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Summary 

The overarching aim of this thesis is to clarify and further our understanding of the genetic 

causes of amyotrophic lateral sclerosis (ALS) and related diseases. It is hoped that achieving 

this can help bring clarity to patients, relatives and carers by improving genetic counselling 

and aiding in the design of clinical trials by improving patient stratification based on genetic 

background. 

 

In the first research chapter of this thesis, a meta-analysis of all genetic variants previously 

reported in ALS and frontotemporal dementia (FTD) patients is performed. 3,114 variants 

in 356 genes were identified from a manual screen of the extant literature. Ultimately, 112 

variants in 21 genes are found to cross the evidence threshold to be classified as pathogenic 

or likely pathogenic. This study also confirms the effect of reduced variant penetrance in 

ALS and FTD and finds that many variants exhibit significant geographic heterogeneity. A 

web application (alsftd.tcd.ie) is made available to provide all supporting evidence in an 

accessible format for clinicians, patients and researchers.   

 

The second study in this thesis focuses on the identification of short tandem repeats (STRs) 

and repeat expansions (REs) in next-generation sequencing data. A benchmarking study of 

7 tools is performed to assess their ability to correctly identify large REs, to accurately 

measure STRs and finally to compare results between whole-exome sequencing data and 

whole-genome sequencing data from the same patients. It is identified that many tools have 

good utility for identifying REs and accurately measuring STRs; however, no single tool 

provides perfect discrimination and the accuracy of results can be highly gene dependent. 

Consequently, it is advised that significant results observed from these tools should be 

subject to validation either with polymerase chain reaction or by taking a consensus 

approach with other tools. The lessons learned from the benchmarking study are applied to 

the study of 132 epilepsy patients, wherein no evidence is found supporting the pleiotropic 

role of REs known to cause other neurological diseases in the pathology of this disease. 

 

Following the dual observations from the meta-analysis that the majority of ALS research 

has been performed in a small number of regions and that several genetic variants exhibit 

significant geographic heterogeneity, it is deemed beneficial to study the genetics of ALS in 

previously understudied populations. The third study in this thesis concerns the genetic 
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screening of 126 Cuban ALS patients and 111 controls for pathogenic genetic variants. A 

low rate of the C9orf72 RE is observed. Interestingly the cohort does not carry SOD1, 

TARDBP or VAPB variants that are identified to be prevalent in North and South America. 

 

The final research chapter examines the genetic basis of ALS and the related conditions FTD 

and primary lateral sclerosis (PLS) in Ireland. One PLS patient is found to harbour a 

previously unreported variant in the gene SPAST. Variants in the same amino acid have 

previously been reported to cause adult onset hereditary spastic paraplegia, a condition with 

significant clinical overlap with PLS. The genetics of ALS and FTD in Ireland are found to 

be distinct from the rest of the world by their absences. While rates of the C9orf72 RE are 

found to be similar other European countries, Irish patients lack genetic variants that are 

commonly observed elsewhere. Finally a study of related individuals, who are similarly 

affected with ALS or FTD, but who have discordant C9orf72 genotyping, is performed to 

further elucidate the basis of this discordance.  
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Chapter 1  

Introduction 

Amyotrophic lateral sclerosis (ALS) is a devastating and fatal neurological disease and is 

the primary focus of this thesis. ALS onset typically occurs between age 50 and 65 (O’Toole 

et al. 2008; Giancarlo Logroscino et al. 2010), at which point a formerly healthy individual 

will begin to experience muscle wasting, stiffness and weakness. This is followed by 

paralysis of the voluntary and respiratory muscles. Average survival is typically between 20 

and 36 months with just 5 to 10% of patients surviving more than ten years from first 

symptom onset (Adriano Chiò et al. 2009).  

ALS treatment 

ALS was first described in the mid-19th century by Jean-Martin Charcot  (Charcot and 

Joffroy 1869), however despite over 150 years of research there is still no cure. Currently 

Riluzole is the only drug approved for the treatment of ALS in Europe (Petrov et al. 2017). 

Riluzole extends life by 2-3 months (Miller, Mitchell, and Moore 2012); however, this 

extension occurs primarily in the later stages of disease when disability is already high (Fang 

et al. 2018). Riluzole was first brought to the market in 1995; however, the therapeutic 

mechanism is still unknown. Over 60 other molecules have now been investigated, with all 

failing to reach the market (Petrov et al. 2017). In progressing drugs to human clinical trials 

there is increasing recognition of the potential importance of stratifying patients based on 

genetic background. This is true for therapies which may target a specific gene (Lagier-

Tourenne et al. 2013), but also for treatments which may target a specific pathway (Broce 

et al. 2018).  However, in order for this to be effective we must first have a good 
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understanding of which genes, variants, and polygenic burdens are truly causing or 

increasing risk for ALS and how this differs across populations and phenotypes.  

Biological processes in ALS  

Causative pathogenic mechanisms in ALS still remain unclear; however, disruption of 

several processes that are essential to neuronal functional have been observed (Mejzini et al. 

2019). Affected processes include altered ribonucleic acid (RNA) metabolism, 

nucleocytoplasmic transport defects, impaired proteostasis, impaired deoxyribonucleic acid 

(DNA) repair, mitochondrial disfunction and oxidative stress, axonal transport defects, 

vesicular transport defects, neuroinflammation, excitotoxicity, and oligodendryte 

dysfunction (Mejzini et al. 2019).  

ALS epidemiology 

An individual has a 1 in 400 likelihood of developing ALS in their lifetime (A. Chiò et al. 

2009; Alonso et al. 2009; Johnston et al. 2006). With an incidence rate of 3.1 cases per 

100,000 people per year (Ryan, Heverin, et al. 2019), over 150 people are expected to be 

diagnosed with ALS in Ireland this year. However, given its relatively late age of onset and 

poor prognosis, the number of people living with ALS at any given time is low, with 

prevalence estimates of between 4.1 and 8.4 per 100,000 people (Longinetti and Fang 2019). 

For comparison, multiple sclerosis has an incidence rate of 2.1 cases per 100,000 people but 

a prevalence of 35.9 people per 100,000 (Walton et al. 2020).  

 

With the notable exception of some clusters of high incidence (discussed below), lower ALS 

incidence is observed in non-Caucasian populations (Africa 0.41 (95% (CI: 0.34-0.5)), Asia 

(0.55 (95% CI: 0.46-0.66)), South America (1.1 (95 % CI: (1-1.2))) than in Europe (2 (95% 

CI: 1.9-2.1)) (GBD 2016 Motor Neuron Disease Collaborators 2018). This difference is not 

explained by the rate of surveillance, socioeconomic status or lifespan in these regions (GBD 

2016 Motor Neuron Disease Collaborators 2018). There is evidence that populations that 

have undergone recent admixture may have a reduced risk of ALS, with one study finding 

that Cuban individuals with self-reported admixed ancestry may have reduced ALS 

mortality relative to people who self-report as white or black (Zaldivar et al. 2009). 

 

Between 5 and 20% of patients present with a family history of ALS (fALS), the remaining 

80-95% of cases are defined as sporadic ALS (sALS) (Ryan et al. 2018; Byrne et al. 2011). 
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Importantly, a classification of ‘sporadic ALS’ is not an indication of a patient’s genetic 

background, merely the family history they have presented with.  Ryan et al. (2018) found 

that longitudinal surveillance of ALS registers over a 23 year period increased the percentage 

of cases identified as having a familial background from 5% to 20%. If a true family history 

of ALS does exist, the problem of correctly identifying this is compounded by the late onset 

of ALS and reduced penetrance of some ALS variants.  

 

The heritability of a trait is the proportion of phenotypic variance within a population which 

is attributable to genetic variance. Estimates for the heritability of ALS are between 52% 

(Ryan, Heverin, et al. 2019) and 76% (A. Al-Chalabi et al. 2010). A heritability of 61% 

(95% CI 38–78%) has been estimated for solely sporadic cases (A. Al-Chalabi et al. 2010) 

and 36.9% (95% CI, 19.8%-53.9%) for patients with no known genetic risk (Ryan, Heverin, 

et al. 2019). Evidently genetic factors play a large role in ALS pathogenesis, not just for 

familial cases but also for patients with no reported family history. 

Environmental risk factors 

The fact that ALS is not entirely heritable implicates the contribution of non-genetic factors. 

Several lifestyle factors have been studied as potentially increasing ALS risk (Ingre et al. 

2015).  Many famous athletes, including American baseball player Lou Gehrig, have 

developed ALS. Several observational studies have investigated a potential correlation 

between high levels of physical activity or low Body Mass Index and ALS risk. While some 

studies have found this to be a negative correlation (V. Gallo et al. 2016; Pupillo et al. 2014), 

the majority of observational studies have found a positive relationship (A. E. Visser et al. 

2018; Eaglehouse et al. 2016; Harwood et al. 2016; Huisman et al. 2013; Lehman et al. 

2012; Ettore Beghi et al. 2010; Chio et al. 2009; Okamoto et al. 2009; E. L. Abel 2007; 

Taioli 2007; Belli and Vanacore 2005).  

 

Mendelian randomisation (MR) is a method of inferring the true causality of potential risk 

factors (Davey Smith and Ebrahim 2003). Genetic alleles that are correlated with potential 

risk factors are randomly assorted in a population. In MR studies this random assortment 

among cases and controls is utilised to identify if the risk of developing disease is affected 

by genetic liability to be exposed to risk factor of interest. Not only do MR studies not suffer 

from many of the confounding issues that observational studies traditionally have, but they 

can also be performed on previously generated data such as summary statistics from 

genome-wide association studies (GWAS).  To date over 20 MR studies have been 
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conducted in ALS (Julian et al. 2021). These studies have shown that LDL cholesterol level 

(odds ratio (OR): 1.12 (95% CI: 1.03–1.20)), coronary heart disease (OR: 1.06 (95% CI: 

1.0–1.13)) and self-reported high cholesterol (OR: 2.39 (95% CI: 1.48–3.84)) are likely to 

be causative ALS risk factors (Bandres-Ciga et al. 2019). MR studies have found that 

smoking is not a causative risk factor for ALS (Opie-Martin et al. 2020; van Rheenen et al. 

2021), despite observational studies to the contrary (H. Wang et al. 2011). MR studies are 

in concurrence both that a sedentary lifestyle is not protective against ALS and that low 

intensity exercise does not increase risk, but there are conflicting results in studies of high 

intensity exercise (Julian et al. 2021).  

 

There have been geographic clusters of high ALS incidences in Guam, New Guinea and the 

Kii Peninsula in Japan. Patients began presenting in the 1950s with ALS/ Parkinsonism 

Dementia Complex (ALS/PDC) at rates up to 100 times higher than the rate of ALS 

elsewhere (G. Logroscino and Piccininni 2019). Incidence rates in New Guinea are still 

elevated; however, since the 1960s rates in Guam and Kii have fallen and are now 

approaching comparable incidences to the rest of the world. The decreased incidences over 

such a short period suggests that this is not a genetic effect. Studies have suggested that this 

is due to a reduction in dietary intake of β-N-methylamino-l-alanine, a chemical present in 

the roots of cycad trees  (P. A. Cox and Sacks 2002; Banack and Cox 2003; Murch, Cox, 

and Banack 2004), but this remains contentious (Chernoff et al. 2017).   

 

In addition to affecting the overall risk of developing ALS, lifestyle factors may be modifiers 

of disease. Byrne et al. (2013) regressed the reported mean age of ALS for a region against 

the population life expectancy within the same region. A positive correlation was observed 

(r=0.91, p=0.01), indicating either that environmental conditions that are conducive to a 

longer life delay ALS onset, or that environmental conditions that shorten lifespan also 

accelerate ALS onset. Analysis in this study was based on the mean age of onset for each 

region. As there is large variability in ALS onset within a population, it remains to be seen 

whether this result is replicable when including all available ages of onset for a given region; 

this question is addressed in Chapter 2.  

Sex as a risk factor 

Sex is an ALS risk factor, with males being 1.3 times more likely to develop ALS than 

females (Giancarlo Logroscino et al. 2010). Additionally, in a study of sex-specific 

heritability, heritability was higher among mother-daughter pairings than father-son or 
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mixed sex pairings, suggesting a sex specific inheritance of risk factors (Ryan, Heverin, et 

al. 2019). Sex is also a modifier of disease phenotype with males exhibiting earlier onset 

than females (McCombe and Henderson 2010). Males are more likely to present with spinal 

symptoms regardless of their age of onset while females are more likely to present with 

spinal onset when young and bulbar onset with increasing age (Giancarlo Logroscino et al. 

2010).  

Frontotemporal dementia 

It is now understood that ALS is a disease which does not solely rob patients of their physical 

capabilities. Approximately 15% of ALS patients develop concomitant frontotemporal 

dementia (FTD), and a similar percentage of FTD patients develop ALS (Phukan et al. 2012; 

Lomen-Hoerth, Anderson, and Miller 2002). With an incidence rate of 1.61 (95% CI: 1.14-

1.99) cases/100,000 per year, a prevalence of 10.84 (95% CI: 9.27-12.42) and a lifetime risk 

of 1/742, FTD is the second most common form of dementia in people under the age of 65 

(after Alzheimer’s disease (AZD)) (Onyike and Diehl-Schmid 2013). FTD is highly 

heritable with approximately 40% of patients reporting a significant family history 

(Goldman et al. 2005). 

 

FTD results from atrophy of the frontal and temporal lobes and is distinguished from other 

early-onset dementias as behavioural changes or language dysfunction typically precede 

memory loss (Warren, Rohrer, and Rossor 2013). Patients experience a progressive decline 

in interpersonal and executive skills and often develop unusual behaviours such as apathy, 

disinhibition and new obsessions. The clinical presentation of FTD is highly heterogenous 

with several clinical subphenotypes and closely related conditions (table 1.1). The genetics 

of FTD globally are examined in Chapter 2 and the genetics of FTD in Ireland are examined 

in Chapter 3. 

 

 

Subphenotype Abbreviation Description
Frontotemporal dementia 
subphenotypes

Behavioural variant FTD bvFTD Early symptoms may include switching jobs or partners, reduced social 
awareness or altered preferences and tastes.

Progressive non-fluent aphasia PNFA Patients lose the ability to make fluent conversation.
Semantic dementia SD Patients experience a progressive decline in vocabularly, forgetting the 

meaning of words.

Other conditions associated 
with frontotemporal cognitive 
change

Corticobasal syndrome CBS Early symptoms include stiffness or tremors in a particular limb or the feeling 
that a limb doesn't belong to you. This can progress to other limbs. Patients 
may experience problems with memory loss, planning or  coping with new 
situations.

Progressive supranuclear palsy PSP Patients experience a decline in balance and mobility and an inability to 
maintain gaze on an object. This is often accompanied by changes in 
behaviour such as irritability and apathy.

Table 1.1: FTD subphenotypes and related conditions

Table based on information from Warren et al. (2013)

Table 1.1: FTD subphenotypes and closely related conditions 
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Motor neurone diseases 

ALS sits within the ALS-FTD phenotypic continuum, but also within a phenotypically and 

genetically heterogenous spectrum of motor neurone diseases (MNDs). ALS is characterised 

by the loss of both lower motor neurones (LMNs), which are present in the brainstem and 

spinal cord and innervate the somatic musculature, and upper motor neurones (UMNs),  

which are present in the motor cortex and brainstem and provide input to the LMNs. Loss of 

UMNs prevents signalling to the LMNs, resulting in muscle stiffness and weakness, while 

LMN degeneration prevents muscles from receiving signals, leading to weakness and 

muscular atrophy (Kent-Braun et al. 1998).  

 

ALS is the most common and devastating adult-onset MND and is typically distinguishable 

from other MNDs due to its aggressive nature and associated LMN and UMN degeneration. 

Other MNDs are generally classified by whether patients experience selective LMN 

degeneration (progressive muscular atrophy (PMA), spinal muscular atrophy (SMA)), or 

UMN degeneration (hereditary spastic paraplegia (HSP), primary lateral sclerosis (PLS)). 

Lower motor neurone disorders   

The two most common purely LMN disorders are SMA and PMA.  

 

SMA is an autosomal recessive MND that is one of the leading causing of infant mortality 

and is estimated to affect approximately 10 births per 100,000 (Jedrzejowska et al. 2010; 

Arkblad et al. 2009; Prior et al. 2010). SMA is caused by recessive LOF SMN1 variants 

resulting in low levels of the SMN protein, causing LMNs to deteriorate and muscles to 

atrophy. Even within SMA the phenotypic spectrum is broad. At its most severe (SMA type 

0), patients exhibit symptoms at birth, are never able to sit and typically survive less than 6 

months; in contrast, patients with SMA type IV have onset in adulthood, may walk 

independently and have normal life expectancy (Nicolau et al. 2021). Recently developed 

antisense oligonucleotides (ASOs) have been shown to halve the risk of death or permanent 

mechanical ventilation in infant patients (Finkel et al. 2017, 2021).  

 

While SMA patients usually have childhood onset and causative mutations segregate 

strongly in their pedigrees, PMA onset is generally in adulthood and there is rarely a family 

history of MND. PMA patients typically experience weakness and muscle wasting in the 

hands which spreads to the lower body as LMNs continue to degenerate. PMA is estimated 
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to account for 7-8% of adult-onset MNDs (W.-K. Kim et al. 2009). By definition PMA 

patients do not show UMN signs at onset; however, many develop UMN symptoms at later 

stages of disease (J. Visser et al. 2007), further highlighting the complexity of the MND 

spectrum. The age of onset and prognosis is similar in both ALS and PMA patients (Riku et 

al. 2014; J. Visser et al. 2007). PMA is often described as a ‘sporadic’ disease; however, 

multiple members of families carrying SOD1 variants have been reported to have solely 

LMN symptoms, ruling out a diagnosis of ALS (Wen et al. 2021; Cervenakova et al. 2000) 

and LMN-predominant adult onset patients have been observed to carry variants in 

CHMP2B (L. E. Cox et al. 2010) and VAPB variants (Nishimura et al. 2004).  

Upper motor neurone disorders 

HSP results from the loss of UMNs and has a mean global prevalence of 1.8 patients per 

100,000 people (Ruano et al. 2014). The condition is typically characterized by gradual onset 

and slow progression, with patients experiencing stiffness and weakness of the lower 

extremities. Onset can occur at any time from childhood to adulthood and patients do not 

usually experience a reduced lifespan. A hallmark of HSP is that it has distinct autosomal 

dominant, recessive or X-linked inheritance in pedigrees, and consequently variants in over 

70 genes have been associated with HSP inheritance (de Souza et al. 2017; Parodi et al. 

2017; Klebe, Stevanin, and Depienne 2015; Lo Giudice et al. 2014).   

 

PLS is an adult onset UMN disorder which causes patients to experience stiffness in their 

arms and legs and often progresses to difficulty in swallowing. While there is considerable 

overlap between the phenotypes of adult onset HSP and PLS, the upper body stiffness and 

bulbar symptoms often observed in PLS are rarely a feature of HSP (Frans Brugman et al. 

2009). PLS is estimated to account for 7% of adult onset MNDs (W.-K. Kim et al. 2009).  

 

A PLS diagnosis is made based on the elimination of other possibilities based on consensus 

criteria (M. R. Turner et al. 2020). Patients must have onset after 25 years of age, UMN 

symptoms for at least two years, and UMN symptoms in two of three regions (upper limb, 

lower limb and bulbar). For a diagnosis, patients must also lack sensory symptoms, LMN 

degeneration and an alternative diagnosis. A diagnosis of probable PLS is made if symptoms 

are present for 2-4 years and definite PLS if patients have symptoms for more than four 

years. Despite these careful diagnostic criteria, many patients with a PLS diagnosis 

subsequently develop UMN symptoms and their diagnosis is re-evaluated (Gordon et al. 

2006). The genetics of PLS are studied in Chapter 5. 
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ALS genetics 

Epidemiological evidence shows that developing ALS occurs as a six-step process. Al-

Chalabi et al. (2014) interrogated the population based ALS registers of five countries. An 

observed linear relationship between log incidence and log age demonstrates increased risk 

of developing ALS with age; this is consistent with a multistep model. Further to this, Chio 

et al. (2018) found that patients carrying a known ALS genetic variant still conformed to the 

multistep model, however required fewer steps than patients lacking an established mutation, 

providing further proof that ALS development is a complex interplay between genetic and 

either environmental or developmental factors, or both. 

 

The first known genetic causes of ALS were discovered in 1993 when 11 mutations in the 

gene SOD1 were identified in thirteen families (Rosen et al. 1993). In the intervening three 

decades much research has been done to identify ALS associated genes and variants. There 

is no agreed panel of genes that are truly associated with ALS. Different reviews have cited 

29 genes (Chia, Chiò, and Traynor 2018) or more than 40 (Peters, Ghasemi, and Brown 

2015). In Chapter 2 it is identified that at least 356 genes and over 3,000 variants have been 

reported in patients with either ALS or FTD. The supporting evidence for each variant has 

not previously been assessed in a comprehensive and uniform manner. Many previously 

reported variants are too common in the population to be highly penetrant ALS variants 

(Kenna, McLaughlin, Hardiman, et al. 2013). It is likely that many of these genes and 

variants represent only spurious associations with disease aetiology, however much clarity 

is required in the field; this is a topic which is explored extensively in Chapter 2.  

 

There is increasing evidence that ALS susceptibility may increase with mutational burden. 

Genome-wide association studies (GWAS) have identified a polygenic architecture in ALS 

(van Rheenen et al. 2016, 2021), wherein the contribution of many single nucleotide 

polymorphisms (SNPs) across the genome contribute to ALS genetic architecture. 

Additionally, van Blitterswijk et al. (2012) screened fALS and sALS cases for mutations in 

five reliably associated ALS genes. Multiple mutations were observed in fALS cases more 

often than expected by chance (p = 1.57x10-7), supporting an oligogenic basis for ALS. 

However, these findings do not mean that any observation of two rare variants in an ALS 

patient can be designated as an oligogenic case of ALS; as described previously, variants 

may be rare individually, but the occurrence of individual rare variants is common. 

Therefore assertions of oligogenic causes of ALS should be accompanied by statistically 

significant support, this is further outlined in Chapter 4. 
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Variant pathogenicity 

Genetic counselling can help both patients and potentially presymptomatic relatives make 

informed decisions regarding family planning and disease management and may impact 

enrolment in clinical trials. However, with the uncertainty over which genes and variants are 

truly likely to be pathogenic, there is no current consensus on what genetic testing and 

counselling should be offered to patients (Vajda et al. 2017). Clarifying this should be a 

major priority in ALS research. 

 

Distinguishing pathogenic variants from non-pathogenic is not a straightforward task and its 

difficulty is exacerbated in ALS due to genetic heterogeneity, late age-of-onset (AOO), 

incomplete variant penetrance and a high proportion of sporadic cases. On average, each 

individual inherits 74 de novo single nucleotide variants (SNVs) that were not present in 

their parent’s germline (Veltman and Brunner 2012). We also inherit half of our parent’s de 

novo variants that were absent in our grandparents, and so on. The result is that we are all a 

collage of rare variation that may be unique to us, our immediate families or individuals we 

share an ancestor with somewhere on our family tree, but the majority of this rare variation 

is not pathogenic. While individual variants may be rare, the overall presence of rare variants 

is exceedingly common. Over 241 million small variants are identified in the Genome 

Aggregation Database (gnomAD), a collection of 141,436 exomes and genomes, with the 

vast majority of these being rare variants (Karczewski et al. 2020). Identifying a rare variant 

in a patient, even within a previously associated gene, is not sufficient evidence to infer 

causality.  

 

The American College of Medical Genetics (ACMG) have proposed guidelines for 

determining whether a variant should be interpreted as pathogenic (P), likely pathogenic 

(LP), benign (B), likely benign (LB) or a variant of uncertain significance (VUS) (Richards 

et al. 2015). These guidelines take multiple strands of evidence into account to arrive at a 

variant’s classification. The guidelines account for the frequency of the variant in the 

population, in silico pathogenicity prediction tools, functional studies, segregation data, 

whether the variant is de novo in a gene that is susceptible to de novo variation, whether a 

variant matches the proposed pattern of inheritance for a disease, previous reports for the 

variant, whether the phenotype of the patient is highly specific to what would be expected 

for the variant in question and whether a carrier has any other likely pathogenic variant 

(figure 1.1). The strength of a particular piece of evidence determines whether it is assigned 

as supporting, moderate, strong, very strong or stand-alone evidence (figure 1.1). The 
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various strands of evidence accounted for in figure 1.1 are assessed cumulatively (figure 1.2) 

to ultimately determine at a variant’s designation.  

 

While the ACMG guidelines provide clear recommendations for variant classification, there 

are categories outlined in figure 1.1 that have a degree of ambiguity and require 

interpretation. For example, category BA1 provides clear guidance that an allele frequency 

(AF) above 5% in large population datasets such as gnomAD is stand-alone evidence in 

favour of benignity, this is unambiguous and does not require interpretation by a researcher 

assessing variants. In contrast, category PM1 states that a variant being located in a 

mutational hotspot without benign variation, counts as moderate evidence of pathogenicity; 

however, the classification of a mutational hotspot is very gene and disease dependent, 

leaving the assessment of this category open to ambiguous interpretation. Many papers have 

been published describing further guidelines for the interpretation of specific categories 

(Abou Tayoun et al. 2018; Harrison, Biesecker, and Rehm 2019; Cho et al. 2020; Wilcox et 

al. 2021; Brnich et al. 2019; Jarvik and Browning 2016). It is also recognised that the ACMG 

guidelines often require gene- or disease-specific modification as certain categories will be 

more or less relevant for a given condition or may provide stronger or weaker evidence in a 

given context (Morales Ana et al. 2020; Kelly et al. 2018; Oza et al. 2018; Romanet et al. 

2019; Feliubadaló et al. 2021; Maxwell et al. 2016; Fortuno et al. 2021). There are currently 

no agreed guidelines for the interpretation of the ACMG guidelines for ALS.  
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Figure 1. Evidence Framework
The following chart organizes each of the criteria by the type of evidence as well as the 
strength of the criteria for a benign (left side) or pathogenic (right side) assertion. Evidence 
code descriptions can be found in Tables 3 and 4. Abbreviations: BS, benign strong; BP, 
benign supporting; FH, family history; LOF, loss-of-function; MAF, minor allele frequency; 
path., pathogenic; PM, pathogenic moderate; PP, pathogenic supporting; PS, pathogenic 
strong; PVS, pathogenic very strong

Richards et al. Page 29

Genet Med. Author manuscript; available in PMC 2015 November 01.
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This chart displays the organisation of evidence categories for determining a variant’s pathogenicity. 
Evidence can either support a pathogenic or benign variant annotation with different strengths of 
evidence being designated as supporting, moderate, strong or stand-alone. Evidence categories are 
further described in Chapter 2. Abbreviations: BS, benign strong; BP, benign supporting; FH, family history; 
LOF, loss-of-function; MAF, minor allele frequency; path., pathogenic; PM, pathogenic moderate; PP, 
pathogenic supporting; PS, pathogenic strong; PVS, pathogenic very strong 
 
Figure reproduced from Richards et al. (2015) 
 

Figure 1.1: ACMG evidence framework 
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Richards et al. Page 36

Table 5

Rules for Combining Criteria to Classify Sequence Variants

Pathogenic

1 1 Very Strong (PVS1) AND

a. ≥1 Strong (PS1–PS4) OR

b. ≥2 Moderate (PM1–PM6) OR

c. 1 Moderate (PM1–PM6) and 1 Supporting (PP1–PP5) OR

d. ≥2 Supporting (PP1–PP5)

2 ≥2 Strong (PS1–PS4) OR

3 1 Strong (PS1–PS4) AND

a. ≥3 Moderate (PM1–PM6) OR

b. 2 Moderate (PM1–PM6) AND ≥2 Supporting (PP1–PP5) OR

c. 1 Moderate (PM1–PM6) AND ≥4 Supporting (PP1–PP5)

Likely Pathogenic

1 1 Very Strong (PVS1) AND 1 Moderate (PM1–PM6) OR

2 1 Strong (PS1–PS4) AND 1–2 Moderate (PM1–PM6) OR

3 1 Strong (PS1–PS4) AND ≥2 Supporting (PP1–PP5) OR

4 ≥3 Moderate (PM1–PM6) OR

5 2 Moderate (PM1–PM6) AND ≥2 Supporting (PP1–PP5) OR

6 1 Moderate (PM1–PM6) AND ≥4 Supporting (PP1–PP5)

Benign

1 1 Stand-Alone (BA1) OR

2 ≥2 Strong (BS1–BS4)

Likely Benign

1 1 Strong (BS1–BS4) and 1 Supporting (BP1–BP7) OR

2 ≥2 Supporting (BP1–BP7)

*
Variants should be classified as Uncertain Significance if other criteria are unmet or the criteria for benign and pathogenic are contradictory.

Genet Med. Author manuscript; available in PMC 2015 November 01.

Figure 1.2: ACMG rules for combining criteria to classify sequence variants 

 Figure reproduced from Richards et al. (2015) 
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Repeat expansions 

Short tandem repeats (STRs), are short repeated DNA motifs, typically of 1-6 bps in length, 

that comprise 3% of the human genome  (Lander et al. 2001). Due to errors during DNA 

replication, these repeats are highly polymorphic in length. Although loosely defined, a 

repeat expansion (RE) occurs when an STR is expanded beyond the normal length observed 

in the healthy population.  

