¢.T724C p.S242P FALS147 whole-exome analysis
NUTM2A 10:88988120 NM_001099338 ¢.C483A p-H161Q FALS147 whole-genome analysis
C2CD4A 15:62359942 NM_207322 ¢.G130A p.D44N FALS147 whole-genome analysis
TERF2IP 16:75682129 NM_018975 c.G349A p-A117T FALS147 whole-genome analysis
ZNF580 19:56154346 NM_001163423 ¢.C472T p-R158C FALS147 whole-genome analysis

Validation of variants from other candidate genes

From the remaining 16 variants obtained from gene screening, nine were successfully
PCR amplified (Table 4.5). An example of successful primer optimization, PCR and

sequencing chromatogram is shown in (Figures 4.5 and 4.6).

B
A ( —t .
Eoal53N 657583 161 | H37 661 68, 6 wsse Blank Control Patient
o ' by \DNA DNA
00— ———— D e == T SN S DCAF7 245bp
100 : _ .

FIGURE 4.5: Optimisation and validation of the SALS DCAF7 candidate variant.
Gel electrophoresis image showing (A) optimisation of DCAF7 primers, and the selected
annealing temperature of 63.7 °C (denoted by arrow) for specific amplification of the 245bp
PCR product. (B) Successful amplification of the ¢.G457C variant amplicon in control and
patient DNA.
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FI1GURE 4.6: Chromatograms showing validation of SALS KIF5A candidate vari-
ant. The KIF5A c.A2053G, p.K685E identified in a SALS case was successfully validated
as indicated by the double peak present and nucleotide change from A to G in the affected
individual (marked by the arrow).

TABLE 4.5: PCR validation results from candidate gene screening in SALS and
family FALS147 WGS analysis

Gene

Patient sample

Acession no

Codon change AA change Validation results

Candidate gene screening in SALS

KIF5A SALS0041 NM_004984 ¢.A2053G p-K685E Yes
USP7 SALS2414 NM_003470 c¢.G2251C V751L Yes
ABCD1 MN201540 NM_000033 ¢.G208C p.V70L Yes
AUH SALS1097 NM_001698 ¢.C953T p.T318I Yes
GBE1 SALS2162 NM_000158 c.C1087T p. L363F Yes
LAMA2 SALS2111 NM_000426 c.A133C p-N45H Yes
DCAFT7 SALS1085 NM_005828 ¢.G457C p-G153R Uncertain
CYB5R3  SALS0215 NM_007326 c.C218A p.P73H Yes
CYB5R3  SALS1427 NM_001171660 ¢.G113A p.S38N Yes
CYB5R3  SALS2270 NM_001171660 ¢.A83G p-Q28R Yes
Family FALS147 WGS candidate genes
NUTM2A FALS020183 (control) NM_001099338 c¢.C483A p.H161Q Uncertain
FALS020072 Uncertain
FALS020176 Uncertain
C2CD4A  FALS020183 (control) NM_207322 c.G130A p-D44N No
FALS020072 Yes
FALS020176 Yes
TERF2IP FALS020183 (control) NM_018975 c¢.G349A p-A117T No
FALS020072 Yes
FALS020176 Yes
ZNF580 FALS020183 (control) NM_ 001163423 ¢.C472T p-R158C No
FALS020072 Yes
FALS020176 Yes
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4.1.7 In silico functional analysis and variant prioritisation

Following analysis using the bioinformatics filtering pipeline, in silico tools were used
to predict the potential pathogenicity and functional consequence of candidate gene
variants and to rank the variants for subsequent analyses. This comprehensive pipeline
included a total of eleven protein prediction programs, as well as analysis of conser-
vation, natural gene variation, gene expression and gene function. In silico scoring of
family FALS147 exomic variants was carried out prior to this project using the same
pipeline. A summary of in vitro scores for all candidate genes variants identified during
this project is shown in Table 4.8, with additional scores shown in Appendix Tables
A3, A4, A6 and A.5.

A novel prioritisation strategy was developed and applied to these results to identify
the highest priority candidate variants from family FALS147, leading to the three top
ranked candidate gene variants to be SAV1 ¢.T657A, DCAF7 ¢.G754A and C'YB5RS3
¢.283T. From the four novel family FALS147 candidate gene variants identified in
WGS data (NUTM2A, C2CD4A, TERF2IP, and ZNF580), the c.CA72T variant in
ZNF580 was the highest ranked candidate, predicted to be deleterious by six protein
prediction tools, highly conserved across many species, and ZNF580 highly expressed
both in brain and spinal cord. Moreover, of the 10 variants that were identified using
the candidate gene screening approach and ranked in silico, four variants (CYB5RS3
p.P73H, GBE1 p. L363F, LAMA2 p.N45H , and AUH). p.T318I were predicted to
be pathogenic by 9 to 11 protein prediction tools (Table 4.8), and were ranked as high
priority candidates. Only CYBSRS p.P73H ranked highly in most aspects of the in
silico analysis, making it the strongest candidate gene variant for further analysis. The

remaining candidate genes were rated poorly in most aspects of the in silico pipeline.

4.2 (Generation of wild type and mutant expression

constructs for in vitro analysis

To assess the pathogenicity of top-priority candidate gene variants identified in family
FALS147 (Section 4.1), a small library of expression constructs carrying candidate gene
cDNA were generated (Table 4.6) for in wvitro analysis. To generate the constructs,
candidate gene variants were introduced in wild type pCMV6-Entry constructs using
site-directed mutagenesis. Wild type and mutant genes were then digested from the
pCMV6-Entry construct and ligated to the pCMV6-AC-RFP construct, and validated

by Sanger sequencing.
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TABLE 4.6: Constructs generated in this project

Construct name Construct Tag Candidate gene Mutation
pCMV6-Entry-CYB5R3-WT pCMV6-Entry Myc CYB5R3 Wild type
pCMV6-AC-RFP-CYB5R3-WT pCMV6-AC-RFP RFP CYB5R3 Wild type
pCMV6-Entry-CYB5R3-Mutant pCMV6-Entry Myc CYB5R3 ¢.C283T; p.HI5Y
pCMV6-AC-RFP-CYB5R3-Mutant pCMV6-AC-RFP RFP CYB5R3 ¢.C283T; p.HI5Y
pCMV6-Entry-DCAF7-WT pCMVG6-Entry Myc DCAF7 Wild type
pCMV6-AC-RFP-DCAF7-WT pCMVG-AC-RFP RFP DCAF7 Wild type
pCMV6-Entry-DCAF7-Mutant pCMVG6-Entry Myc DCAFT7 c.G754A; p. V2521
pCMV6-AC-RFP-DCAF7-Mutant  pCMV6-AC-RFP RFP DCAF7 ¢.G754A; p. V2521
pCMV6-Entry-SAV1I-WT pCMV6-Entry Myc SAV1 Wild type
pCMV6-AC-RFP-SAVI-WT pCMVG6-AC-RFP RFP SAV1 Wild type
pCMV6-Entry-SAV1-Mutant pCMVG6-Entry Myc SAV1 ¢.T657A; p.D219E
pCMV6-AC-RFP-SAV1-Mutant pCMVG6-AC-RFP RFP SAV1 ¢.T657A; p.D219E

4.2.1 Generation of pCMV6-entry mutant constructs using

Q5 mutagenesis

Site-directed mutagenesis was successfully performed to introduce candidate variants
into the cDNA sequences of the respective expression constructs, as described in Table
4.6. The presence of each variant in the respective constructs was examined by check-
colony PCR (Figure 4.7) followed by Sanger sequencing. For each gene construct, six
colonies were sequenced and two colonies each had the desired mutation. These were
subsequently sequenced in full (Figure 4.8).

4.2.2 Generation of pCMV6-AC-RFP wild type and mutant

constructs

To generate the pCMV6-AC-RFP wild type and mutant constructs required to visualise
gene expression, both the empty pCMV6-AC-RFP and the pCMV6-entry constructs
were first digested using S¢fl and Mlul as shown in Figure 4.9. The digested prod-
ucts that corresponded to the candidate cDNAs (Figure 4.9, bottom band) were then
extracted and purified from the gel and ligated to the digested and purified. To en-
sure ligation and transformation were successful, the cDNA inserts were validated by
check-colony PCR using gene specific primers and Sanger sequencing. All primers
and expected amplicons are summarised in Table 3.9.As shown in Figure 4.10, all
wild type cDNAs and SAVI-D219E ¢cDNA were PCR amplified to generate amplicons
of the correct size. Mutant CYB5R3 and DCAF7 PCRs also generated non-specific

bands which, upon sequencing, did not carry the desired gene sequences. Additional
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CYB5R3-HI95Y and DCAF7-V2521 mutant colonies were tested using the T7 univer-
sal primer and the corresponding gene reverse primer to obtain more specific bands
(Figure 4.11). Three additional positive colonies were identified and sequenced, all of

which contained correct mutated sequences.

CYB5R3

FIGURE 4.7: Check-colony PCR to confirm cDNA ligation into pCMV6-entr.
PCR products were amplified using gene specific forward and reverse primers, and elec-
trophoresed. All lanes contain PCR products from a single bacterial colony following trans-
formation. Correct PCR amplicon sizes are 179bp, 180bp, and 186bp for CYB5RS3, DCAF7
and SAV1 respectively. An empty well represents an empty construct. The arrows represent
constructs that were sequenced, while the boxed numbers represent the colonies that were
fully sequenced with the desired mutation.
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FIGURE 4.8: Sequencing chromatograms of candidate cDNA in pCMV6-entry.
Sequence chromatograms showing the presence of the desired nucleotide changes in each
candidate gene: A; CYBS5R3, B; SAV1 and C; DCAF7, denoted by the arrows. The top
chromatogram represents the reference sequence (or wild type gene), while the lower chro-
matogram represents the sequence containing the desired variant.
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FIGURE 4.9: Restriction enzyme digests of pCMV6-entry. Constructs were digested
and electrophoresed on agarose gel. Two restriction fragments were generated; the pCMV6-
entry construct at 4.9kb size (top bands) and respective candidate cDNA inserts (arrowed).
Easy ladder I (Bioline) was used as a marker and arrows indicate the insert that was purified.
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DCAF7 c.G754A

2000

SAV1 c.D219E

F1GURE 4.10: Check-colony PCR to confirm cDNA ligation in pCMV6-AC-RFP.
PCR used gene specific F and R primers to generate amplicons from clones that contained
cDNA inserts. Amplicon sizes are 179bp, 180bp, and 186bp for CYB5R3, DCAF7 and SAV1
respectively. Each lane represents a PCR using template from a single colony. The arrows
represent constructs that were sequenced, while the boxed numbers represent the clones that
had the correct desired sequence. Blank wells show colonies with empty constructs.

FIGURE 4.11: Check-colony PCR using T7 primer to confirm cDNA insert in
pCMV6-AC-RFP. PCR used the universal T7 forward and a gene specific reverse primer
to generate amplicons from clones that contained cDNA inserts. Amplicon sizes are 348bp
for CYB5R3 and 571bp for DCAF7. Each lane represents a PCR using template from a
single colony. The arrows indicate constructs that were sequenced, while the boxed numbers
indicate the clones that had the correct desired sequence. Blank wells show colonies with
empty constructs.



62 Results

4.3 In vitro functional analysis of family FALS147

candidate genes

4.3.1 Transfection optimisation in SH-SY5Y cells

In order to optimise transfection efficiency in the SH-SY5Y neuronal cell line, dif-
ferent concentrations of transfection reagents were tested together with pCMV6-AC-
RFP-empty construct (Section 3.3.3). RFP expression was observed by fluorescence
microscopy (excitation/emission = 553/ 574 nm) and transfection efficiency was quan-
tified using flow cytometry at 48 hours post-transfection. Fluorescence microscopy
provided a qualitative assessment and indicated that few transfected cells were present
regardless of transfection reagent concentration (data not shown). Flow cytometry
analysis confirmed this observation with a mean transfection efficiency of 1.6%, as
summarised in Table 4.7. Condition 10 (1000ng DNA, 3ul Lipofectamine, and 1ul
PLUS reagent) showed the highest efficiency, with 2.7% of cells transfected, whereas
condition 1 (500ng DNA, 1.25ul Lipofectamine, and 0.5ul PLUS reagent) showed the
lowest efficiency, with only 0.2% of cells transfected. Overall, the transfection effi-
ciency was considered too low for subsequent analysis in SH-SY5Y cells. Instead, with
time constraints, the HEK293T cell line (human embryonic kidney) was selected as
an alternative due to its reputation for ease of handling, rapid growth and ease of

transfection.

TABLE 4.7: Percentages of transfected SH-SY5Y cells for all transfection con-
ditions
Sample number DNA (vg) Lipofectamine (ul) PLUS reagent (ul) % transfected cells

1 500 1.25 0.5 0.2
2 500 1.5 0.5 0.4
3 500 2 0.5 0.8
4 500 2.5 0.5 2.1
5 750 1.8 0.75 1.1
6 750 2.25 0.75 1.4
7 750 3 0.75 24
8 750 3.75 0.75 2.1
9 1000 2.5 1 2.1
10 1000 3 1 2.7
11 1000 4 1 2.5
12 1000 5 1 1.8

4.3.2 Transfection efficiency in HEK293T cells

Flow cytometry was also used to determine the transfection efficiency between wild

type and mutant genes in HEK293T cells (Figure 4.12). Transfection efficiencies mean
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(n=3) for the different genes are as follows: CYB5R3-WT (93.6%), CYB5R3-mutant
(83.2%), DCAF7-WT (20.4%), DCAF7-mutant (15%), SAV1-WT(88%), and SAV1-
mutant (88.7%). No significant difference was found between expression of wild type
and mutant for DCAF7 or SAV1. However, transfection efficiency of the CYB5R3
mutant was significantly lower than that of CYB5R3-WT (**p<0.01).