 

STR variability in more than 50 genes has now been linked to various neurological disorders 

(Depienne and Mandel 2021). There is little in common across all disease-associated REs. 

They vary in their composition and the number of repeats required for pathogenesis. They 

are observed in coding regions, introns and untranslated regions (UTRs). Even the 

likely/proposed pathogenic mechanism of action differs across STR loci (Chintalaphani et 

al. 2021; Malik et al. 2021; Khristich and Mirkin 2020; Paulson 2018; Depienne and Mandel 

2021).  

Repeat expansion pathogenic mechanisms 

LOF can occur due to epigenetic gene silencing, such as in fragile X syndrome (FXTAS) 

(Oberlé et al. 1991; Verkerk et al. 1991) and Friedreich’s ataxia (FRDA) (V. Campuzano et 

al. 1996). Expansions present in the genic regulatory regions experience hypermethylation 

of the expanded allele, preventing gene expression.  

 

One gain-of-function (GOF) mechanism is protein misfolding. Many of the CAG repeats 

including those responsible for Huntington’s disease (HD) and several of the spinocerebellar 

ataxias (SCAs) cause long polyglutamine (polyQ) tracts in the gene transcript. These polyQ 

tracts result in protein misfolding and lead to protein aggregates which disrupt cellular 

control mechanisms and lead to neuronal cell death. Similar pathogenesis can arise from 

certain polyalanine (polyA) repeats (congenital central hypoventilation syndrome (CCHS) 

and early infantile epileptic encephalopathy EIEE1).  

 

Specific expanded motifs are capable of forming stable secondary structures when 

transcribed. These hairpin or G-quadruplex structures sequester RNA-binding proteins into 

RNA foci. Patients with myotonic dystrophy 1 (DM1), have a CTG expansion in the 3’UTR. 

This expansion does not affect expression; however, the formed RNA foci sequester 
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essential splicing factors leading to aberrant splicing of essential muscle genes (Kanadia et 

al. 2003; Philips, Timchenko, and Cooper 1998).  

 

The final proposed GOF pathogenic RE mechanism is repeat associated non-ATG (RAN) 

translation. The three-dimensional structures formed by certain GC motifs result in 

translation machinery being operational at the locus even in the absence of a start codon. 

The RE is transcribed bidirectionally and in all frames; producing peptide repeats which 

aggregate throughout the central nervous system (CNS). RAN translation has been observed 

in DM1 (Zu et al. 2011) , FXTAS (Todd et al. 2013), HD  (Bañez-Coronel et al. 2015), 

SCA2 (Scoles et al. 2015), SCA8 (Zu et al. 2011) and ALS (Zu et al. 2013).  

Additional STR Features 

The fact that large REs are pathogenic is not the only phenotypic effect of STRs. Repeat 

variability in the normal range at the population level is linked to variability in complex 

human traits, with STRs being enriched in human promoters and enhancers and recurrently 

being found to affect the expression of neighbouring genes (Gymrek 2017).  

 

STR disease loci have been shown to exhibit pleiotropic effects, wherein variants in the same 

gene can result in disparate traits. For example, the C9orf72 RE, discussed below, causes 

both ALS and FTD and has been observed as a rare cause of Parkinson disease, Huntington 

disease-like syndrome and AZD (Woollacott and Mead 2014). While large expansions in 

ATXN2 cause SCA2, intermediate length expansions of 27-32 repeats are an ALS risk factor 

(Sproviero et al. 2017; M.-D. Wang et al. 2014; Daoud et al. 2011). HTT expansions which 

cause HD have also recently been linked to ALS in a similar manner (Dewan et al. 2021), 

although this result is disputed (Thomas et al. 2021). More broadly, pleiotropy is a common 

feature  of neurological disorders (Polushina et al. 2021).  

C9orf72 

In 2010, Laaksovirta et al. identified a 232 kilobase (kb) haplotype on chromosome 9 that is 

statistically enriched in fALS patients (OR: 21·0 (95% CI 11·2-39·1)). In 2011, repetition 

of 29 or more hexanucleotide (G4C2) motif units in the gene C9orf72, which lies in this 

haplotypic region, was found to be the most common cause of ALS and FTD in Europe 

(DeJesus-Hernandez et al. 2011; Renton et al. 2011). The expansion is believed to have 

arisen once on this specific haplotype; thus, while many controls and patients without the 
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RE share the same haplotype, the RE has never been observed in the absence of this 

haplotype (Smith et al. 2013; Laaksovirta et al. 2010; Mok et al. 2012).  

 

The RE displays significant population-specific heterogeneity, explaining 34% and 5% of 

European fALS and sALS cases respectively, but only 2% and less than 1% respectively in 

Asia (Zou et al. 2017). This population-specific heterogeneity highlights the importance of 

studying populations from diverse ethnic backgrounds, as variants that are rare in one ALS 

or FTD population may be common elsewhere, Chapter 4 aims to address this issue. The 

extent of population-specific genetic heterogeneity has not been assessed for the vast 

majority of previously reported variants and is explored in Chapter 2.   

C9orf72 pathogenic mechanism 

The pathogenic mechanism associated with the C9orf72 RE in ALS and FTD is still an open 

debate.  

 

C9orf72 RE pathogenicity may arise from heterozygous loss of gene function. C9orf72 

regulates autophagy and endolysosomal trafficking and function (Woollacott and Mead 

2014). Decreased messenger ribonucleic acid (mRNA) and protein levels have been 

observed in C9orf72 RE positive central nervous system (CNS) tissues and induced 

pluripotent stem cell derived neuronal cell lines (Sivadasan et al. 2016; van Blitterswijk et 

al. 2015; Xiao et al. 2015; Waite et al. 2014; Belzil et al. 2013; Ciura et al. 2013; Donnelly 

et al. 2013; Fratta et al. 2013; Mori, Weng, et al. 2013; Xi et al. 2013; Gijselinck et al. 2012; 

DeJesus-Hernandez et al. 2011). Additionally, in gnomAD the ratio of observed loss-of-

function (LOF) variants to the number that would be expected for a gene this size is 0.58, 

indicating a lack of tolerance for LOF variants.  On the other hand; to date only a single 

reported sALS case harbouring a LOF splice-acceptor variant has been reported and the 

identified variant is classified as a VUS (F. Liu et al. 2016). Additionally, patients who are 

homozygous do not show increased disease severity (Fratta et al. 2013). Reduction of 

endogenous C9orf72 function has produced neuronal defects in C. elegans (Therrien et al. 

2013) and zebrafish (Ciura et al. 2013); however, this has not replicated in mice (Koppers 

et al. 2015; Lagier-Tourenne et al. 2013).  

 

A potentially more robust explanation for C9orf72 pathogenicity is toxic RNA GOF. Several 

studies have observed the presence of nuclear RNA foci throughout the CNS in C9orf72 RE 

positive patients (Cooper-Knock et al. 2014; Cooper-Knock, Shaw, and Kirby 2014; 
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Donnelly et al. 2013; Gendron et al. 2013; Lagier-Tourenne et al. 2013; Lee et al. 2013; 

Mizielinska et al. 2013; Mori, Arzberger, et al. 2013; Zu et al. 2013; DeJesus-Hernandez et 

al. 2011). Similar to DM1 discussed above, evidence suggests these foci act as ‘protein 

sinks’, sequestering RBPs, preventing them functioning elsewhere in the body. Chew et al. 

(2015) induced the expression of (G4C2)66  throughout the mouse CNS, causing neuronal 

loss and behavioural deficits.  

 

There is also evidence supporting the role of pathogenic dipeptide repeats (DPRs) in ALS. 

In ALS the hexanucleotide repeat undergoes bidirectional RAN translation, producing 6 

alternate DPRs which aggregate throughout the CNS (Ash et al. 2013; Mackenzie et al. 

2013). Evidence from Drosophila has indicated that these DPRs rather than RNA foci may 

be responsible for pathogenesis. Mizielinska et al. (2014) produced two transgenic fly lines; 

one line carried the RE and the other carried the expansion but with stop codon interruptions, 

thus preventing translation. RNA foci formed in both lines; however, DPRs and subsequent 

early lethality were only observed in the absence of stop codons. Tran et al. (2015) induced 

an intronic (G4C2)160  repeat in Drosophila. Unlike in the Mizielinska et al. model, this repeat 

was not accompanied by a polyA tail, so the resulting mRNA could not be transported to the 

cytoplasm for RAN translation to occur. Consequently, high levels of nuclear RNA foci were 

observed but with low levels of RAN translation and very little toxicity, indicating that DPRs 

rather than RNA foci are responsible for pathogenesis.  

Summary 

ALS is a disease that continues to destroy lives. Currently there is much still unknown about 

the genetic causes of ALS and related disorders. Ultimately the goal of any research in ALS 

or related diseases is to help patients. It is hoped that further elucidating and clarifying the 

genetic causes of these diseases will help patients in the short term by improving genetic 

counselling, and in the long term by aiding and improving the design, enrolment and 

identification of targets for clinical trials. It is the aim of this thesis to be a step in this 

direction.  
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Aims 

The overarching aim of this thesis is to clarify and further our understanding of the genetic 

causes of ALS and related diseases. This research is presented over four chapters: 

• Chapter 2: A comprehensive uniform analysis of three decades of ALS and FTD 

genetics research 

o It is the aim of this chapter to amalgamate and perform a uniform analysis 

of research from all previous genetic screening studies in ALS and FTD. 

Following this, it is the aim to develop a web interface to make this research 

accessible to patients, clinicians and researchers.  

• Chapter 3: Identifying repeat expansions in neurological disorders 

o The aims of this chapter are firstly to utilise ALS data to evaluate tools 

designed for the characterisation of STRs and REs from next-generation 

sequencing (NGS) data, and secondly to utilise the results of this evaluation 

to interrogate an epilepsy cohort that has not previously been studied for 

REs. 

• Chapter 4: The genetic profile of ALS in Cuba 

o This study aims to characterise the profile of ALS genetics in Cuba, a 

population that has not previously been screened for ALS genetic variants. 

• Chapter 5: The broader spectrum of motor neurone disease genetics in Ireland  

o This study aims to examine the genetic landscape of ALS, PLS and FTD in 

Ireland. 
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Chapter 2  

journALS: a comprehensive, uniform analysis of 

three decades of ALS and FTD genetics research 

Introduction 

Both ALS and FTD have a significant genetic component and a large proportion of patients 

presenting with a family history of disease (Rohrer et al. 2009; Ryan, Heverin, et al. 2019). 

In 1993, the identification of segregating variants in SOD1 marked the discovery of the first 

ALS-associated gene (Rosen et al. 1993). In the intervening three decades thousands of 

variants in hundreds of genes have been implicated in ALS or FTD with varying degrees of 

supporting evidence. In recent years, next-generation DNA sequencing has led to a deluge 

of reported rare variants in previously linked ALS and FTD genes; however, without 

additional supporting evidence the identification of patients carrying a rare variant in a 

putative or established ALS or FTD gene is not sufficient evidence to determine the variant’s 

significance (Richards et al. 2015). 

 

Relevant factors in assessing the clinical significance of genetic variants include: 

confidence  that the variant is causative for the disease (pathogenicity), the probability that 

a carrier of the variant will develop the disease over the course of their lifetime (penetrance) 

and the proportion of cases carrying the variant (prevalence). The difficulty of interpreting 

the clinical significance of potentially pathogenic variants is exacerbated in ALS and FTD 

due to genetic heterogeneity, late AOO, incomplete variant penetrance and a high proportion 

of sporadic cases, wherein patients present with no apparent family history of disease. The 
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ACMG has provided guidelines for assessing variant pathogenicity (Richards et al. 2015); 

however these have been shown to require disease-specific interpretation and modification 

(Kelly et al. 2018; Oza et al. 2018; Romanet et al. 2019; Feliubadaló et al. 2021) and no 

consensus has yet been reached for the application of these guidelines to ALS or FTD. 

 

In this study, an extensive review of the extant literature is combined with the most recent 

genetics and genomics guidelines and datasets to develop the journALS data browser. This 

data browser is simultaneously a catalogue of 30 years’ genetic research in ALS and FTD, a 

uniform analysis to assess the pathogenicity, penetrance and prevalence of all previously 

reported ALS- and FTD-associated genetic variants and a framework for the future 

interpretation of novel variants or variants with additional available evidence. As routine 

genetic testing is becoming more widely available (Vajda et al. 2017), and ALS clinical 

trials are beginning to enrol based on genetic status (“ALS Signal Dashboard” n.d.), it is now 

essential that we are able to separate truly pathogenic variants from variants with insufficient 

supporting evidence.  

Methods 

Article identification  

Four methods were employed to identify all pertinent genetic studies of ALS or FTD from 

the first published study in 1993 (Rosen et al. 1993) to July 2020. The Human Gene Mutation 

Database (HGMD) v2017.4 (Stenson et al. 2017) was utilised by identifying all papers 

listing any variant falling in any gene linked to any ALS, MND or FTD phenotype 

(supplementary table S2.1), and excluding papers denoted as "functional characterisation". 

Secondly, the reference lists of recent reviews and meta-analyses (supplementary table S2.2) 

were mined to identify key papers which were absent from HGMD. Thirdly, ClinVar 

(GRCh37_clinvar_20200615)  (Landrum et al. 2018) was parsed for any variants linked to 

ALS, FTD or unspecified MND. All previously unscreened papers listing these variants in 

the ClinVar variant citations file were included. Finally, to redress the fact that the reviews, 

meta-analyses and HGMD v2017.4 have missed very recent articles, a PubMed screen was 

carried out on 24/06/2020 using the search terms ("genetic analysis" OR "genetic screen" 

OR "next-generation" OR "sequencing") AND ("amyotrophic lateral sclerosis" OR "motor 

neuron disease" OR "frontotemporal dementia"), results were filtered to the previous four 

years and reviews, clinical trials and studies that did not include patient screening were 

omitted. These combined searches provided a shortlist of ‘potentially relevant papers’.  
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Article screening 

Articles were screened by a team of three users. Using Python v 2.7.9 (Van Rossum and 

Drake 1995) and Tkinter (Lundh 1999), a custom graphic user interface was created to 

ensure that papers were assessed and data was output in a uniform manner. Potentially 

relevant papers were first screened for inclusion based on whether they were a genetic study 

of patients with ALS, FTD or unspecified MND. Studies which screened more than one 

unrelated individual for at least the exons of one entire gene were marked as ‘potential 

population studies’. 

 

For each patient carrying an identified variant, the following information was recorded 

where available: nationality, ethnicity, site of onset, age of onset, disease duration, the 

presence of cognitive impairment, primary phenotype (ALS, FTD, ALS-FTD), detailed 

phenotype, variant zygosity, de novo status, concurrent variants and family history. 

Segregation information was also recorded where available. 

Screening error  

150 population studies were independently screened twice by separate users. These 

independent screens were compared and any conflicts were resolved to form a consensus. 

Three measures of interobserver concordance were assessed. Firstly, how successfully did 

users identify variants in the literature; secondly, how accurately did users identify the 

frequency of correctly identified variants; and finally, how accurately did users identify 

phenotype and genotype data for correctly identified individuals.  

Population frequencies 

Studies marked as ‘potential population studies’ were collectively screened to find the most 

representative population studies for a country. To avoid inflation or deflation of calculated 

AFs, articles were excluded as population studies if the cohort was selected for being 

negative or positive for previously screened variants. For each clinical ascertainment centre 

only the most representative study for each gene was included, to avoid patients being 

included as part of multiple studies. If ascertainment centre was unavailable or uncertain 

then the most representative study for the country for each gene was included. Studies 

screening multiple genes simultaneously were prioritised for inclusion over single gene 

studies from the same ascertainment centre. Justifications and numbers for all ‘potential 

population studies’ are included in Supplementary File S1 (available at 
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https://github.com/dohertymark/journALS/Supplementary_Material). Global and region-

specific AFs were calculated from the variants observed in population studies. 

 

The AF of the C9orf72 RE in the general population was calculated by combining the control 

cohorts of identified C9orf72 population studies (supplementary table S2.3). 

Data processing and annotation 

Variants reported in the literature were manually converted to GRCh37 coordinates. Variants 

were normalised and annotated using Variant Tools v0.5772 (Tan, Abecasis, and Kang 

2015), SnpEff v4.3s (Cingolani et al. 2012) and GEMINI v0.30.2 (Paila et al. 2013). 

Following annotation, variants in all genes identified in the literature were extracted from 

available ALS specific datasets including the fALS browser of the ALS Variant Server 

(ALSVS) (“ALS Variant Server, Worcester, MA” n.d.), the ALS Data Browser (ALSdb) 

(“ALSdb, New York City, New York” n.d.; Cirulli et al. 2015)  and the Project MinE Data 

Browser (van der Spek, van Rheenen, Pulit, Kenna, McLaughlin, et al. 2019). The Project 

MinE AFs were converted from minor AFs to alternate AF. All variants in these genes were 

merged with the variants from the literature and annotated with dbNSFP 4.0a (X. Liu, Jian, 

and Boerwinkle 2011, 2013; X. Liu et al. 2016), spidex 1.0 (Xiong et al. 2015), dbscSNV1.1 

(Jian, Boerwinkle, and Liu 2014), the University of California Santa Cruz (UCSC) 

RepeatMasker tract (W. J. Kent et al. 2002) and gnomAD v2.1.1.1 (Karczewski et al. 2020) 

exome and genome AFs, probability of loss of function intolerance (pLI) scores, gene 

constraint scores, coverage and proportion expressed across transcripts (pext) scores. 

Insertions and deletions (INDELs) were annotated using PROVEAN v1.1 (Choi et al. 2012; 

Choi 2012), SIFT (Sim et al. 2012) and VEST4 (Douville et al. 2016).  

 

Several intermediate-length repeat expansions and copy number variants have been 

associated with ALS or FTD. Where reported in the literature these were annotated in the 

database; however, with the exception of the C9orf72 RE, these were not included in the 

analysis for several reasons: it is typically a range of repeat lengths that is implicated rather 

than a single variant, these variants typically increase risk rather than are strictly causative, 

and finally, these variants are typically not annotated in genomics databases and are therefore 

unable to be integrated in the uniform analysis.  
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JournALS data browser 

The journALS data browser is available at alsftd.tcd.ie, detailing analyses described in the 

following sections. The interface was designed and built using R v3.6.1 (R Core Team 

2019)  and Shiny v1.4 (Chang et al. 2019). Unless otherwise stated, analysis and plotting is 

conducted with base R. Data is managed using R packages data.table v1.12.8 (Dowle and 

Srinivasan 2019), dplyr v0.8.5 (Hadley Wickham et al. 2020), DT v0.12 (Xie, Cheng, and 

Tan 2020), plyr v1.8.6 (H. Wickham 2011), R.utils v2.10.1 (Bengtsson 2020), stringr v1.4 

(Hadley Wickham 2019) and tidyr v1.0.2 (Hadley Wickham and Henry 2020). Some aspects 

of plotting are achieved using gridExtra v2.3 (Auguie 2017), ggvis v0.4.5 (Chang and 

Wickham 2019) and berryFunctions v1.18.2 (Boessenkool 2019). Code for data pre-

processing, the data browser and all figures and statistics from this paper is open source and 

available at https://github.com/dohertymark/journALS. The features available on the 

journALS data browser are outlined in table 2.1.  

gnomAD allele frequency 

The primary gnomAD dataset contains 4,243 ALS samples from the ALSgen consortium 

and is thus not representative of the general population as an ALS or FTD control cohort. 

Hereafter, references to gnomAD AFs refer to the non-neuro subset of gnomAD, a collection 

which includes 104,068 exomes and 10,636 genomes. GnomAD AFs were calculated by 

summing the number of alleles observed in the gnomAD exome and genome subsets and 

dividing by the sum of the number of alleles sequenced in the respective subsets.  For SNVs 

and single base INDELs which were absent in either subset, if median coverage at the site 

was greater than 29 in non-neuro exomes or genomes the variant was assumed to be non-

variant in all non-neuro exomes or non-neuro genomes respectively, otherwise absent 

variants in either subset were not assigned an allele frequency.  

Penetrance  

Variant penetrance is the probability that a variant carrier will develop disease during their 

lifetime. Where sufficient data is available, variant penetrance was estimated by two 

alternative means. Penetrance estimates were calculated for a dominant (heterozygous) form 

of disease. The first method is referred to as the ‘population penetrance’, following the 

Bayesian method proposed by (Minikel et al. 2016). 
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Section Feature Description

Variant Browser

Analysis for a variant of interest (VOI) Pathogenicity A display describing the fulfilled ACMG criteria and the overall variant classification for the VOI

General Information VOI annotations include variant impact, allele frequencies in publicly available datasets, dbNSFP 

annotations and  journALS annotations such as pathogenicity and penetrance

Phenotype Information Phenotype information manually curated from the literautre for all identified carriers of the VOI

Geographic heterogeneity A display and test to determine if the VOI exhibits geographic heterogeneity. Comparisons can 

be made between or within continents, for both ALS and FTD, and for familial or sporadic forms of disease

Age of Onset A display and test to determine if the ages of onset for carriers of the VOI differ significantly from the age of 

onset of the rest of the cohort. Comparisons can be made across phenotype, sex and family history

Pedigrees Plots of each pedigree found in the literature carrying the VOI and quantification of the level of segregation across all pedigrees

Region Browser

Analysis of a region of interest (ROI) which may be globally, 

a continent or a country of interest

Individuals Phenotype information for all individuals from the ROI

Analysis A visual display of the proportion of cases explained by each gene for the ROI. Analysis is available for P variant, P or LP 

variants or all variants, for both ALS and FTD, and for familial and sporadic forms of disease 

Population Studies A list and description of populaiton studies included in the analyis of the ROI

Gene Browser

Analysis for a particular gene of interest (GOI) Comparison Plot Comparse features such as allele frequency, proportion of familial cases and penetrance of variants in the GOI

Gene Plot A visual display of all variants observed in the GOI. Variants are coloured by their pathogenicity 

Variant Table Phenotype information and annotations for all observed variants in the GOI

Summary 

Summary Summary information of overall results and details for each gene found to contain pathogenic or likely pathogenic variants 

Downloads

Downloads All of our data and code are open source and available for easy download and analysis

Annotate

Annotate Users can annotate their VOIs from our dataset and download the results directly

Table 2.1: Features available on the journALS data browser

Table 2.1: Features available on the journALS data browser 
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Here, population penetrance (or the probability of disease given the allele) was calculated 

via equation 2.1: 

 

 
𝑃(𝐷|𝐴) =

𝑃(𝐴|𝐷) × 𝑃(𝐷)
𝑃(𝐴)  

Equation 2.1 

where P(D|A) is the likelihood of developing the disease for allele carriers; P(A|D) is the 

probability of having the allele given the disease, defined by the overall case AF calculated 

from the literature; P(D) is the probability of having the disease, defined by the lifetime risk; 

P(A) is the probability of having the allele, defined by the AF in the general population. 

 

The gnomAD cohort was assumed to contain individuals presymptomatic for ALS and FTD, 

thereby representing the AF in the general population. The overall lifetime risk of disease 

(P(D)) is 1/400 for ALS (McGuire et al. 1996; Traynor et al. 1999; E. Beghi et al. 2007; 

Vázquez et al. 2008; Ryan, Heverin, et al. 2019), and 1/742 for FTD (Coyle-Gilchrist et al. 

2016). Wilson 95% confidence intervals were calculated from the upper and lower bounds 

of the binomial proportions of P(A|D) and P(A). Where variants were observed in population 

studies and had an available gnomAD AF, population penetrance was separately calculated 

for the lifetime risk of developing ALS, FTD and ALS or FTD. Penetrance and confidence 

intervals were calculated using the R package binom v1.1-1 (Dorai-Raj 2014). 

 

Variant penetrance was also calculated for ALS, FTD and ALS or FTD using the ‘familial 

penetrance’ method (Spargo et al. 2021), wherein a variant with increased lifetime 

penetrance will result in an increased proportion of variant carriers presenting with a positive 

family history of disease. Sibship size was estimated from the global 2018 total world 

fertility rate (“Databank.Worldbank.Org” 2021). The proportion of variant carriers 

presenting with a positive family history and AFs in familial and sporadic cases were 

calculated from the literature. The familial rate of ALS was estimated at 11.1% (Ryan et al. 

2018) and the familial rate of FTD was estimated at 20.1% (Goldman et al. 2005). 

Geographic heterogeneity 

For each variant, between- and within-continent geographic heterogeneity was calculated 

from the region-specific variant AFs. Countries Iran, Israel and Turkey were assigned to the 

‘Middle East’. Russia was assigned to Europe. Sardinia in Italy and the Kii Peninsula in 

Japan were treated as stand-alone regions due to their historically unique ALS 

epidemiologies (A. Chiò et al. 2013; G. Logroscino and Piccininni 2019). Overall proportion 



 

26 

across regions were calculated using both random and fixed effects models. Heterogeneity 

between regions was assessed via I2 (the percentage of variation across regions attributable 

to heterogeneity) (Higgins and Thompson 2002; Higgins et al. 2003) and likelihood-ratio 

test p-value.  

 

Significant heterogeneity may result from real geographic heterogeneity but may also 

indicate a differential reporting of, for example, common or intronic variants across studies. 

Analysis and visualisation was conducted using the R package meta v4.16-2 (Balduzzi, 

Rücker, and Schwarzer 2019). The journALS data browser has heterogeneity statistics 

available for all variants across all categories (country, phenotype, family history). In this 

study the geographic heterogeneity for pathogenic (P) or likely pathogenic (LP) variants in 

any category which has at least one variant carrier and at least two groups was tested. 

Heterogeneity was considered significant if I2  was greater than 0.5 and the p-value was 

below the Bonferroni corrected p-value. 

Segregation 

Segregation was calculated via the counting meioses method of Jarvik and Browning (2016). 

The full-likelihood Bayesian (FLB) (Thompson, Easton, and Goldgar 2003) and 

cosegregation likelihood ratio (CLR) (Mohammadi et al. 2009) methods are more nuanced, 

accounting for reduced penetrance and age of onset; however they require gene penetrance 

classes and ages of onset for everyone in the pedigree. Gene penetrance classes would 

require assumptions which violate our agnostic approach and age of onset was not available 

for all family members for pedigrees collected from the literature. Counting meioses has 

been found to perform similarly to FLB and CSLR for identifying P variants (Rañola et al. 

2018) and was compatible with the available data. Given the incomplete and age related 

penetrance of known ALS related variants, as per Jarvik and Browning (2016) a conservative 

approach was used which only takes into account affected individuals. A homozygous model 

of segregation was assumed if all affected genotyped individuals were homozygous, 

otherwise a heterozygous model of segregation was assumed. Meioses were calculated using 

the CoSeg R package v 0.49 (Rañola et al. 2018) and pedigrees were plotted using kinship2 

v 1.8.5 (Sinnwell, Therneau, and Schaid 2014).   

Age of onset 
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Where reported, the AOO of all variant carriers in the literature were collected. A variant 

associated with significantly early or late disease onset is indicative of a likely common 

underlying molecular mechanism in carriers of that variant, providing strong evidence of the 

pathogenicity of the variant in question. Kruskal-Wallis tests were conducted to identify 

whether the age of carriers of the variant of interest significantly differed from the reported 

ages of all other variant carriers reported in the literature. Variant carriers can be categorised 

based on phenotype (all, ALS, FTD), sex (all, male, female) and family history (all, sporadic, 

familial); thus there were 27 tests possible per variant.  

 

Testing 27 categories for each variant would generate many tests containing zero individuals 

and many tests for which a statistically significant result is impossible. Therefore, only 

categories with the potential to yield a significant result were tested and corrected for. In any 

category with below six variant carriers, even if these are the earliest onset individuals in the 

data, it is impossible to return a statistically significant result after correcting for the number 

of tests that would be performed. Therefore, only categories with six or more individuals 

were tested and corrected for. This resulted in a p-value threshold of 9.75x10-5 

(supplementary figure S2.1). 

 

To reduce potential confounding factors only the index case from each family was 

considered in age comparisons. Density plots of AOO display the median AOO and 

confidence intervals were calculated with bootstrapping. 

ACMG categorisation 

Variant pathogenicity was assessed in accordance with the ACMG guidelines for variant 

interpretation (Richards et al. 2015). Many studies of specific conditions have previously 

outlined the necessity to modify ACMG guidelines and add interpretation where guidelines 

are non-specific (Kelly et al. 2018; Oza et al. 2018; Romanet et al. 2019; Brandt et al. 2020; 

O. Campuzano et al. 2020; Morales Ana et al. 2020).  

 

To take an agnostic approach to variant categorisation, ACMG categories were treated in 

three classes. First, categories deemed to not be applicable to the current study were excluded 

(supplementary table S2.4). The second class represented categories which could be assessed 

independently (supplementary table S2.5), and third are dependent categories which relied 

on prior assessment of independent categories (supplementary table S2.6). Detailed methods 
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for interpreting categories are outlined in supplementary tables S2.4-2.8 and supplementary 

figure S2.2.  

Life expectancy 

The life expectancy of each country for which a reported ALS or FTD patient had an 

available AOO was downloaded from the World Health Organisation (www.who.int). For 

both conditions, the AOO for all patients were regressed against the 2019 life expectancy at 

birth for the patient’s country of origin. This analysis was also performed using the patient’s 

reported sex and genes as covariates.  

Results 

Article screening  

Initial assembly of literature from PubMed, ClinVar and HGMD identified 2,914 potentially 

relevant articles for further screening (supplementary figure S2.3). 1,028 of these were found 

to be relevant genetic studies of ALS or FTD. Potential population studies were manually 

filtered to find the most representative study for each country. 244 articles were designated 

as population studies (Supplementary File S1). Supplementary file S2 details the treatment 

of each article (supplementary files available at 

https://github.com/dohertymark/journALS/Supplementary_Material). 

 

Within the literature 3,114 variants were reported in 356 genes and 479 pedigrees were 

recorded. After extracting variants present in these 356 genes from ALSdb, ALSVS and 

Project MinE, this study represents a complete analysis of 1,469,421 variants 

(supplementary figure S2.3). Full data and analysis of each variant is available on the 

journALS data browser (alsftd.tcd.ie).  

Interobserver concordance  

Following a double screen of 150 population studies and the generation of a consensus, three 

measures of concordance were calculated. Firstly, as a measure of how accurately observers 

identified variants in the literature, it was found that while there was an average of 7.19 

variants per study in the consensus, independent screens had a false inclusion rate of 0.06 

variants per screen and a false exclusion rate of 0.35 variants per screen. Secondly, the 

average AF of variants in the consensus was 1.58% while the average AF discordance was 
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found to be 0.01% (standard deviation (SD) 0.12%). Finally, in identifying phenotype and 

genotype data of correctly identified individuals, independent screens were 97.14% accurate 

when excluding omitted data points and 91.5% accurate when treating omitted data as 

inaccurate.    

Pathogenicity 

112 variants in 21 genes were identified to have sufficient evidence to be classified as 

pathogenic or likely pathogenic. Of the original 28 ACMG categories, 3 pathogenic and 5 

benign rules were deemed to not be applicable (supplementary table S2.4), 8 pathogenic and 

7 benign rules were found to be capable of independent assessment on a first-round screen 

(supplementary table S2.5) and 5 pathogenic rules relied on the first-round screen for their 

assessment (supplementary table S2.6). 5 rules justified modified strength categories. All 

considered rules were applied at least once (supplementary figure S2.4). 

 

Using the modified ACMG criteria, non-VUS classification was successfully applied to 

10.6% of the 3,114 variants reported in the literature (supplementary figure S2.3). 1.1% are 

classified as Pathogenic, 2.5% are Likely Pathogenic, 3.1% are Benign and 2.1% are Likely 

Benign.  

 

The ability to accurately classify variants improves as supporting and opposing evidence 

increases. Of the 2,844 VUS identified in the literature, 75% were reported in a single 

proband, with little other supporting or opposing evidence. When considering variants 

identified in more than one proband, 20.8% of variants received a non-VUS classification, 

rising to 62.8% when variants were identified in 10 or more probands. Of the 1,466,307 

additional variants identified in Project MinE, ALSdb or ALSVS, 8.5% were found to be 

Benign and 0.55% are found to be Likely Benign. 

Penetrance 

Variant penetrance is the probability that a variant carrier will develop disease during their 

lifetime. Where sufficient data were available, variant penetrance was estimated by two 

alternative means. The population penetrance method was found to produce higher 

confidence estimates of low penetrance variants in ALS and FTD and the familial penetrance 

produced higher confidence estimates of intermediate and high penetrance  variants. 
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Population penetrance estimates were calculated to assess the likelihood of a variant carrier 

developing either ALS (1,253 variants) or FTD (791 variants), or the cumulative risk of 

developing ALS or FTD (649 variants).  57% of calculated variants were found to have low 

estimated lifetime penetrance for developing ALS, with  66% of these having high 

confidence, providing strong evidence against these being heterozygous, stand-alone 

pathogenic variants (figure 2.1.A). Of the remaining variants, 96% were found to be highly 

penetrant and 4% have intermediate penetrance; however, these were associated with large 

confidence intervals. Similar patterns were observed when penetrance was calculated based 

on the AFs in the Project MinE cohort (figure 2.1.B); or for the likelihood of developing 

FTD (supplementary figure S2.5.A) or the cumulative risk of developing ALS or FTD 

(supplementary figure S2.5.B). There is strong correlation between the penetrance of 

variants as calculated from the literature and from the Project MinE dataset, highlighting the 

reliability of our calculated AFs (supplementary figure S2.6). While penetrance estimates 

calculated from Project MinE, ALSdb or ALSVS have stronger correlations to each other 

than to penetrance estimates calculated from the literature (supplementary figure S2.7), this 

likely reflects that these datasets are uniformly of European ancestry while our literature data 

has a larger global component. 

 

To examine the potential of large datasets to identify intermediate penetrance variants via 

the population penetrance method, the penetrance and confidence intervals that are expected 

to be obtained from a study as large as the target 15,000 cases of the Project MinE cohort 

were calculated. It was found that even a study of this size will struggle to confidently 

identify the penetrance of these variants (supplementary figure S2.8). While it can be 

difficult to significantly increase patient numbers in studies of rare diseases, it was found 

that increasing the size of the control cohort which is available improves the accuracy with 

which penetrance can be predicted (supplementary figure S2.9). Increasing the size of large 

publicly available genomics cohorts would not only benefit the study of ALS and FTD, but 

all genetic disorders. 

 

There were a further 1,719 variants identified in the literature for which population 

penetrance was not calculated for any phenotype; either because they are too rare to appear 

in the designated population studies or do not have an associated gnomAD AF (e.g. for large 

INDELs). Consequently, the fact that 57% of variants were found to be low penetrance (with 

varying confidence) is biased towards variants with a higher AF and does not necessarily 

represent the entire dataset.  
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Figure 2.1: ALS penetrance estimates 

 A) The ALS population penetrance estimates are shown here for 1,253 variants that had an AF calculated 
from the literature and an available gnomAD AF. 57% of these variants have low penetrance (below 20%) 
with 66% of these having high confidence. Due to the high lifetime risk of ALS and the low AF of each 
variant, this method struggles to confidently identify intermediate and high penetrance variants. B) The 
ALS population penetrance estimates calculated from the Project MinE case AF are shown for 372 variants 
which are present in the Project MinE data and the literature. C) The ALS familial penetrance estimates 
are shown for 534 variants which have a calculated AF in fALS and sALS cases. 
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The familial penetrance method of Spargo et al. (2021) was used to calculate variant 

penetrance for ALS (534 variants) (figure 2.1.C), FTD (104 variants) and ALS or FTD (10 

variants) (supplementary figure S2.6). Rather than relying on the variant AF in the general 

population this method is instead based on the proportion of variant carriers that present with 

a positive family history. A similar 60% of variants were predicted to be low penetrance but 

generally lack confidence. However, while this method was less successful than the 

population penetrance method at confidently predicting low penetrance variants, it was more 

confident in predicting intermediate and high penetrance variants.  

 

In examining the penetrance estimates of the C9orf72 RE, these two alternative methods, 

with differing underlying data and assumptions, concurrently showed that carriers of a 

C9orf72 RE have an approximate 50% chance of developing ALS during their lifetime 

(population penetrance method:  0.511 (95% CI: 0.208-1); family penetrance 

method:  0.5439 (95% CI: 0.5164-0.5714). This is in line with the observation that carriers 

of the C9orf72 RE may instead experience cognitive impairment or FTD. Indeed, when 

considering the lifetime risk of RE carriers developing either ALS or FTD, both estimates 

were much closer to one (population penetrance method:  0.796 (95% CI: 0.319-1); family 

penetrance method: 1 (95% CI: 1-1)). Carriers of the C9orf72 RE may not develop ALS but 

are likely to develop a disease along the ALS-FTD spectrum in the course of their lifetime. 

Prevalence 

Globally, it was found that reported variants in ALS and FTD P or LP genes can currently 

explain up to 68.7% of fALS, 51.2% of fFTD, 21.4% of sALS and 9.6% of sFTD; however, 

these figures are considerably lower when considering strictly P or LP variants (figure 2.2). 

Considering that most cases of both ALS and FTD are sporadic, a clear picture emerges that 

despite the high heritability of ALS and FTD the majority of cases still lack a clear genetic 

diagnosis.  
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Geographic distribution 

While P and LP variants may be individually rare on a global scale, it is not uncommon for 

variants to form local hotspots, where a large proportion of cases are explained by a single 

variant. Between- or within-continent geographic heterogeneity was observed for 11% of 

the P or LP variants which were capable of being tested (figure 2.3.A). These variants either 

exhibit a gradient in their geographic distribution or are responsible for a large proportion of 

cases in a given area and were found to be virtually absent throughout the rest of the world. 

With a few notable exceptions, the majority of ALS and FTD genetic studies have come 

from countries with a majority European ancestry (figure 2.3 B). The same is true of current 

large ALS genomics efforts. Increasing the diversity in ALS and FTD studies would provide 

an opportunity to include these countries in future clinical trials and, given the observed 

geographic heterogeneity, to learn more about the biology underlying these conditions.    

Oligogenic inheritance 

There is strong evidence supporting the role of oligogenic inheritance in ALS; wherein ALS 

patients regularly harbour multiple variants in ALS associated genes (van Blitterswijk et al. 

2012; Nguyen et al. 2018; Kuuluvainen et al. 2019; McCann et al. 2020). Recently, Nguyen 

et al. (2018) reported that a patient’s development to either ALS or FTD is influenced by 

their combination of variants. Based on the extant literature they observed that patients with 

a C9orf72 RE and a further variant in either FUS, OPTN, ANG or SOD1 always presented 

with ALS while patients with a C9orf72 RE and a GRN variant always presented with FTD. 

Several patients who contradict these observations were identified in the journALS database 

(supplementary table S2.9). 
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Figure 2.2: Global proportion of cases explained for ALS and FTD 

The overall proportion of global ALS and FTD cases with an explained genetic cause varies if considering 
pathogenic variants, pathogenic and likely pathogenic variants, or all reported variants in genes with 
observed pathogenic or likely pathogenic variants.  
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Discordant pedigrees 

9 pedigrees which have a segregating P or LP variant, but in which there is an affected 

individual who does not have the variant in question were identified (supplementary table 

S2.10). Three of these pedigrees were discordant for the C9orf72:c.-45+163GGGGCC[>24] 

repeat expansion, one of these was also discordant for TARDBP:c.1144G>A(p.[A382T]). 5 

pedigrees were discordant for segregating SOD1 variants and the final had an incompletely 

segregating TARDBP:c.1055A>G(p.[N352S]) variant.  

Life expectancy 

An ALS patient’s AOO was found to be significantly correlated with their country’s life 

expectancy (slope=1.16, p-value=9.45x10-20); however the same pattern was not observed 

for patients with FTD (slope=0.27, p-value=0.142) (figure 2.4). This indicates that a one 

year increase in a country’s life expectancy delays ALS onset by an average of one year and 

19 days. The same patterns are observed for both ALS and FTD when sex and gene are 

included as covariates (supplementary figure S2.10). 

Genes carrying pathogenic and likely pathogenic variants 

112 P or LP variants were identified in 21 genes (supplementary figure S2.11). The key 

features of each gene and its supporting evidence are outlined below.  

ALS associated genes: dominant and recessive 

SOD1 

Of 244 reported SOD1 variants, 49 were identified as P or LP causes of ALS. Variants are 

present in every exon and all are missense, with no B or LB missense variants observed 

(supplementary figure S2.11/S2.12 A). These variants are a major global cause of fALS 

(11.0%: 95% CI 9.7-12.5%) and a minor cause of sALS (0.9%: 95% CI 0.8-1.2%) 

(supplementary figure S2.13 B); and while several variants are rare globally, they can 

explain large proportions of cases in a particular region and thus have significant within- or 

between-continent geographic heterogeneity (figure 2.3 A). 
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Figure 2.3: Geographic heterogeneity and distribution 

A) Geographic heterogeneity is observed for 11% (8/72) of the pathogenic or likely pathogenic variants 
which were tested. Variants are tested in each category for which they have more than one variant carrier 
in population studies. Categories were defined on family histories (familial/sporadic), phenotype 
(ALS/FTD) and between and within continents. A variant may achieve significance in multiple categories 
and if so is only labelled once. Annotations appear for significant variants beside their lowest p-value in 
any category. B) The distribution of reported variant carriers is not evenly distributed globally. With the 
exceptions of China, South Korea and Japan, the majority of reported variant carriers are from countries 
primarily of European ancestry. (Note: carrier counts may include the same individuals across multiple 
studies). 
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Figure 2.4: Regression of life expectancy and age of onset 

 
When patient’s reported AOO is regressed against the life expectancy in their reported country a significant correlation is observed for ALS (slope=1.16, p-value=9.45x10-20); 
however, no significant relationship is observed for FTD (slope=0.27, p-value=0.14). 
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ALS patients with P or LP variants in SOD1 have an earlier median AOO (48.5: 95% CI 

46.5-50) than non-SOD1 variants (55: 95% CI 55-56) (supplementary figure S2.14 A), 

although this does not appear to be the case for all SOD1 P or LP variants. Carriers of SOD1 

VUS also present with moderately early AOO, indicating the presence of further P variants 

currently with insufficient supporting evidence. With the exception of the homozygous 

SOD1:c.272A>C(p.[D91A]), all SOD1 variants were found to be dominant.  While three 

ALS-FTD SOD1 variant carriers are reported, two of these individuals carry a LB or intronic 

variant, indicating an alternative genetic cause.  

OPTN 

A heterozygous dominant missense variant and a homozygous frameshift variant in OPTN 

were identified as LP causes of ALS (supplementary figure S2.11/S2.12 B); explaining 

below 1% of global fALS cases (supplementary figure S2.13 B). All 44 reported missense 

VUS are reported in heterozygosity. While there is evidence that OPTN frameshift and 

truncating variants (FTVs) only cause ALS when homozygous, this is inconclusive as only 

21% of carriers of LOF VUS are observed in homozygosity. 

ALS associated genes: dominant  

FUS 

11 P or LP heterozygous variants were identified in, or bordering, the nuclear-localisation 

sequence in the final two exons of FUS (supplementary figure S2.11/S2.12 C). These 

variants are frequently de novo and are associated with early AOO (27 95% CI: 31-35), 

although in rare instances healthy carriers have been observed into their 70s (Yan et al. 

2010). FUS P and LP variants are observed in fALS (2.3% 95% CI: 1.7-3.0) and sALS (0.2% 

95% CI: 0.2-0.4%) (supplementary figure S2.13 B). Carriers of P or LP variants present with 

ALS with the exception of one ALS-FTD patient and one FTD patient (supplementary figure 

S.2.12 C). FUS variants are associated with significantly early onset (supplementary figure 

S2.14 C). 

VAPB 

A single VAPB P variant (supplementary figure S2.11/S2.12 D) was found to be a highly 

geographically heterogeneous (figure 2.3) cause of ALS; explaining 33% (95% CI 21-48%) 

of fALS cases in Brazil and rarely observed in the rest of the world. This variant is associated 
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with significantly early AOO (median AOO 42 95% CI: 41-46) (supplementary figure S2.14 

D). While 5 additional missense VUS have been reported, the presence of B and LB missense 

variants indicates that VAPB is tolerant of missense variants and pathogenicity should not 

be assumed.  

SETX 

A SETX heterozygous missense variant (supplementary figure S2.11/S2.12 E) was identified 

as a rare LP cause of ALS. While AOO is only given for one of the six identified carriers of 

this variant, all are described as having onset before age 30 and very slow progression. While 

SETX VUS variants are reported in approximately 3% of fALS and sALS cases 

(supplementary figure s11 B); the observation, in reference datasets, of B and LB missense 

variants throughout the gene, demonstrate that pathogenicity of these VUS variants should 

not be assumed. The LP variant itself is a rare cause of ALS, explaining below 0.2% of fALS 

cases globally. 

MATR3 

A MATR3 heterozygous missense variant (supplementary figure S2.11/S2.12 F) was found 

to be a LP cause of slowly progressive ALS in a North American pedigree (Johnson et al. 

2014). The absence of the LP variant in population studies (supplementary figure S2.13 B), 

namely Project MinE, ALSdb and ALSVS, demonstrates that this is a rare cause of ALS. 

Missense VUS have been reported in additional ALS cases (supplementary figure S2.14 F); 

however, the identification of both rare non-segregating missense variants (Saez-Atienzar et 

al. 2020) and LB missense variants is evidence that pathogenicity should not be assumed for 

rare missense MATR3 variants.  

ERLIN2 

A heterozygous missense variant (supplementary figure S2.11/S2.12 G) was found to be the 

LP cause of ALS in a French family presenting with spastic paraplegia progressing to ALS 

(Muratet et al. 2019). The same study reported one homozygous and two heterozygous 

additional ERLIN2 VUS variants; two of which were identified in individuals with ALS 

preceded by spastic paraplegia. This LP variant is absent in ALSdb and ALSVS and present 

in a single individual in Project MinE indicating that it is not a common cause of ALS in 

European populations.  
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DCTN1 

A LP DCTN1 variant (supplementary figure S2.11/S2.12 H) was found to segregate in a 

large North-American ALS pedigree (Puls et al. 2003). A further 61 primarily missense VUS 

variants are reported in DCTN1. While two of these variants (DCTN1:c.175G>C(p.[G59R]) 

and DCTN1:c.3302G>A(p.[R1101K])) have weak and supporting segregation evidence 

respectively, the presence of B missense variants in DCTN1 demonstrates that pathogenicity 

should not be assumed even for rare missense DCTN1 variants. Population studies have 

confirmed that this LP variant is an infrequent cause of ALS (supplementary figure S2.13 

B). 

PFN1 

Two heterozygous missense PFN1 variants (supplementary figure S2.11/S2.12 I), were 

identified as the LP cause of ALS in four adult onset ALS pedigrees and a further fALS case 

(C.-H. Wu et al. 2012). PFN1 variants are a rare cause of ALS as both variants are absent in 

our designated population studies, Project MinE and ALSVS, while 

PFN1:c.448T>G(p.[C150G]) is present in a single patient in ALSdb. Additionally, 13 PFN1 

VUS including 8 missense variants are reported; however, these should be interpreted with 

caution as benign PFN1 missense variants are also identified.  

ALS associated genes: recessive  

ALS2 

Three frameshift, one stop-gain and one splice donor variant were identified as ALS2 LP 

variants; all are homozygous and associated with extremely early onset ALS (supplementary 

figure S2.11/S2.12 J). 11 further stop-gain, splice site or frameshift VUS are reported in ALS 

patients; typically in homozygosity and with early AOO. No B or LB stop-gain or frameshift 

variants are present; however, a B splice donor variant is identified which is frequently 

homozygous in gnomAD. While this variant (ENST00000496244.1:ALS2:n.352+1A>G) is 

expressed in a non-protein coding transcript, future splice donor variants should nonetheless 

be interpreted with caution. 34 typically heterozygous missense ALS2 VUS present with an 

age profile resembling typical adult onset ALS. The presence of B and LB missense variants 

in ALS2 encourages very cautious interpretation of missense variants.  
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PARK7 

A homozygous stop gain variant in PARK7 (supplementary figure S2.11/S2.12 K) was found 

to be a LP cause of Parkinsonism and ALS in a Turkish pedigree with a history of 

consanguinity (Özoğuz et al. 2015; Hanagasi et al. 2016). Two additional homozygous VUS 

in this gene show strong segregation in an Italian family presenting with early-onset 

Parkinsons, dementia and ALS (Annesi et al. 2005). The absence of this LP variant Project 

MinE, ALSdb and ALSVS data indicate that this is not a common cause of ALS in 

populations of European ancestry. 

SIGMAR1 

A homozygous SIGMAR1 variant (supplementary figure S2.11/S2.12 L) has been identified 

as the LP cause of slowly progressive juvenile ALS in a Saudi Arabian family with a history 

of consanguinity (Al-Saif, Al-Mohanna, and Bohlega 2011). This variant has not been 

observed elsewhere in the literature or in the Project MinE, ALSdb and ALSVS datasets. 

While other exonic and 3’UTR SIGMAR1 variants have been observed in ALS and FTD 

cases (supplementary figure S2.14 L), these have mostly been reported in heterozygosity 

and have lacked sufficient evidence to be deemed P or LP.  

ERLIN1 

A homozygous ERLIN1 variant (supplementary figure S2.11/S2.12 M) strongly segregates 

in a consanguineous Turkish pedigree exhibiting early-onset, slowly progressive ALS 

(Tunca et al. 2018).This variant is absent from the Project MinE, ALSdb and ALSVS data, 

and is homozygous in a single ALSVS patient.  

ALS associated genes: X-linked  

UBQLN2 

UBQLN2:c.1490C>A(p.[P497H]) is as an X-linked LP variant in a large pedigree presenting 

without male-to-male transmission (H.-X. Deng et al. 2011). Male carriers in this family had 

an early median AOO of 33 (95% CI 25-47) and all had developed ALS by age 49, while 

female carriers had a median AOO of 49.5 (95% CI 42-60) and only 83% had developed 

ALS by age 71. This variant has additionally been identified in a patient from the UK and a 

33 year old male with ALS-FTD from Italy; however, it explains less than 0.1% of familial 

cases globally (supplementary figure S2.13 B). The 41 additional UBQLN2 VUS in the 
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literature are primarily reported in individuals with ALS. There are 6 VUS displaying some 

level of segregation and all fall between amino acids 487 and 509. The AOO of male VUS 

carriers (30 95% CI: 26-54); although not statistically significant, appears earlier than female 

VUS carriers (53 95% 43-58). Collectively this indicates the presence of additional 

potentially pathogenic variants in the region flanking UBQLN2:c.1490C>A(p.[P497H]); 

however, individually these variants currently lack sufficient supporting evidence.  

ALS and FTD associated genes: dominant  

C9orf72  

The hexanucleotide C9orf72 RE was found to be a major cause of both ALS and FTD 

(supplementary figure S2.11/S2.12 O). The RE exhibits significant geographic 

heterogeneity (figure 2.3), explaining above 30% of fALS and 5% of sALS cases in countries 

with primarily European ancestry while being virtually absent in Asia. ALS patients carrying 

a C9orf72 RE have a delayed AOO (56 95% CI: 54.6-57) relative to other ALS patients in 

the database (52 95% 51-53), while C9orf72 carriers presenting with FTD have the same 

AOO (58 95% CI: 57-59), as other FTD patients in the database (57 95% CI: 56-58). While 

missense variants have been observed in C9orf72, there is insufficient evidence supporting 

their pathogenicity.  

TBK1 

In TBK1 a P disruptive in-frame deletion and a LP splice donor variant were identified in 

cases along the ALS-FTD spectrum (supplementary figure S2.11/S2.12 P). There are a 

further 42 LOF VUS in the literature, four of which demonstrate some degree of segregation. 

Rare variant burden analysis has previously identified TBK1 LOF variants as being 

significantly enriched in cases along the ALS-FTD spectrum (Cirulli et al. 2015; Freischmidt 

et al. 2015); however, the observation of three Project MinE LOF variants and one in-frame 

deletion with higher control than case AF, demonstrates that pathogenicity of individual 

TBK1 LOF variants should not be assumed. TBK1 P and LP variants explain below 1% of 

fALS and fFTD and below 0.1% of sALS cases globally (supplementary figure S2.13 B). 

TARDBP 

10 P or LP missense variants were found in the C-terminal glycine rich final exon of 

TARDBP (supplementary figure S2.11). These variants present with phenotypes spanning 
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the ALS-FTD spectrum; although this may be variant dependent (supplementary figure 

S2.12 Q).  

 

P and LP TARDBP variants are a global causes of fALS (4.0%: 95% CI 3.2%-5.0%) and 

fFTD (2.0% 95% CI 1.0-3.8%) and are also observed in sALS (0.9% 95% CI 0.7-1.1%) and 

sFTD (0.2% 95% CI 0.03-0.9%). Geographic heterogeneity is observed for 

TARDBP:c.1144G>A(p.[A382T]) which is present in a large proportion of Sardinian fALS 

(32% 95% CI 23.0-42.1%) and sALS (20.4% 95% CI 15.8-25.6%) cases but is virtually 

absent throughout the rest of the world.  

VCP 

Patients carrying one of the seven heterozygous LP VCP missense variants present with 

ALS, FTD, inclusion body myopathy, Paget disease of bone, or various combinations of 

these phenotypes  (supplementary figure S2.11/S2.12 R). Phenotype can vary for carriers of 

the same variant and even within pedigrees. Globally these variants explain below 1% of 

fALS and fFTD (supplementary figure S2.13 B). While these variants are clustered in three 

exons, a LB missense variant is also identified in this region, prompting cautious 

interpretation of VCP missense variants, particularly in the absence of a family history on 

the inclusion body myopathy with Paget disease of bone and frontotemporal dementia 

(IBMPFD) spectrum.  

FTD associated genes: dominant  

GRN 

10 P or LP GRN variants were identified almost exclusively in FTD patients (supplementary 

figure S2.11/S2.12 T), explaining 3.3% of fFTD and 0.1% of sFTD (supplementary figure 

S2.13 B). As much as 13.5% of fFTD  and 1.5% of sFTD are potentially explained when 

considering all reported GRN VUS (supplementary figure S2.13 C). A single patient 

presenting with ALS is found to carry a GRN P variant (Cannon et al. 2013) and a pedigree 

presenting with FTD-MND is identified; however, they also carry a concurrent C9orf72 

pathogenic repeat expansion (Lashley et al. 2014). With the exception of one missense 

variant, all P and LP variants identified in GRN are LOF variants and are identified all 

throughout the gene (supplementary figure S2.11/S2.12). 
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MAPT 

Six heterozygous P or LP MAPT variants, including five missense and one intronic variant, 

were found to explain 6% of fFTD and below 0.1% of sFTD (supplementary figure 

S2.11/S2.12 T). As much as 15% of fFTD and 2% of sFTD are potentially explained when 

considering the additional 64 reported VUS, of which 15 have segregation evidence ranging 

from supporting to strong. All P and LP variants are reported in the microtubule-binding 

domain. FTD patients carrying MAPT variants experience moderately early AOO (47 95% 

CI: 46-50) (supplementary figure S2.14 T). 

CHMP2B 

A C-terminal truncating LP CHMP2B splice acceptor variant was identified in a well-

characterised Danish FTD pedigree (J. Brown et al. 1995; Skibinski et al. 2005; Holm et al. 

2007; Urwin et al. 2010; Stokholm et al. 2013). While other missense, intronic and UTR 

VUS variants are reported throughout CHMP2B in ALS and FTD patients (supplementary 

figure S2.11-S2.12.P), not much inference can be made from these, as missense, intronic 

and UTR  B and LB variants are also observed throughout the gene. 

Study limitations 

This study represents a catalog and analysis of 30 years of genetics research in ALS and 

FTD and a framework for the future interpretation of novel variants and variants with 

additional available evidence; nonetheless, there are limitations to this research.  

 

Common variants are inconsistently reported across studies, are more susceptible to 

population stratification, and, where reliable associations are observed, tend to represent risk 

factors rather than definitively causal variants. Consequently, our analysis is biased towards 

the interpretation of rare rather than common variants, and GWAS studies remain the most 

appropriate reference for the interpretation of common variants.  

 

With the exception of the C9orf72 RE, complex variants such as REs, chromosomal 

rearrangements and copy number variants have been annotated in our dataset but have been 

omitted from analysis. These variants are typically not annotated in genomics population 

databases and do not have in silico predictions and therefore cannot be integrated in our 

analysis pipeline. Where expansions such as the ATXN2 RE have reliably been associated 
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with ALS, these typically represent risk factors rather than causal variants and this increased 

risk is typically over a range of allele lengths rather than a single variant.  

 

The analysis presented here is biased against more recently reported variants which have not 

had the same length of time to accumulate supporting and conflicting evidence.  

 

The database relies on accurate reporting in the literature. If a mistake is present in a study 

this will be reflected in our analysis; however, it is hoped that this is negated by the 

accumulation of evidence as the same error is unlikely to pervade multiple studies.  

 

In pursuing accuracy and clarity it has been necessary to omit phenotype data when it is 

reported for a cohort and cannot be deduced for an individual variant carrier.  

 

This study is constrained by what is reported in the literature. There are, for example, 

instances where a variant is reported to segregate fully in a pedigree but this is not shown. 

These instances are noted in the database but cannot be included in this analysis without 

further information. 

 

This study represents an analysis of variants rather than genes; consequently, the 21 genes 

harbouring P or LP variants should not be considered an exhaustive list of ALS and FTD 

genes. NEK1 and KIF5A have both recently been identified as ALS associated genes (Kenna 

et al. 2016; Nicolas et al. 2018); however, these have been identified through exome burden 

studies, meaning that while these genes are reliably associated, there is not a particular 

definitive identifiable pathogenic variant.  

Future integration 

The aim of this study is to create a useful, manually curated and uniformly analysed synopsis 

of the last 30 years of genetics research in ALS and FTD. Supplementary table S2.11 

provides a set of suggested minimal reporting guidelines that would greatly aid in 

incorporating future genetic studies into the journALS data browser, enabling it to become 

a regularly updated database and analysis of the most up-to-date research in the field. 
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Discussion 

The journALS data browser aims to serve three functions: to be a useful database of reported 

ALS and FTD genetic variants, to be an analysis of the last 30 years of research in the field 

and to continue as a resource which can be rapidly updated as new genetic studies, 

annotations, or analyses emerge. 1,028 relevant genetic studies of ALS or FTD are 

amalgamated, annotated and analysed, identifying 112 P or LP variants in 21 genes.  