4.3.3 Cytotoxicity of candidate proteins

Cytotoxicity was assayed following transfection of each of the three wild type and
mutant candidate expression constructs in HEK293T cells. The percentage of dead
cells was determined using flow cytometry after staining with SYTOX cell death marker
(Figure 4.13). Although non-significant, cells transfected with CYB5R3-H95Y showed
a lower proportion of SYTOX blue population compared to CYB5R3-WT (p=0.26).
Cells transfected with the DCAF7-V252I also showed a lower proportion of the SYTOX
blue cell population compared to DCAF7-WT (p=0.3). The opposite was observed for
SAV1, with SAV-D219E showing a higher proportion of dead cells compared to SAV-
WT (p=0.39). No observed changes were significant.

4.3.4 Cellular localisation of candidate proteins

To study the effect of each candidate variant on protein cellular localisation, all pCMV6-
AC-RFP wild type and mutant constructs were individually transfected into HEK293T
cells. Endogenous TDP-43 expression was also investigated. Overexpression of DCAF7
resulted in nuclear localisation of the recombinant proteins, with no observed difference
between DCAF7-WT and DCAF7-V2521 (Figure 4.14). TDP-43 also localised to the
nucleus in both wild type and mutant DCAF7. Overexpression of SAV1 showed cyto-
plasmic localisation of the recombinant proteins, with no observed difference between
SAV-WT and SAV-D219E (Figure 4.15). TDP-43 localisation was mostly nuclear, with
occasional cytoplasmic TDP-43 localisation and co-localisation with SAV1 in both wild
type and mutant SAV1 expressing cells. Overexpression of CYB5R3-W'T showed cyto-
plasmic localisation of the recombinant protein, whereas overexpressed CYB5R3-H95Y
formed large round cytoplasmic inclusions in a subpopulation of cells (Figure 4.16).
Quantification of these inclusions was performed on 100 transfected cells. CYB5R3-
H95Y expressing cells showed significantly higher proportion of cells with large cyto-
plasmic inclusions compared to CYB5R3-WT (p<0.05, p = 0.015). CYB5R3 did not

co-localise with endogenous TDP-43.
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FIGURE 4.12: Transfection efficiency of wild type and mutant expression con-
structs. Transfection effeciency was determined using RFP flurorescence expression. Non-
transfected sample was used as a gating parameter for transfection, and the same gating was
used to determine transfection for the other samples. Transfection with CYB5R3-H95Y was
significantly lower than with CYB5R3-WT. There was no significant difference between wild
type and mutant for DCAF7 and SAV1. The bar chart values represent mean +- S.E.M by
pooling 3 samples together. Error bars show S.E.M., (**p<0.01).
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FIGURE 4.13: Cytotoxicity of HEK293T cells expressing CYB5R3, DCAF7 and
SAV1. (A, B, C) Representative flow cytometry dot plots of SYTOX blue staining in RFP-
positive cell populations (Q2, denoted by the arrow) for wild type and candidate mutant
(A) CYB5R3, (B) DCAFT and (C) SAV1. The population gate was established using non-
transfected samples as a control. The x-axis represents RFP expression, y-axis represents
SYTOX blue staining. (D) Quantification of SYTOX blue positive populations (Q2). There
were no significant differences in toxicity between the wild type and mutant transfected cells.
The values represent mean +- S.E.M. Error bars show S.E.M (NS, p >0.05) 10,000 events
were measured, n=3).
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FIGURE 4.14: (A) Localisation of DCAF7 in HEK293T cells. HEK293T cells were
transfected with pPCMV6-AC-RFP DCAF-WT and DCAF-V252I constructs (red) and stained
with nuclear marker DAPI (blue). Cells were also immuno-stained for endogenous TDP-43
(green). DCAF7-WT and DCAF-V252I localised to the nucleus. There was no correlation
between TDP-43 and DCAF7 expression, scale bar = 10um

DCAF7 WT

DCAF7 p.V252]




4.3 In vitro FUNCTIONAL ANALYSIS OF FAMILY FALS147 CANDIDATE GENES 67

RFP TDP-43 DAPI Merge

i

SAV1IWT

SAV1p.D219E

FIiGURE 4.15: Localisation of SAV1 in HEK293T cells. HEK293T cells were trans-
fected with pCMV6-AC-RFP wild type and mutant SAV1 constructs (red) and stained with
nuclear marker DAPT (blue). Cells were also immuno-stained for endogenous TDP-43 (green).
WT and mutant SAV1 recombinant proteins localised to the cytoplasm. TDP-43 was located
in either the nucleus or cytoplasm (marked by arrow) and there was no clear co-localisation
pattern between TDP-43 and SAV1. Scale bar= 10um.
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FIGURE 4.16: Localisation of CYB5R3 in HEK293T cells. HEK293T cells were
transfected with pCMV6-AC-RFP wild type and mutant CYB5R3 constructs (red) and
stained with nuclear marker DAPI (blue). Cells were also immuno-stained for endogenous
TDP-43 (green). Both CYB5R3-WT and CYB5R3-H95Y were predominately located in the
cytoplasm. CYB5R3-H95Y formed rounded inclusion-like structures. Scale bar = 10um (B)
Counting was performed on a random sample of 100 CYB5R3-WT and CYB5R3- H95Y
transfected cells, and a comparative t-test showed the cytoplasmic inclusion phenotype to be
significantly more common in mutant than CYB5R3-WT transfected cells (*p<0.05.). Error
bars show S.E.M.
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4.4 Generation of a VPS529 knockout cell line using
CRISPR-Cas9

Another aim of this project was to develop a protocol to create a VPS29 knockout
cell line using CRISPR-Cas9 technology. Knockout cell lines will form part of the
in wvitro analysis pipeline to assess the pathogenicity of candidate genes in ongoing
studies. Figure 4.18 shows the different stages, including transfection, flow sorting, cell
maintenance, dot blotting, western blotting and Sanger sequencing, as well as the num-
ber of cell colonies that remained at each stage. Following transfection with CRISPR
reagents and flow sorting, two 96-well plates (n=192 colonies) were obtained. Con-
taminated colonies, or those originating from multiple cells (determined by microscope
visualisation) were discarded. Fifty-two cell colonies were passaged to 12-well plates,
and protein lysates were collected for a total of 34 of these colonies. The rest were
discarded due to poor growth. Only cell colonies that showed reduced or no VPS29
expression upon dot blotting were maintained (Figure 4.17). The first round of dot
blotting resulted in 12 promising colonies that showed reduced or no VPS29 expres-
sion. These were selected for a second round of dot blotting to avoid false positives.
As a result, only 4 were positive in the second round and these cell colonies underwent
Western blotting (performed by other lab members), all of which showed strong VPS29

expression. Therefore, no cell colonies were sent for Sanger sequencing.

FIGURE 4.17: Dot blot of VPS29 expression in CRISPR-Cas9 edited cell
colonies. HEK293T cells were transfected with CRISPR-Cas9 reagents in an effort to create
a knockout VPS29 cell line. Cell colonies were collected, lysed and blotted on a nitrocel-
lulose membrane with anti-VPS29 antibodies. Arrows show the colonies that demonstrated
reduced/no VPS29 expression (potential gene knockdown/knockout) and that were main-
tained.
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| Plate cells in 6-well plates

| Transfect with CRISPR reagents

| Flow sorting

Culture in 96-well plates (192)

| Check each well for growth

Passage to 12-well plates (52)

Collect protein lysates (34)

Dot blotting 15 round (34)

Dot blotting 2" round (12)

Western blotting (4)

Sequencing (0)

Successful knockout cell line
generated (0)

FIGURE 4.18: Summary of the protocol and results of the VPS29 knockout cell
using CRISPR-Cas9. The number of cell colonies (shown in parentheses) remaining after

each stage of the CRISPR~Cas9 protocol.



71

4.4 GENERATION OF A VPS529 KNOCKOUT CELL LINE USING CRISPR-CAs9

aqdemt M0] UStH € %SV 14 1T/01 CVINV'T
ou 0] U3ty ¢ %.L6 ¢ 11/01 Tagn
SoA SoA MO ¢ %C8 G 11/6 HOV
oqAew MO[ MO 14 %2LL ¢ 01/ 1anav
sok sof MO ¢ %SG € 01/¢ Ldsn
SoA SoA MO G %8 G /1 VedI
sok ok ST 0 %0 ¢ 6/c (U8eDd) eyedAD
sof sof USTH 0 %S¢ ¢ 6/¢ (NSeSd) euSdAD
sok sof USIH ¢ %S6 VI /11 (HeLd d) usdAD
sof sof WNIPaTN ¢ %L°CL ¢ 8/¢ LAvVOd
STVS ul Suruseios auoag ajepipue)
aq ey sok USTH 0 %€'86 dr1 IT/L 084 INZ
ou o o[ z %8 LG ¢ 11/t dIcAddL
ou ou WINPT ¢ %001 art 6/1 Vvraoed
umouun UoIouny ou WNIPaN 0 %6°C9 G 0T \ T VSINLNAN
souad ajepipued SHOM LVISTVA A[lurej [eUOIPPY
UMOUNUNL UOTJOUN] ou 3y 0 9%9'¢9 14 01/0 CTAHINYYd
S94 ou Y3y 0 %818 ¢ 6/ NLL
UMOUNUN UOTOUNY ou Y3y ¢ «e/u «e/u 6/v CINSI
ou ou N 0 %8°¥8 dqr 01/g SALAL(0!
ou ou Sy ¢ 9%2°28 ar 01/8 SHVYNA
TMOUNUN TWOTIOUN] ou WNIpaUT 0 9%L'TL ¢ 6/0 TEAYUINY
ou ou Mo] ¢ %8°€L e 6/0 Ved.ILdZ
ou ou 0] ¢ %0°9. i 6/ VHTUN
UMOUNUN UOT}OUT SOA U3y IS %.°26 4 01/1 [CIC YA/
ou Mmo[ LEI] ¢ %0°06 4 /1 INTIA
sok MO[ MO[ ¢ %9°¢9 G 01/0 cAdv
ou MO] M0] 0 %2799 ¢ 01/0 9and
ou sok WNIpow ¢ %G GL € 6/0 TTHAN
ou sok wnIpaut 0 %9°%9 ¢ 01/ vediddd
sax o4 20[ s %L 16 ar 01/¢ ZOMIH
soh g0k wnpout 0 %006 Vi 01/6 €USdAD
o[qrssod sof wmnIpout ¢ %656 VI 01/1 LAVDd
sof soA M0 € %166 Vi 01/8 TAVS
(zor1d ouop) soyepipued SHM LYISTVA Allwed
STV 01 pa10od reurds/ureaq uoIjeIIeA SU0)ISVYJ w01b2.4 anpisalL  SNOLISS[OP
poje[oa uorjounyg uorssoadxny emyeN do1yg  buyuny panuasuor) PANLISUOL) pojoIpeId ajeprpue))
UOIeAIISUO))

sjuelraeA oua3 9jepIpued Jd0J S9.J09S 091)ts UJ Q'f d1dV],



72

Results




Discussion

Overview

This thesis aimed to identify novel ALS genes from familial and sporadic cases. NGS
analysis identified 22 candidate gene variants from family FALS147, among which
the CYB5RS3, DCAF7, and SAV1 variants ranked highest using a comprehensive in
silico pipeline. These three candidate gene variants were also assessed using general
cell toxicity and cellular localisation analyses. While none of the mutant candidates
showed increased toxicity compared to wild type, overexpression of CYB5R3-H95Y
lead to the formation of large round cytoplasmic inclusions that were not seen in
cells expressing CYB5R3-WT (Figure 4.16). Whole-genome sequencing data from 635
sporadic ALS patients was also interrogated for ALS candidate genes (n=21). Ten novel
variants were identified, including a novel CYBSR3 variant (p.P73H) which scored
strongly as a potential pathogenic variant by in silico analyses. This discussion will
first provide an overview of ALS gene discovery and NGS methods, followed by a
discussion of the methods used during this project, the results obtained, and finally
conclude with future work and directions. A discussion of the CRISPR-Cas9 protocol

used and improvements for the future will also be discussed.
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5.1 Gene discovery in ALS

To-date, gene mutations remain the only known cause of ALS. The pathological mech-
anisms underlying the disease are still poorly understood. Ongoing research to identify
novel ALS genes is essential to provide insight and improve our understanding of the
molecular mechanisms of the disease. Since the discovery of SODI as the first ALS
gene identified in 1993 (Rosen et al., 1993), the development of sequencing technolo-
gies including recent NGS and bioinformatics pipelines, have largely facilitated gene
discovery in ALS. For example, our laboratory recently used NGS data, genetic linkage
and segregation analysis in a large ALS-FTD family to identify mutations in CCNF
as a genetic cause of FALS (Williams et al., 2016). Candidate gene screening was
then carried out to determine whether CCNF mutations were also present in other
ALS-FTD patients from different ethnic populations. This led to the identification of
numerous novel CCNF mutations in both FALS and SALS, providing strong genetic
evidence of the pathogenic nature of CCNF mutations. Despite great progress in the
gene discovery field, known mutations only account for about 60% of FALS and 10% of
SALS patients McCann et al. (2017). This shows the great need for ongoing research,
using both novel gene discovery and candidate gene screening approaches, to find and

validate novel ALS genes.