 

A number of interesting features emerge from this analysis, serving to highlight the 

complexity of the genetics of these two conditions. 

 

Despite the fact that the extant literature has been amalgamated, annotated with modern 

references datasets and analysed in accordance with the ACMG guidelines, the majority of 

observed variants remain classified as VUS. It is demonstrated that the likelihood of variant 

classification increases with increasing case reports. To aid this, a set of suggested minimal 

reporting guidelines is provided, so that future studies can be integrated with this work, to 

aid in further classifying novel and previously reported variants. Even variants that have 

previously been found to segregate in large pedigrees can be found to be likely benign as 

new evidence emerges (Johnson et al. 2014; Saez-Atienzar et al. 2020); therefore, it is vital 

to constantly reassess the evidence and analysis of ALS and FTD genes and variants. 

 

It is important to note that the 21 genes identified do not represent an exhaustive list of ALS 

and FTD genes. It is likely that some VUS variants in the database represent truly pathogenic 

variants which do not yet have sufficient evidence. Additionally, our pathogenicity analysis 

is performed on a per-variant rather than per-gene basis. Genes such as NEK1 and KIF5A 

have recently been reliably identified as ALS associated genes through exome burden 

studies. While the genes themselves are reliably associated, no particular variant is identified 

to have sufficient evidence to be reported as P or LP.  

 

It is found that the high lifetime risk for ALS and FTD, the low AF of each variant and the 

typically small reported case numbers for each variant create difficulties in confidently 

calculating variant penetrance in ALS and FTD.  Indeed, even a study as large as the 15,000 

cases targeted by the Project MinE cohort will struggle in confidently estimating the 

penetrance of rare variants even with a control cohort as large as gnomAD. While increasing 

the number of patients in a study may not always be feasible, this method of estimating 
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penetrance is found to benefit significantly from an increase in the size of available 

population control cohorts. Increasing the size of these publicly available genomics 

resources would benefit not only the study of ALS and FTD but all genetic diseases. 

 

The familial penetrance method outperforms the population penetrance method in 

identifying intermediate penetrance variants but with significant caveats. This method relies 

on accurate classification of the proportion of variant carriers presenting with a positive 

family history. The manually curated dataset enables this to be calculated from the literature; 

however, this information will be harder to accurately ascertain for future novel variants. 

This is further complicated by the observation that as more detailed registers are kept for 

longer periods, the proportion of cases classified as familial increases (Ryan et al. 2018); 

making this penetrance estimate prone to underestimation. This method does indicate that 

intermediate penetrance variants play a greater role in the genetic architecture of ALS than 

FTD and may therefore explain the higher proportion of fFTD than fALS cases. 

 

Several discordant pedigrees are observed, wherein one or more affected relatives do not 

carry the P or LP variant that otherwise segregates in the family. In some cases this is 

explained by an alternately segregating variant in the family. Where there is no other 

segregating variant in the pedigree, possible explanations include the presence of 

unidentified variants, or the presence of an environmental factor which increases the 

likelihood of developing ALS in the family, either the discordantly segregating variant or 

the environmental factor may be sufficient by themselves and together they greatly increase 

the likelihood of developing ALS. The results may also be attributable to somatic mosaicism 

wherein individuals carry the variant in some tissues, such as in the nervous system, but not 

others, such as in the blood. There is the possibility of human error in processing these 

samples; however, in several cases the chances of this have been reduced by resampling 

individuals and testing samples independently at multiple labs. It is also possible that these 

are not truly causative variants; however, the weight of evidence in their favour makes this 

unlikely. 

 

It is common for ALS and FTD variants to exhibit significant geographic heterogeneity. This 

is important because, although a variant may be rare globally, it can be responsible for a 

large number of cases in a particular region, influencing the planning and execution of 

clinical trials in that region.  
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It is observed that the genetics underlying ALS and FTD remain understudied in large 

portions of the world. Increasing genetic screening and studies in these areas will not only 

improve global parity but will also, given the commonly observed global heterogeneity, 

provide an opportunity to identify new ALS and FTD genes and pathways.  

 

Byrne et al. (2013) observed a relationship between the mean ALS AOO in a country and 

the life expectancy in that country. Given the large variability in ALS onset within any 

country, the current research provides an important demonstration that this result is also 

obtained when using all available patient AOOs rather than mean AOO. A significant 

relationship is observed, with an increase of one year in a country’s life expectancy delaying 

ALS onset by an average of one year and 19 days. This indicates either that healthy 

environmental factors which extend life expectancy delay ALS onset, or that unhealthy 

environmental factors which shorten life expectancy accelerate ALS onset.  While this result 

does demonstrate a significant overall trend, there is still significant variability in the data 

that is not explained by life expectancy (R2=0.0384); consequently this is not a useful metric 

for predicting an individual’s AOO. Interestingly, the same trend is not observed for FTD, 

indicating a different etiology that is unaffected by life expectancy.  

 

This analysis provides a reorientated view of several ALS and FTD genes. Unfortunately, it 

remains the case that the majority of cases of ALS and FTD lack a genetic diagnosis. As we 

move into a future where genetic counselling becomes an increasingly common and clinical 

trials and enrolling based on genetic status, this research will hopefully be a supportive tool 

in these endeavours, a tool with the ability to be adapted into the future. 
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Chapter 3  

Identifying repeat expansions in neurological 

disorders 

Introduction 

Chapter 2 explored the role of pathogenic variants in ALS and FTD. Of the 112 pathogenic 

or likely pathogenic variants identified in that research, one RE, C9orf72 GGGGCC, was 

identified as a pathogenic cause of ALS and FTD. Historically, due to the nature of their 

structure, it has not been possible to accurately classify REs from sequencing data; 

consequently,  one limitation of the previous chapter is that, with the exception of the 

C9orf72 RE, it was necessary to omit analysis of REs and STRs. Regardless, other additional 

STRs, including in genes ATXN2 (Sproviero et al. 2017; Adriano Chiò et al. 2015; M.-D. 

Wang et al. 2014; Daoud et al. 2011), NIPA1 (Tazelaar et al. 2019; Blauw et al. 2012), 

ATXN1 (Lattante et al. 2018; Tazelaar et al. 2020) and HTT (Dewan et al. 2021), have been 

identified as ALS risk factors. 

 

As outlined in Chapter 1, REs are a major cause of not only ALS and FTD, but many 

neurological diseases, with STR variability in more than 50 genes now linked to various 

neurological disorders (table 3.1).  
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Detecting repeat expansions  

PCR in combination with capillary electrophoresis remains the gold-standard means of 

accurately classifying the length of STRs and short REs. However, for many REs, including 

C9orf72, the pathogenic repeat range can be kilobases (kbs) long. This range exceeds what 

is possible to amplify with standard PCR, and so requires the application of either Southern 

blotting or repeat-primed PCR (rpPCR).  

Gene Disease Motif 
Repeat  
Threshold Genomic Location hg19 Coordinates Reference

AFF2 FRAXE CCG ≥200 5’ UTR chrX:147582151-147582211 Knight et al.  1993
AR SBMA CAG ≥38 Coding chrX:66765160-66765226 La Spada et al.  1991
ARX EIEE1 GCG ≥23 Coding chrX:25031777-25031806 Strømme et al.  2002
ATN1 DRPLA CAG ≥48 Coding chr12:7045879-7045936 Koide et al.  1994
ATXN1 SCA1 CAG ≥39 Coding chr6:16327864-16327954 Orr et al.  1993
ATXN10 SCA10 ATTCT ≥280 Intron chr22:46191234-46191304 Matsuura et al.  2000
ATXN2 SCA2/ALS CAG ≥32 Coding chr12:112036753-112036822 Pulst et al.  1996

Daoud et al.  2011
ATXN3 SCA3 CAG ≥55 Coding chr14:92537353-92537386 Kawaguchi et al.  1994
ATXN7 SCA7 CAG ≥36 Coding chr3:63898360-63898390 Lindblad et al . 1996
ATXN8OS SCA8 CTG.CAG ≥74 3’UTR chr13:70713485-70713515 Koob et al.  1999
C9orf72 ALS GGGGCC ≥30 5’UTR/ Intronic chr9:27573526-27573544 Renton et al.  2011

DeJesus-Hernandez et al.  2011
CACNA1A SCA6 CAG ≥20 Coding chr19:13318672-13318711 Zhuchenko et al.  1997
CBL JS CCG ≥100 5’UTR chr11:119077000-119077032 Jones et al . 1995
CNBP DM2 CCTG/CAGG ≥50 Intron chr3:128891419-128891499 Liquori et al . 2001
CSTB EPM1 C4GC4GCG ≥30 Promoter chr21:45196324-45196360 Lalioti et al . 1997
DIP2B ID GGC ≥150 5-UTR chr12:50898785-50898805 Winnepenninckx et al . 2007
DMPK DM1 CAG ≥50 3’UTR chr19:46273462-46273522 Mahadevan et al . 1992
FMR1 FXTAS CGG ≥200 5’UTR chrX:146993568-146993628 Oberlé et al . 1991

Verkerk et al . 1991
FOXL2 BPES GCN ≥19 Coding chr3:138664864-138664977 De Baere et al.  2001
FXN FRDA GAA ≥66 Intron chr9:71652203-71652220 Campuzano et al . 1996
GIPC1 OPDM2 CCG ≥97 5’UTR chr19:14606854-14606886 Deng et al.  2020
GLS GDPAG GCA ≥680 5’UTR chr2:191745598-191745646 van Kuilenburg et al.  2019
HOXA13 HFG GCN ≥24 5’UTR chr7:27239299-27239410 Deng et al.  2020 

Goodman et al.  2000
Utsch et al.  2002

HOXD13 SD1 GCN ≥22 5’UTR chr2:176957787-176957831 Akarsu et al.  1996
HTT HD CAG ≥35 Coding chr4:3076603-3076660 MacDonald et al . 1993
JPH3 HDL2 CTG/CAG ≥41 3’UTR chr16:87637893-87637935 Margolis et al.  2001
LRP12 OPDM1 CGG ≥90 5’UTR chr8:105601281-105601290 Ishiura et al.  2019
MARCHF6 FAME3 TTTTA(TTTCA)NTTTTA ≥660 Intron chr5:10356460-10356519 Florian et al.  2019
NIPA1 ALS CGC ≥8* Coding chr15:23086367-23086390 Blauw et al.  2012
NOP56 SCA36 GGCCTG ≥650 Intron chr20:2633386-2633403 Kobayashi et al.  2011
NOTCH2NLA NIID CGG ≥61 5’UTR chr1:145209324-145209344 Ishiura et al . 2019

Sone et al . 2019
Tian et al . 2019

NUTM2B OPML1 CGG/CCG ≥40 Noncoding gene chr10:81586140-81586160 Ishiura et al . 2019
PABPN1 OPMD GCN ≥12 Coding chr14:23790681-23790701 Richard et al.  2017

Brais et al.  1998
PHOX2B CCHS GCN ≥24 Coding chr4:41747989-41748049 Amiel et al.  2003
PPP2R2B SCA12 CAG ≥51 5’UTR chr5:146258290-146258320 Holmes et al.  1999
RAPGEF2 FAME7 TTTTA(TTTCA)NTTTTA ≥22 Intron chr4:160263709-160263768 Ishiura et al.  2018
RFC1 CANVAS AAAAG ≥400 Intron chr4:39350044-39350099 Cortese et al . 2019
RUNX2 CCD GCN ≥27 Coding chr6:45390433-45390486 Mundlos et al.  1997
SAMD12 FAME1 TTTTA(TTTCA)NTTTTA ≥440 Intron chr8:119379055-119379157 Zeng et al . 2019

Ishiura et al.  2018
SOX3 XLMR GCN ≥26 Coding chrX:139586483-139586527 Laumonnier et al.  2002
STARD7 FAME2 TTTTA(TTTCA)NTTTTA ≥40 Coding chr2:96862809-96862858 Corbett et al.  2019
TBP SCA17 CAN ≥47 Coding chr6:170870994-170871105 Koide et al . 1999
TCF4 FECD CTG ≥70 Intron chr18:53253386-53253461 Mootha et al.  2015 

Mootha et al . 2014
TNRC6A FAME6 TTTTA(TTTCA)NTTTTA NA Intron chr16:24624761-24624850 Ishiura et al . 2018
YEATS2 FAME4 TTTTA(TTTCA)NTTTTA ≥800 Intron chr3:183429976-183430091 Yeetong et al . 2019
ZIC2 HPE5 GCN ≥25 Coding chr13:100637703-100637746 Brown 2001

Table 3.1: Disease-associated repeat expansions

* The NIPA1  allele is an ALS risk factor rather than being a strict pathogenic cutoff 
Pathogenic thresholds listed are the pathogenic range in the literature; however, some are subject to debate

Table 3.1: Disease-associated repeat expansions 
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To perform Southern blotting, the DNA is enzymatically fragmented and fractionated by 

electrophoresis. The fragments are blotted onto a porous membrane, maintaining their 

relative positions. The membrane is submerged in a solution containing a labelled probe 

which will bind to its complementary DNA sequence and the position can be visualised 

(figure 3.1). While Southern blotting is capable of measuring kilobase size REs, the method 

is time consuming and low throughput; additionally, the C9orf72 RE is known to be unstable 

in blood, exhibiting somatic mosaicism, and can result in unclear Southern blots (Beck et al. 

2013; van Blitterswijk et al. 2013; DeJesus-Hernandez et al. 2011).  

 

 

 

 
An alternative means of detecting the C9orf72 RE is through repeat-primed PCR (rpPCR) 

(figure 3.2).  In rpPCR an anchor and fluorescently labelled forward primer operate with a 

reverse primer which binds to multiple sites within the RE (figure 3.2.A). A characteristic 

sawtooth pattern indicates the presence of the RE (figure 3.2.B). While rpPCR has higher 

throughput than Southern blotting, it loses resolution past 30 repeats. Consequently, positive 

cases can be identified but accurate allele sizes cannot.  
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Figure 3.1: Southern blotting 

 A) The DNA is fragmented using restriction enzymes and separated using gel electrophoresis. The gel is 
soaked in alkali to denature the DNA. Fragments are transferred to a positively charged gel where they 
hybridize, maintaining their position. The membrane is incubated with nonspecific probes to saturate 
nonspecific binding sites. The membrane is incubated with labelled probe DNA with sequence 
complementary to the sequence of interest. The labelled DNA can be visualised. B) A Southern blot of 4 
C9orf72 positive individuals and one C9orf72 negative individual (adapted from (DeJesus-Hernandez et 
al. 2011)). 
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Third-generation DNA sequencing 

It is now possible to directly measure long REs using third-generation sequencing. One 

method of third-generation sequencing is to utilise small protein channels called nanopores. 

Electrophoresis is used to pass DNA through a biological pore embedded on a membrane 

over an electrical grid. As DNA passes through the nanopore, different DNA base 6-mers 

cause characteristic changes in electrical current density which can be measured and 

converted to DNA bases (Stoddart et al. 2009). This differs from Sanger sequencing and 

NGS in that DNA strands can be read without the need for fragmentation; and thus, a single 

continuous molecule can be sequenced without the need for PCR. Read lengths exceeding 2 

million base pairs (bps) have been reported (Payne et al. 2018); while the maximum read 

length with Sanger and NGS is on the order of 500-1500 bp. At an individual base level, 

these platforms have a higher error rate than Sanger or NGS; however, they allow direct 

measurement of chromosomal aberrations, CNVs and REs that have not traditionally been 

C9ORF72
exon 1 exon 2(G4C2)n

forward primer reverse primer anchor primerA

B

Figure 3.2: Repeat-primed PCR 

A) An anchor and fluorescently labelled (FAM) forward primer are present in addition to a reverse primer 
which binds to multiple sites within the repeat. Amplified fragments are measured by capillary 
electrophoresis. B) A characteristic sawtooth pattern in the upper image indicates the presence of the RE, 
and the bottom panel indicates a sample that is negative for the repeat. 
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directly measurable. Third-generation sequencing has to-date been used to sequence REs in 

FXTAS (Grosso et al. 2021) and ALS (Ebbert et al. 2018). While this technology has great 

promise, it is more expensive and less high-throughput than NGS sequencing and the higher 

per-base error makes it less amenable to studying other types of variants in the genome.  

Next-generation DNA sequencing 

The development of next-generation sequencing (NGS) in the mid-2000s (Margulies et al. 

2005) massively reduced the cost and time required to sequence a human genome. Preparing 

DNA for NGS requires shearing the DNA into fragments of 150 to 500bp in length. This 

fragmentation poses challenges to the calculation of repeat-lengths for two reasons. Firstly, 

the fragment lengths are below the pathogenic range of many REs.  Secondly, fragmentation 

was historically accompanied by PCR amplification, which itself poses two issues. PCR 

amplification does not occur uniformly; low-GC regions and non-repetitive regions are 

preferentially amplified, thus uniform genomic coverage cannot be used to predict the depth 

of sequencing at a repeat. Secondly, PCR amplification introduces stutter noise at STRs as 

the DNA polymerase slips (Hauge and Litt 1993), creating artificial variability. Illumina 

have developed a PCR-free method of whole-genome sequencing (WGS), which both 

creates uniform genomic coverage during sequencing, and removes stutter-error (Kozarewa 

et al. 2009). However; a lot of sequencing data has already been generated using PCR.  

Whole-exome sequencing (WES) also relies on PCR amplification and is still commonplace 

as it yields higher coverage of the exome at lower cost.  

 

Several tools have been developed in recent years, designed to utilise the features of NGS to 

either form an estimate of repeat length or to perform a statistical test to determine the 

likelihood that a repeat is present based on the presence of certain features at a locus (figure 

3.3). 

 

These tools vary in their utility and approach to measuring REs and STRs (figure 3.4). Both 

RepeatSeq (Highnam et al. 2013) and HipSTR (Willems et al. 2017) only take into account 

enclosed repeats. Functioning on the assumption that a repeat is below the length of a read; 

these tools can theoretically accurately genotype short repeats but fail to estimate long 

expansions. 
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TREDPARSE (Tang et al. 2017) utilises the features of paired-end (PE) sequencing to 

extend the possible repeat-length estimate beyond the length of an individual read, to the 

length of the DNA fragment that undergoes PE sequencing. GangSTR (Mousavi et al. 2019) 

and ExpansionHunter (Dolzhenko et al. 2019, 2017) further extend this by utilising reads 

ATCGGGGGCCGGGGCCGGGGCCATCGATACTGATCGATCGATCGTAGCATG

TCGATCAGATGGGGCCGGGGCC … GGGGCCGGGGCCATCGATACTGATCG

TTTTCGATCAGATGGGGCCGGGGCCGGGGCCGGGGCCGGGGCCGGGGCC

GGGGCCGGGGCCGGGGCCGGGGCCGGGGCCGGGGCCGGGGCCGGGGC
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RepeatSeq Read length

HipSTR Read length

TREDPARSE Fragment length

GangSTR (Targeted) No limit

GangSTR (Genome-Wide) No limit

ExpansionHunter v2 No limit

ExpansionHunter v3 No limit

STRetch No limit

exSTRa No limit

ExpansionHunter Denovo No limit

Figure 3.3: Genomic features available to RE genotyping tools 

An STR can be entirely enclosed in an NGS read. Alternatively a pair of NGS reads may flank a repeat. An 
RE may also fall entirely within a read, this could be anchored to the correct genomic location by a partner 
read or both pairs of reads may be in the repeat.  
 

Figure 3.4: Features of repeat genotyping tools 

Green squares indicate that the category is utilised in a corresponding tool. Red squares indicate that a 
category is not utilised in a given category. Orange indicates that for several tools the applicability in 
exome sequencing is still uncertain. 
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which are entirely composed of the repeat motif (in-repeat reads (IRRs) (figure 3.3)). Both 

tools additionally account for the genomic context surrounding a repeat; in particular 

coverage and fragment length, and allow the specification of ‘off-target loci’; these are loci 

in the genome where IRRs may have mistakenly aligned. GangSTR can be run in ‘Target’ 

or ‘Genome-Wide’ mode. The ‘Genome-Wide’ mode does not screen off-target IRRs but 

comes with considerable speed increases and scalability. A change from ExpansionHunter 

version2 to ExpansionHunter3 saw the tool no longer screen unaligned reads, providing 

moderate increase in speeds. ExpansionHunter3 also takes a graph-based approach which 

allows the reconstruction of complex alleles where the repeat is not a straightforward 

expansion of a single motif. The disadvantage of TREDPARSE, GangSTR and 

ExpansionHunter is that they are not scalable at the level of the genome (with the exception 

of running GangSTR in targeted mode). Additionally; while target loci for TREDPARSE 

can be easily generated provided they are simple repeats and reside in the reference genome, 

both GangSTR and ExpansionHunter require specialist analysis to generate the necessary 

target files with specified off-target loci.  

 

While all the tools previously mentioned are capable of providing a repeat length estimate 

for an individual sample, alternative methods have been developed that perform an outlier 

detection test between case and control cohort. exSTRa determines the repeat content of each 

read aligning to a target STR locus (Tankard et al. 2018). The STR content of all reads for 

an individual are then compared to the rest of the cohort and a statistical test for outliers is 

performed. STRetch (Dashnow et al. 2018) derives decoy chromosomes that include 

artificially long versions of target repeat loci. Reads are realigned to the decoy chromosome 

and a likelihood ratio test is performed comparing the original read alignment to the 

alignment at the decoy chromosome, with subsequent results compared between cases and 

controls. ExpansionHunter Denovo (Dolzhenko et al. 2020) is the only tool mentioned so 

far that does not require a predetermined list of target repeat loci (either disease loci or 

genome-wide). ExpansionHunter Denovo identifies anchored IRRs whose mates (including 

unaligned and misaligned mates) contain repetitive motifs. Clusters of reads sharing a 

similar profile denote a locus harbouring a large repeat. 

 

Unsurprisingly the publication of each software has presented the tool in question as 

outperforming other software across their chosen metric. This can partially be explained by 

newer tools outperforming older, but may also be a result of different measurement 

objectives. At the time of writing I am aware of two objective benchmarking studies.  
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Halman and Oshlack (2020) screened the X chromosome of 433 male samples to identify 

which genotyping tool made the fewest erroneous heterozygous calls. This study used only 

software which utilised enclosed reads, thus focusing on STRs which fell below read length. 

The authors identified that RepeatSeq and HipSTR had the lowest heterozygous error rate. 

This study is limited in that it does not address REs which exceed the read length, it did not 

perform confirmatory PCR genotyping and due to the design of the study a limited number 

of tools were possible to study.  

 

Rajan-Babu et al. (2020) studied WGS PCR free data from 118 patients with an expansion 

in either AR, ATN1, ATXN1, ATXN3, DMPK, FMR1, FXN, or HTT and simulated genomes 

of patients with C9orf72, FMR1 or FMR2 expansions. They identified that no individual tool 

provides perfect identification and that an ensemble approach combining the results of tools 

is optimal. The limitations of this study are that PCR genotypes were not available at the 

unexpanded loci in each sample (so no benchmarking of unexpanded STR genotyping was 

obtained), only a small number of loci were studied, and the study included simulated data 

which is limited in its capacity to accurately recreate either biological or DNA sequencing 

complexity.  

 

There are a number of open questions with regards to genotyping software. How does the 

accuracy of tools compare in WES and WGS data? How do tools compare when genotyping 

PCR validated alleles in the normal range? Are sensitivity and specificity consistent across 

a larger number of loci?  

Epilepsy 

As previously described, REs are implicated in the pathology of many neurological 

conditions.  Epilepsy is a group of heterogeneous neurological conditions characterised by 

a predisposition to seizures, with more than 50 million people affected worldwide (Covanis 

et al. 2015). 20-30% of cases have a definitive extraneous cause such as head trauma, but 

the remaining cases have some degree of a genetic basis (Hildebrand et al. 2013).  

 

REs have previously been observed as a cause of epilepsy. Familial Adult Myoclonic 

Epilepsy (FAME) is an autosomal dominant condition with adult onset. Patients typically 

experience hand tremors, myoclonic jerks and rare seizures (Lagorio et al. 2019). Ishiura et 

al. (2018) identified that an intronic TTTCA/TTTTA expansion in a number of genes 
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(SAMD12, TNRC6A, RAPGEF2) was sufficient to create a GOF effect creating RNA foci 

that sequester RNA binding proteins resulting in the observed phenotype. A coding GCG 

RE in the gene ARX has also been found to cause early infantile epileptic encephalopathy 

(EIEE1) (Strømme et al. 2002).  

 

One subgroup of patients who are believed to have primarily monogenic causes are patients 

with severe childhood epilepsies, often with concomitant intellectual disability (Perucca, 

Bahlo, and Berkovic 2020). Benson et al. (2020) performed WES and array-comparative 

genomic hybridisation on 96 such trios and 5 further siblings to identify small variants and 

large chromosomal aberrations in Irish patients with de novo epilepsy and intellectual 

disability. A genetic diagnosis was made in 31% of these patients. The remaining 69% of 

patients who lack a genetic diagnosis are likely to have monogenic causes which either reside 

outside the exome, or which are complex variants such inversions, CNVs or REs. 

Research Aims 

1. Utilise gold-standard PCR genotypes to determine the sensitivity and specificity of 

several RE genotyping tools across a larger range of genes than has previously been 

studied. 

2. Compare the accuracy of RE genotyping tools in WES and WGS data. 

3. Identify if any previously reported disease-associated RE loci exhibit a pleiotropic 

effect, causing de novo cases of epilepsy in the Irish population. 

Note: it is outside the scope of this study to identify novel loci that may cause epilepsy in 

the Irish population or to identify pleiotropic loci that may lead to ALS as these are the 

subjects of ongoing research. 
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Methods  

Study participants 
This study includes data from patients living with ALS, PLS, or epilepsy as well as relatives 

and control individuals.  

 

ALS and PLS patients attended the national specialist MND clinic at Beaumont Hospital 

Dublin. All ALS patients were diagnosed as definite, probable or possible ALS by specialist 

neurologists in accordance with the El Escorial criteria (Brooks et al. 2000). A PLS diagnosis 

was made if patients had progressive UMN signs for four years, no LMN signs to eliminate 

the possibility of ALS, and the patients were over 40 to rule out HSP. The PLS cohort is 

described in greater detail in Chapter 5. Control individuals were age and location matched 

to ALS patients and were neurologically normal at the time of blood sampling.   

 

Patients with epilepsy and their relatives were recruited via tertiary referral clinical centres 

throughout Ireland, specifically Beaumont Hospital, Cork University Hospital, Galway 

University Hospital, Our Lady’s Children’s Hospital Crumlin, St. James’ Hospital, and the 

Daughters of Charity (St. Vincent De Paul). Patients were recruited and deeply phenotyped 

by an advanced nurse practitioner. Many patients also experienced Intellectual Disability 

(ID). This cohort was collected and DNA sequenced as part of the RCSI FutureNeuro / 

Lighthouse Project and has been previously described in detail by Benson et al. (2020), 

wherein 101 trios were screened exome-wide for SNVs and chromosomal abnormalities, 

providing 31% with a molecular diagnosis; however, the potential impact of REs has not 

been studied in this cohort.  

DNA sequencing 

The cohorts sequenced in this study are outlined in table 3.2. Briefly; 150bp PE PCR-free 

WGS sequencing was performed for 272 Irish ALS cases and 136 Irish controls to a depth 

of 40X. This data was sequenced as part of Project MinE and has been described previously 

(Project MinE ALS Sequencing Consortium 2018).  
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Dataset ID Phenotype Patients (n) Controls (n) Trios Individual Parents Sequencing Type Sequencing Platform Sequencing Exome Enrichement Kit Target Coverage Source
ALS_WGS ALS 272 136 0 0 WGS PCR Free Illumina HiSeq 2000 150bp PE N/A 40X ProjectMinE
ALS_WES ALS/PLS 66 0 0 0 WES Illumina NovaSeq 150bp PE Agilent SureSelect 90X This Thesis
EE_WGS_PCR_FREE Epilepsy 30 0 0 0 WGS PCR Free Illumina HiSeq 150bp PE N/A 30X RCSI FutureNeuro/ 

Lighthouse Project

EE_WGS_PCR Epilepsy 11 0 10 1 WGS with PCR Illumina HiSeq 150bp PE N/A 30X RCSI FutureNeuro/ 

Lighthouse Project

EE_WES Epilepsy 114 0 106 0 WES Illumina NextSeq 75bp PE SeqCap EZ Exome 45X RCSI FutureNeuro/ 

Lighthouse Project

29 proband overlap between RCSI_WES & EE_WGS_PCR_FREE

Table 3.2: Datasets In This Study 

Table 3.2: Datasets in this study 
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Three methods of DNA sequencing were carried out for epilepsy patients. 114 patients 

underwent 75bp WES sequencing, including four pairs of siblings. Both parents were also 

sequenced for 106 of these patients. 30 patients underwent 30X PCR-free WGS, 29 of whom 

had previously undergone exome sequencing. The final epilepsy cohort consisted of 11 

patients, of which ten had both parents also sequenced and 1 had a single parent sequenced. 

This cohort underwent WGS with PCR. Data for all epilepsy cohorts were provided in 

FASTQ format.  

 

The final cohort in this study is described in further detail in Chapters 4 and 5. It includes a 

large Irish pedigree, a Cuban ALS pedigree and Irish PLS samples who underwent 150bp 

PE exome sequencing. In this chapter this dataset is primarily used to draw comparison to 

the epilepsy WES data.  

Data processing 

With the exception of the ALS WGS samples and controls which were available as pre-

processed bam files (Project MinE ALS Sequencing Consortium 2018), all data were aligned 

from PE FASTQ files. Reads were aligned to the GRCh37 version of the human reference 

genome  (downloaded from the UCSC genome browser  (W. J. Kent et al. 2002)), using the 

Burrows-Wheeler Aligner (BWA) v.0.7.5 (H. Li and Durbin 2009). Aligned sam files were 

converted to bam format, sorted and indexed using samtools v.1.7 (H. Li et al. 2009). Picard 

v.0.7.5  (http://broadinstitute.github.io/picard/) was used for duplicate read removal, and to 

add read groups. Sample depth of coverage (DOC) was calculated using mosdepth v.0.2.9 

(Pedersen and Quinlan 2018). 

PCR genotyping  

PCR genotyping was performed by Jennifer Hengeveld as part of ongoing research in the 

Complex Trait Genomics Laboratory, TCD, and was kindly provided for comparative 

purposes in this study. PCR genotypes of 23 genes for which in silico genotyping was 

available by at least one tool were provided for 338 samples who underwent PCR-free WGS. 

Fragment Length Analysis of multiplexed PCR products was performed by Eurofins, 

Germany and results were visualised and manually assessed using Peak Scanner v1.0.  
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C9orf72 genotyping 
ALS patients were screened for the presence of the pathogenic C9orf72 RE by rpPCR as 

described previously (Byrne et al. 2012). Amplified fragments were measured by capillary 

electrophoresis on an Applied Biosystems 3500 Series Genetic Analyzer and visualised 

using Gene Mapper v.4.0, screening for a decreasing sawtooth pattern which is indicative of 

a large RE. Patients with 30 hexanucleotide repeats or above and displaying a sawtooth 

rpPCR trace were deemed positive for the expansion. 

STR genotyping  

46 REs present in table 3.1 were studied in the five cohorts outlined above with a suite of 

STR genotyping tools including: ExpansionHunter v2.5.5 and v3.2.2, exSTRa v0.9.0, 

GangSTR v2.4.4 (in both targeted and genome-wide mode),  HipSTR v0.6.2, RepeatSeq 

v0.8.2, STRetch v0.1.0, and TREDPARSE v0.6.6. Additionally the ALS WGS and controls 

were genotyped with ExpansionHunter Denovo v0.9.0. Certain loci were not genotyped 

across all software either because the repeat is complex, not present in the reference genome, 

or not present in the reference panel for the software (supplementary table S.3.1.). The full 

commands used to run each software are available at : 

github.com/dohertymark/Thesis/Chapter3/Chapter3_Call_RE_Geno_Software.sh 

 

ExpansionHunter3 is capable of reconstructing complex loci. The ATXN8OS locus harbours 

a complex CTANCTGN repeat. Reviewer v0.2.5 (Dolzhenko et al. 2021) was used to identify 

which haplotype the separately genotyped CTA and CTG alleles fall, in order to reconstruct 

the combined STR.  

 

STRetch, exSTRa and ExpansionHunter Denovo require case and control cohorts. 

ExpansionHunter Denovo was run only in the ALS WGS case/control cohort as this requires 

PCR free WGS. When running STRetch and exSTRa in WES data and WGS with PCR, 

parental samples were treated as controls. 

 

To reduce the possibility of erroneously excluding true positive expansions, the 

recommended minimal first-pass filtering was applied to genotyping results. GangSTR 

output was filtered using dumpSTR v.3.0.2 (Mousavi et al. 2019) (--gangstr-filter-

spanbound-only --gangstr-filter-badCI --gangstr-max-call-DP 1000 --gangstr-min-call-DP 

20 --filter-regions hg19_segmentalduplications.bed.gz --filter-regions-names SEGDUP). 



 

62 

HipSTR was filtered using the provided filtering script (--min-call-qual 0.9 --max-call-flank-

indel 0.15 --max-call-stutter 0.15 --min-call-allele-bias -2 --min-call-strand-bias -2). For all 

other software, sites were retained if they were deemed a ‘PASS’ in the initial call and 

otherwise removed. Samples identified as positive expansions were further investigated to 

identify false positives. 

Statistical analysis and plotting 
The following formulae were used in analysis: 

 

𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 =
𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑙𝑦	𝑔𝑒𝑛𝑜𝑡𝑦𝑝𝑒𝑑	𝑡𝑟𝑢𝑒	𝑒𝑥𝑝𝑎𝑛𝑠𝑖𝑜𝑛𝑠

𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑔𝑒𝑛𝑜𝑡𝑦𝑝𝑒𝑑	𝑡𝑟𝑢𝑒	𝑒𝑥𝑝𝑎𝑛𝑠𝑖𝑜𝑛𝑠
× 100  

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑖𝑡𝑦 =
𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑙𝑦	𝑔𝑒𝑛𝑜𝑡𝑦𝑝𝑒𝑑	𝑡𝑟𝑢𝑒	𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒𝑠
𝑇𝑜𝑡𝑎𝑙	𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑔𝑒𝑛𝑜𝑡𝑦𝑝𝑒𝑑	𝑡𝑟𝑢𝑒	𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒𝑠

× 100  

𝑅𝑀𝑆𝐷 = ,∑ (𝑥! − 𝑥0!)"#
!$%

𝑁  
 

where; RMSD= route-mean-square deviation;	 𝑁= Number of data points;	 𝑥	= observed 

value; 𝑥0! = expected value  

 

As in silico tools begin counting STR motifs at different starting positions, a correction was 

applied to in silico results when calculating RMSD between in silico predictions and PCR 

genotypes. To avoid division by zero errors when calculating odds ratios (ORs), a Haldane-

Anscombe correction was applied (Lawson 2004). To identify significant ORs, Fisher exact 

tests were performed, applying Bonferroni corrections, accounting for the number of genes 

tested by each tool and the number of unique repeat units observed for each gene.  

 

NIPA1 and TNRC6A were excluded from calculations of sensitivity and specificity as their 

pathogenic threshold of 8 repeats are risk factors rather than a strict pathogenic threshold 

(Blauw et al. 2012). 

 

Unless otherwise stated, all statistical analyses and plotting for this chapter were performed 

using R v3.6.1 (Team 2014) utilising the packages stringr v1.4 (Hadley Wickham 2019) and 

qqman (S. D. Turner, n.d.) v0.1.8. 

 

Equation 3.1 

Equation 3.2 

Equation 3.3 
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Results 

Exome enrichment protocols 

WES data was available for 66 samples prepared with the Agilent SureSelect v7 exome-

enrichment probes and 326 samples sequenced with the SeqCap EZ Exome v3 exome-

enrichment probes. To explore whether either enrichment panel provided beneficial 

coverage across exonic repeats, the observed coverage across 9 exonic repeats was compared 

between datasets (figure 3.5). SureSelect samples were on average sequenced to a higher 

DOC than SeqCap samples (figure 3.5.A), but this is unrelated to the chosen exome panel. 

A single repeat (PPP2R2B) was not present in the SeqCap  exome panel. Of the remaining 

8 repeats, 4 were sequenced to a higher DOC in the SeqCap panel than expected and four 

were sequenced to a higher DOC in the SureSelect panel than expected (figure 3.5.B-K), 

indicating that neither panel has an overall superiority for covering exonic STRs.  

Benchmarking STR genotyping tools 

Identifying REs 

To examine each tool’s ability to identify large REs, each software was used to genotype the 

C9orf72 locus in 408 PCR-Free WGS samples for which rpPCR genotyping results were 

also available (supplementary table S3.1, figures 3.6 & 3.7). C9orf72 rpPCR genotyping can 

only identify whether a sample is above or below 30 GGGGCC repeats, which is regarded 

as the pathogenic threshold; however, REs often extend to 10s of kilobases long (DeJesus-

Hernandez et al. 2011; Renton et al. 2011). Figure 3.6 examines in silico C9orf72 

genotyping results. A strict pathogenic threshold of 30 repeats was used for all tools except 

STRetch and exSTRa wherein a significant p-value was required. Figure 3.7 displays 

sensitivity as a function of specificity; interrogating a tool’s specificity when a certain 

percentage of expanded samples are correctly genotyped. 

 

 

 

Figure 3.5:  Differential repeat coverage with alternative exome targets (next page) 

This figure examines whether either the SureSelect exome target kit or the SeqCap exome target kit 
provide better cover of exonic STRs. Figure 3.5.A describes the mean coverage of each sample prepared 
with either kit. The SureSelect samples are sequenced to a higher overall coverage but this is irrespective 
of the target panel. Figure 3.5.B demonstrates that whether an exonic STR is sequenced above or below 
the mean level of cover is gene specific, indicating that neither kit performs universally superior. Only one 
gene, PPP2R2B, is not targeted in the SeqCap panel (figure 3.5.K). Figures B-K depict the mean sample 
coverage at each base and the standard deviation.  
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Figure 3.6: in silico genotyping of the C9orf72 repeat expansion 

Results are displayed for 272 ALS patients, 26 of whom carry a C9orf72 repeat expansions, and 136 controls, sequenced with PCR-free WGS and genotyped with a range of in 
silico STR genotyping tools (A-L).  For plots A-H the predicted alleles of positive and negative samples are directly compared. For figure  I, the software exSTRa does not output 
allele predictions but instead gives p-values for predicted repeats (right) and values for the proportion of reads containing the repeat motif (left).  ExpansionHunter Denovo 
compares genome-wide loci in cases and controls. When comparing 272 cases (including 26 C9orf72 positive cases) to 136 controls, no significant loci are identified (K). Comparing 
26 positive cases to 136 controls identifies the C9orf72 RE. 
 



 

69 

 

 

 

 

 

 

 

 

 

 

 

 

 
All tools, with the exception of  STRetch (which gives a single false-positive result), have 

100% specificity when using a strict pathogenic threshold of 30 repeats (figure 3.6). 

ExpansionHunter v2 & v3, STRetch and GangSTR (targeted mode), provide the best RE 

discrimination; correctly identifying 88% of samples (figures 3.6.A, 3.6.B, 3.6.C & 3.6.H), 

this is followed by exSTRa (15%) and finally GangSTR-Genome-Wide, TREDPARSE, 

HipSTR and RepeatSeq, all of which fail to correctly genotype any positive samples. 

ExpansionHunter Denovo is trialled, firstly comparing 272 ALS cases to 136 controls, 

identifying zero loci (figure 3.6.K), and secondly comparing 26 RE positive patients to 136 

controls, correctly identifying the C9orf72 locus. ExpansionHunter Denovo is capable of 

identifying REs but requires sufficient power to do so.  
 
ExpansionHunter, exSTRa, GangSTR (Targeted) and STRetch perform analogously when 

considering specificity as a function of sensitivity (figure 3.7). TREDPARSE is found to 

outperform HipSTR, GangSTR (Genome Wide) and RepeatSeq, as 100% sensitivity is 

achieved while maintaining above 50% specificity. This is likely as a result of TREDPARSE 

being limited to the fragment-length, rather than read-length. 

 

Figure 3.7: C9orf72 in silico genotyping, specificity as a function of sensitivity 

Rather than using a strict pathogenic threshold of 30 repeats, this figure examines how the percentage of 
C9orf72 negative samples that are incorrectly genotyped changes are the number of positive cases are 
correctly genotyped. In figure 3.6 it is observed that TREDPARSE does not accurately classify any positive 
sample; however it is seen here that it significantly outperforms HipSTR, RepeatSeq and GangSTR in 
genome-wide mode as it maintains above 50% specificity while correctly identifying all positive samples. 
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Genotyping STRs in the broader population 

Due to the phenotypic importance of STR variability in the general population (Gymrek 

2017), each tool’s capacity to accurately genotype STRs in a broad array of genes in a wide 

sample of individuals was assessed. PCR genotypes of 23 genes which were genotyped by 

at least one tool were available for 338 individuals who underwent PCR-free WGS. 

Applying the pathogenic thresholds in table 3.1, the overall sensitivity and specificity of 

each tool was measured (combining the results of the C9orf72 locus with the additional loci), 

in addition to the overall observed RMSD and the RMSD observed per gene (table 3.3, figure 

3.8, supplementary figure S3.1-S3.7). 

 

Accounting for sensitivity, specificity and RMSD, both versions of ExpansionHunter 

outperform all other software. Other tools may match ExpansionHunter in one category but 

perform significantly worse in the other two. TREDPARSE, HipSTR, GangSTR (genome 

wide mode) and RepeatSeq have a similar or superior rate of false-positives; however, this 

is because they fail to predict longer alleles, and subsequently have very poor sensitivity.  

 

STRetch manages to correctly identify 74% of alleles which are above the literature-reported 

pathogenic threshold. Its specificity is half a percent below that of ExpansionHunter. It is 

worth noting that with 23 genes and 338 samples a 0.5% decrease in specificity provides an 

additional 38 false positives. exSTRa identifies 46% of expanded loci as significant but has 

a high rate of false-positives. 

 

GangSTR (targeted mode) correctly identifies a similar proportion of truly expanded loci as 

ExpansionHunter; however, it has a higher rate of false-positives. Examining the GangSTR 

output of the CTG repeat in ATXN2 as an illustrative locus, and interrogating the 16 samples 

which are falsely predicted to have more than 50 repeats, reveals that GangSTR has 

misassigned reads to the ATXN2 locus that are correctly aligned (with a MAPQ of 60) in the 

bam files to the CTG STR in TCF4. GangSTR does not account for the MAPQ of reads it 

assigns as off-target and so they are misincorporated. 

 

In summary, considering a panel of 24 genes including several samples which have large 

repeats in the C9orf72 locus; ExpansionHunter is found to outperform other software in 

terms of sensitivity, specificity and RMSD. GangSTR, STRetch and exSTRa are capable of 

identifying REs but with varying degrees of trade-off in terms of false-positives. 
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Reliability of WES in silico genotypes 
It remains an open question which tools provide reliable genotyping results when used with 

exome data. To address this, in silico genotyping results from 29 epilepsy patients who had 

undergone both PCR-free WGS and WES were compared (table 3.3, figure3.9, 

supplementary figure S3.8-S3.13). 

 

RMSD is used a measure of divergence between WGS and WES in silico genotyping calls. 

HipSTR and RepeatSeq are found to have best concordance between WES and WGS results; 

however, this is primarily due to a failure of both software to genotype longer alleles rather 

than an improvement in alleles which are genotyped (table 3.3, figure 3.9, supplementary 

figure S3.8-S3.13). TREDPARSE and GangSTR in targeted mode are found to be the worst 

performing software when comparing WES and WGS results. This is unsurprising for 

TREDPARSE which is only designed for WGS. As described above, the WGS results of 

GangSTR in targeted mode reveal that multiple samples at several loci are incorrectly called 

as expanded (figure S3.3,S3.10). This is found to be a result of GangSTR incorrectly 

attributing reads at potential off-target loci to the locus in question. These off-target loci are 

not present in the WES data so a large discrepancy in results appears.  

 

ExpansionHunter2 (RMSD: 5.25) is found to slightly outperform ExpansionHunter3 

(RMSD: 8.05) in genotyping exonic repeats, likely due to the ability to manually specify 

coverage in ExpansionHunter2. As both exSTRa and STRetch require sequencing and 

patient control data which was not available, these tools were not run on this data and this 

comparison is not calculated.  

Software Sensitivity (%) Specificity Sensitivity Specificity RMSD
ExpansionHunter 2 88.46 100 81.25 99.86 3.12
ExpansionHunter 3 88.46 100 84.85 99.73 2.88

exSTRa 15.38 100 46.48 95.11 N/A
GangSTR (Targeted) 88.46 100 83.33 92.97 12

GangSTR (Genome Wide) 0 100 3.45 99.67 3.74
HipSTR 0 100 6.67 100 2.79

RepeatSeq 0 100 0 100 4.11
STRetch 88.46 99.18 72.73 99.26 8.66

TREDPARSE 0 100 12.12 99.74 3.52

RMSD Longest WES Genotype Mean WES Genotype Longest WGS Genotype Mean WGS Genotype
ExpansionHunter 2 5.25 39 15.71 (SD: 7.31) 41 17.09 (SD: 7.76)
ExpansionHunter 3 8.05 85 19.83 (SD: 13.75) 58 18.83 (SD: 9.32)

exSTRa N/A N/A N/A N/A N/A
GangSTR (Targeted) 16.79 75 16.67 (SD: 13.36) 113 20.56 (SD: 18.73)

GangSTR (Genome Wide) 8.12 71 16.13 (SD: 12.42) 39 15.53 (SD: 8.04)
HipSTR 1.13 36 14.9 (SD: 6.09) 33 14.86 (SD: 6.16)

RepeatSeq 1.22 21 13.03 (SD: 4.1) 23 13.05 (SD: 4.12)
STRetch N/A N/A N/A N/A N/A

TREDPARSE 17.03 141 17.33 (SD: 15.73) 199 17.97 (SD: 15.01)

RMSD: Route Mean Square Deviation

RMSD is calculated at all loci excluding C9orf72  as only positive or negative rpPCR genotypes were available at this locus

Table 3.3: RMSD, sensitivity & specificity of in silico  genotyping tools relative to PCR data and between WES & WGS data
C9orf72  Locus All Loci

WES WGS Comparison

Table 3.3: RMSD, sensitivity & specificity of in silico genotyping tools relative to PCR data and between 
WES & WGS data 



 

72 

 

AR

PCR Allele Measurement

So
ftw

ar
e 

Al
le

le
 P

re
di

ct
io

n

10 20 30 40 50

10
20
30
40
50

rmsd= 2.32

ExpansionHunter_v3 : Comparison of Gold Standard PCR Genotyping with Software Allele Prediction

Patient
Control

ATN1

PCR Allele Measurement

So
ftw

ar
e 

Al
le

le
 P

re
di

ct
io

n

12 14 16 18 20 22 24 26

12
14
16
18
20
22
24
26

rmsd= 0.28

ATXN10

PCR Allele Measurement

So
ftw

ar
e 

Al
le

le
 P

re
di

ct
io

n

10 15 20 25 30

10

15

20

25

30

rmsd= 0.72

ATXN2

PCR Allele Measurement

So
ftw

ar
e 

Al
le

le
 P

re
di

ct
io

n

10 20 30 40 50 60 70

10
20
30
40
50
60
70

rmsd= 2.14

ATXN3

PCR Allele Measurement

So
ftw

ar
e 

Al
le

le
 P

re
di

ct
io

n

10 15 20 25 30

10
15
20
25
30

rmsd= 0.86

ATXN7

PCR Allele Measurement

So
ftw

ar
e 

Al
le

le
 P

re
di

ct
io

n

2 4 6 8 10 12 14

2
4
6
8

10
12
14

rmsd= 0.92

CACNA1A

PCR Allele Measurement

So
ftw

ar
e 

Al
le

le
 P

re
di

ct
io

n

4 6 8 10 12 14 16

4
6
8

10
12
14
16

rmsd= 0.16

CNBP

PCR Allele Measurement

So
ftw

ar
e 

Al
le

le
 P

re
di

ct
io

n

5 10 15 20

5

10

15

20

rmsd= 1.71

DMPK

PCR Allele Measurement

So
ftw

ar
e 

Al
le

le
 P

re
di

ct
io

n

0 20 40 60

0

20

40

60

rmsd= 2.04

FXN

PCR Allele Measurement

So
ftw

ar
e 

Al
le

le
 P

re
di

ct
io

n

20 40 60 80 100 120

20
40
60
80

100
120

rmsd= 8.29

GIPC1

PCR Allele Measurement

So
ftw

ar
e 

Al
le

le
 P

re
di

ct
io

n

10 20 30 40

10

20

30

40

rmsd= 2.34

HTT

PCR Allele Measurement

So
ftw

ar
e 

Al
le

le
 P

re
di

ct
io

n

10 15 20 25 30 35 40

10
15
20
25
30
35
40

rmsd= 1.72



 

73 

 

 

JPH3

PCR Allele Measurement

So
ftw

ar
e 

Al
le

le
 P

re
di

ct
io

n

10 15 20 25

10

15

20

25

rmsd= 0.55

NOP56

PCR Allele Measurement

So
ftw

ar
e 

Al
le

le
 P

re
di

ct
io

n

4 6 8 10 12

4
6
8

10
12

rmsd= 0.53

PPP2R2B

PCR Allele Measurement

So
ftw

ar
e 

Al
le

le
 P

re
di

ct
io

n

10 12 14 16 18 20

10
12
14
16
18
20

rmsd= 0.21

TBP

PCR Allele Measurement

So
ftw

ar
e 

Al
le

le
 P

re
di

ct
io

n

20 25 30 35 40 45 50

20
25
30
35
40
45
50

rmsd= 2.06

TCF4

PCR Allele Measurement

So
ftw

ar
e 

Al
le

le
 P

re
di

ct
io

n

10 20 30 40 50 60

10
20
30
40
50
60

rmsd= 4.61

Figure 3.8: ExpansionHunter v3 comparison of gold standard PCR genotyping with in silico predictions 

Gold standard PCR genotypes are compared to predicted alleles using the software ExpansionHunter 3.  
 
Note: This is an example figure. Comparable figures are available for all tools (supplementary figures S.3.1-S.3.7) 
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Figure 3.9: ExpansionHunter v3: Comparison of genotype calls from samples sequenced with WES and WGS 

Allele calls are compared for 29 samples sequenced with both whole-exome sequencing and whole-genome sequencing, using route-mean-square deviation (RMSD) as a measure 
of conformation between the two. 
 
Note: This is presented as a sample of the results obtained. Results for all tools are presented in supplementary figures S3.8-S3.13 
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Repeat expansions in epilepsy 

To study the potential pleiotropic effect that RE loci may have on cases of epilepsy in 

Ireland, 46 RE loci were studied with 7 in silico STR genotyping tools in: 114 patients (and 

most parents) for whom WES was available, 30 patients for whom PCR-free WGS was 

available and 11 patients (and most parents) for whom WGS with PCR was available. Not 

all tools were capable of genotyping each locus (supplementary table S3.1). Figures 3.10 & 

supplementary figures S3.14-S3.19 display the results for patients genotyped with five tools 

(excluding exSTRa and STRetch), compared to 136 Irish PCR-free WGS samples genotyped 

concurrently. For each gene, WES samples were included in this plot if a RMSD below one 

was observed when comparing WES and WGS genotypes, indicating reliable WES 

genotyping of the software in question.  

Statistically significant loci 

Odds ratios 

TREDPARSE identifies that more than 25 CTG repeats in the gene TCF4 are a statistically 

significant risk factor for developing epilepsy (supplementary figure S.3.19.E.2). Several 

PCR-free WGS epilepsy samples are predicted to have more than 60 repeats, differing from 

the predicted distribution in controls. To investigate the validity of this finding, the results 

of ExpansionHunter v3, exSTRa and STRetch are interrogated. Comparing each tool to gold-

standard PCR genotypes, TREDPARSE is found to be prone to false-positives at the TCF4 

locus and ExpansionHunter 3 is found to provide more reliable genotyping (figure 3.8). The 

same samples are not predicted to be expanded by ExpansionHunter 3 (figure 3.11.A). The 

CTG repeat in TCF4 is not exonic; however, it is exon adjacent and subsequently, the WES 

epilepsy samples have sufficient cover for genotyping with both exSTRa and STRetch 

(figure 3.11.B); two tools which are capable of identifying significant expansions. STRetch 

does not identify any significant exome samples at the TCF4 locus. None of the samples 

above 60 repeats in TREDPARSE are identified as significant by exSTRa (figure 3.11.C & 

3.11.D). The results of ExpansionHunter 3, STRetch and exSTRa signify that the expanded 

alleles predicted by TREDPARSE are likely to represent false-positives, which 

TREDPARSE is prone to at this locus (supplementary figure S.3.7).  
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Figure 3.10: ExpansionHunter2 prediction of STR lengths in epilepsy patients 

 
For each gene genotyped with ExpansionHunter2 the allele lengths in epilepsy patients are compared to 136 Irish controls. The upper plot shows the predicted allele lengths and 
the lower plot shows the OR.  An asterisks indicate a significant OR. The epilepsy results include PCR-free WGS samples, PCR WGS samples and WES sample if an RMSD below 
one was observed when comparing WES results to WGS results for a given gene. 
 
Note : Results for all tools are available in supplementary figures S3.14-S3.19 
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Figure 3.11: Exploration of TREDPARSE predicted TCF4 expansions 

From PCR-free WGS data, TREDPARSE identifies a statistically significant number of epilepsy patients with 
more than 60 repeats in the gene TCF4. To explore whether this is a true finding, the results are compared 
to other software. A) ExpansionHunter3 is identified to be more reliable at this locus (figure 3.9) and does 
not confirm these REs. B) These samples also have exome sequencing. The TCF4 repeat is exon adjacent 
and these samples have good coverage in exome data and can thus be genotyped with exSTRa and 
STRetch. C & D) Using exSTRa these samples are not identified as having a statistically significant RE at 
this locus. 
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RepeatSeq identifies 18 CCTG repeats in CNBP as an epilepsy risk factor while 20 or more 

repeats is protective against epilepsy (supplementary figure S.3.18.L). This is not supported 

by other tools (figure 3.10, supplementary figure S.3.14-S.3.19) and RepeatSeq is shown to 

be unreliable at genotyping the CNBP repeat (figure S3.5). 

 

There are instances where repeats above a certain number are identified as significantly 

protective against epilepsy (GangSTR (Target): CNBP, RFC1; GangSTR (NonTarget): 

ATXN1, CNBP; HipSTR: DIP2B; TREDPARSE: CSTB, PABN1,HOXA13; RepeatSeq: 

ATXN3, DIP2B, PPP2R2B). These findings do not replicate across datasets and are 

attributed to sequencing/ genotyping differences due to cases and controls originating from 

different datasets.  

 

There are no instances where a tool identifies an expansion in a patient which is both larger 

than those observed in controls and in the pathogenic range for the locus in question. 

STRetch 

STRetch identifies no significant loci in the exome samples. In the WGS with PCR samples, 

four samples have a statistically significant expansion in RFC1 and one sample has a 

statistically significant repeat in ATXN3. These samples are not identified as significant by 

exSTRa (table 3.4). ExpansionHunter 3 shows that the ATXN3 sample that STRetch flags as 

significant has inherited the parental alleles. ExpansionHunter 3 shows some variability in 

RFC1 genotyping; however, the proband alleles are within the 95% CI of the parental alleles 

(table 3.4) and are all below the range observed in controls (supplementary figure S3.5).  

 

 
 

 

Gene Patient STRetch p-value STRetch Allele exSTRa p-value EH3 Patient Alleles EH3 Paternal Alleles EH3 Maternal Alleles
RFC1 EP1A 4.8E-12 41 1 10 (10-10) / 48 (37-57) 10 (10-10 ) / 34 (30-38) 10 (10-10) / 45 (33-54)
RFC1 EP2A 8.9E-13 44 N/A 39 (30-48) / 48 (31-65)* 10 (10-10) / 56 (41-69) 10 (10-10) / 49 (38-58)
RFC1 EP3A 2E-10 37 1 38 (30-47) / 47 (30-65)* 9 (9-9) / 47 (34-57) 38 (30-46) / 46 (30-62)*
RFC1 EP4A 1.2E-4 23 1 10 (10-10) / 43 (30-52) 9 (9-9) / 46 (35-55) 10 (10-10) / 10 (10-10)
ATXN3 EP4A 7.2E-7 41 N/A 11 (11-11) / 27 (27-27) 11 (11-11) / 24 (24-24) 11 (11-11) / 27 (27-27)

Table 3.4: Epilepsy patients with a predicted significant RE by STRetch

*Flagged for Low Depth

EH: ExpansionHunter

EH alleles include the allele prediction and 95% CI

STRetch p-values are adjusted for multiple testing 

Table 3.4: Epilepsy patients with a predicted significant RE by STRetch 
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exSTRa 

exSTRa identifies 53 significantly expanded STRs in 15 patients (supplementary table 

S.3.2). Where genotypes are called, all putative expansions are examined with STRetch, 

ExpansionHunter v2 and V3, GangSTR (Targeted) and TREDPARSE. 44 of the 53 putative 

expansions are confirmed by at least two tools to either be not significant (STRetch), or to 

have two parental alleles or two alleles which are below the maximum allele length observed 

in controls, confirming that they are false-positives (supplementary table S3.2, figure 3.10, 

supplementary figure S3.14-S3.19).  

 

There are insufficient genotyping calls to validate 9 putative REs identified by exSTRa, so 

these loci are manually inspected.  

 

exSTRa identifies two samples with a significant expansion in LRP12. STRetch does not 

identify either sample as harbouring a significant expansion. Neither sample is genotyped 

by an additional tool; consequently, for further confirmation, reads were extracted from the 

repeat region in each sample and visually examined. One sample displays stutter error but 

appears to be heterozygous for 9 and 12 repeats and the second sample is heterozygous for 

5 and 12 repeats (supplementary figure S3.20) . Both of these samples are in the normal 

range, well below the pathogenic cutoff (table 3.1).  