Novel gene discovery

Previously, most novel FALS genes were discovered using a combination of genetic
linkage analysis, and candidate gene screening, mainly from large multi-generational
families. Gene discovery methods have been very successful to date. However, remain-
ing families are likely to have very rare and less penetrant variants, which makes novel
gene discovery more difficult. Moreover, limited samples is available for these families.
A late age of disease onset can also limit the availability of patient samples because
individuals may already have died or might not show disease symptoms at time of
collection. These factors can inhibit the ascertainment of accurate family histories and
can lead to classification of familial cases as apparently sporadic. Therefore, the power
for informative linkage and segregation analysis is restricted. NGS based analysis offers
the best hope for gene discovery in smaller families, such as family FALS147 described
in this thesis. However, NGS analysis from small families typically implicates many
candidate genes, only one of which is truly disease causing. Therefore, this project
made use of a combination of genetic, in silico and in vitro tools to help identify the
disease causing gene by reducing the number of candidate genes through elimination of

false-positive findings that arise from genetic analysis alone (MacArthur et al., 2014).
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In silico tools are crucial to rank and prioritise variants, while an In vitro pipeline can

provide further experimental evidence of pathogenicity for candidate mutations.

The successful identification of the genetic cause of ALS in a family can benefit both
the patients and their relatives. It provides an opportunity to prevent the disease gene
mutation from being inherited by subsequent generations, through the use of genetic
testing of embryos following in wvitro fertilisation (IVF) before pregnancy. Moreover,
genetic screening can provide early diagnosis if a known ALS mutation is identified
within a patient, which is beneficial to improve patients quality of life. It can also
allow for the selection of patients for specific clinical trials based on genetic cause.
and allow for a more informed prognosis to be given while also impacting treatment
decisions. Without genetic screening, diagnosis is currently difficult and mainly relies

on observing disease progression.

Candidate gene screening

The recruitment and study of ALS families have been vital for the discovery of novel
gene variants causing both FALS and SALS. For example, the CYIORF72 locus was
first mapped in FALS, and has since been recognised to be the most common cause
of ALS, contributing to about 40% of FALS as well as about 6% of SALS in popu-
lations of European descent (DeJesus-Hernandez et al., 2011; Majounie et al.,
2012; Renton et al., 2011). Similarly, other ALS genes identified from the study of
ALS families, including SOD1 and TADRBP (Chio et al., 2008; Kabashi et al.,
2008), have also been reported in SALS cases. It is possible that some of these SALS
cases are FALS that have been wrongly classified due to the high variability in disease
penetrance. Thus, the need for a candidate gene screening approach that examines
both FALS and SALS cases.

This project screened 21 candidate genes acquired from three sources (shared vari-
ant analysis of family FALS147, recent publications and collaborators) in the Australian
SALS cohort. Screening of FALS candidate genes seeked to provide more evidence for
the pathogenic nature of disease. If mutations in these candidate genes exist in SALS
patients, this provides further genetic evidence of a pathogenic role. Screening of newly
published genes may validate those genes, particularly if the same mutations are found,
and determine the incidence of mutations in Australian SALS. A list of candidate genes
that are biologically relevant to ALS were generated from collaborators, and screened
for the presence of additional mutations in our Australian SALS cohort. Finding muta-

tions in those genes can help validate their role and assist in understanding associated
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disease mechanisms. NGS provides researchers with a cost-effective way to unravel
remaining disease-causing genes. Finding new genes and their function will lead to a
better understanding of ALS disease mechanisms and provide clues to the functional

consequences of the mutations in ALS to develop drug therapies.

Whole-exome or whole-genome sequencing?

Choosing between WES and WGS depends on several factors including cost, aim of the
study, data storage, data analysis and data quality (summarised in Table 5.1). Whole-
exome sequencing encompasses exons of protein coding genes (about 2%), whereas
WGS covers the whole genome. With the price of sequencing falling rapidly in recent
years, the cost of WGS is approaching that of WES (Majewski et al., 2011). Prior
to this project, WES data from family FALS147 was analysed. For this project, newly
acquired WGS data was also analysed to identify novel variants in coding genes that
were missing from WES. As such, four novel gene variants were identified from WGS

data analysis.

WGS offers a more consistent coverage of the genome, providing more accurate
detection of structural variants, copy number variations, and genomic rearrangements.
However, WGS provides about one hundred times more data than WES, necessitating
more data storage, management and analysis (Majewski et al., 2011; Warr et al.,
2015). WGS produces about 200 times more variants than WES, not only because it
is sequencing more genetic material, but also because regions outside the exome are
much less conserved (Mu et al., 2011). This also results in the identification of many
more benign variants. Furthermore, as there has been less research on non-coding
regions, they are not well understood so determining the effect of a variant in these
regions is difficult (Mu et al., 2011). Only coding variants have been analysed during
this project due to time constraints and a lack of information and tools to analyse
non-coding variants. Nevertheless, non-coding regions will be examined for potentially
pathogenic copy number variants (CNVs) and repeat expansions by our laboratory as
a future project. Repeat expansions may be found using WGS data through tools
that are increasingly in development (Bahlo et al., 2018; Tankard et al., 2017).
C9orf72 hexanucleotide repeat expansions are currently the most common cause of
ALS (DeJesus-Hernandez et al., 2011; Renton et al., 2011) and analysing repeat

expansions from WGS data can therefore be informative to find novel ALS genes.

For the moment, WES remains an effective approach for initial screening during

novel gene discovery as most disease causing variants have been found in coding regions
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TABLE 5.1: Comparison of whole-exome and whole-genome sequencing

Factors to consider Whole-exome sequencing Whole-genome sequencing
Sequencing data 2% of genome Full genome

Estimated number of variants 20,000 variants 3.5million variants

Cost Cheaper Costly, but decreasing price

Coverage Non-uniform Uniform

Data storage 5-6GB storage 90GB storage

Data analysis Easier More challenging due to non-coding data
Sequencing time Faster Slower

Sequencing quality Good Better

(Botstein and Risch, 2003). However, WGS will ultimately replace WES as data
storage costs drop and analysis pipelines improve so that disease-causing mutations in

coding and non-coding regions can be discovered.

5.2 In wvitro models of ALS

In situations where the power of NGS analysis is limited, functional data is crucial to
assess the functional effect of putative novel gene mutations identified using NGS and
in silico analysis. Indeed, most recent reports of novel ALS gene mutations have always
been supported by cell biology and biochemical changes, including cellular mislocali-
sation and aggregation, abnormal ubiquitination of proteins, interaction with TDP-43,
and induction of ER stress. For example, following the identification of CCNF muta-
tions as a likely cause of ALS, our laboratory performed in vitro studies using neuronal
cells to show that the expression of mutant CCNF caused abnormal ubiquitination and
accumulation of ubiquitinated proteins including TDP-43 (Williams et al., 2016).
This provided in vitro evidence for the involvement of mutant CCNF in ALS patho-

genesis and supported the role of abnormal protein homeostasis as the cause of disease.

The mouse NSC-34 (neuroblastoma/motor neuron-enriched primary spinal cord hy-
brid), neuro-2a (mouse neuroblastoma), SH-SY5Y (human neuroblastoma) and HEK293T
(embryonic human kidney fibroblast) cell lines have commonly been used to study ALS-
associated gene function and pathways (Elden et al., 2010; Williams et al., 2016).
While these simple disease models do not mimic the complexity of human disease, they
provide a relatively simple but powerful tool to assess whether candidate gene variants
induce ALS-relevant phenotypes. They are also a powerful first step for assessing ALS
disease mechanisms. Nevertheless, while In vitro analysis can be useful, especially in

cases where an in vitro assay directly tests an established ALS disease mechanism, it
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has limitations. As mentioned, it does not accurately represent biological environment
and alone, cannot directly prove causation of disease (Duzkale et al., 2013). More-
over, overexpression models, as used during this project, may not reflect the effects
of the endogenous gene mutation as protein overexpression can have unexpected side
effects. For example, the greater abundance of the protein may be toxic or cells may
gain functions they previously lacked, such as downregulation of DNA repair mech-
anisms, abnormal cell division, and compromised metabolism and growth Kramer
et al. (2010).

To address these issues, genome editing techniques, such as CRISPR-Cas9, are de-
veloping and increasingly adopted for creating cell lines that endogenously express a
target gene mutation. Since motor neurons cannot be collected and cultured directly
from ALS patients, CRISPR-Cas9 has been useful to develop models of neurologi-
cal diseases such as Huntington’s disease Xu et al. (2017), frontotemporal dementia
(FTD) Nimsanor et al. (2016), and ALS Wang et al. (2017). This project sought
to develop a strategy using CRISPR-Cas9 to generate a VPS29 (a candidate gene

identified by our laboratory) knockout cell line for use in future functional studies.

5.3 Evaluation of methods used during this project

5.3.1 NGS analysis and bioinformatics

NGS data from family FALS147 were analysed using an established bioinformatics
pipeline. Since most ALS genes found so far have an autosomal dominant pattern
of inheritance, homozygous variants were also removed. This reduced the number of
exonic variants by more than half (from 3214 to 1452), improving the ease of data anal-
ysis. Variants were filtered further using publicly available control databases, however,
these databases have limitations. For example, the control databases contain a huge
number of variants from many healthy control individuals, but medical information is
often lacking. Control populations may include presymptomatic individuals with late
onset diseases, asymptomatic individuals with low penetrance diseases, heterozygous
carriers of recessive traits, and variants should not be assumed to be benign due to their
presence in these control cohorts. In addition, many variants may be false-positives as
the quality of variants called from NGS data can often vary and few have been vali-
dated using traditional PCR and Sanger sequencing. Indeed, known ALS mutations

are present in ExAC and variants should therefore be filtered carefully.
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Additionally, genetic variation, including genetic causes of ALS, is extremely diverse
across populations and between different ethnic groups (Cronin et al., 2007). Since
family FALS147 is of European descent, variants identified in European (Non-Finnish)
individuals were prioritised for filtering over variants found from other ethnic groups.
To prevent the removal of pathogenic variants, singletons (variants present in a single
individual) were not excluded, a minor allele frequency (MAF) threshold was set based
on sample size (typically 0.0001), and each candidate gene variant was considered on
a case-by-case basis. Furthermore, publicly available control databases are constantly
being updated as NGS data is rapidly generated. Additional filtering carried out on
family FALS147 WES-derived candidate genes using updated databases (gnomAD,
MGRB, and ProjectMinE) resulted in the removal of three additional candidate gene

variants (Section 4.1.5).

Uncertain Sanger sequencing results

Candidate NGS-derived variants underwent direct DNA sequencing for validation. Two
variants, textitDCAFT (p. ¢.G457C) and NUTM2A (c.C483A), gave uncertain results
following Sanger sequencing (data not shown). For DCAF7, a second peak with the
correct mutant allele (C) was present in the SALS patient, but the peak was not strong
enough for a confident validation. Amplification of the same region in a healthy in-
dividual (control) only showed one clear peak (which was slightly higher than in the
affected individual). For NUTM2A, a small second peak with the mutant allele (A) was
present in the two affected individuals, but the second peak was not strong enough to
fully validate the variant. This second peak was not present in the control married-in

parent. Sequencing was repeated, with no changes in results.

Since traditional direct sequencing was inconclusive, a cloning step using pGEM-T
vector could be added to determine the presence or absence of these variants. pGEM-T
contains 3'-T overhangs at both ends and therefore allows for the easy cloning of any
DNA fragment amplified with Taq polymerase (which leaves 3-A overhangs at the end
of the amplified DNA) (Yao et al., 2016). As a result, ligation of the PCR product
to pGEM-T vector readily occurs and the vector with separate gene inserts from both
alleles can be sent for Sanger sequencing. Cloning makes it possible to distinguish
different variants of a gene during sequencing, because only one allele of the gene is
present in each clone. Sufficient clones should be sequenced to determine whether the
two different alleles are present, as in theory, there is a 50% chance of obtaining either

of the two alleles.
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5.3.2 In silico functional analysis and variant prioritisation

The vast majority of the huge numbers of variants derived from NGS have unknown
clinical significance. In the absence of sufficient genetic power, it is currently difficult to
differentiate pathogenic variants from those that are benign. In silico tools can help to
rank and assess potential pathogenicity of different variants. Yet, in silico analyses are
predictive in nature, they can only assess variants based on currently available informa-
tion while using algorithmic models. Considering multiple computational predictions
and factors in combination, can improve the capacity to rank different candidate gene
variants for potential pathogenicity. This is why this project made use of a combi-
nation of multiple in silico tools. However, these strategies provide supporting data
as in silico analysis alone is not enough to conclude that a candidate gene variant is
definitely pathogenic (Duzkale et al., 2013).

The in silico analysis pipeline used in this project included protein prediction tools,
conservation, gene natural variation, expression in brain/spinal cord and gene function.
Eleven different protein prediction tools, which utilise different algorithms and factors
(such as sequence conservation, homology information, structural and functional anno-
tation of proteins) to predict potential protein pathogenicity were used. With different
but related algorithms, protein prediction programs are neither directly comparable nor
can they be regarded as independent evidence (Duzkale et al., 2013). To address this
issue, this project used the Combined Annotation Dependent Depletion (CADD) score,
a novel tool that integrates results of many known prediction tools into one metric by
comparing variants that survived natural selection with simulated mutations (Kircher
et al.; 2014). CADD directly measures deleteriousness, in contrast to pathogenicity
of molecular functionality. As such, CADD compensates for the incompleteness and
bias of other existing methods, and provides a tool that allows users to have infor-
mation combined from several factors. Nevertheless, it is important to keep in mind
that hundreds to thousands of coding variants in an individual are usually labelled as

potentially deleterious by these programs (MacArthur et al., 2014).