 

exSTRa identifies a significant repeat in SAMD12 in a single patient. Reads were manually 

extracted from the repeat region and visually inspected (supplementary figure S.3.21). The 

patient has two clearly identifiable unexpanded alleles of 12 and 20 repeats, both of which 

are in the normal range, and neither carry the pathogenic TTCAA interruptions (Ishiura et 

al. 2018). 

 

A repeat in YEATS2 in a single patient is identified as significant by exSTRa. This is an 

intronic repeat and only WES is available for the sample in question. The sample has only 

two reads in the repeat region, neither of which indicate a pathogenic expansion; and only 

four reads in the 500bp region surrounding the locus. There is insufficient evidence to 

support calling an RE at this locus. 

 

A putatively significant RE in two patients is observed in the gene NUTM2B. The two 

samples appear homozygous for 13 motif units (supplementary figure S.3.22), providing 

evidence that the predicted REs at this locus are false-positives.  
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Three patients have predicted REs in NOTCH2. The samples are very deeply sequenced at 

this locus (supplementary figure S.3.23), which could indicate a true repeat; however, this is 

found to be proportional to their overall exome depth of sequencing (supplementary figure 

S.3.24). The observed reads at this locus do not support a prediction of an RE (supplementary 

figure S.3.23). 

De novo STRs 

To directly study putative de novo mutations, across all tools, for both the WES samples and 

the WGS with PCR samples, the longest allele in each patient is compared to the longest 

allele in either of their parents (figure 3.12, supplementary figures S.3.25-S.3.30). While 

some variability is observed in the reporting of each locus (particularly for exome data), 

there are no instances where a de novo mutation is observed outside the range of alleles 

reported in parents.  
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Figure 3.12: ExpansionHunter v2 exploration of potential de novo REs in epilepsy patients 

For each patient the longest observed allele at a given locus is compared relative to the longest allele observed in parental samples. A red asterisks indicates that the gene in 
question had poor concordance when comparing WES and WGS genotypes for the same samples, consequently WES genotypes may not be reliable.  
 
This figure is presented as an example. Results for all tools are available in supplementary figures S3.25-S3.30. 
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Discussion 

STR expansions play a large role in human phenotypic variation and disease. In silico 

genotyping of STRs and identification of pathogenic REs holds great promise to broaden the 

understanding of neurological diseases and to revolutionise patient treatment, potentially 

greatly reducing a patient’s time to diagnosis. However, it is essential to validate the 

accuracy of these tools and to interpret their results appropriately.  

 

Here, three analyses are presented. Firstly, a useful benchmarking study is performed 

assessing the sensitivity, specificity and RMSD of seven STR genotyping tools, assessing 

their capabilities both for STRs in the normal range within the healthy population and for 

expanded repeats. Secondly, comparisons are drawn between identical samples sequenced 

with both WES and WGS to determine which tools are applicable to WES data and whether 

this is uniform across different loci. Finally, cohorts of patients with epilepsy were 

examined, to identify if any currently known pathogenic repeats have a pleiotropic effect, 

causing epilepsy, in the Irish population. 

Benchmarking STR genotyping tools 

In this study six STR genotyping tools are assessed in 272 Irish ALS patients and 136 age 

and population matched controls. Approximately 10% of these patients carry a large 

pathogenic GGGGCC repeat in the C9orf72 gene which has been assayed by rpPCR. 

Additionally gold-standard PCR genotypes are available for 338 samples in a further 23 

genes.  

 

While each tool has presented its own supportive evidence upon publication, to date 

objective benchmarking studies have been limited in their number and scope. This study is 

unique in that PCR data is available for a larger array of genes and samples than has 

previously been included in benchmarking studies; providing novel insight into the 

generalisability of these tools and their ability to accurately genotype repeats in the normal 

range. 

 

Overall both ExpansionHunter2 and 3 are found to outperform other tools when considering 

sensitivity, specificity and RMSD. ExpansionHunter is capable of accurately genotyping 

both large REs and short STRs. Other tools either do not (or have limited capacity to) identify 
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large REs (HipSTR, GangSTR (genome-wide mode), RepeatSeq, TREDPARSE) or less 

successfully identify large REs while having a significantly higher number of false-positives 

(exSTRa, STRetch, GangSTR (target mode)).  

 

A novel observation of this study is that, for all tools, including ExpansionHunter, the 

observed accuracy is gene dependent. For example, in figure 3.8 it is seen that 

ExpansionHunter is prone to false-positives in FXN, GIPC1, TBP and TCF4. Interestingly 

Rajan-Babu et.al. (2020) also identified a false-positive in TBP, indicating that these findings 

are not a unique feature of this dataset.  

 

The findings of this study highlight the potential of in silico genotyping tools to accurately 

classify both REs and STRs in the general population but stress the importance of validating 

results as misdiagnoses could lead to poor patient treatment and outcome. 

Genotyping REs in WES data 

It remains an open question whether in silico STR genotyping tools can accurately classify 

STRs and REs in WES data. This study provides novel insight into this question for many 

tools. With the exception of TREDPARSE (which is not designed to work with WES data), 

the tools which do not provide accurate classification of long repeats (HipSTR and 

RepeatSeq) have good concordance between WES and WGS results; however, this is at the 

expense of failing to genotype long repeats (table 3.3). Consequently these tools may be 

useful to genotype short alleles in circumstances where no RE is suspected. 

ExpansionHunter provides the best results considering it is capable of genotyping both long 

and short alleles.  

 

ExpansionHunter considers the 1kb region surrounding a repeat; as a consequence WES-

WGS concordance is highly gene-dependent, in a similar manner to WGS-PCR 

concordance. For example in figure 3.9 it is seen that many large expansions are seen in the 

gene TCF4 in the WES samples that are not seen in the WGS samples. Contrastingly, it is 

also possible that WES data may be more reliable at certain loci due the absence of 

misassigned off-target reads. For example the gene TCF4 is prone to false positives in WGS 

data (figure 3.7): in figure 3.9 it is seen that some samples with predicted expansions in WGS 

data are not confirmed in WES data, so it is feasible that the unexpanded WES call is correct.  
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Repeat expansions in epilepsy 

Repeat expansions have previously been shown to exhibit pleiotropic effects. For example 

the CAG repeat in ATXN2 serves as both an ALS risk factor and a cause of SCA2 and the 

C9orf72 RE can result in both ALS and FTD as well as rare cases of Parkinson disease, 

Huntington disease-like syndrome and Alzheimer’s disease (Woollacott and Mead 2014).  

 

Epilepsy is a highly heterogenous group of neurological diseases with many patients having 

an undiagnosed, underlying genetic basis. Repeat expansions have previously been linked 

to certain forms of adult-onset epilepsy (Ishiura et al. 2018). A study of epilepsy patients 

with ID and their parents in Ireland identified a genetic cause in 31% of patients (Benson et 

al. 2020). The current study utilises the benchmarking performed above in ALS data, and 

applies this to another neurological condition, investigating whether pleiotropy at currently 

known RE loci is a pathogenic cause of epilepsy in the Irish population.  

 

Data was available from three cohorts: 114 patients with WES, 30 patients with PCR-free 

WGS and 11 patients with PCR WGS. Parental sequencing was also available for the many 

patients with WES and PCR WGS. REs in 46 genes were studied with 7 STR genotyping 

tools, screening each cohort for outliers, statistically significant numbers of repeats and 

finally screening for putative de novo repeats. 

 

Statistically significant putative STRs were identified in 24 genes. All significant REs 

underwent further validation; combining information from the results of other tools, 

coverage and, where required, read-level data. Through a combination of these lines of 

evidence, it is shown that all significant STRs identified in these patients are false positives. 

This highlights the importance of thoroughly validating putative STRs, using in silico 

evidence as a first-pass and final PCR validation of remaining significant expansions.  

 

This study does not find evidence supporting the pleiotropic role of known pathogenic REs 

in epilepsy in the Irish population.  

Study limitations 

There are limitations to the current study establishing the pleiotropic effects of established 

pathogenic STRs on epilepsy in Ireland. Firstly, care has been taken to validate which genes 

provide reliable results from WES data and thus can be reliably included in this analysis; 
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however, that validation did not include samples with known large expansions. 

Consequently, it is feasible that certain genes provide reliable WES genotyping in the normal 

range but do not successfully genotype large expansions, leading to false-negatives in WES 

samples. On the other hand, previous studies have successfully identified expansions from 

WES data, albeit from a small number of loci (Rajan-Babu et al. 2020). 

 

WES is available for the majority of epilepsy patients in this study; and consequently, these 

samples are not genotyped for the majority of repeats which are intronic, except where 

sufficient off-target coverage is obtained. It is feasible that pathogenic non-exonic repeats 

may be present in patients for whom only WES sequencing is available.  

 

By necessity this study combines different datasets. Specifically,  it is not ideal that in the 

epilepsy study, cases and controls were not sequenced concurrently. However, it is likely 

that this has increased the rate of false-positives rather than false-negatives, as in silico 

genotyping of differentially sequenced samples can yield artifacts which appear as positive 

expansions. By implementing a strict downstream validation of putative positive results it is 

hoped that this is negated.  

 

The final limitation of this study is that the expansions studied here are not exhaustive: new 

pathogenic expansions are regularly being reported. It is possible that revisiting these 

samples in future with an updated panel of expansions could lead to new insights.  

Gene discovery 

One area that is outside the scope of this thesis is the discovery of novel pathogenic STRs in 

either epilepsy or ALS. Regardless, it is worth discussing the challenges, highlighted by the 

current research, associated with gene discovery. While it is demonstrated here and in 

previous studies that in silico tools have good capacity to identify REs, the identification of 

novel STRs remains problematic.  

 

ExpansionHunter Denovo is demonstrated here and in previous studies (Dolzhenko et al. 

2020; Rafehi et al. 2019) to be capable of identifying novel loci, it also benefits from not 

requiring any a priori knowledge of target loci. However, it either requires large numbers of 

cases and controls or a highly homogenous disease cohort, wherein a single locus is 

responsible for a majority of cases. Many neurological conditions such as epilepsy and ALS 
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are very heterogenous with patients having varied underlying genetic causes. Further, 

ExpansionHunter Denovo is only applicable to PCR-free WGS data.  

 

This study demonstrates that many of the tools which are capable of performing genome-

wide screens (HipSTR, GangSTR (genome-wide mode), TREDPARSE and RepeatSeq) do 

not successfully identify true REs. These tools also require a prespecified list of target loci, 

relying on a priori knowledge of likely repeat loci. This means that complex repeats or 

repeats which are not in the reference genome will be unknowingly excluded from analysis. 

While these tools do not accurately identify REs, they can show a shift in distribution from 

unexpanded samples (figure 3.6 & 3.7). A method has been developed utilising the minor 

discrimination of GangSTR or HipSTR to identify de novo STR expansions (Mitra et al. 

2020). The poor sensitivity of both GangSTR and HipSTR makes this method unsuitable for 

identifying specific pathogenic STRs but useful for identifying patterns of variation. For 

example Mitra et al. (2020) demonstrated an excess of expanded STRs in promoters of fetal 

expressed genes in autism patients. 

 

The majority of tools which are currently capable of identifying true REs (ExpansionHunter, 

GangSTR (target mode) and exSTRa) are not tractable at the genome-wide scale due to 

resource-costly screening of off-target loci and partner reads. These tools, especially 

GangSTR and exSTRa, have poor specificity, which if scaled genome-wide would provide 

thousands of false positives requiring verification.  

 

STRetch is one tool which is scalable genome-wide, can identify true REs and functions in 

both exome and genome data. The disadvantages of STRetch are that, similar to other tools, 

it requires a target list of repeats so will not identify repeats that are absent from the reference 

genome and it requires a case/ control cohort. Further, it is shown here that STRetch has 

poor resolution for discerning repeat size (and is therefore only applicable to identifying 

large repeats), and is also shown here to be susceptible to false-positives which would result 

in thousands of false-positives at the genome-wide scale. 

 

In summary, there are currently four approaches to identifying novel STR expansions. 

ExpansionHunter Denovo requires either a homogenous case cohort or a large number of 

cases and controls. HipSTR and GangSTR can be used to identify patterns of variation in 

pedigree data or STRetch can be used with further downstream validation of results to 

eliminate false-positives. Finally, these tools can be used in combination with linkage 
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studies, first narrowing the location to a specific genomic region and applying genotyping 

tools to the isolated region (Bennett et al. 2020).  

Summary 

This is a useful benchmarking study that includes valuable data both in the form of accurate 

PCR genotypes from a broader array of genes than has previously been studied and a number 

of samples for whom both WES and PCR-free WGS was available. Considering all metrics 

ExpansionHunter is identified as the most accurate classifier of REs in both WES and WGS 

data; however, it has limitations. It is only available for a small number of loci and is 

identified here to have accuracy that is highly gene dependent.  

 

While PCR-free WGS is ideal for in silico studies of REs, it is highlighted here that with 

appropriate filtering and stringent downstream validation it is possible to achieve meaningful 

insight from disparate datasets. This study does not identify the pleiotropic effect of 

established pathogenic REs as contributing to epilepsy in Ireland while acknowledging the 

limitations of the research conducted here. 
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Chapter 4  

The genetic profile of ALS in Cuba 

Introduction 

Cuba is a Caribbean island with a population approaching 11.5 million people. The modern 

Cuban population is primarily a mix of Native Americans who first arrived between 4,500-

4,000 BC, Spanish settlers who arrived in the 15th century and sub-Saharan Africans who 

arrived as slaves between the 16th and 19th centuries. For individuals, the ratio of ancestral 

origins differs across the country, however the average European ancestry for an individual 

is 71.1% (SD 23.4%), African ancestry accounts for 20.3% (SD 25.1%), Native American 

accounts for 6.9% (SD 4.6%) and East Asian ancestry accounts for 1.7% (SD 2.5%) (Fortes-

Lima et al. 2018).  

 

Chapter 2 highlighted the unfortunate fact that the majority of ALS patients still lack a 

genetic diagnosis. The true spectrum of ALS genetic variation cannot be understood if the 

majority of genetic studies are not representative of a diverse array of individuals and 

populations. A large proportion of confirmed Pathogenic or Likely Pathogenic variants 

exhibit significant geographic heterogeneity; they are present at an elevated rate in certain 

regions, countries or continents. Genetic research in understudied populations can identify 

variants and genes unseen in other populations and can aid in planning and stratifying human 

trials. Cuba is one such understudied population.  
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The ALS mortality rate in the Cuban population is similar to other Hispanic populations and 

slightly below the rates observed in Northern European populations (Zaldivar et al. 2009). 

Consistent with the Chapter 2 result and previous studies (Byrne et al. 2013) suggesting that 

countries with lower life expectancy exhibit an earlier age of onset on average, the mean age 

of onset for Cuban patients is earlier (53 (95% CI: 50.4-55.6)) than for Irish patients (61.6 

(95% CI: 60.9 -62.4)) (Ryan, Zaldívar Vaillant, et al. 2019). The rate of FALS is higher in 

Cuba (15.8%) than in Ireland (11.8%). Previous research in Cuba has found that individuals 

with self-reported mixed ancestry have a lower risk of ALS than those who self-identify as 

black or white, indicating a protective effect of admixture (Zaldivar et al. 2009). 

 

The work in this Chapter is the first study of the genetics of ALS in Cuba, a unique, 

understudied, admixed population. The journALS database outlined in Chapter 2 is utilised 

as an analysis and interpretation aid at all stages of the results process. 

Research Aims 

o Explore the profile of Cuban ALS genetics by performing targeted DNA sequencing 

of a panel of previously associated genes. 

o Utilise the journALS database to interpret the sequencing results at the variant and 

population levels. 
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Methods  

Study participants  

All ALS patients participating in this study presented at the National Institute of Neurology, 

Havana, Cuba, which serves as a national tertiary referral centre for neurodegenerative 

conditions, between 1996 and 2017 (Ryan, Zaldívar Vaillant, et al. 2019). A specialist 

neurologist diagnosed all patients with definite, probable or possible ALS as defined by the 

El Escorial criteria (Brooks et al. 2000). Demographic and phenotypic information including 

age of onset, site of onset, disease duration, sex, family history and province of residency 

were recorded. In accordance with official Cuban guidance, self-reported skin colour 

(‘white’, ‘black’ or ‘mestizo’) was also reported. Cuban controls were neurologically normal 

at the time of sampling and included spouses of patients and volunteers. No further 

phenotype information is available for controls. DNA extraction from venous leucocytes 

was performed in Cuba. 

 

DNA samples were divided into five batches, combining cases and controls within batches 

to prevent batch effects. The following sections describe the steps undertaken for each batch. 

Targeted-sequencing library preparation 

Dual-indexed sequencing libraries were prepared for each DNA sample following the KAPA 

HyperPlus KR1145-v3.16 protocol with minor modifications. DNA was quantified using 

either a Nanodrop ND-1000 spectrophotometer or a Qubit 2.0 fluorometer with dsDNA BR 

assay Kit. 300ng of DNA (or as much DNA as was available for low quality samples) was 

initially purified to remove any EDTA from the buffer using Agencourt Ampure XP beads 

and eluted in Tris-HCl. Resulting purified DNA samples were fragmented for 8 minutes to 

a target size of 400bp using Kapa HyperPlus fragmentation enzyme. DNA end-repair and 

A-tailing was performed using the Kapa HyperPlus library preparation kit. NEBNext hairpin 

adapters were ligated onto the resulting DNA fragments using a 60 minute ligation time. In 

order to remove uracil and thus open the adapters, the adapter-ligated libraries were treated 

with USER enzyme with a 60 minute incubation. The resulting libraries were PCR amplified 

(98°C:45 sec, 8x( 98°C:15 sec, 60°C:30 sec, 72°C:30 sec), 72°C:1 min, 4°C:∞) using unique 

i5 and i7 adapters to index each sample with an individual identifier and to generate 

sequencer-ready libraries. Samples were assessed for quality (concentration, fragment size 

distribution) on an Agilent Tapestation. 
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DNA size selection 

Size selection was carried out using gel extract size selection to obtain libraries of the 

optimum length for sequencing. A 1.5% low weight molecular agarose gel was prepared 

with the addition of SYBR to a final concentration of 1 in 5000. SYBR stained DNA was 

visualised with a UV screen and excised between 500bp-600bp. Size selected, library 

prepared DNA was extracted from the gel cut following the Qiagen MinElute Gel Extraction 

Protocol. DNA concentration and fragment size distribution were assessed using an Agilent 

Tapestation and Nanodrop ND-1000.  

Design of target enrichment library 

We designed an in-solution Integrated DNA technologies Ltd (IDT xGen Lockdown Probes) 

target enrichment kit to enrich the exons and surrounding 4 bps of 37 genes linked to either 

ALS or FTD (table 4.1) based on the GRCh37 build of the human genome. The kit was 

designed prior to the completion of Chapter 2; for this reason, genes were chosen based on 

their entry in the ALS Online Genetics Database (O. Abel et al. 2012) or the Alzheimer’s 

Disease and FTD Mutation Database (“Center for Molecular Neurology” n.d.). ERLIN1 

(Tunca et al. 2018), ERLIN2 (Muratet et al. 2019) and PARK7 (Özoğuz et al. 2015; Hanagasi 

et al. 2016) as well as more recently linked genes such as KIF5A (Nicolas et al. 2018) are 

not included in the panel for this reason.  

Target enrichment and next-generation sequencing 

Samples were pooled to equal concentration. A pooled mass of 66ng of DNA was target 

enriched using the IDT Hybridization capture of DNA libraries using xGen Lockdown 

Probes protocol. Blocking oligos, Cot-1 DNA and the pooled library were combined and 

liquid was evaporated using a Savant DNA110 DNA SpeedVac Concentrator. Biotinylated 

capture probes were hybridised to the library with a 4 hour incubation at 65°C. Biotinylated 

probes and hybridised DNA were captured using streptavidin coated beads and a magnetic 

rack. For the first two batches, enriched DNA was PCR amplified with 15 cycles (98°C 45 

sec, 15x(98°C 15 sec, 60°C 30 sec, 72°C 30 sec), 72°C 1 min, 4°C ∞), and this was reduced 

to 11 cycles for the final three batches  (98°C 45 sec, 11x(98°C 15 sec, 60°C 30 sec, 72°C 

30 sec), 72°C 1 min, 4°C ∞). The library was assessed for quality, concentration and 

fragment size distribution on an Agilent Tapestation, Nanodrop ND-1000 spectrophotometer 

and Qubit 2.0 fluorometer with dsDNA BR assay Kit.  
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The size-selected, pooled, target enriched libraries were diluted to 4nM in 5uL and 

sequenced on an Illumina MiSeq at the TrinSeq facility at St. James’s Hospital with 300bp 

single end sequencing. 

C9orf72 genotyping 

Patients were screened for the presence of the pathogenic C9orf72 RE by repeat-primed PCR 

(rpPCR) as described previously (Byrne et al. 2012). Amplified fragments were measured 

by capillary electrophoresis on an Applied Biosystems 3500 Series Genetic Analyzer and 

visualised using Gene Mapper v.4.0, screening for a decreasing sawtooth pattern which is 

indicative of a large RE. Patients with 30 hexanucleotide repeats or above and displaying a 

sawtooth rpPCR trace were deemed positive for the expansion. 

Symbol Gene Name First Reported Link to ALS, FTD or Dementia
ALS2 Alsin (Hadano et al. 2001; Yang et al. 2001)

ANG Angiogenin (Greenway et al. 2004)

ATXN2 Ataxin 2 (Elden et al. 2010)

C21orf2 Cilia And Flagella Associated Protein 410 (van Rheenen et al. 2016)

CHCHD10 Coiled-Coil-Helix-Coiled-Coil-Helix Domain Containing 10 (Bannwarth et al. 2014)

CHMP2B Charged multivesicular body protein 2b (Skibinski et al. 2005; Parkinson et al. 2006)

DAO D-Amino Acid Oxidase (Mitchell et al. 2010)

DCTN1 Dynactin (Münch et al. 2004)

ELP3 Elongator complex protein 3 (Simpson et al. 2009)

ERBB4 Erb-B2 Receptor Tyrosine Kinase 4 (Takahashi et al. 2013)

FIG4 Polyphosphoinositide phosphatase (Chow et al. 2009)

FUS Fused in sarcoma (Kwiatkowski et al. 2009; Vance et al. 2009)

GRN Progranulin (Baker et al. 2006; Cruts et al. 2006)

HNRNPA1 Heterogeneous Nuclear Ribonucleoprotein A1 (Kim et al. 2013)

LMNB1 Lamin B1 (Johnson et al. 2014)

MAPT Microtubule Associated Protein Tau (Hutton et al. 1998)

MATR3 Matrin 3 (Johnson et al. 2014)

NEFH Neurofilament, heavy polypeptide (Figlewicz et al. 1994)

NEK1 NIMA Related Kinase 1 (Kenna et al. 2016)

OPTN Optineurin (Maruyama et al. 2010)

PFN1 Profilin 1 (Wu et al. 2012)

PRPH Peripherin (Beaulieu et al. 1999; Gros-Louis et al. 2004)

PSEN1 Presenilin 1 (Raux et al. 2000)

PSEN2 Presenilin 2 (Gallo et al. 2010)

SARM1 Sterile Alpha And TIR Motif Containing 1 (Fogh et al. 2014)

SETX Senataxin (Chen et al. 2004)

SIGMAR1 Sigma non-opioid intracellular receptor 1 (Luty et al. 2010)

SOD1 Superoxide dismutase 1 (Rosen et al. 1993)

SPAST Spastin (Meyer et al. 2005)

SPG11 Spatacsin (Orlacchio et al. 2010)

SQSTM1 Sequestosome 1 (Fecto et al. 2011)

TAF15 TATA-Box Binding Protein Associated Factor 15 (Ticozzi et al. 2011)

TARDBP TAR DNA-binding protein 43 (Arai et al. 2006; Neumann et al. 2006)

TBK1 TANK Binding Kinase 1 (Freischmidt et al. 2015)

UBQLN2 Ubiquilin 2 (Deng et al. 2011)

UNC13A Unc-13 homolog A (van Es et al. 2009)

VAPB VAMP-associated protein B (Nishimura et al. 2004)

VCP Valosin-containing protein (Kovach et al. 2001; Johnson et al. 2010)

Note: this panel was designed prior to the completion of chapter one and prior to the discovery of recently associated 

ALS genes. As such relevant genes including ERLIN1, ERLIN2, PARK7 and KIF5A are omitted. 

Table 4.1: Genes included in targeted NGS panel

Table 4.1: Genes included in targeted NGS panel 
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Bioinformatic pre-processing 

Next-generation sequencing generated single-end FASTQ files which were processed 

following the Genome Analysis Toolkit (GATK) best practices (as of 18/06/2018) (Van der 

Auwera et al. 2013). Sequences were adapter trimmed using cutadapt v.1.9.1 (M. Martin 

2011). Reads were aligned to the GRCh37 version of the human reference 

genome  (downloaded from the UCSC genome browser  (W. J. Kent et al. 2002)), using the 

Burrows-Wheeler Aligner (BWA) v.0.7.5 (H. Li and Durbin 2009). Aligned sam files were 

converted to bam format, sorted, indexed and depth of coverage in targeted regions was 

calculated using samtools v.1.7 (H. Li et al. 2009). Picard 

v.0.7.5  (http://broadinstitute.github.io/picard/) was used for duplicate read removal, and to 

add read groups.  

Base Quality Score Recalibration 

Base Quality Score Recalibration (BQSR) was performed using GATK v.3.8 (McKenna et 

al. 2010). During next-generation sequencing, a quality score is assigned to each base. This 

quality score represents the likelihood that a base is sequenced incorrectly. BQSR detects, 

and corrects for, systematic errors made by the sequencing machine in assigning these 

quality scores. In the initial phase of BQSR, the genome is traversed to identify variant 

single-nucleotide sites and INDELs. SNPs and INDELs that are known to commonly vary 

(Sherry, Ward, and Sirotkin 1999; Mills et al. 2011), are masked to avoid counting truly 

variant sites as errors. For non-masked variant sites, the read group, reported quality score, 

machine cycle and previous dinucleotide are recorded. This is used to build a recalibration 

model that is subsequently utilised to adjust each base quality score according to the 

properties of the base. 

Variant calling  

Variant calling was performed in accordance with GATK best practices (as of 18/06/2018). 

Variant calling was performed using GATK’s HaplotypeCaller and GenotypeGVCFs 

functions. Together these tools identify and assign likelihoods to SNPs and INDELs by 

performing local de-novo haplotype assembly in variant regions and assigning variant 

likelihoods based on the haplotypic context. Hard-filtering was applied to identify variants 

which fail QC based on various sequencing metrics (SNPs: QualByDepth (QD) < 2, 

FisherStrand (FS) > 60, StrandOddsRatio (SOR) > 3, RMSMappingQuality (MQ) < 40, 
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MappingQualityRankSumTest (MQRankSum) < -12.5, ReadPosRankSumTest 

(ReadPosRankSum) < -8; INDELs: QD < 2, FS > 200 , ReadPosRankSum < -20). 

Variant annotation 

SNPs and INDELs were annotated to ensure compatibility with the journALS data from 

Chapter 2. Variants were normalised and annotated using Variant Tools v0.5772 (Tan, 

Abecasis, and Kang 2015), SnpEff v4.3s (Cingolani et al. 2012) and GEMINI v0.30.2 (Paila 

et al. 2013). As per Chapter 2, variants were annotated with variant AFs from Project MinE 

(van der Spek, van Rheenen, Pulit, Kenna, McLaughlin, et al. 2019), ALSVS (“ALS Variant 

Server, Worcester, MA” n.d.), ALSdb (“ALSdb, New York City, New York” n.d.; Cirulli et 

al. 2015), and the non-neuro subset of gnomAD (Karczewski et al. 2020). In silico 

annotations were added via dbNSFP 4.0a (X. Liu, Jian, and Boerwinkle 2011, 2013; X. Liu 

et al. 2016), spidex 1.0 (Xiong et al. 2015) and dbscSNV1.1 (Jian, Boerwinkle, and Liu 

2014). Insertions and deletions (INDELs) were annotated using PROVEAN v1.1 (Choi et 

al. 2012; Choi 2012), SIFT (Sim et al. 2012) and VEST4 (Douville et al. 2016). In silico 

annotations were analysed as per Chapter 2.  

Variant filtering and analysis 

A bespoke analysis pipeline was applied to filter the observed variants to a set of putatively 

pathogenic variants. Variants failing variant calling QC filters were removed. Variants were 

then filtered to those present in cases, and either absent in controls, or, if the variant was 

homozygous in a case, was not homozygous in any control. Variants classified as Benign or 

Likely Benign in the journALS database were removed and only variants with a functional 

effect, as predicted by snpEff, were retained (conservative_inframe_deletion, 

conservative_inframe_insertion, disruptive_inframe_deletion, 

structural_interaction_variant, missense_variant, exon_loss_variant, 

disruptive_inframe_insertion, frameshift_variant, initiator_codon_variant, 

splice_acceptor_variant, splice_donor_variant, start_lost, stop_gained, stop_lost). Variants 

which were heterozygous in all cases were removed if they exceeded 1% in the gnomAD 

non neuro subset or if they exceeded 2% if any case was homozygous. The final filter was 

to remove variants with a control AF exceeding the case AF in the Project MinE data. 