Natural variation in humans may be a better indicator of pathogenicity in human
diseases than protein conservation. Evolutionary conservation patterns are useful to
prioritise candidate variants but many deleterious variants do not present with a strong
conservation score, especially if the gene has undergone rapid evolution in humans.
Genes that are intolerant to mutations (that is, have low natural variation in human
control populations) indicate a vital role and most Mendelian disorders and ALS dis-

ease are caused by intolerant genes (Petrovski et al., 2013). Assessing whether a
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candidate gene has a function that is related to a known ALS gene can also provide
clues to the potential pathogenicity. However, it is important to note that a mutation
may confer a gain of function to a candidate gene whose otherwise normal function

may not be considered relevant to ALS.

During this project, candidate gene variants were prioritised by giving greater
weight to natural variation, expression in brain/spinal cord and protein function, and
less to protein prediction programs and conservation. A strength of this pipeline is the
inclusion of numerous tools that can collectively implicate the potential pathogenicity
of variants and reduce the chance of false positives. Using a comprehensive in silico
pipeline remains the best way to rank candidate genes in situations where genetic power
has been exhausted. To illustrate, our laboratory used this pipeline to assess candidate
variants in family MQ1 and prioritise VPS29 as the strongest candidate gene. In witro
analysis further supported this finding. Thus, the pipeline has been validated and is a

strong strategy to assess, rank and filter candidate genes.

5.3.3 In vitro functional analysis of family FALS147 candidate

genes

As discussed above, in vitro analyses are necessary to further assess the candidate gene
variants identified from NGS and in silico analysis. Using cell studies is faster, allows
for easy replication, and makes interpretation and deduction of mechanisms simpler as
compared to the use of whole organisms (Gruber and Hartung, 2004). As such, in
vitro analyses is an ideal starting point for testing the functional consequences of such
candidates. In this project, a general toxicity assay (SYTOX blue) was used to deter-
mine cytotoxicity of candidate genes in HEK293T cells. While it is a useful assay, here
it used transfection and therefore overexpression of candidates. It is possible that pro-
tein overexpression impacted cytotoxicity, including during overexpression of wild type
candidate genes. Indeed, wild type candidate genes were significantly more toxic than
non-transfected samples (Figure 4.13). Although non-significant, cytotoxicity was also
higher in CYB5R3-WT and DCAF7-W'T as compared to their mutant groups. Protein

overexpression on its own can therefore have cytotoxicity effects.

The impact of candidate variants on potential ubiquitination, and interaction with
endogenous TDP-43 were also assessed in HEK293T cells. Confocal microscopy can
provide co-localisation information and is also the best way to examine protein aggre-

gation. In the future, to further examine co-aggregation, immunoprecipitation (IP)
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with the candidate gene followed by western blotting staining with TDP-43 can be
carried out. This project examined effects on endogenous TDP-43. In future, co-
transfections of TDP-43 and candidate gene proteins could be performed to confirm

any co-localisation of proteins when both are overexpressed.

Selecting a cell line for in vitro studies

HEK293T cell line was chosen to study protein localisation and cytotoxicity by over-
expression of wild-type and mutant candidate proteins for this project. HEK293T is
an embryonic human kidney fibroblast cell line that is easy to transfect, and which has
widely been used in ALS research (Elden et al.; 2010; Freischmidt et al.; 2015).
Due to time constraints, only HEK293T was used in this project to evaluate candi-
date genes. In practice, findings should be replicated in more than one cell type to
provide confidence. NSC-34 and SH-SY5Y cell lines, which has been widely used as
a cellular model system for motor neuron studies (Cashman et al., 1992; Matusica
et al., 2008; Zhou et al., 2013), could be used in future replication studies. However,
the NSC-34 cell line is derived from mouse cells, which may influence the phenotype
seen in cell culture, while SH-SY5HY originates from a human neuroblastoma cell line,
but is harder to transfect and would require further optimisation. Fibroblasts offer
a great alternative, are readily available from ALS patients and have been shown to
display some ALS-associated characteristics, such as abnormal TDP-43 aggregate for-
mation, protein mislocalisation and protein co-localisation (Sabatelli et al., 2015;
Yang et al., 2015). A better alternative for model development would be the use of
iPSC (induced pluripotent stem cells)-derived motor neurons. These could be obtained
from the exact patient that genetic analysis is being performed on, and would provide
a means to study candidate ALS genes in the correct patient and cell type. However,
reprogramming and differentiation can be difficult and time consuming and may not
represent adult neurons. Human primary neurons are also available in our laboratory
and are a future option but typically prove difficult to transfect or sustain expression
for significant lengths of time. Human primary neurons are also a very precious re-
source. Considering all the factors, HEK293T cell line was chosen as the cheapest,

easiest and fastest strategy for initial in vitro screening of candidate genes.

Filtering out variants based on in silico and in vitro analysis

In silico and in vitro data can be used for prioritising purposes but it is often unclear
when a candidate gene variant can be removed. Previous application of these pipelines

to another ALS family in the gene discovery pipeline in our laboratory showed that in
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silico results can reflect in in vitro results (unpublished results). In silico analysis of the
five candidate variants identified in family MQ1 found that only VPS29 was predicted
deleterious by 7/10 protein prediction programs, was highly conserved between species,
had low natural variation in humans, was highly expressed in brain and spinal cord,
and was functionally related to ALS. Therefore, this variant was ranked as the most
likely to be pathogenic from five candidates. This was then reflected in results from
the in vitro pipeline, where mutant VPS29 was significantly more toxic than wild type
in cells, and produced aggregates when co-expressed with TDP-43. None of the other
four candidates generated this ALS-like pathology in cells. Thus, the gene discovery
pipeline used has been successful in the past to discover, rank, and test new candidate

genes.

5.4 Evaluation of results obtained during this project

5.4.1 Family FALS147 WGS analysis

Family FALS147 WES analysis, completed prior to this project, led to the identifica-
tion of 18 candidate gene variants. WGS data recently became available for the same
family and this project aimed to find additional candidate gene variants. Following
WGS analysis, 15 additional novel candidate gene variants were identified. However,
all but four (NUTM2A, CDC24A, TERF2IP, and ZNF580) had extremely high allele
counts as they were called in more than 90% of samples. Therefore, they were recog-

nised as false-positives and artefacts of WGS analysis, and were removed from analysis.

5.4.2 Family FALS147 In silico results

NUTM2A, CDC24A, TERF2IP, and ZNF580 were ranked using the in silico pipeline
to explore potential pathogenicity and likelihood of being disease causing. While none
of these four candidates ranked highly in all aspects of the in silico pipeline, the ZNF580
variant was the most promising, predicted to be pathogenic by six (out of ten) in sil-
ico tools, with high sequence homology across many species, and high expression in
brain/spinal cord. However, ZNF580 was found to have high natural variation in
humans (and is therefore tolerant to variation), which suggests the variant may be
benign. However, this gene product is involved in cell proliferation and migration, as
well as regulation of inflammation. Neuroinflammation can impair neuronal survival,
increasing the progression and propagation of the degenerative process seen in ALS
(Papadimitriou et al.; 2010). For example, mutation in the ALS gene (TBK1),



84 Discussion

which belongs to the IKK-kinase family of kinases involved in immunity signalling
pathways, autophagy and mitophagy, increased neuroinflammation induced damage
due to a loss of protective regulation by T cells (Oakes et al., 2017). Thus, pathways
that lead to a loss of neuroinflammation control may contribute to ALS. The other
three candidate genes (NUTM2A, C2CD4A, TERF2IP) ranked low in most steps of
the in silico analysis and rank low in the list of candidate genes for family FALS147.
The remaining top ranked candidate genes identified from WES and WGS can now be
considered for in wvitro for functional studies. They should also be screened in SALS
cohorts to determine whether additional candidate gene variants are present, support-

ing a pathogenic role in ALS.

Three candidate gene variants (CYBSR3, DCAF7, and SAV1) were identified as
the most likely to cause ALS in family FALS147. Among these three candidates, the
SAV1 p.D219E variant was ranked the strongest. This variant was predicted to be
pathogenic by 8/10 protein prediction tools, had high sequence homology across many
species, low variation in humans, was ubiquitously expressed in both the brain and
spinal cord, and had a function that is related to known ALS disease mechanisms.
It was more challenging to rank the remaining variants, as they did not score highly
in all aspects of the in silico analysis pipeline. For instance, CYB5R3 p.H95Y also
scored highly for most aspects of the pipeline, as it was predicted to be deleterious
by 9/10 in silico tools, was ubiquitously expressed and had a function related to ALS
disease mechanisms. However, C'YB5RS3 had medium variation in humans and was not
conserved. Similarly, DCAF7 p.V252I ranked positively in conservation, expression
and function, but had a medium natural variation score in humans and was predicted
to be deleterious by only one prediction tool. In comparison, the candidate genes that
ranked lowest were predicted pathogenic by few protein prediction programs, with low
conservation scores, low expression in brain and spinal cord, high natural variation,

and did not have a function related to known ALS genes.

5.4.3 Family FALS147 In vitro results

In vitro analysis was performed to assess the functional effects of the top FALS147
candidate gene variants, and determine if there was in vitro support for a role in dis-
ease by validation of strong in silico prediction scores. This analysis showed that the
three candidate gene variants did not increase cytotoxicity when expressed in HEK293T
cells. Moreover, there were no significant changes in protein localisation for SAV1 and
DCAF7, while overexpression of CYB5R3-H95Y formed large round cytoplasmic in-

clusions in a subpopulation of cells (Figure 4.16). Additional functional studies are
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now required to further assess the SAVI and DCAF7 variants, but due to time con-
straints assays such as immunoprecipitation and western blotting to investigate protein

co-aggregation and protein solubility were not carried out at this stage. The known
functions of SAV1, DCAF7 and CYB5R3 are described below.

CYB5R3

CYB5RS3 encodes for cytochrome b5 reductase protein, which plays a vital role in de-
saturation of fatty acids in the body (Siendones et al.; 2014). It also contributes to
regulation of cytosolic NAD+/NADH ratio, redox homeostasis, cellular senescence and
aerobic metabolism (Siendones et al.; 2014). CYB5RS3 has different isoforms that
can be transcribed into either a soluble form found in erythrocytes (isoforms 1 and 2),
or a membrane-bound form in somatic cells anchored in endoplasmic reticulum, mito-
chondria and other membranes (isoform 3). These isoforms arise from tissue-specific
splicing for alternative transcripts that differ in the first exon. Mutations in C'YB5R3
have been linked to autosomal recessive methaemoglobinaemia in humans, a severe
disease characterised by decreased oxygen carrying capacity of the blood, mental defi-
ciency and other neurologic symptoms (Kugler et al., 2001; Lorenzo et al., 2011).
Type I methaemoglobinaemia is characterised by a deficiency in the soluble isoform
while type II is caused by defects in both isoforms. CYB5R3 is the main effector of
oxidative stress and in the desaturation of fatty acids. These pathways have commonly
been associated with ALS (Barber and Shaw, 2010; Schmitt et al., 2014).

SAV1

The salvador family WW domain containing protein 1 (SAV?1) is part of the Hippo
pathway, which also includes STE20-like 1/2 (MST1/2) and large tumor suppressor
1/2 (LATS1/2) (Park and Lee, 2011). MST interacts with SAV1 to enhance MST
kinase activity and control cell proliferation, apoptosis, regeneration and differentia-
tion (Zhao et al.; 2011). Dysregulation in the Hippo pathway has been implicated
in several human cancers, as it usually has a tumor suppressor role by preventing
cell proliferation and promoting apoptosis (Park and Lee, 2011). Interestingly, the
Hippo pathway components have also been implicated in ALS, with increased activity
of MST1 in motor neurons from SOD1 mice (Lee et al., 2013). Moreover, depletion
of SAV1/MST complex can promote ciliogenesis in cultured cells and induce ciliopa-
thy phenotypes in zebrafish (Kim et al., 2014). Cilia disruption has been liked to
neurological defects such as hydrocephalus, brain dysgenesis and intellectual disability
(Kenna et al., 2016). The recently identified ALS susceptibility gene, NEKI, also

plays a role in cilia formation (Kenna et al., 2016; Shalom et al., 2008).
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DCAF7

DDB1 and CUL4 associated factors (DCAFSs), including DCAF7, form part of the
CUL4-DDBI1 ubiquitin ligase, which regulates cell proliferation, survival, DNA repair
and genomic integrity by ubiquitination of key regulators (Lee and Zhou, 2007). The
main role of DCAFs is to help CUL4-DDBI1 to recruit substrates for ubiquitination
and are necessary for proper folding and assembly of a functional CUL4-DDB1-DCAF
ubiquilin ligase complex (Lee and Zhou, 2007). In ALS, protein aggregates found in
motor neurons are ubiquitinated, a major hallmark of the disease. Dysregulation in the
ubiquitin proteosome system (UPS) is now widely recognised in ALS. Genes involved
in the UPS have been found to be mutated in ALS, including CCNF and UBQLN2
(Deng et al., 2011; Williams et al., 2016). Indeed, CCNF encodes a ubiquitin ligase,
part of a ubiquitin ligase complex, that when mutated in ALS leads to UPS dysfunction
(Galper et al., 2017). DCAF7 function is conserved in animals from invertebrates
to vertebrates (Morriss et al., 2013). The DCAF7 zebrafish homologue, wdr68,
is essential for craniofacial development, (Nissen et al., 2006) and the Drosophila

homologue, wap, is essential in muscle development (Morriss et al., 2013).

5.4.4 Candidate gene screening in SALS WGS data

Screening of candidate genes obtained from family FALS147

As part of the gene screening strategy, CYB5RS3, DCAF7 and SAV1 were screened
in the 850VCF SALS cohort to find identical or additional candidate variants. Four
novel variants were found, one in DCAF7 and three in CYBSRS, each in different pa-
tients. Three of the four variants scored poorly after in silico analysis. The exception
was the CYBSRS p.P73H variant, which was predicted pathogenic by 10/10 prediction

programs, and was highly conserved between many species. However, as mentioned,

natural variation of CYB5RS in humans was predicted to be medium, suggesting that
novel nonsynonymous variants in this gene may be benign. However, natural variation
was assessed for the gene as a whole, it remains possible that natural variation is low

in the protein domain in which the variation is located.

The CYB5R3 p.P73H variant identified in the SALS patient is located close (22
amino acid residues) to the CYB5R3 p.H95Y variant found in family FALS147. As
such, the protein Interpro database (https://www.ebi.ac.uk/interpro/) was used
to inspect whether they are located within the same protein domain. Both variants are
in the ferredoxin reductase-type FAD-binding domain (17-129aa), which is a member of

the flavin adenine dinucleotide (FAD)-binding domain family. Flavoenzymes catalyse
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different biochemical reactions, such as metabolites, electron transfer to and from redox
centres, and in the activation of oxidation and hydroxylation reactions. Work can now
commence, including in vitro analysis, to assess whether this new variant (p.P73H) has
functional significance to ALS.

Candidate gene screening in silico results

From the 18 candidate genes screened in the SALS whole-genome dataset, six novel
candidate gene variants were identified and scored using the in silico pipeline (Table
4.8). Of these variants, the AUH, GBE1 and LAMAZ2 variants scored highest from
protein prediction programs. These three candidate genes were obtained from a col-
laborator, as they are involved with white-matter diseases. However, only the AUH
variant had low natural variation in humans, is expressed ubiquitously in the brain and
spinal cord, and has a function related to ALS. GBFEI and LAMAZ2 variants both had
a high natural variation in humans, suggesting that novel nonsynonymous variants in
this gene are more likely to be benign. A novel variant was also identified in the white
matter disease gene ABCD1, however this variant was ranked poorly by the in silico

pipeline.

Novel variants were also identified in KIF5A and USP7 candidate genes. They were
predicted to be deleterious by few protein prediction tools, and were poorly conserved
across species. However, natural variation in humans was predicted to be "low”, and
both KIF5A and USP7 have functions related to ALS. KIF5A was recently identi-
fied as an ALS-associated gene following a large-scale GWAS study (Nicolas et al.,
2018). KIF5A encodes a member of the kinesin family of proteins, which play an
essential role in axonal transport. Defects in axonal transport have been observed
in ALS patients and are known to directly contribute to motor neuron degeneration
(Chevalier-Larsen and Holzbaur, 2006; Hirokawa et al., 2010). USP7 candidate
gene was obtained from a collaborator and of interest to ALS research due to its in-
teraction with TDP-43 protein. USP7 encodes for a ubiquitin specific protease, which
cleaves ubiquitin from its substrates. Although more work needs to be done on these
candidates, including in vitro analysis, these results show that candidate gene screening
and in silico analysis pipelines are promising for the identification of additional gene

variants that cause or are associated with ALS.
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5.5 Generation of a VPS529 knockout cell line using
CRISPR-Cas9

The majority of the in vitro assays used in this project used overexpression techniques
to study the effects of candidate gene mutations in cells. Overexpression has limita-
tions as discussed previously, but these can be avoided by generating cell lines, using
genome editing techniques, that carry the target gene mutation in the endogenous gene.
Several gene silencing and gene editing tools exist including, ASOs, siRNA, meganu-
cleases, ZFNs, TALENSs, and more recently, CRISPR-~Cas9. Each method has its own
advantages and drawbacks in terms of specificity, simplicity, efficiency and toxicity,
that need to be considered when designing an ALS disease model (Table 5.5). This
project used the CRISPR-Cas9 technique for the first time in our laboratory, with the
aim of developing a protocol that could be implemented to assess candidate genes in
the future. Although a VPS29 knockout cell line was not generated in this project,
numerous issues and improvements to the current protocol have been identified, as

described below, that can be addressed in ongoing CRISPR-cell line development.

Despite starting with 192 flow sorted cell colonies, only 52 colonies were apt for dot
blotting. Culturing from a single cell was difficult, many cells were unhealthy, dead, or
stopped growing. A confounding factor of this was that the HEK293T cells had reached
a high passage of ~35, which may have contributed to the poor health of cells noticed
around the end of the CRISPR experiment. Cells grown at higher passage numbers are
less viable and may develop mutations that alter the original functional characteristics
and gene expression of the line, as documented on several occasions (Sambuy et al.,
2005; Wenger et al., 2004; Yu et al., 1997). A lower passage number of HEK293T
cells can be used for future CRISPR-Cas9 experiments.

A more specific VPS29 antibody will also be required. The antibody used during
this study appeared to lack specificity as shown by the dot blotting images (Figure 4.17)
and western analysis (performed by other lab members), leading to false-positives. The
screening of cells using the Atto488 fluorescent tag required a flow sorting instrument,
which was time and labour intensive. Alternative methods can be tested, such as the use
of an antibiotic resistance gene for selection of cells growing in that antibiotic. VPS29
knockout lines have previously been created using this method (Kvainickas et al.,
2017). Alternatively, if CRISPR-Cas9 editing disrupts a restriction site, digestion pat-

terns using restriction enzymes would be altered, thus allowing for cell screening based
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on unique band patterns following PCR-restriction digestion and gel electrophoresis.

This project aimed to develop a gene knockout line as a preliminary step to devel-
opment of a specific gene mutation knock-in model. Although creating gene knockouts
is feasible using the developed protocol, making precise single-base changes or substitu-
tions is more challenging. This is because non-homologous end joining (creation of in-
sertion and deletions) occurs much more readily that homology-directed repair (precise
and accurate repair) across eukaryotes, even with the introduction of a donor template
(Eid et al., 2018). Specificity of CRISPR-~Cas9 gene editing tool can be improved by
inactivating either the RuvC or NHN nuclease domains (Cas9 nucleases responsible
for DNA cleavage) so that only one DNA strand is nicked at a time. Double-stranded
break will only occur if both Cas9 nicking events take place on opposite strands at their
specific target locations, leading to improved specificity up to 1,500X greater than wild-
type Cas9 Ran et al. (2013); Ren et al. (2014); Shen et al. (2014). This system still
makes use of the cells endogenous repair pathway upon encountering double-stranded

breaks but with improved specificity.

Recently, gene editing without creating double-stranded DNA breaks have been de-
veloped, known as CRISPR base editors (Eid et al., 2018), such as cytidine deaminase-
based DNA base editors (Komor et al., 2016; Shimatani et al.; 2017) and adenine
deaminase-based DNA editors (Gaudelli et al., 2017). Base editors are more efficient
and have less off target effects. Moreover, because they do not use double stranded

breaks, resulting indels and subsequent gene expression knockouts are avoided.

5.6 Future directions

This research utilised a novel disease gene discovery pipeline to find the genetic cause
of ALS in family FALS147, as well as a candidate gene discovery approach to screen for
gene mutations in apparently SALS patients. This project used an in silico pipeline
to prioritise NGS-derived candidate gene variants for in wvitro analysis. Due to time
constraints, only the top three candidate genes were assessed in in vitro studies, with
the CYB5RS3 p.P73H variant showing some support for a role in disease. Future work
using additional in silico, in vitro and in vivo strategies are required to further assess
the effects of these candidate genes. Moreover, the remaining 19 candidate genes dis-
covered from WES and WGS analysis of family FALS147 should also be investigated.

Future additional experiments are explored below.
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Investigation of protein binding partners and changes in protein solubility
To further evaluate whether a candidate protein interacts with TDP-43 or other known
ALS proteins, immunoprecipitation (IP) followed by western blotting could be per-
formed. IP is used to isolate a target protein from a sample as well as proteins which
are directly bound to the target protein. During IP, the targeted protein (i.e. the can-
didate protein) is collected using an antibody that specifically binds to that particular
protein. This complex is then precipitated using beads, analysed by SDS-PAGE (to
confirm target protein) and by western blotting to probe for TDP-43 or other ALS
associated proteins of interest. The presence of TDP-43 for example, would prove a
direct protein-protein interaction between the candidate protein and TDP-43. This
technique would allow us to first determine if candidate proteins interact with known
ALS proteins, and secondly whether there are any changes between the interaction of
the wild type or mutant candidate protein with ALS associated proteins such as TDP-
43. Western blotting could also be used to assess whether expression of the candidate
variant leads to any shift in protein solubility by examining soluble and insoluble frac-
tions of the cell. Previous research have demonstrated that ALS proteins often become

increasingly insoluble and aggregate (Basso et al., 2009; Walker et al., 2015).

A proteomics approach could also be carried out to determine the protein composi-
tion of cell lysates transfected with wild type or mutant candidate genes to investigate
any global or specific protein changes. Protein identification and quantification would
be measured using mass spectrometry techniques (Han et al., 2008). This approach
was successfully used to identify changes in protein expression associated with wild type
and mutant CCNF, as well as other cellular pathways that are disrupted by mutant
CCNF (Hogan et al., 2017). A proteomics approach would provide further insight
regarding the biological functions and processes that are up- and/or down-regulated

by the expression of mutant candidate genes.

Animal models

Animal models are essential to validate in vitro effects and to help elucidate the patho-
logical mechanisms associated with new ALS genes. Multiple species are available for
rapid assessment, however, the zebrafish are particularly useful for rapid assessment of
motor neurons and motor phenotypes in a vertebrate species. Zebrafish that express
motor neuron reporter constructs are readily available. Transient overexpression-based
models can quickly be developed in these zebrafish by injecting candidate wild type
and mutant mRNA into fish embryos. The Centre for MND Research has an estab-

lished zebrafish facility, and our laboratory have validated protocols for this analysis.
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For example, the ALS gene CCNF was successfully assessed in the zebrafish, showing
axonopathy and reduced motor response in CCNF-mutant fish (Hogan et al., 2017).
Strong candidate genes from family FALS147, prioritised following in witro analysis,

can therefore be further assessed in future zebrafish studies.

CRISPR-Cas9 cell line models

The trial of genome editing using CRISPR-Cas9 during this project has identified is-
sues with the current protocol and identified necessary improvements such as the use of
more specific VPS29 antibodies, lower cell line passage number, and better flow sorting.
Beyond the protocol development stage, work can commence to generate CRISPR-Cas9
edited cell lines that carry the candidate gene variants, rather than just knockout cell
lines. The protocols would be similar, but with the addition of a template DNA con-
taining the desired mutation to allow for homologous repair in the cells. This would
allow for the generation of stable cell lines with desired mutations that could be used to
study cytotoxicity, physiological and long-term effects in cells and limit the drawbacks

associated with overexpression studies.

Investigation of CYB5R3 candidate gene

As discussed, CYBSRS3 was flagged as a strong candidate gene obtained from NGS anal-
ysis in family FALS147. CYB5R3 is involved in redox homeostasis, oxidative stress and
stress protection. C'YB5RS3 can be further investigated genetically using burden anal-
ysis and association studies in our ALS cohort. Additional in vitro analyses including
IP and Western blotting should also be performed, as described above, to investigate
its binding partners (including known ALS proteins) and the impact of the candidate
variants. Since oxidative stress is an important pathway in ALS, future experiments

could also assess differential oxidative stress between wild type and mutant CYB5R3.

Additionally, mutation screening of CYB5RS in apparently SALS patients identi-
fied a strong in silico candidate variant (p.P73H). A detailed family history can be
sought for this patient to determine whether they are an unrecognised familial case.
As described previously, past experience shows us that such cases are not uncommon
within apparently SALS cohorts. Also, the effects of this variant can now be scruti-
nised using in vitro studies. Q5 mutagenesis can be performed to introduce the desired
variant in a pCMV6-Entry-CYB5R3 construct (purchased from OriGene during this
project), following which subcloning into pCMV6-AC-RFEP for assessment using the in

vitro pipeline.
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5.7 Conclusion

With improvements in NGS and bioinformatics, ALS gene discovery has accelerated
in the past few years, contributing to the identification of causative gene mutations
that now account for around 60% of Australian FALS cases. This study has demon-
strated a novel gene discovery pipeline, using a combination of computational and
functional analyses, to help to prioritise the numerous candidate genes that arise from
NGS analysis of small ALS families. The in wvitro strategies described here can provide
further evidence to support causality for candidate genes and in the longer term, help
determine the molecular mechanisms underlying disease and provide models for future
development of treatments. It is important that new ALS genes are screened in appar-
ently SALS patients, as this will help elucidate the genetic cause of those ALS cases
that carry disease genes with reduced penetrance or are otherwise unrecognised familial
cases. There is great potential for this pipeline to solve the genetic cause of disease
in family FALS147 and other Australian ALS families with unknown gene mutations.
Discovering new ALS genes will also be of vital clinical importance as genetic diagnostic
screening can include these new genes so that early support and care can be provided to
early- or even pre-symptomatic patients. Diagnosis will also have significance for other
at-risk family members who may choose to utlilise preimplantation genetic diagnosis
(PGD) following IVF to prevent their children from carrying pathogenic mutations.
There is currently no cure for this devastating disease, but the development and test-
ing of new treatments is underway thanks to the increasing knowledge derived from

research into ALS genetics, pathology and molecular mechanisms.
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Appendix

A.1 Unix scripts

A.1.1 gene_search.sh

The following shell script was used to find all variants present in candidate genes of
interest from the entire cohort of genome sequenced samples (850VCF). Running this
script resulted in an output text file that can be opened in Microsoft excel or R studio

for further analysis. This script was useful to search for varaints in a single gene.
#1/bin/sh e

# 850VCF_gene_search.sh (Emily McCann)
# Adapted by Sandrine Chan on 13/10/17.

a
a

# this code is for looking a candidate gene variant in the
850VCF

95
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# define gene mame to search for
GENE=" Gene_name”

# define output file names
OUTI1="$GENE” _” variants . vcf”
OUT2="$GENE” _” variants_headed . vcf”
OUT3="$GENE” _” variants_headed . txt”

# perform gene search
awk v NAME="$GENE” ’'$8 ~ NAME { print $0 }’ $file > $OUTI

A.1.2 gene_search _pipe.sh

The following shell script had the same aim as in Script A.1.1, however, it used a pipe
command to allow for several candidate genes to be interrogated simultaneously. The
output of each gene was then saved into a single output file. Below is an example
used to find candidate genes obtained from a collaborator: AARS2, ABCD1, ARSA,
AUH, CLNG6, COQ2, CSF1R, CYP27A1, FIF2B5, GBE1, HTRA1, LAMA2, LMNBI1,
PLP1, and TREX]I.