Remaining variants were analysed in the context of the results of Chapter 2. 
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Exome sequencing 

Following the initial targeted gene sequencing, sufficient DNA was available to perform 

exome sequencing for five of the six members of an affected pedigree to a mean target 

coverage of 35X on an Illumina NovaSeq with 2x150bp paired-end sequencing with Agilent 

SureSelect V7 target enrichment. Library preparation and sequencing were performed by 

Macrogen (Macrogen Inc.,1002, 254 Beotkkot-ro, Geumcheon-gu, Seoul, 153-781, 

Republic of Korea). Samples were sequenced concurrently with 44 Irish PLS samples and 

members of an Irish ALS pedigree including 4 affected family members and 13 currently 

unaffected relatives. These Irish samples are further described in Chapters 3 and 5. For the 

remainder of this chapter the Irish PLS samples are treated as sequencing controls on the 

basis that rare variants shared between a significant number of Irish PLS samples and a 

Cuban ALS pedigree exhibiting dominant inheritance, represent sequencing errors.  

Exome alignment and variant calling 

Data alignment, variant calling and annotation was performed as described above with the 

two exceptions that data was treated as paired-end rather than single-end and that, as per the 

GATK best-practices, there was sufficient data to perform Variant Quality Score 

Recalibration (VQSR) rather than variant hard-filtering.  

 

With enough data, VQSR is preferable to the hard-filtering previously performed.  VQSR 

constructs a model based on a training set of high-confidence variants in order to identify 

the manner in which various variant annotations of good and bad variants cluster and assign 

a new variant quality measure, the Variant Quality Score Log-Odds (VQSLOD); a 

continuous estimate of the probability that each variant is true. Each variant is now filtered 

or retained based on the profile of all of its quality scores rather than any individual score. 

 

HapMap v3.3 (International HapMap Consortium 2003), 1000 Genomes phase 1 (1000 

Genomes Project Consortium et al. 2015) and Mills INDELs (Mills et al. 2011) were used 

as training resources to identify true variant sites. The INDEL model accounted for the filters 

QD, FS, SOR, MQRankSum, ReadPosRankSum and the SNP model additionally accounted 

for MQ. A VQSLOD filter of 99.9% was assigned which retains 99.9% of the truth training 

sites.  
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Exome variant filtering  

Potentially pathogenic variants were defined as those variants which were present in all 

family members, passed the VQSR threshold defined above, had an AF below 0.1% in 

gnomAD, had a functional impact (as defined above), and were present in no more than 10% 

of the Irish PLS samples which serve here as sequencing controls.   

Exome sample relatedness  

The relatedness of Cuban family members was confirmed using plink v.1.9 (Purcell et al. 

2007). Variants called from exome sequencing data were restricted to SNPs and data was 

converted to plink format. To avoid artificial inflation of relatedness due to different ethnic 

backgrounds between Irish and Cuban samples, data was merged with 1,158 individuals 

from the 1000 Genomes phase 1 data, retaining the intersecting 68,973 SNPs. The plink 

command --genome was used to construct a relatedness matrix. 

ATXN2 genotyping  

The gene ATXN2 contains a CAG RE that is known to cause spinocerebellar ataxia 2 when 

the repeat length exceeds 34 CAG motifs (Elden et al. 2010). Healthy individuals typically 

contain 22 or 23 repeats; however there is considerable variability in the population. 

Intermediate length repeats (between 27 and 34 repeats) have been shown to be an ALS risk 

factor (Elden et al. 2010; Van Damme et al. 2011; Gellera et al. 2012; M.-D. Wang et al. 

2014; Sproviero et al. 2017). Typically PCR is used to determine the allele length at this 

locus (Pulst et al. 1996). Due to limited DNA availability in this study, ATXN2 genotypes 

are inferred directly from sequencing data, as per Chapter 3. 

The length of the ATXN2 RE is inferred using both TREDPARSE v0.7.8 (Tang et al. 2017) 

and HipSTR v0.6.2 (Willems et al. 2017). These programs were chosen as they can both 

operate on single-end sequencing data to infer the length of REs that are below the length of 

a typical read (i.e. REs that are less than 300bp in this study).  

 

The depth of coverage over the ATXN2 CAG region was determined for each sample using 

bedtools v2.25.0 (Quinlan and Hall 2010). The root-mean-square deviation (RMSD) 

between genotype calls from TREDPARSE and HipSTR was calculated while removing 

genotype calls from samples which fell below a range of coverage thresholds. The optimum 

coverage threshold was identified which retained the maximum amount of samples whilst 

ensuring the reliability of genotype calls.  
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Burden analysis 

A gene-based association analysis of rare variants was performed in order to ascertain if the 

exons of any of the genes identified as carriers of P or LP variants in Chapter 2 contain a 

statistically significant excess of either missense or LOF variants relative to controls in this 

study.  

 

Efficient and Parallelizable Association Container Toolbox (EPACTS) v.3.3 (“EPACTS - 

Genome Analysis Wiki” n.d.) was used to assign both functional and gene annotation to all 

variants which passed sequencing filters and to perform Sequence Kernel Association Tests 

(SKAT) (M. C. Wu et al. 2011). Variants were grouped within genes and were filtered to 

variants with a MAF below 0.05. Two SKAT tests were performed; the first tested whether 

any gene harboured an excess of missense variants, the second tested whether any gene 

harboured an excess of LOF variants (StructuralVariation, Stop_Gain, Stop_Loss, 

Start_Gain, Start_Loss, Frameshift, CodonGain, CodonLoss, CodonRegion, Insertion, 

Deletion, Essential_Splice_Site, Nonsense). As phenotypes including age and sex were not 

available for controls, they were not included as covariates. 121 probands and 102 unrelated 

controls who passed the sequencing coverage filter were included in the analysis.  

Oligogenic analysis 

There is mounting evidence supporting the role of oligogenic inheritance in ALS, wherein 

ALS patients have been observed to harbour multiple variants in ALS-associated genes (van 

Blitterswijk et al. 2012; Nguyen et al. 2018; Kuuluvainen et al. 2019; McCann et al. 2020). 

Multiple patients are observed to carry multiple variants (table 4.4); to test if this is 

statistically significant, binomial tests were performed as per van Blitterswijk et al. (2012), 

wherein the expected frequency of two mutations occurring is the product of the frequency 

of variants in cases and the frequency of variants in controls.  

 

Variants were first filtered to just those which passed sequencing filters and which have a 

functional effect (as predicted by snpEff: conservative_inframe_deletion, 

conservative_inframe_insertion, disruptive_inframe_deletion, 

structural_interaction_variant, missense_variant, exon_loss_variant, 

disruptive_inframe_insertion, frameshift_variant, initiator_codon_variant, 

splice_acceptor_variant, splice_donor_variant, start_lost, stop_gained, stop_lost). The 

filtered dataset was first tested retaining rare variants below a range of gnomAD AFs. As 
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these results could be influenced by the inclusion of non-definitive ALS-associated genes, 

the same test was performed on variants falling within genes with P or LP variants identified 

in Chapter 2. A third group of tests was performed to take into account that samples with 

low coverage could affect results by the false exclusion of rare variants. 105 cases and 75 

controls were found to have a mean coverage above 20X and a final group of tests was 

performed on variants within P or LP genes in these samples. 

Statistical analysis and plotting 

Unless otherwise stated all statistical analyses and plotting for this chapter were performed 

using R v3.6.1 (Team 2014) with a suite of packages including beeswarm v.0.4.0 (Eklund 

and Trimble 2021), berryFunctions v1.18.2 (Boessenkool 2019), binom v1.1-1 (Dorai-Raj 

2014), data.table v1.14.0  (Dowle and Srinivasan 2019), ggplot2 v3.3.5 (Hadley Wickham 

2016), kinship2 v 1.8.5 (Sinnwell, Therneau, and Schaid 2014), plyr v1.8.6 (H. Wickham 

2011), raster v3.4.13  (Hijmans 2021), rcompanion v2.4.1  (Mangiafico 2021), rgdal 

v.1.5.23 (Bivand, Keitt, and Rowlingson 2021), scales v.1.1.1 (Hadley and Seidel 2019), 

stringr v1.4 (Hadley Wickham 2019) and tidyr v1.0.2 (Hadley Wickham and Henry 2020).  
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Results  

Study participants 

Targeted NGS sequencing was performed for 120 unrelated ALS patients, 6 members of a 

single pedigree (figure 4.1) and 111 unrelated healthy controls. Detailed phenotype 

information is available for 93 patients (table 4.4). The demographics of the cohort are found 

to closely resemble the global ALS population outlined in Chapter 2 (table 4.2). Patients 

with detailed phenotype information are present from all but one of Cuba’s 16 provinces 

(figure 4.1). While only 19% of the Cuban population is resident in La Habana (ONEI 2021), 

29% of patients are from this province, indicating that this region is overrepresented in our 

study population. The self-reported ethnicities of our cohort (white: 62.4%, mestizo: 24.7%, 

black: 12.9%) closely resemble the national figures (white: 64.1%, mestizo: 26.6%, black: 

9.3%) (ONEI 2021); however, it is important to note that while this indicates that our dataset 

is not biased to a particular self-reported ethnicity, almost all individuals in Cuba are 

admixed to some degree regardless of self-reported ethnicity (Fortes-Lima et al. 2018).  The 

presence of FTD was not a reported phenotype. 

 

 

 

 

 

Cuba
Age of Onset (years) 54 (95% CI: 51-57)
Disease duration (months) 32 (95% CI: 26.5-43.47)
Sex (male) 55.90%
Site of Onset (spinal) 61.30%

Family History (familial) 12.36%

Note: age of onset and disease duration display the median time in years and months 

respectively. Disease duration only accounts for individuals who were deceased at the time of 

follow-up.

Table 4.2: Summary of Cuban cohort demographics

Figure 4.1: Birth provinces of Cuban ALS patients 

Patients in this study are present from all but one of Cuba’s 16 provinces.  
 

Table 4.2: Summary of Cuban cohort demographics 
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Bioinformatic pre-processing  

Next-generation sequencing generated 106,981,857 reads across all samples. For each 

sample, an average of 99.75% (95% CI: 99.67-99.82) of reads aligned to the human genome. 

figure 4.2. A displays the results of successful adapter trimming for a demonstrative sample. 

90% of reads require no trimming and the remaining reads display a range of sizes smaller 

than 300 bps. For samples that underwent 15 cycles of post-target enrichment PCR 58% 

(95% CI: 46-70%) of reads were found to be PCR duplicates, this was reduced to 35% (95% 

CI: 21-48%) by reducing the number of PCR cycles to 11 (figure 4.2 B). The mean sample 

coverage is 46X (95% CI: 39-52X) for cases and 28X (95% CI: 24-32X) for controls. 

Samples with a mean coverage below 5X were excluded from further analysis. Figure 4.2 

D-F displays the successful application of BQSR for a demonstrative sample. 

Variant calling  

9 control samples had a target-wide coverage below 5X and were excluded from further 

analysis. Across all remaining samples, a total of 465 SNVs and 61 INDELs were 

identified.  Following the variant filtering process (figure 4.3 A-I), 73 putatively pathogenic 

SNPs and 18 putatively pathogenic INDELs remained for further analysis (table 4.3, table 

4.4, table 4.5, table 4.6), 39 of these 91 variants are located in genes identified as carriers of 

pathogenic or likely pathogenic variants in Chapter 2 and are investigated in further detail. 
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Figure 4.2: Bioinformatic pre-processing of NGS data 

 

 
Following successful adapter trimming, 10% of reads were below 300bp indicating the successful removal of adapter sequence. B) Samples that underwent 15 cycles of post-
target enrichment PCR had a mean duplication of 58% (95% CI: 46-70%). This was reduced to 35% (95% CI: 21-48%) by reducing the number of cycles to 11. C) A cumulative 
density function is displayed for the coverage in target regions for cases and controls. The mean coverage is 46X (95% CI: 39-52X) for cases and 28X (95% CI: 24-32X) for controls. 
D-F) For a demonstrative sample, the initial reported base quality score is compared to the recalibrated ‘empirical’ score. Scores are adjusted based on D) the reported quality 
score, E) read position and F) the preceding dinucleotide. 
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Filter Description SNVs Remaining INDELs Remaining In journALS In Literature
Initial variants 465 57 352 119
Variant Calling QC 442 54 344 114
Present in Cases 440 54 344 114
Absent in Controls * 192 25 144 38
Benign in journALS 152 21 100 27
Functional Filter 82 17 56 23
gnomAD Filter 82 16 56 23
ProjectMinE Filter 73 14 45 17
Putative Pathogenic Variants 73 14 45 17

Table 4.3: Variant filtering 

* If homozygous in any case then not homozygous in any control, else if heterozygous in all cases then absent in all 
controls

Figure 4.3: Hard-filtering of targeted sequencing variants 

 

 
A-G show the distributions (blue) and cut-off thresholds (dashed red) of the various annotations used to 
assess the sequence quality of identified variants. Annotations and thresholds are further described in 
the text.  
 

Table 4.3: Variant filtering 
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Pedigree Sample_ID AOO Survival Sex/Gender Ethnicity History Onset Condition HGVS
NA 230101 NA NA NA NA NA NA NA ATXN2 :c.178_199dupCCCGGCCCCCCTCCCTCCCGGC(p.[Q67fs])
2302_01 230201 24 >212 F White Familial Bulbar Alive NEFH :c.1104C>G(p.[D368E])

hnRNPA1 :c.1018C>T(p.[P340S])
2302_02 230202 37 >11 M White Familial Spinal Alive hnRNPA1 :c.1018C>T(p.[P340S])
2302_03 230203 33 >79 M White Familial Spinal Alive hnRNPA1 :c.1018C>T(p.[P340S])
2302_04 230204 46 >29 M White Familial Spinal Alive NA
2302_05 230205 27 490 M White Familial Spinal Deceased hnRNPA1 :c.1018C>T(p.[P340S])
2302_06 230206 NA NA F NA NA Bulbar NA NA
NA 230301 59 24 M White Sporadic Spinal Deceased ALS2 :c.3167G>C(p.[G1056A])
NA 230401 61 11 M Black Sporadic Bulbar Deceased NEFH :c.1138G>A(p.[A380T])
NA 230501 37 45 M Mestizo Sporadic Spinal Deceased ALS2 :c.3958A>T(p.[N1320Y])

FUS :c.1512_1513delAG(p.[G505fs])
NA 230601 47 24 F Black Sporadic Spinal Deceased MAPT :c.1483G>A(p.[A495T])
NA 230701 49 59 M Mestizo Sporadic Spinal Deceased C21orf2 :c.505G>A(p.[E169K])

FUS :c.684_686dupCGG(p.[G229dup])
NEFH :c.410C>T(p.[A137V])

NA 230801 55 26 F White Sporadic Bulbar Deceased NA
NA 230901 38 30 F Mestizo Sporadic Bulbar Deceased SETX :c.6013G>A(p.[V2005M])

SIGMAR1 :c.622C>T(p.[R208W])
NA 231001 53 21 F White Sporadic Bulbar Deceased GRN :c.100C>T(p.[P34S])
NA 231101 34 90 M Mestizo Sporadic Spinal Deceased NA
NA 231201 61 27 M White Sporadic Spinal Deceased NA
NA 231301 62 78 M White Sporadic Bulbar Deceased ERBB4 :c.1669C>T(p.[P557S])

TMEM199 :c.535C>T(p.[P179S])
NA 231401 52 63 M White Sporadic Spinal Deceased TBK1 :c.466dupA(p.[T156fs])
NA 231501 NA NA NA NA NA NA NA NA
NA 231601 54 8 M White Sporadic Bulbar Deceased GRN :c.1288C>G(p.[P430A])
NA 231701 44 86 F White Sporadic Bulbar Deceased NA
NA 231801 NA NA NA NA NA NA NA NA
NA 231901 NA NA NA NA NA NA NA ATXN2 :c.2806A>G(p.[T936A])

PSEN1 :c.1109A>G(p.[N370S])
TBK1 :c.539delT(p.[L180fs])

NA 232001 59 54 F Black Sporadic Spinal Deceased SPAST :c.865C>T(p.[H289Y])
SPG11 :c.6319G>A(p.[V2107I])

NA 232101 47 11 F White Sporadic Spinal Deceased NA
NA 232201 56 20 M White Sporadic Spinal Deceased NA
NA 232301 75 39 F Mestizo Sporadic Bulbar Deceased MAPT :c.50C>T(p.[T17M])
NA 232401 46 58 M White Sporadic Spinal Deceased NA
NA 232501 51 126 M Mestizo Sporadic Spinal Deceased CHMP2B :c.560G>A(p.[S187N])

MAPT :c.1534C>T(p.[P512S])
NA 232601 66 27 F White Sporadic Bulbar Deceased FUS :c.684_686dupCGG(p.[G229dup])

Table 4.4 : Cuban ALS patients (1/5)
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Pedigree Sample_ID AOO Survival Sex/Gender Ethnicity History Onset Condition HGVS
NA 232701 53 19 M White Sporadic Bulbar Deceased NA
NA 232801 47 >117 M White Sporadic Spinal Alive NA
NA 232901 40 51 F Mestizo Sporadic Spinal Deceased NA
NA 233001 58 68 M White Sporadic Bulbar Deceased NA
NA 233101 34 45 F White Familial Spinal Deceased TBK1 :c.466dupA(p.[T156fs])
NA 233201 35 48 M White Sporadic Spinal Deceased NA
NA 233301 73 19 M White Sporadic Spinal Deceased NA
NA 233401 45 62 M Black Sporadic Spinal Deceased OPTN :c.1457A>G(p.[H486R])

SPG11 :c.7161A>T(p.[Q2387H])
NA 233501 47 32 M Black Sporadic Spinal Deceased NA
NA 233601 53 25 M White Sporadic Bulbar Deceased NA
NA 233701 41 55 F White Sporadic Spinal Deceased FIG4 :c.2459+1G>A
NA 233801 58 36 F Mestizo Familial Spinal Deceased NA
NA 233901 50 20 M White Sporadic Spinal Deceased C9orf72 :c.-45+163GGGGCC[>24]
NA 234001 69 16 M White Sporadic Spinal Deceased NA
NA 234101 40 32 F Mestizo Sporadic Spinal Deceased SPG11 :c.4687A>G(p.[R1563G])
NA 234201 46 29 M Mestizo Sporadic Bulbar Deceased NA
NA 234301 54 115 F White Familial Bulbar Deceased SQSTM1 :c.714_716delGAA(p.[K238del])
NA 234401 58 >14 F Black Sporadic Spinal Alive SETX :c.3663G>C(p.[K1221N])
NA 234501 56 >17 M Black Sporadic Spinal Alive NA
NA 234601 NA NA NA NA NA NA NA SETX :c.6122T>C(p.[I2041T])
NA 234701 57 36 M Black Sporadic Spinal Deceased ATXN2 :c.1769C>T(p.[S590L])

SETX :c.1807A>G(p.[N603D])
SETX :c.1957C>A(p.[Q653K])
SQSTM1 :c.955G>A(p.[E319K])

NA 234801 55 18 F White Sporadic Bulbar Deceased NA
NA 234901 57 72 M White Sporadic Spinal Deceased NA
NA 235001 40 >21 F White Sporadic Spinal Alive NA
NA 235101 59 38 M White Sporadic Bulbar Deceased NEK1 :c.2042delC(p.[S681fs])
NA 235201 66 15 F Black Sporadic Bulbar Deceased MAPT :c.1483G>A(p.[A495T])

UNC13A :c.317-3_317-2delCA
NA 235301 35 >110 F White Sporadic Spinal Alive NA
NA 235401 53 20 F White Sporadic Spinal Deceased NA
NA 235501 69 24 M White Sporadic Spinal Deceased NEK1 :c.2190delC(p.[N731fs])
NA 235601 69 56 F White Sporadic Bulbar Deceased NA
NA 235701 NA NA NA NA NA NA NA NA
NA 235801 NA NA NA NA NA NA NA NA
NA 235901 NA NA NA NA NA NA NA SETX :c.4139C>T(p.[T1380I])

MAPT :c.1534C>T(p.[P512S])
NA 236001 61 20 M White Sporadic Bulbar Deceased ANG :c.250A>G(p.[K84E])

Table 4.4: Cuban ALS patients (2/5)
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Pedigree Sample_ID AOO Survival Sex/Gender Ethnicity History Onset Condition HGVS
NA 236101 59 14 M Black Sporadic Bulbar Deceased SETX :c.2113A>C(p.[I705L])

SETX :c.3965C>A(p.[T1322N])
VCP :c.79A>G(p.[I27V])

NA 236201 73 27 M Black Sporadic Bulbar Deceased hnRNPA1 :c.885_890delAGGCGG(p.[G296_G297del])
MAPT :c.1483G>A(p.[A495T])
SETX :c.3568A>G(p.[K1190E])
SETX :c.8078T>C(p.[L2693P])

NA 236501 53 51 M Mestizo Sporadic Spinal Deceased SETX :c.1957C>A(p.[Q653K])
NA 236601 65 24 F White Familial Bulbar Deceased NA
NA 236701 35 60 M White Familial Spinal Deceased NA
NA 236801 75 17 F White Sporadic Bulbar Deceased ATXN2 :c.137C>A(p.[A46D])
NA 236901 60 >10 F White Sporadic Bulbar Alive VCP :c.1147A>C(p.[I383L])
NA 237001 71 36 F White Sporadic Bulbar Deceased MAPT :c.1535C>A(p.[P512H])
NA 237101 81 23 F Black Sporadic Bulbar Deceased NEFH :c.985A>G(p.[T329A])
NA 237201 51 30 F White Familial Spinal Deceased NA
NA 237301 49 73 F White Sporadic Spinal Deceased SPG11 :c.4687A>G(p.[R1563G])
NA 237401 60 96 M Mestizo Sporadic Spinal Deceased NA
NA 237501 63 70 M Mestizo Sporadic Spinal Deceased NA
NA 237601 63 37 M Mestizo Sporadic Spinal Deceased NA
NA 237701 NA NA NA NA NA NA NA NA
NA 237801 NA NA NA NA NA NA NA DAO :c.430T>C(p.[Y144H])
NA 237901 NA NA NA NA NA NA NA NA
NA 238001 NA NA NA NA NA NA NA NA
NA 238101 NA NA NA NA NA NA NA SARM1 :c.1399T>C(p.[Y467H])

SETX :c.2401A>G(p.[K801E])
SPAST :c.865C>T(p.[H289Y])
SPAST :c.872G>T(p.[G291V])

NA 238201 65 28 F Mestizo Sporadic Bulbar Deceased SQSTM1 :c.955G>A(p.[E319K])
NA 238301 NA NA NA NA NA NA NA SIGMAR1 :c.622C>T(p.[R208W])

SPG11 :c.4687A>G(p.[R1563G])
NA 238401 43 >47 M White Sporadic Spinal Alive NA
NA 238501 74 26 F White Sporadic Bulbar Deceased PSEN2 :c.581A>G(p.[K194R])

SARM1 :c.767C>G(p.[S256W])
NA 238601 54 71 F White Sporadic Spinal Deceased C21orf2 :c.505G>A(p.[E169K])

NEK1 :c.3302G>A(p.[R1101H])
NA 238701 66 20 M Mestizo Sporadic Spinal Deceased SQSTM1 :c.955G>A(p.[E319K])
NA 238801 66 23 F White Sporadic Bulbar Deceased NA
NA 238901 17 >70 M Mestizo Sporadic Spinal Alive NA
NA 239001 NA NA NA NA NA NA NA CHCHD10 :c.100C>T(p.[P34S])

SIGMAR1 :c.622C>T(p.[R208W])
TBK1 :c.1954_1956delAAT

Table 4.4: Cuban ALS patients (3/5)
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Pedigree Sample_ID AOO Survival Sex/Gender Ethnicity History Onset Condition HGVS
NA 239101 NA NA NA NA NA NA NA C21orf2 :c.1097G>A(p.[R366H])
NA 239201 64 >6 F White Sporadic Bulbar Alive NA

NA 239301 64 18 F White Sporadic Spinal Deceased NA

NA 239401 61 >87 M White Sporadic Spinal Alive NA

NA 239501 33 NA F Mestizo NA Spinal Alive SARM1 :c.1081C>T(p.[R361C])
NA 239601 NA NA NA NA NA NA NA NEFH :c.1941G>C(p.[K647N])
NA 239701 51 >35 F Mestizo Sporadic Bulbar Alive NA

NA 239801 NA NA NA NA NA NA NA ATXN2 :c.3228G>T(p.[M1076I])

ELP3 :c.190G>A(p.[V64I])
NA 239901 72 >28 M White Sporadic Bulbar Alive NA

NA 2310001 32 36 M Mestizo Sporadic Spinal Deceased NA

NA 2310101 NA NA NA NA NA NA NA ATXN2 :c.563delA(p.[Q188fs])
NEFH :c.2512C>G(p.[P838A])
SPG11 :c.4216G>T(p.[A1406S])

NA 2310201 58 >26 F White Familial Bulbar Alive NA

NA 2310301 46 >28 M White Sporadic Spinal Alive NA

NA 2310401 48 >17 M White Familial Bulbar Alive NA

NA 2310501 75 4 F White Sporadic Bulbar Deceased C9orf72 :c.-45+163GGGGCC[>24]
NA 2310601 69 60 M White Sporadic Spinal Deceased C21orf2 :c.1097G>A(p.[R366H])
NA 2310701 38 >16 M Mestizo Sporadic Spinal Alive NA

NA 2310901 NA NA NA NA NA NA NA SETX :c.3935A>G(p.[D1312G])
SETX :c.4631T>C(p.[L1544S])
NEFH :c.1783C>T(p.[P595S])
TBK1 :c.1522C>A(p.[L508I])

NA 2311001 NA NA NA NA NA NA NA C9orf72 :c.-45+163GGGGCC[>24]
NA 2311101 NA NA NA NA NA NA NA SPG11 :c.2656T>C(p.[Y886H])

SQSTM1 :c.599T>C(p.[M200T])

NA 2311201 NA NA NA NA NA NA NA MATR3 :c.1735-2_1735-1insAA
NA 2311301 55 >14 F White Sporadic Spinal Alive NA

NA 2311401 55 55 M Mestizo Sporadic Spinal Deceased FUS :c.684_686dupCGG(p.[G229dup])
SETX :c.3310C>G(p.[Q1104E])
TAF15 :c.1624G>A(p.[G542S])

NA 2311501 33 43 M Mestizo Familial Spinal Deceased FUS :c.143C>T(p.[S48L])
SQSTM1 :c.1201A>C(p.[M401L])

NA 2311601 44 >70 M White Sporadic Spinal Alive C21orf2 :c.404T>C(p.[L135P])
NA 2311701 NA NA NA NA NA NA NA NA
NA 2311801 NA NA NA NA NA NA NA PRPH :c.1303C>T(p.[R435W])

TAF15 :c.1524_1544delCGGAGGAGATCGAGGAGGTTA(p.[G509_Y515del])
NA 2311901 NA NA NA NA NA NA NA NEFH :c.1104C>G(p.[D368E])
NA 2312001 NA NA NA NA NA NA NA ERBB4 :c.1243A>G(p.[S415G])

Table 4.4 : Cuban ALS patients (4/5)
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Pedigree Sample_ID AOO Survival Sex/Gender Ethnicity History Onset Condition HGVS
NA 2312101 NA NA NA NA NA NA NA DAO :c.1028C>T(p.[P343L])

ERBB4 :c.1243A>G(p.[S415G])

SETX :c.3568A>G(p.[K1190E])

NA 2312201 NA NA NA NA NA NA NA SPG11 :c.3121C>T(p.[R1041*])

NA 2312301 NA NA NA NA NA NA NA DCTN1 :c.2147A>G(p.[N716S])

NA 2312401 NA NA NA NA NA NA NA NA

✶ : Homozygous

These variants presented here are those which are retained following the filtering process described in methods. Variants falling in genes with Pathogenic or Likely Pathogenic vairants identified in 

Chapter 1 are further discussed in the text.