#1/bin/sh e
#  Written by Emily McCann
# Adapted by Sandrine Chan on June2018.

# perform gene search for multiple genes simultaneously, print

the whole rows and save output
L]/ / / / / / / / / / / / /. / / /, / /

awk '$8 - /AARS2|ABCDI|ARSA |AUH|CLN6|COQ2| CSFIR |CYP27A1 | EIF2B5
|GBE1 |HTRA1|LAMA2|LMNBI | PLP1|TREX1/ { print $0 }’ $file >

multiple_candidate_genes.vcf
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A.1.3 gene_variant_search.sh

This script was developed to find specific gene variants present in the 850VCF dataset
based on chromosomal position. Specific gene variants that utilised this script included
candidate gene variants identified in family FALS147 exome data. The table header
and output results were combined using cat (concatenate) command and saved as a
txt file.

#1/bin/sh e

# filter.sh and 850_ALSOD_search (Emily McCann)
# Adapted by Sandrine Chan on 28/02/18

To search for gene variant by chromosome number and location

# navigate to directory, open and denote the file
cd /7 file”
file= 7 file”

#SAV1 wvariant search
awk ’ ($1 ~ 14 && $2 7 51111611) {print $0}’ $file > 850
VCF_SAV1. txt

#DCAF7T variant search
awk 7 ($1 7 17 & $2 7 61662588) {print $0}’ $file > 850
VCF DCAF7. txt

#COYBSRS wvariant search
awk 7 ($1 7 22 && $2 7 43024269) {print 30} $file > 850
VCF_CYB5R3. txt

#PRAMEF12 variant search
awk ' ($1 7 1 && $2 ~ 12837663) {print 30}’ $file > 850
VCF_PRAMEF12. txt

#/BTBSA wvariant search
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awk  ($1 " 1 && $2 ~ 33059103) {print $0}’ $file > 850
VCF_ZBTBBA . txt

#T'TN variant search
awk ' ($1 7 2 & $2 7 179546450) {print $0}’ $file > 850
VCF.TTN. txt

#ANKRDS31 variant search
awk ' ($1 7 5 && $2 7 74491500) {print $0}’ $file > 850
VCF_ANKRD31. txt

#DNAHS variant search
awk ' ($1 7 6 && $2 © 38879296) {print $0}’ $file > 850
VCF DNAHS. txt

#OR2A25 wvariant search
awk ’ ($1 ~ 7 && $2 7 143771959) {print $0}’ $file > 850
VCF_OR2A25. txt

#PPPIR9A wvariant search
awk 7 (31 7 7 && $2 7 94540079) {print $0}’ $file > 850
VCF_PPP1RYA . txt

#FGD6 variant search
awk ' ($1 ~ 12 && $2 7 95604810) {print $0}’ $file > 850
VCF FGD6. txt

#NRI1H, variant search
awk ' ($1 7 12 & $2 7 100904749) {print 30} $file > 850
VCF_NRI1H4. txt

#ISM2 variant search
awk ' ($1 ~ 14 & $2 7 77950679) {print $0}’ $file > 850
VCF_ISM2. txt

#HFERC2 variant search
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awk 7 ($1 ~ 15 && $2 ~ 28474716) {print $0}° $file > 850
VCF_HERC2. txt

#NDEL1 variant search
awk ' ($1 7 17 && $2 7 8347611) {print $0}’ $file > 850
VCF_NDELL. txt

#47ZEF1 variant search
awk ' ($1 7 17 & $2 7 3961306) {print $0}’ $file > 850
VCF ZZEF1. txt

#FBLN1 variant search
awk ' ($1 7 22 && $2 7 45928969) {print 30}’ $file > 850
VCF_FBLNI1. txt

#AFF2 variant search
awk ' ($1 T X && $2 7 147743972) {print 30}’ $file > 850
VCF_AFF2. txt

#The header and all variant lines into the one text file wusing
the concatenate (cat) function

cat header.txt 850VCF.CYB5R3. txt 850VCFPRAMEF12. txt 850
VCF_ ZBTBSA . txt 850VCF.TTN. txt 850VCF_ANKRD31. txt 850
VCFDNAHS. txt 850VCF_OR2A25. txt 850VCF_PPP1ROA. txt 850
VCFFGD6. txt 850VCF.NRI1H4.txt 850VCF_ISM2.txt 850VCF HERC2.
txt 850VCFNDELL. txt 850VCF_ZZEF1.txt 850VCF_FBLNI1. txt 850
VCF_AFF2. txt > 850VCF_FALS147 _all candidates_headed . txt

A.1.4 gene_variant_search_pipe.sh

Alternatively, rather than inputting each candidate gene variant into an individual line,
the pipe command was used to search for multiple genes. Below is the main script used

for this purpose.

#1/bin/sh e

# Adapted by SandrineChan on 26/02/18.
# I have used the script created by Emily McCann
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# this code is for looking for FALS1/7 candidate gene
variants in the 850VCF using a piping system (faster than

doing one by one gene)

# perform gene search for FALS147 candidate genes, print the
whole rows and save as new vcf
awk '$8 ~ /FBLN1|SAV1|CYB5R3|NDEL1|DNAHS|NR1H4 |DCAF7| OR2A25 |
AFF2|ZBTB8A | ISM2 |HERC2 | ZZEF1 | PRAMEF12 | PPP1R9A | FGD6 | ANKRD31/
{ print $0 }’ $file > FALS147 _candidate_genes.vecf

#Now that I have pulled out all the candidate genes from the
850VCF file , I need to find the specific variants using the
position of the wvariant from the subset.

#1 am wusing the filter.sh script from Emily McCann

#Find variants by position
awk ~ ($27
/12837663|33059103|74491500[38879296(143771959|94540079]95604810]

100904749|77950679|51111611]28474716/61662588|8347611|3961306(43024269|

45928969(147743972/
{ print $0 }’ FALS147_candidate_genes.vcf >
FALS147_candidates_genes_variants. vecf

A.1.5 shared_variant.sh

This script was used to output variants that are common between the two affected
individuals, and different to the control individual. The script needed troubleshooting.
The last line in the script shows the successful code which utilised a different type of

awk command.

#1/bin/sh e

# Adapted from filter.sh (Emily McCann).
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# Re adapted by Sandrine Chan on 27/02/18.

/1, / / / /) / / / /. /. / / / / /) /)

#Shared variant analysis for family FALS147 using the 2
affected ($126 and $127) and 1 control ($128).

#This script aims to find all the 0/1 (variant present) in
affected individuals and 0/0 (WI) in control, and save the

output to a new file name

# navigate to folder
cd /FALS147

# This was the original code used, I thought this was correct
but no nonsynonymous wvariants in the output

#awk  ($126 ~ /0\/1:/ &6 $127 T /C0\/1:/ €6 $128
/0N\N/0:/) {print $0}° FALS147.txt > FALS147 shared_variants
.txt

## Other codes were hence tried to fix the code ##

# 1) Look for non synonymous first , then do the shared wvariant
nonsynonymous worked, but together with shared variant
comes up as zero
#awk 39 ~ "nonsynonymous” {print $0}° FALS1}7 headed.txt >
FALS147_filtering_nonsyn . txt

# 2) let ’s add a space and see if this fizes the problem Does
not change anything

#awk  ($126 ~ /°0\/1:/ &6 $127 T /C0\/1:/ €6 $128 ~ /70\/0:/)
{print $0} ° FALS147.txt > FALS147 shared_variants. NEW . txt

# 8) this should give us wvariants with genotype 0/1 in all 8
individuals this did something different , so something is
working but still not correct

#awk ~ ($126 ~ /0\/1:/ &6 $127 T /C0\/1:/ €6 $128 T /70\/1:/)
{print $0} ~ FALS147_.txt > FALS147 shared_variants_test.
txt
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# /) Will try this without the brackets and without space no
difference found

#awk '$126 ~ /°0\/1:/ &6 $127 ~ /0\/1:/ &6 $128 ~ /0\/0:/ {
print $0}° FALS147.tzt > FALS147 shared_variants NEW . tzt

# 5) try curly brackets did not work, gave the full genome
file (9GB)

#awk ~ {$126 ~ /0\/1:/ &6 $127 ~ /CO\/1:/ &6 $128 ~ /°0\/0:/}
{print $0} " FALS147_.txt > FALS1/7 hared_variants NEW1. txt

# 6) try IF command file size is a bit bigger seems to have
nonsynonymous variants This is the wversion that finally
worked !'!!!

awk F "\t” ’{ if((%$126 = /"0\/1:/) && ($127 =~ /"0\/1:/) && (
$128 ~ /70\/0:/)) { print } }’ FALS147_.txt >
FALS147_shared_variants _NEW2. txt

## Coding version no. 6 worked.

A.2 R scripts

A.2.1 SALS subset.sh

This script has been used in R studio to pull out SALS cohort data from 850VCEF, as
well as to provide the details for a specific candidate gene. ARPP21 candidate gene
was used as an example in the script below. The script also removed variants that are

not present or not called in the SALS subset.

#This 1s an R script, provided by Ingrid Tarr. I have adapted

it for specific gene searches.

#This 1s an example of how the script was used to find all
ARPP21 wvariants present in the SALS subset only.




A.2 R SCRIPTS 103

# this 1s the file that has the IDs and project code
library (gdata)

full < read.xls(”/Volumes/data FMHS/Restrict/Blair\._Group/
Genetics/Project\_MiNE/Manifests /Master_manifest 850
sequenced_14 12 17 _JF.xIsx”, header = T, sheet = 1,
stringsAsFactors = F, nrow = 1000)

# sample ID and experiment code are the columns of interest
table (full$Blair .experiment.code)

SALS < full[full$Blair.experiment.code = ”SALS”, ”SamplelD” ]

FALS < full[full$Blair.experiment.code = "FALS”, ”SamplelD” ]

SOD1 < full [full$Blair.experiment.code =— ”SOD1” , ”SamplelD” ]

twin < full [full$Blair.experiment.code =— ”"Twin” , ”SamplelD” |

twin_sodl < full[full§Blair.experiment.code = "Twin SOD1”, ”
SampleID” |

# change file path to wvaritant file

ARPP21_full 850VCF < read.delim(”/Volumes/data FMHS/Restrict/
Blair .Group/Genetics /WGS_gene_searches/raw_data/
HPC _resultant_txt/ARPP21_variants_headed.txt”, header = T,
skip = 0, nrows = 14000, sep = "\t”)

# if there are still some samples referred to as WIL..... then
these two lines should replace them with the MQIDs
# if there aren’t then it won’t run these two lines
matchup < if(length (grep (”WIL”, colnames(ARPP21_full 850VCF))
) > 0){
read . xls (7 /Volumes/data_ FMHS/Restrict /Blair\_.Group/Genetics/
Project\_-MiNE/WIL\ _.ID\ _conversion . xlsx”, header = T,

stringsAsFactors = F, col.names = c¢(”tube”, "mq”, "wil”
"manifest”, 7 full_tube_id”, "fastQ”))
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colnames (ARPP21 _full 850VCF ) [grep ("WIL” , colnames (
ARPP21 _full 850VCF))] < if(length(grep(”WIL”, colnames (
ARPP21_full 850VCF))) > 0){
as.character (matchup [match(colnames (ARPP21 _full 850VCF) [grep
("WIL” , colnames (ARPP21_full 850VCF)) ]|, matchup$wil), "mq

1)

# tidying of the MQIDs in the wvariant data for matching

colnames (ARPP21_full 850VCF ) [grep ("MQ160198” , colnames (
ARPP21_full 850VCF))] < 7”12 MQ160198”

colnames (ARPP21 _full 850VCF) < gsub(” [[:punct:]]”, 7 7,
colnames (ARPP21_full 850VCF))

colnames (ARPP21_full 850VCF) < gsub(”"X”, 7”7, colnames(
ARPP21 _full_ 850VCF))

# create a new data frame with the wvariant info for the group
of interest:

ARPP21_SALS 850VCF < ARPP21_full 850VCF [, c(rep(T, 9),
colnames (ARPP21_full 850VCF ) [10: ncol (ARPP21_full 850VCF)| %
in% SALS) |

# when saving, change the filepath
write.csv (ARPP21_SALS 850VCF, ”./ARPP21_SALS 850VCF.csv”)

###H#Removing boring variants####
# Removed any wvariants that are reference or not called for

all samples

# This analysis may start with a .csv.
Boring < read.csv(”ARPP21_SALS 850VCF .csv”)

ind < apply(
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Boring [ , (which(colnames(Boring) = "FORMAT” )+1):ncol(
Boring) |, # for the sample columns

1, # look at each row

function(u) !all(grepl(”0/0[\\./\\.7, u)) # and say if
either 0/0 or ./. is found in ALL of the samples (and
invert so T means keep 1s at least one sample not
wildtype , F means remove all samples are wildtype or
not called)

write.table(variant_table[ind, |, 7./
ARPP21_SALS filtered 850VCF . txt” , sep = "\t”)

write.csv(variant_table[ind, ], ”./ARPP21_SALS filtered_850VCF

.csv”) #Saving it as a .csv

ARPP21 filtered_850VCF < read.csv(”
ARPP21_SALS filtered_850VCF . csv”)

A.2.2 gene_analysis filtering

The aim of this script was to further filter exome and/or genome data to remove
gene variants that do not meet the "PASS” criteria, that are not exonic, that are
synonymous, and that are not novel based on dbSNP147 and ExaC. This script used
tools available from the dplyr and tidyverse packages in R studio. This considerably

reduced the number of candidate gene variants.

#1/bin/sh

# Written by Sandrine Chan Moi Fat on 6/3/18. wuses tools
available in dplyr and tidyverse packages

#H#H#This script is to filter and look for new wvariants in
genes/gene variants obtained from 850VCF (already subsetted

to SALS only )####

#Set the working directory
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setwd (7 /Volumes/shares /42794471 /Sandrine_gene _850VCF_SALS/
ARPP21/”)

#Install and open packages
library (dplyr)
library (tidyverse)

#Import the data and assign name
ARPP21 filtered_850VCF < read_csv (”
ARPP21_SALS filtered_850VCF . csv”)

#Select only the ones with Filter=PASS (using pipe command
from tidyr)

ARPP21 _filtered_PASS < ARPP21 _filtered_850VCF %%
filter (FILTER=—"PASS”)

#To check whether only PASS have been included , use the
following .
ARPP21 filtered_PASS %% group_by (FILTER) %% tally ()

#Find ezxonic only (n=16)
ARPP21 filtered_.PASS_exonic < ARPP21 _filtered . PASS [grep(”
Func.refGene=exonic” , ARPP21 filtered PASS$INFO), |

#Remove synonymous wvariants (n=8)

ARPP21 _filtered _ PASS_exonic_nonsyn <
ARPP21 filtered _PASS _exonic [grep(”ExonicFunc.refGene=
nonsynonymous” , ARPP21 filtered_PASS _exonic$INFO) , |

#Are they novel in dbSNP147? (filter for dbSNP=.) (n=0)

ARPP21 filtered_PASS _exonic_nonsynonymous_novell47 <
ARPP21 filtered.PASS_exonic_nonsyn [grep ("avsnpl47=\\.",
ARPP21 filtered.PASS_exonic_nonsyn$INFO) , |
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#No need to filter by FEzac since no wvariants left... (n=0)
#ARPP21 _filtered_PASS_exonic_nonsyn_novell}7_novelExac <
ARPP21_filtered_.PASS_exonic_nonsynonymous_novell7[grep(”
ExAC ALL=\\.",
ARPP21 _filtered_PASS_exonic_nonsynonymous_novell,7$INFO ), |

#Just saving an empty dataset for records

#Saving results as a new .txt and .csv
write.table (ARPP21 filtered_PASS _exonic_nonsynonymous_novell47
7./ ARPP21 filtered_PASS _exonic_nonsynonymous_novell47.txt”
sep = "\t”)
write.csv( ARPP21 filtered PASS _exonic_nonsynonymous _novell47”
./ ARPP21 filtered _PASS _exonic_nonsynonymous_novell47.csv”)

A.3 Additional tables

This section shows the supplementary tables generated during this project.
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TABLE A.1l: FALS147 candidate gene variants previously identified from WES

analysis
Gene Location Accession no Variant (DNA) Variant (Protein)
PRAMFEF12 chr01:12837663 NM_001080830 c¢.G1373A p.R458H
ZBTBSA chr01:33059103  NM_001040441 c.A571G p.K191E
TTN chr02:179546450 NM_133378 c. T29378A p.19793N
CCDC50 chr03:191107301 NM_174908 c.A811G p.M271V
IL17RE chr03:9944363 NM_153483 c.C64A p.P22T
ANKRDS31 chr05:74491500 NM_001164443 ¢.T973C p.F325L
LRRC70 chr05:61876755 ~ NM_181506 c.A1490T p.E497V
DNAHS chr06:38879296 ~ NM_001206927 ¢.G9793T p.G3265C
OR2A25 chr07:143771959 NM_001004488 ¢.C647G p.5216C
PPPI1R9A chr07:94540079  NM_001166163 ¢.C654G p.1218M
FGD6 chr12:95604810 NM_018351 c.C250G p.Q84E
NR1HY chr12:100904749 NM_005123 c.G273T p.-M911
ISM2 chr14:77950679  NM_182509 c.A614G p.N205S
SAV1 chr14:51111611  NM_021818 c.T657A p.D219E
HERC?2 chr15:28474716  NM_004667 c.A5010C p.E1670D
DCAF7 chr17:61662588  NM_005828 c.GTH4A p. V2521
NDEL1 chr17:8347611 NM_001025579 ¢.G22C p.DSH
ZZEF1 chr17:3961306 NM_015113 c.T5147C p.V17T16A
CYB5R3 chr22:43024269  NM_007326 c.C283T p.HISY
FBLN1 chr22:45928969  NM_006487 c.C571T p.R191X
AFF2 chrX:147743972 NM_001169124 ¢.T724C p.5242P
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TABLE A.2: Novel variants identified from candidate gene screening

Gene Location Acession no  Variant(DNA) Variant (Protein)
DCAF7 ch17:61657233 NM_005828 c¢.G457C p.G153R
CYB5R3  ch22:43026934 NM_007326 c.C218A p.P73H
CYB5R3  ch22:43040403 NM_001171660 ¢.G113A p.S38N
CYB5R3  ch22:43040433 NM_001171660 c.A83G p.Q28R
ABCD1 chrX:152990929 NM_000033 ¢.G208C p.-V70L
AARS? chr6:44272510 NM_020745 c.G1624T p.D542Y
AUH chr9:93976697 NM_001698 c.C953T p.-T318I
AUH chr9:94123951 NM_001698 ¢.A221C p.E74A
CYP27A1 chr2:219679313 NM_000784 ¢.G1309T p.A437S
GBE1 chr3:81643080 NM_000158 c.C1087T p. L363F
GBE1 chr3:81754764 NM_000158 c¢.G144T p.R48S
GBE1 chr3:81810577 NM_000158 c.T92A p.L31H
HTRAI chr10:124248938 NM_002775 c¢.G573C p.-K191N
LAMA2 chr6:129371083  NM_000426 ¢.A133C p-N45H
LAMA2 chr6:129511430  NM_000426 ¢. T1548A p-D516E
LAMA2 chr6:129571323  NM_000426 ¢.A1849C p.T617P
LAMA2 chr6:129591890  NM_000426 c.C2444T p.S815F
LAMA2 chr6:129641769  NM_000426 c¢.G4145T p.C1382F
LAMA2 chr6:129748968  NM_000426 ¢.CH937G p-N1979K
LAMA2 chr6:129766925  NM_000426 c.A6388T p-I12130L
LAMA2 chr6:129785500  NM_000426 c¢.G7058C p-R2353P
LAMA2 chr6:129799911  NM_001079823 ¢.C7513T p.-L2505F
KIF5A chr12:57969899  NM_004984 ¢.A2053G p-K685E
USP7 chr16:8994445 NM_003470 c¢.G2251C V751L
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TABLE A.3: In silico scores for protein prediction

Candidate gene  SIFT Polyphen2 HVAR MutationTaster MutationAssessor FATHMM PROVEAN PonP2 PhD SNP SNP & Go PANTHER CADD Score
NUTM2A Tolerated (0.234)  Probably damaging (0.984) Polymorphism (1) Low (1.755) Tolerated (1.99) N (-1.2) Neutral (0.062) Neutral (0.250) Neutral (0.055) NA Medium (10.15) 1/10
C2CD4A Tolerated (0.393)  Benign (0.013) Disease causing (0.999) Low (1.65) Tolerated (0.85) N (-2.4) Neutral (0.105) Neutral (0.406) Neutral (0.097) NA Medium (19.38) 1/9
TERF2IP Tolerated (0.085)  Benign (0.005) Polymorphism (1) Medium (2.2) Tolerated (0.87) N (-0.43) Neutral (0.199) Neutral (0.069) Neutral (0.037) Neutral (0.357) Low (2.191) 1/11
ZNF580 Deleterious (0.19)  Deleterious Disease causing (1) Neutral (0.745) Tolerated (-1.13) D (-3.79) Pathogenic (0.883) Disease (0.544) Neutral (0.121) Neutral (0.353) High (34) 7/11
DCAF7 NA Benign (0.029) Disease causing (1) Medium (2.905) NA NA Unknown (0.673)  Disease (0.576) Neutral (0.254) Neutral (0.239) Low (8.322) 3/8
CYBS5R3 (p.P73H)  Deleterious (0) Probably damaging (1) Disease causing (1) High (4.74) Deleterious (-2.25) Deleterious (-8.79) Pathogenic (0.961) Disease (0.925) Disease (0.842) Disease (0.962) High (24.4) 11/11
CYBS5R3 (p.S38N)  Tolerated (0.203)  Benign (0.043) Polymorphism (1) NA Deleterious (-2.26) Neutral (-0.26) Neutral (0.120) Disease (0.452) Disease (0.154) NA Medium (11.14) 3/9
CYBS5R3 (p.Q28R) Deleterious (0.014) Benign (0.047) Polymorphism (1) NA Deleterious (-2.19) neutral (-0.1) Neutral (0.136) Neutral (0.214) Neutral (0.077) NA Low (0.001) 2/9
KIF5A Tolerated (0.113 Benign (0.005 Disease causing (0.991) Neutral (0.55) Tolerated (-1.02)  Neutral (-1.86) Unknown (0.432)  Neutral (0.420) Neutral (0.334) Neutral (0.278) Medium (15.08) 1/11
USP7 Tolerated (0.321)  Benign (0.001) Disease causing (1) Neutral (-1.06) Tolerated (3.34) Neutral (-0.15) Unknown (0.540)  Neutral (0.157) Neutral (0.082) NA High(23.1) 2/10
ABCD1 Tolerated (0.155)  Benign (0.136) Deleterious (0.991) Neutral (-0.11) Deleterious (-6.28) Neutral (-0.7) NA Neutral (0.425) Neutral (0.137) Neutral (0.184) Medium (9.999) 2/10
AUH Deleterious (0) Deleterious (0.998) Deleterious (1) Medium (3.335) Tolerated (-1.23)  Deleterious (-5.26) Pathogenic (0.851) Disease (0.750) Neutral (0.367) Disease (0.812) High (32) 9/11
GBE1 Deleterious (0.001) Deleterious (0.988) Deleterious (1) High (4.415) Deleterious (-2.19)  Deleterious (-3.31) Unknown (0.588)  Disease (0.808) Disease (0.624) Disease (0.606) High (24.4) 10/11
LAMA?2 Deleterious (0) Deleterious (0.999) Deteterious (1) High (4.06) Tolerated (-1.29)  Deleterious (-4.51) Pathogenic (0.910) Disease (0.789) Disease (0.744) Disease (0.806) High (25.7) 10/11
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TABLE A.4: In stlico scores for natural variation

Gene z score RVIS score Natural variation
NUTM2A 3.95 NA (NA) Medium

C2CD4A 3.51 NA (NA) Medium

TERF2IP 1.4 - 0.16 (41.64%) low

ZNF580 2.24 NA (NA) High

DCAFT (p.G153R) 3.16 NA (NA) Medium

CYB5R3 (p.P73H) -1.2 0.51 (80.2%) High

CYB5R3 (p.S38N) -1.2 0.51 (80.2%) High

CYB5R3 (p.Q28R) -1.2 0.51 (80.2%)  High

KIF5A 48 - 1.31 (4.88%) Low
USP7 6.18 -1.33 (4.67%) Low
ABCDI1 2.41 -0.54 (20.54%)  Low
AUH 0.57 -0.38 (27.40%)  Low
GBEI1 -1.83  0.62(83.53%) High
LAMA2 158 0.5 (79.64%)  High

TABLE A.5: In silico scores for brain and spinal cord expression

Gene HBT TPM score Expression score
NUTM2A NA None no
C2CD4A NA None no
TERF2IP High  High yes
ZNF580 High  Medium yes
DCAF7 (p.G153R) High Medium yes
CYB5R3 (p.P73H) High High yes
CYB5R3 (p.S38N) High  High yes
CYB5R3 (p.Q28R) High High yes
KIF5A High  Medium yes
UspPr High  Medium yes
ABCD1 Low  Low low
AUH High  Medium yes
GBE1 High Low low

LAMA2 Low Low low
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TABLE A.6: In stlico scores for conservation

Gene Conservation across Conserved flanking re- Conservation Score phyloP100 phastCons PhyloP & PhastCons Score
species gion (%)
NUTM2A 5o0f 7 62.9 2 -0.328 0 0
C2CD4A  5of b 100 1B 5.652 1 3
TERF2IP 6 of 9 57.8 3 0.516 0.005 2
ZNF580 6 of 6 98.3 1B -0.538 0 0
DCAF7 11 of 15 72.7 3 9.775 1 3
CYB5R3 10 of 10 75 1A 9.972 1 3
CYB5R3 0of 10 24 3 -1.335 0 0
CYB5R3 0 of 10 0 3 -0.058 0 0
KIF5A 8 of 9 84.4 2 0.942 0.962 2
USP7 11 of 20 55 3 5.768 1 3
ABCD1 7of 11 7 3 6.179 0.995 2
AUH 12 of 14 82 2 8.652 1 3
GBE1 17 of 20 97 3 4.613 1 3
LAMA2 9of 11 74.5 2 8.889 1 3

112




A .3 ADDITIONAL TABLES

113

TABLE A.7: Complete list of all gene variants found during this project

Gene Location Accession no Variant (DNA) Variant (Protein) Obtained from

PRAMEF12 chr01:12837663 NM_001080830 c¢.G1373A p-R458H FALS147 whole-exome analysis
ZBTBSA chr01:33059103  NM_001040441 c¢.A571G p-K191E FALS147 whole-exome analysis
TTN chr02:179546450 NM_133378 ¢.T29378A p-19793N FALS147 whole-exome analysis
cCDC50 chr03:191107301 NM_174908 c.A811G p-M271V FALS147 whole-exome analysis
IL17RE chr03:9944363 NM_153483 c.C64A p.-P22T, FALS147 whole-exome analysis
ANKRD31 chr05:74491500 NM_001164443 ¢.T973C p-F325L FALS147 whole-exome analysis
LRRCT70 chr05:61876755 ~ NM_181506 ¢.A1490T p-E497V FALS147 whole-exome analysis
DNAHS chr06:38879296  NM_001206927 ¢.G9793T p-G3265C FALS147 whole-exome analysis
OR2A25 chr07:143771959 NM_001004488 ¢.C647G p.S216C FALS147 whole-exome analysis
PPP1R9A chr07:94540079  NM_001166163 ¢.C654G p-1218M FALS147 whole-exome analysis
FGD6 chr12:95604810 NM_018351 ¢.C250G p-Q84E FALS147 whole-exome analysis
NR1H/ chr12:100904749 NM_005123 ¢.G273T p-M911I FALS147 whole-exome analysis
1SM2 chr14:77950679  NM_182509 c.A614G p-N205S FALS147 whole-exome analysis
SAV1 chr14:51111611  NM_021818 c¢.T657A p.D219E FALS147 whole-exome analysis
HERC?2 chr15:28474716  NM_004667 ¢.A5010C p.E1670D FALS147 whole-exome analysis
DCAF7 chrl7:61662588  NM_005828 c.G754A p-V2521 FALS147 whole-exome analysis
NDEL1 chrl17:8347611 NM_001025579 ¢.G22C p.D8H FALS147 whole-exome analysis
ZZEF1 chr17:3961306 NM_015113 ¢.T5147C p.V1716A FALS147 whole-exome analysis
CYBS5R3 chr22:43024269  NM_007326 c.C283T p.-HI95Y FALS147 whole-exome analysis
FBLN1 chr22:45928969  NM_006487 c.C571T p.R191X FALS147 whole-exome analysis
AFF2 chrX:147743972 NM_001169124 ¢.T724C p.S242P FALS147 whole-exome analysis
MSTIL 1:17085995 NM_001271733 ¢.C902G p-A301G FALS147 whole-genome analysis
NBPF19 1:145366193 NM_001351365 ¢.C8548A p-Q2850K FALS147 whole-genome analysis
OR2T33 1:248436972 NM_001004695 ¢.T145G p-W49G FALS147 whole-genome analysis
OR2T12 1:248458736 NM_001004692 ¢.T145G p-W49G FALS147 whole-genome analysis
FAMSA1 6:17601035 NM_016255 ¢.A395G p-H132R FALS147 whole-genome analysis
FAMS8A1 6:17601040 NM_016255 ¢.G400A p-G134S FALS147 whole-genome analysis
FAMS8A1 6:17601041 NM_016255 c¢.G401T p-G134V FALS147 whole-genome analysis
FAMSA1 6:17601044 NM_016255 ¢.T404C p.L135P FALS147 whole-genome analysis
FAMSA1 6:17601058 NM_016255 ¢.G418A p-A140T FALS147 whole-genome analysis
NUTM2A 10:88988120 NM_001099338 ¢.C483A p-H161Q FALS147 whole-genome analysis
CDHRS 11:618998 NM_001171968 ¢.C1543G p-P515A FALS147 whole-genome analysis
ORG6S1 14:21109726 NM_001001968 ¢.C125G p.T42R FALS147 whole-genome analysis
C2CD4A 15:62359942 NM_207322 c.G130A p.D44N FALS147 whole-genome analysis
TERF2IP 16:75682129 NM_018975 c.G349A p.A117T FALS147 whole-genome analysis
ZNF580 19:56154346 NM_001163423 ¢.C472T p.R158C FALS147 whole-genome analysis
DCAF7 ch17:61657233 NM_005828 ¢.G457C p.G153R FALS147 candidate gene screening
CYBS5R3 ch22:43026934 NM_007326 c.C218A p.P73H FALS147 candidate gene screening
CYB5R3 ch22:43040403 NM_001171660 c¢.G113A p-S38N FALS147 candidate gene screening
CYB5R3 ch22:43040433 NM_001171660 c.A83G p-Q28R FALS147 candidate gene screening
ABCD1 chrX:152990929 NM_000033 ¢.G208C p-V70L Candidate gene screening
AARS2 chr6:44272510 NM_020745 ¢.G1624T p-D542Y Candidate gene screening

AUH chr9:93976697 NM_001698 ¢.C953T p-T318I Candidate gene screening

AUH chr9:94123951 NM_001698 ¢.A221C p.E74A Candidate gene screening
CYP27A1 chr2:219679313  NM_000784 ¢.G1309T p-A437S Candidate gene screening

GBE1 chr3:81643080 NM_000158 ¢.C1087T p. L363F Candidate gene screening

GBE1 chr3:81754764 NM_000158 c.G144T p-R48S Candidate gene screening

GBE1 chr3:81810577 NM_000158 c.T92A p.L31H Candidate gene screening
HTRA1 chr10:124248938 NM_002775 ¢.GH73C p-K191IN Candidate gene screening
LAMA2 chr6:129371083  NM_000426 ¢.A133C p-N45H Candidate gene screening
LAMA2 chr6:129511430  NM_000426 c.T1548A p.D516E Candidate gene screening
LAMA2 chr6:129571323  NM_000426 c.A1849C p.T617P Candidate gene screening
LAMA2 chr6:129591890  NM_000426 ¢.C2444T p.S815F Candidate gene screening
LAMA2 chr6:129641769  NM_000426 ¢.G4145T p.C1382F Candidate gene screening
LAMA2 chr6:129748968  NM_000426 ¢.C5937G p-N1979K Candidate gene screening
LAMA2 chr6:129766925  NM_000426 c.A6388T p.I12130L Candidate gene screening
LAMA2 chr6:129785500  NM_000426 ¢.G7058C p.R2353P Candidate gene screening
LAMA2 chr6:129799911  NM_001079823 ¢.C7513T p.L2505F Candidate gene screening
KIF5A chr12:57969899  NM_004984 ¢.A2053G p.-K685E Candidate gene screening

USP7 chr16:8994445 NM_003470 ¢.G2251C V751L Candidate gene screening
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TABLE A.8: Complete list of all PCR validated gene variants found during this

project
Gene Location Accession no Variant (DNA) Variant (Protein) Obtained from
PRAMEF12 ¢hr01:12837663 NM_001080830 ¢.G1373A p.R458H FALS147 whole-exome analysis
ZBTBS8A chr01:33059103  NM_001040441 c¢.A571G p-K191E FALS147 whole-exome analysis
TTN chr02:179546450 NM_133378 ¢.T29378A p-19793N FALS147 whole-exome analysis
ANKRD31 chr05:74491500 NM_001164443 ¢.T973C p.-F325L FALS147 whole-exome analysis
DNAHS chr06:38879296  NM_001206927 ¢.G9793T p.-G3265C FALS147 whole-exome analysis
OR2A25 chr07:143771959 NM_001004488 ¢.C647G p.5216C FALS147 whole-exome analysis
PPP1R9A chr07:94540079 NM_001166163 ¢.C654G p-1218M FALS147 whole-exome analysis
FGD6 chr12:95604810 NM_018351 ¢.C250G p-Q84E FALS147 whole-exome analysis
NR1H) chr12:100904749 NM_005123 c¢.G273T p-M9I11 FALS147 whole-exome analysis
ISM2 chr14:77950679  NM_182509 c.A614G p-N205S FALS147 whole-exome analysis
SAV1 chr14:51111611  NM_021818 c.T657A p.D219E FALS147 whole-exome analysis
HERC?2 chr15:28474716 ~ NM_004667 ¢.A5010C p.E1670D FALS147 whole-exome analysis
DCAF7 chrl17:61662588  NM_005828 c.G754A p-V2521 FALS147 whole-exome analysis
NDEL1 chr17:8347611 NM_001025579 ¢.G22C p-D8H FALS147 whole-exome analysis
ZZEF1 chr17:3961306 NM_015113 ¢.T5147C p-V1716A FALS147 whole-exome analysis
CYB5R3 chr22:43024269  NM_007326 c.C283T p-HI5Y FALS147 whole-exome analysis
FBLN1 chr22:45928969  NM_006487 c.Ch71T p.-R191X FALS147 whole-exome analysis
AFF?2 chrX:147743972 NM_001169124 ¢.T724C p-S242P FALS147 whole-exome analysis
NUTM2A 10:88988120 NM_001099338 ¢.C483A p-H161Q FALS147 whole-genome analysis
C2CD4A 15:62359942 NM_207322 c¢.G130A p.D44N FALS147 whole-genome analysis
TERF2IP 16:75682129 NM_018975 c.G349A p-A117T FALS147 whole-genome analysis
ZNF580 19:56154346 NM_001163423 ¢.C472T p-R158C FALS147 whole-genome analysis
ABCD1 chrX:152990929 NM_000033 c.G208C p.V70L Collaborator candidate gene screening
AUH chr9:93976697 NM_001698 ¢.C953T p.T318I Collaborator candidate gene screening
GBE! chr3:81643080 NM_000158 c.C1087T p. L363F Collaborator candidate gene screening
LAMA2 chr6:129371083  NM_000426 c.A133C p-N45H Collaborator candidate gene screening
KIF5A chr12:57969899  NM_004984 ¢.A2053G p-K685E Collaborator candidate gene screening
USP7 chr16:8994445 NM_003470 c¢.G2251C V751L Collaborator candidate gene screening
DCAF7 ch17:61657233 NM_005828 c.G457C p.G153R FALS147 candidate gene screening
CYB5R3 ch22:43026934 NM_007326 c.C218A p.P73H FALS147 candidate gene screening
CYB5R3 ch22:43040403 NM_001171660 c¢.G113A p.S38N FALS147 candidate gene screening
CYB5R3 ch22:43040433 NM_001171660 ¢.A83G p-Q28R. FALS147 candidate gene screening
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http://www.nhmrc.gov.au/book/national-statement-ethical-conduct-human-research
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It is the responsibility of the Chief investigator to retain a copy of all documentation related
to this project and to forward a copy of this approval letter to all personnel listed on the
project.

Should you have any queries regarding your project, please contact the Ethics Secretariat on

9850 4194 or by email ethics.secretariat@mg.edu.au

The HREC (Medical Sciences) Terms of Reference and Standard Operating Procedures are
available from the Research Office website at:
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Abbreviations

ALS Amyotrophic lateral sclerosis

ALS-FTD Amyotrophic lateral sclerosis -frontotemporal dementia
Bp Base pair

CRISPR Clustered regularly interspaced short palindromic repeats
CrRNA CRISPR RNA

DMEM Dulbeccos modified Eagle medium

DMEM /F12 Dulbeccos modified Eagle medium: Nutrient mixture F-12
DNA deoxyribonucleic acid

ER endoplasmic reticulum

ExAC Exome Aggregation Consortium

FALS Familial amyotrophic lateral sclerosis

FALS147 Family with amyotrophic lateral sclerosis number 147
FSC Forward scatter

FTD Frontotemporal dementia

GnomAD Genome Aggregation Database

IP Immunoprecipitation

iPSC Induced pluripotent stem cell

IVF In wvitro fertilisation

LB Luria broth

LMN Lower motor neuron

MAF Minor allele frequency

MGRB Medical Genome Reference Bank

MND Motor neuron disease

NGS Next generation sequencing

NSC-34 Mouse motor neuron-like hybrid cell line

PAM Protospacer adjacent motif

PCR Polymerase chain reaction

PDG Preimplantation genetic diagnosis
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RCF Relative centrifugal force

RFP Red fluorescent protein

RPM Revolutions per minute

RVIS Residual variation intolerance score

SALS Sporadic amyotrophic lateral sclerosis
SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis
SEM Standard error of the mean

SH-SY5Y Human neuroblastoma cell line

SNP Single-nucleotide polymorphism

TA Annealing temperature

TALENS Transcription activator-like effector nucleases
TBE Tris-borate EDTA

tracrRINA Trans-activating ctRNA

TSAP Thermosensitive alkaline phosphate

UMN Upper motor neuron

UPS Ubiquitin-proteosome system

VCF Variant call format

WES Whole-exome sequencing

WGS Whole-genome sequencing

ZFN Zinc finger nuclease
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