Table 4.4: Cuban ALS patients (5/5)

Table 4.4: Cuban ALS patients 
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Identifier HGVS Transcript Impact PM Case AF PM Control AF In Literature gnomAD AF In silico
Prediction

2:202591402:C:G ALS2 :c.3167G>C(p.[G1056A]) ENST00000264276 missense NA NA No NA P

2:202580441:T:A ALS2 :c.3958A>T(p.[N1320Y]) ENST00000264276 missense NA NA Yes NA P

14:21161973:A:G ANG:c.250A>G(p.[K84E]) ENST00000336811 missense 2.29e-4 0 Yes 1.54e-3 B

12:112037182:G:T ATXN2 :c.137C>A(p.[A46D]) ENST00000377617 missense 1.15e-4 0 No 7.47e-5 B

12:111954044:G:A ATXN2 :c.1769C>T(p.[S590L]) ENST00000377617 missense NA NA No 6.83e-5 P

12:112037119:

T:TGCCGGGAGGGAGGGGGGCCGGG

ATXN2 :c.178_199dupCCCGGCCCCCCTCCCTCCCGGC
(p.[Q67fs])

ENST00000377617 frameshift NA NA No NA NA

12:111923648:T:C ATXN2 :c.2806A>G(p.[T936A]) ENST00000377617 missense 1.15e-4 0 No 4.80e-5 P

12:111908000:C:A ATXN2 :c.3228G>T(p.[M1076I]) ENST00000377617 missense NA NA No NA P

12:112036755:CT:C ATXN2 :c.563delA(p.[Q188fs]) ENST00000377617 frameshift NA NA No 1.49e-4 NA

21:45750112:C:T C21orf2 :c.1097G>A(p.[R366H]) ENST00000397956 missense 1.15e-4 0 No 9.30e-4 NA

21:45751867:A:G C21orf2 :c.404T>C(p.[L135P]) ENST00000397956 missense NA NA No 7.71e-6 P

21:45751766:C:T C21orf2 :c.505G>A(p.[E169K]) ENST00000397956 missense NA NA No 5.17e-4 NA

22:24109722:G:A CHCHD10 :c.100C>T(p.[P34S]) ENST00000401675 missense 4.24e-3 4.09e-3 Yes 1.53e-3 P

3:87302890:G:A CHMP2B :c.560G>A(p.[S187N]) ENST00000263780 missense NA NA Yes 1.92e-3 NA

12:109294295:C:T DAO:c.1028C>T(p.[P343L]) ENST00000228476 missense NA NA No 7.41e-5 B

12:109284027:T:C DAO:c.430T>C(p.[Y144H]) ENST00000228476 missense NA NA No 8.28e-4 P

2:74594860:T:C DCTN1 :c.2147A>G(p.[N716S]) ENST00000361874 missense NA NA No 1.71e-5 NA

8:27957415:G:A ELP3 :c.190G>A(p.[V64I]) ENST00000256398 missense NA NA No 2.89e-5 NA

2:212568875:T:C ERBB4 :c.1243A>G(p.[S415G]) ENST00000342788 missense NA NA No NA B

2:212537936:G:A ERBB4 :c.1669C>T(p.[P557S]) ENST00000342788 missense NA NA No 1.15e-4 B

6:110113868:G:A FIG4 :c.2459+1G>A ENST00000230124 splice_donor 2.29e-4 0 No 1.99e-5 P

16:31193938:C:T FUS :c.143C>T(p.[S48L]) ENST00000568685 missense NA NA No NA P

16:31202396:CAG:C FUS :c.1512_1513delAG(p.[G505fs]) ENST00000568685 frameshift NA NA Yes NA NA

16:31196402:T:TGGC FUS :c.684_686dupCGG(p.[G229dup]) ENST00000568685 inframe_insertion 8.02e-4 0 Yes 1.76e-3 NA

17:42426632:C:T GRN :c.100C>T(p.[P34S]) ENST00000053867 missense NA NA Yes 1.92e-5 B

17:42429491:C:G GRN :c.1288C>G(p.[P430A]) ENST00000053867 missense 1.15e-4 0 No 8.83e-5 B

12:54677706:C:T hnRNPA1 :c.1018C>T(p.[P340S]) ENST00000340913 missense NA NA No NA P

12:54676986:ACGGAGG:A hnRNPA1 :c.885_890delAGGCGG(p.[G296_G297del]) ENST00000340913 inframe_deletion NA NA Yes 1.21e-3 NA

17:44068928:G:A MAPT :c.1483G>A(p.[A495T]) ENST00000344290 missense 1.15e-4 0 No 4.75e-3 NA

17:44071316:C:T MAPT :c.1534C>T(p.[P512S]) ENST00000344290 missense 1.15e-4 0 No 6.75e-4 NA

17:44071317:C:A MAPT :c.1535C>A(p.[P512H]) ENST00000344290 missense NA NA No 3.96e-5 B

17:44039753:C:T MAPT :c.50C>T(p.[T17M]) ENST00000344290 missense NA NA Yes 2.70e-4 B

5:138658149:T:TAA MATR3 :c.1735-2_1735-1insAA ENST00000394800 splice_acceptor NA NA No 4.81e-6 NA

22:29881732:C:G NEFH :c.1104C>G(p.[D368E]) ENST00000310624 missense NA NA No 4.81e-6 NA

22:29881766:G:A NEFH :c.1138G>A(p.[A380T]) ENST00000310624 missense NA NA Yes 4.22e-4 P

22:29885412:C:T NEFH :c.1783C>T(p.[P595S]) ENST00000310624 missense 8.02e-4 2.73e-4 No 3.18e-3 NA

22:29885570:G:C NEFH :c.1941G>C(p.[K647N]) ENST00000310624 missense 1.15e-4 0 No 1.01e-3 NA

22:29886141:C:G NEFH :c.2512C>G(p.[P838A]) ENST00000310624 missense NA NA No 5.23e-5 B

Table 4.5: Putatively pathogenic variant properties (1/3)
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Identifier HGVS Transcript Impact PM Case AF PM Control AF In Literature gnomAD AF In silico
Prediction

22:29876661:C:T NEFH :c.410C>T(p.[A137V]) ENST00000310624 missense NA NA No 4.72e-5 P

22:29879465:A:G NEFH :c.985A>G(p.[T329A]) ENST00000310624 missense NA NA No NA P

4:170400650:AG:A NEK1 :c.2042delC(p.[S681fs]) ENST00000507142 frameshift NA NA No 4.81e-6 NA

4:170398597:TG:T NEK1 :c.2190delC(p.[N731fs]) ENST00000507142 frameshift 0 0 No 1.68e-5 NA

4:170327819:C:T NEK1 :c.3302G>A(p.[R1101H]) ENST00000507142 missense NA NA No 1.35e-5 B

10:13174122:A:G OPTN :c.1457A>G(p.[H486R]) ENST00000263036 missense NA NA No 4.62E-05 P

12:49691776:C:T PRPH :c.1303C>T(p.[R435W]) ENST00000257860 missense 5.72e-4 2.73e-4 No 3.13e-4 NA

14:73678538:A:G PSEN1 :c.1109A>G(p.[N370S]) ENST00000344094 missense 6.87e-4 2.73e-4 No 4.58e-4 NA

1:227073364:A:G PSEN2 :c.581A>G(p.[K194R]) ENST00000366782 missense NA NA No 1.60e-5 P

17:26711469:C:T SARM1 :c.1081C>T(p.[R361C]) ENST00000457710 missense NA NA No 1.01e-4 P

17:26712165:T:C SARM1 :c.1399T>C(p.[Y467H]) ENST00000457710 missense NA NA No 1.88e-3 P

17:26708620:C:G SARM1 :c.767C>G(p.[S256W]) ENST00000457710 missense NA NA No 6.14e-5 P

9:135205178:T:C SETX :c.1807A>G(p.[N603D]) ENST00000372169 missense 0 0 No 1.36e-3 NA

9:135205028:G:T SETX :c.1957C>A(p.[Q653K]) ENST00000372169 missense 1.15e-4 0 No 1.89e-3 NA

9:135204872:T:G SETX :c.2113A>C(p.[I705L]) ENST00000372169 missense 1.15e-4 0 No 9.55e-4 NA

9:135204584:T:C SETX :c.2401A>G(p.[K801E]) ENST00000372169 missense 1.15e-4 0 No 6.93e-4 B

9:135203675:G:C SETX :c.3310C>G(p.[Q1104E]) ENST00000372169 missense NA NA No 5.17e-4 B

9:135203417:T:C SETX :c.3568A>G(p.[K1190E]) ENST00000372169 missense NA NA No 9.91e-4 B

9:135203322:C:G SETX :c.3663G>C(p.[K1221N]) ENST00000372169 missense NA NA No 1.37e-3 NA

9:135203050:T:C SETX :c.3935A>G(p.[D1312G]) ENST00000372169 missense NA NA No 8.78e-6 B

9:135203020:G:T SETX :c.3965C>A(p.[T1322N]) ENST00000372169 missense NA NA No 1.49e-4 NA

9:135202846:G:A SETX :c.4139C>T(p.[T1380I]) ENST00000372169 missense NA NA No NA B

9:135202354:A:G SETX :c.4631T>C(p.[L1544S]) ENST00000372169 missense NA NA No 3.93e-5 B

9:135171352:C:T SETX :c.6013G>A(p.[V2005M]) ENST00000372169 missense NA NA No 1.79e-4 P

9:135164023:A:G SETX :c.6122T>C(p.[I2041T]) ENST00000372169 missense 1.15e-4 0 No 1.29e-4 P

9:135139669:A:G SETX :c.8078T>C(p.[L2693P]) ENST00000372169 missense NA NA No 8.73e-5 B

9:34635679:G:A SIGMAR1 :c.622C>T(p.[R208W]) ENST00000277010 missense 2.06e-3 1.37e-3 Yes 8.15e-3 NA

2:32339889:C:T SPAST :c.865C>T(p.[H289Y]) ENST00000315285 missense 0 0 No 6.50e-4 B

2:32339889:C:T SPAST :c.865C>T(p.[H289Y]) ENST00000315285 missense 0 0 No 6.50e-4 B

2:32340772:G:T SPAST :c.872G>T(p.[G291V]) ENST00000315285 missense NA NA No NA B

15:44912566:A:G SPG11 :c.2656T>C(p.[Y886H]) ENST00000261866 missense 3.44e-4 2.73e-4 Yes 1.54e-3 B

15:44905652:G:A SPG11 :c.3121C>T(p.[R1041*]) ENST00000261866 stop_gained NA NA No 8.72e-6 P

15:44888499:C:A SPG11 :c.4216G>T(p.[A1406S]) ENST00000261866 missense 1.15e-4 0 No 2.06e-5 P

15:44884585:T:C SPG11 :c.4687A>G(p.[R1563G]) ENST00000261866 missense 0 0 Yes 1.63e-3 NA

15:44864905:C:T SPG11 :c.6319G>A(p.[V2107I]) ENST00000261866 missense 0 0 Yes 2.89e-3 NA

15:44855490:T:A SPG11 :c.7161A>T(p.[Q2387H]) ENST00000261866 missense NA NA No 3.05e-4 B

5:179263471:A:C SQSTM1 :c.1201A>C(p.[M401L]) ENST00000389805 missense NA NA No 9.16e-5 P

5:179251249:T:C SQSTM1 :c.599T>C(p.[M200T]) ENST00000389805 missense NA NA No 4.81e-6 B

5:179252182:TGAA:T SQSTM1 :c.714_716delGAA(p.[K238del]) ENST00000389805 inframe_deletion NA NA Yes 9.61e-6 NA

5:179260232:G:A SQSTM1 :c.955G>A(p.[E319K]) ENST00000389805 missense 2.29e-4 0 Yes 3.67e-3 NA

Table 4.5: Putatively pathogenic variant properties (2/3)
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Identifier HGVS Transcript Impact PM Case AF PM Control AF In Literature gnomAD AF In silico
Prediction

17:34171806:
TGGAGGAGATCGAGGAGGTTAC:T

TAF15 :c.1524_1544delCGGAGGAGATCGAGGAGGTTA
(p.[G509_Y515del])

ENST00000588240 inframe_deletion 5.76e-4 2.74e-4 No 9.00e-4 NA

17:34171927:G:A TAF15 :c.1624G>A(p.[G542S]) ENST00000588240 missense 0 0 No 1.85e-3 NA
12:64889263:C:A TBK1 :c.1522C>A(p.[L508I]) ENST00000331710 missense NA NA No 7.59e-4 NA
12:64891032:CTAA:C TBK1 :c.1954_1956delAAT ENST00000331710 structural_interaction NA NA No 3.79e-4 NA
12:64860787:C:CA TBK1 :c.466dupA(p.[T156fs]) ENST00000331710 frameshift NA NA No 0 NA
12:64860858:AT:A TBK1 :c.539delT(p.[L180fs]) ENST00000331710 frameshift NA NA No NA NA
17:26708225:C:T TMEM199 :c.535C>T(p.[P179S]) ENST00000509083 missense NA NA No 5.23e-5 NA
19:17785566:CTG:C UNC13A :c.317-3_317-2delCA ENST00000428389 splice_acceptor NA NA No 1.00e-4 NA
9:35061621:T:G VCP :c.1147A>C(p.[I383L]) ENST00000358901 missense NA NA No NA P
9:35068298:T:C VCP :c.79A>G(p.[I27V]) ENST00000358901 missense 0 0 Yes 5.95e-4 B

Table 4.5: Putatively pathogenic variant properties (3/3)

gnomAD AF represents the frequency in the non neuro subset as described in methods

Table 4.5: Putatively pathogenic variant properties 
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HGVS VEST_INDEL_CALL SIFT_INDEL_CALL cadd_CALL ada_CALL rf_CALL VEST_CALL REVEL_CALL MetaSVM_CALL MutationTaster_CALL MCap_CALL Combined Prediction
ALS2 :c.3167G>C(p.[G1056A]) P P P NA NA P P P P P Pathogenic
ALS2 :c.3958A>T(p.[N1320Y]) B B P NA NA B B B B P Benign
ANG :c.250A>G(p.[K84E]) B B B NA NA B B B B NA Benign
ATXN2 :c.137C>A(p.[A46D]) B P B NA NA B B B B P Benign
ATXN2 :c.1769C>T(p.[S590L]) P P P NA NA P B B P P Pathogenic
ATXN2 :c.178_199dupCCCGGCCCCCCTCCCTCCCGGC
(p.[Q67fs]) B NA P NA NA NA NA NA NA NA NA
ATXN2 :c.2806A>G(p.[T936A]) P B P NA NA P B P P P Pathogenic
ATXN2 :c.3228G>T(p.[M1076I]) P P P NA NA P P P P P Pathogenic
ATXN2 :c.563delA(p.[Q188fs]) B NA B NA NA NA NA NA NA NA NA
C21orf2 :c.1097G>A(p.[R366H]) B B P NA NA B B B B NA NA
C21orf2 :c.404T>C(p.[L135P]) P P P NA NA P B B P P Pathogenic
C21orf2 :c.505G>A(p.[E169K]) P P B NA NA P B B B B NA
CHCHD10 :c.100C>T(p.[P34S]) B B P NA NA B P B P P Pathogenic
CHMP2B :c.560G>A(p.[S187N]) B B B NA NA B B B P NA NA
DAO :c.1028C>T(p.[P343L]) B P B NA NA B B B P B Benign
DAO :c.430T>C(p.[Y144H]) P P P NA NA P P P P NA Pathogenic
DCTN1 :c.2147A>G(p.[N716S]) P B P NA NA P B B P B NA
ELP3 :c.190G>A(p.[V64I]) P B P NA NA P B B P B NA
ERBB4 :c.1243A>G(p.[S415G]) B B P NA NA B B B P B Benign
ERBB4 :c.1669C>T(p.[P557S]) B B B NA NA B B B B B Benign
FIG4 :c.2459+1G>A P NA P P P NA NA NA P NA Pathogenic
FUS :c.143C>T(p.[S48L]) B P P NA NA B P P P P Pathogenic
FUS :c.1512_1513delAG(p.[G505fs]) B NA P NA NA NA NA NA NA NA NA
FUS :c.684_686dupCGG(p.[G229dup]) P NA P NA NA NA NA NA NA NA NA
GRN :c.100C>T(p.[P34S]) B B P NA NA B B B B P Benign
GRN :c.1288C>G(p.[P430A]) B B B NA NA B B B P P Benign
hnRNPA1 :c.1018C>T(p.[P340S]) P P P NA NA P P B P P Pathogenic
hnRNPA1 :c.885_890delAGGCGG(p.[G296_G297del]) B NA P NA NA NA NA NA NA NA NA
MAPT :c.1483G>A(p.[A495T]) B B P NA NA B B B B NA NA
MAPT :c.1534C>T(p.[P512S]) B P P NA NA B B B P NA NA
MAPT :c.1535C>A(p.[P512H]) B P P NA NA B B B P B Benign
MAPT :c.50C>T(p.[T17M]) B P P NA NA B B B B B Benign
MATR3 :c.1735-2_1735-1insAA P NA B NA NA NA NA NA NA NA NA
NEFH :c.1104C>G(p.[D368E]) P B B NA NA P P B B P NA
NEFH :c.1138G>A(p.[A380T]) B B P NA NA B P P P P Pathogenic
NEFH :c.1783C>T(p.[P595S]) B B B NA NA B B P B NA NA
NEFH :c.1941G>C(p.[K647N]) B P P NA NA B B P P NA NA
NEFH :c.2512C>G(p.[P838A]) B P B NA NA B B B P P Benign
NEFH :c.410C>T(p.[A137V]) B P P NA NA B B P P P Pathogenic
NEFH :c.985A>G(p.[T329A]) P P P NA NA P P P P P Pathogenic
NEK1 :c.2042delC(p.[S681fs]) P NA P NA NA NA NA NA NA NA NA
NEK1 :c.2190delC(p.[N731fs]) P NA P NA NA NA NA NA NA NA NA
NEK1 :c.3302G>A(p.[R1101H]) B B P NA NA B B B B B Benign
OPTN :c.1457A>G(p.[H486R]) P P P NA NA P P P P P Pathogenic
PRPH :c.1303C>T(p.[R435W]) B P P NA NA B P P B P NA
PSEN1 :c.1109A>G(p.[N370S]) NA B P NA NA NA NA NA NA NA NA
PSEN2 :c.581A>G(p.[K194R]) P P P NA NA P P P P P Pathogenic
SARM1 :c.1081C>T(p.[R361C]) P P P NA NA P B B P P Pathogenic
SARM1 :c.1399T>C(p.[Y467H]) P P P NA NA P P P P P Pathogenic
SARM1 :c.767C>G(p.[S256W]) P P P NA NA P P P P P Pathogenic

Table 4.6: Putatively pathogenic variant in silico  predictions (1/2)
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HGVS VEST_INDEL_CALL SIFT_INDEL_CALL cadd_CALL ada_CALL rf_CALL VEST_CALL REVEL_CALL MetaSVM_CALL MutationTaster_CALL MCap_CALL Combined Prediction

SETX :c.1807A>G(p.[N603D]) B P P NA NA B B B B NA NA

SETX :c.1957C>A(p.[Q653K]) B P B NA NA B B B B NA NA

SETX :c.2113A>C(p.[I705L]) B P B NA NA B B B B NA NA

SETX :c.2401A>G(p.[K801E]) B P P NA NA B B B B P Benign

SETX :c.3310C>G(p.[Q1104E]) B P P NA NA B B B B P Benign

SETX :c.3568A>G(p.[K1190E]) B B B NA NA B B B B NA Benign

SETX :c.3663G>C(p.[K1221N]) B P P NA NA B B B B NA NA

SETX :c.3935A>G(p.[D1312G]) B P P NA NA B B B B P Benign

SETX :c.3965C>A(p.[T1322N]) B P P NA NA B B P B P NA

SETX :c.4139C>T(p.[T1380I]) B B B NA NA B B B B P Benign

SETX :c.4631T>C(p.[L1544S]) B P P NA NA B B B B P Benign

SETX :c.6013G>A(p.[V2005M]) P P P NA NA P P P P P Pathogenic

SETX :c.6122T>C(p.[I2041T]) P P P NA NA P P P P P Pathogenic

SETX :c.8078T>C(p.[L2693P]) B B B NA NA B B B B P Benign

SIGMAR1 :c.622C>T(p.[R208W]) P P P NA NA P P B P NA NA

SPAST :c.865C>T(p.[H289Y]) B B P NA NA B B B P B Benign

SPAST :c.872G>T(p.[G291V]) B B P B B B B B P B Benign

SPG11 :c.2656T>C(p.[Y886H]) B B B NA NA B B B B NA Benign

SPG11 :c.3121C>T(p.[R1041*]) P NA P NA NA P NA NA P NA Pathogenic

SPG11 :c.4216G>T(p.[A1406S]) P P P NA NA P P P P P Pathogenic

SPG11 :c.4687A>G(p.[R1563G]) B P P NA NA B B B B NA NA

SPG11 :c.6319G>A(p.[V2107I]) B B P NA NA B B B P NA NA

SPG11 :c.7161A>T(p.[Q2387H]) B B P NA NA B B B B B Benign

SQSTM1 :c.1201A>C(p.[M401L]) P P P NA NA B B P P P Pathogenic

SQSTM1 :c.599T>C(p.[M200T]) B B B NA NA B B B B P Benign

SQSTM1 :c.714_716delGAA(p.[K238del]) P NA B NA NA NA NA NA NA NA NA

SQSTM1 :c.955G>A(p.[E319K]) B B P NA NA B B B B NA NA

TAF15 :c.1524_1544delCGGAGGAGATCGAGGAGGTTA
(p.[G509_Y515del]) B NA P NA NA NA NA NA NA NA NA

TAF15 :c.1624G>A(p.[G542S]) B B P NA NA B B B P NA NA

TBK1 :c.1522C>A(p.[L508I]) B B P B B B B B P NA NA

TBK1 :c.1954_1956delAAT P NA P NA NA NA NA NA NA NA NA

TBK1 :c.466dupA(p.[T156fs]) P NA P NA NA NA NA NA NA NA NA

TBK1 :c.539delT(p.[L180fs]) P NA P NA NA NA NA NA NA NA NA

TMEM199 :c.535C>T(p.[P179S]) NA B P NA NA NA NA NA NA NA NA

UNC13A :c.317-3_317-2delCA P NA P NA NA NA NA NA NA NA NA

VCP :c.1147A>C(p.[I383L]) P P P NA NA P P P P P Pathogenic

VCP :c.79A>G(p.[I27V]) B B P NA NA B B B P B Benign

Table 4.6: Putatively vathogenic variant in silico  predictions (2/2)

Table 4.6: Putatively pathogenic variant in silico predictions 
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Variant analysis 

ATXN2 

Intermediate length ATXN2 CAG REs (27-34 repeats) are associated with increased risk for 

developing ALS. Sequence data was screened for intermediate length CAG REs using in 

silico programs HipSTR and TREDPARSE. 125 cases and 97 controls had ATXN2 

genotypes called by both HipSTR and TREDPARSE. As genotype calls may be less accurate 

for samples with low coverage across the ATXN2 repeat, the concordance of both programs 

was assessed across a range of depth of coverage filters ranging from 1X to 15X (figure 4.4 

A). Samples with coverage below 2X were removed from further ATXN2 analysis.  A more 

stringent coverage filter removed more samples from analysis but did not yield any 

improvement in RMSD (figure 4.4 A-C). 121 cases and 95 controls were retained after 

applying the 2X coverage filter. While the proportion of cases in the 27-34 repeat range was 

above the rate in controls, this did not yield a statistically significant result, with an OR of 

1.34 (95% CI: 0.47-3.82) observed for both programs. 
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Figure 4.4: ATXN2 genotyping 

 A) Removing samples with coverage below 2X significantly improves the concordance between genotype 
calls from the two programs. This is demonstrated by comparing B) program concordance before 
removing samples, and C) program concordance after applying the coverage filter. D-E) Considering an 
individual’s longer ATXN2 allele, both programs identify a higher proportion of carriers of 27-34 repeats 
in cases than in controls but it does not reach significance (OR of 1.34 (95% CI: 0.47-3.82)) 
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C9orf72 

Three samples displayed the characteristic sawtooth pattern displayed by carriers of the 

C9orf72 hexanucleotide RE (figure 4.5 A-C). Phenotype information was available for two 

of these, both of whom had no family history of disease and onset at ages 50 and 75 and both 

of whom self-identify as white. 

 

 

 

Figure 4.5: C9orf72 rpPCR results 

A-C) display the resultant traces from the three positive carriers of the C9orf72 repeat expansion following 
rpPCR. All three display the characteristic sawtooth pattern. D) A demonstrative example of a C9orf72 
negative patient is shown. The initial peak represents 3 repeats. This individual carries 7 repeats. 
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ALS2 

Two ALS2 missense variants of uncertain significance are observed in two patients with ALS 

onset at ages 37 and 59. The variants are ALS2:c.3958A>T(p.[N1320Y]), which has 

previously been observed in an Italian ALS patient (Lamp et al. 2018) and 

ALS2:c.3958A>T(p.[N1320Y]) which is novel (absent in the ALS literature, gnomAD, 

Project MinE, ALSdb or ALSVS).  

 

In Chapter 2, five typically homozygous, LOF variants were found to be Likely Pathogenic 

causes of extremely early onset ALS. Given that the variants observed here are missense, 

rather than homozygous LOF variants and that the two individuals in this study do not have 

extremely early onset,  there is little reason to suspect the pathogenicity of these variants. 

CHMP2B 

In Chapter 2, a single C-terminal truncating CHMP2B splice acceptor variant 

(CHMP2B:c.532-1G>C) was identified as the LP cause of FTD in a well-characterised 

Danish pedigree (J. Brown et al. 1995; Skibinski et al. 2005; Holm et al. 2007; Urwin et al. 

2010; Stokholm et al. 2013).  

 

In this study, we observe a missense CHMP2B variant (CHMP2B:c.560G>A(p.[S187N]) in 

a sporadic ALS patient carrying a concurrent MAPT variant. This CHMP2B variant has 

previously been reported in an FTD patient from America (Ferrari et al. 2010). While 

missense variants all throughout CHMP2B have been observed in ALS and FTD, so too have 

benign missense variants. As such, little conclusion can be drawn as to the pathogenicity of 

this variant.  

DCTN1 

DCTN1:c.2147A>G(p.[N716S]) is observed in a single Cuban ALS patient lacking 

phenotypic information. This variant has not been previously reported in the literature, 

however is present at an AF of 1.71 × 10-5 in the gnomAD non neuro subset. JournALS 

identifies a single Likely Pathogenic variant at amino acid 59 and another variant at the same 

amino acid residue with weak supporting evidence. While rare missense variants have been 

reported in ALS patients all throughout DCTN1, so too have Benign missense variants, as 

such, the pathogenicity of DCTN1:c.2147A>G(p.[N716S]) should be interpreted with 

caution.  
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FUS 

Three unique FUS variants are observed. A single patient carries 

FUS:c.1512_1513delAG(p.[G505fs]), a variant that has previously been observed in several 

patients (Kwon et al. 2012; Zou et al. 2013; L. Kent et al. 2014; Y.-E. Kim et al. 2015; 

Hirayanagi et al. 2016; Zou et al. 2016) but remains classified as VUS in journALS. The 

variant falls in the C-terminal domain that is identified as a hotspot for both missense and 

LOF variation. With the addition of this Cuban case to the journALS data, we now identify 

that, similarly to other FUS variants, this variant is associated with significantly early age of 

onset (figure 4.6 A) and is reclassified as Pathogenic. This expands the range of FUS 

pathogenic variants from missense and splice-site variants in the C-terminal domain to 

include frameshift variants in this region. 

 

Three patients carry FUS:c.684_686dupCGG(p.[G229dup]), an inframe insertion that has 

previously been reported in four cases (Hewitt et al. 2010; Belzil et al. 2011; Rutherford, 

Finch, et al. 2012) and has a gnomAD AF of 1.8x10-3. Unlike the G505fs variant, this variant 

does not fall in the C-terminal domain, and with the addition of data from this study does 

not display the characteristic early onset associated with FUS (figure 4.6 B). This variant 

remains classified as VUS with little evidence supporting its pathogenicity 

 

1 patient with AOO of 33 carries a novel FUS:c.143C>T(p.[S48L]) variant in addition to the 

concurrent SQSTM1:c.1201A>C(p.[M401L]). While this patient does have early onset, the 

variant is outside the C-terminal domain and remains classified as a VUS with little 

supporting evidence.  

GRN 

Two patients carry two GRN variants (GRN:c.100C>T(p.[P34S]), 

GRN:c.1288C>G(p.[P430A])). All 10 identified Pathogenic or Likely Pathogenic GRN 

variants are LOF and are almost exclusively observed in FTD patients. These variants remain 

classified as VUS with little supporting evidence of pathogenicity. 
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MAPT 

There are seven carriers of four unique missense MAPT variants 

(MAPT:c.50C>T(p.[T17M]); MAPT:c.1483G>A(p.[A495T]); 

MAPT:c.1534C>T(p.[P512S]); MAPT:c.1535C>A(p.[P512H])). Missense MAPT variants 

have been identified as causes of FTD, with rare reports of VUS identified in ALS patients. 

Of the four variants identified here, MAPT:c.50C>T(p.[T17M]) has previously been 

reported, interestingly in an ALS patient (Ghani et al. 2015). As these patients present with 

ALS rather than FTD and Benign missense variants have been observed in MAPT and 

indeed, even in this study rare missense variants are observed in controls, these variants are 

classified as VUS with little supporting evidence. 

MATR3 

A single carrier of the MATR3 splice acceptor variant MATR3:c.1735-2_1735-1insAA is 

observed. This variant has not been previously reported in the literature. As the only previous 

reported MATR3 variant that has been found to be pathogenic is a heterozygous missense 

variant (Johnson et al. 2014), there is little evidence supporting the pathogenicity of this 

variant.  
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Figure 4.6: Age of onset for identified FUS variants 

A) The age of onset of all FUS:c.1512_1513delAG(p.[G505fs]) carriers identified in Chapter 2 are combined 
with the individual from this study (red). These variants are found to exhibit a significantly earlier onset 
than the rest of the journALS cohort (gold). This is similar to other carriers of FUS variants (blue). The 
additional data point added here brings this to significance raising the status of 
FUS:c.1512_1513delAG(p.[G505fs]) from VUS to pathogenic variant. B) In contrast adding the three 
carriers of FUS:c.684_686dupCGG(p.[G229dup]) to this data reveals that carriers of this variant do not 
display the characteristic early onset associated with FUS variants.  
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OPTN 

Missense and homozygous frameshift variants in OPTN have been identified as pathogenic 

causes of ALS. OPTN:c.1457A>G(p.[H486R]) is identified in a patient who developed ALS 

at age 45 and who carries a concurrent SPG11:c.7161A>T(p.[Q2387H]) variant. There is 

supporting and conflicting support for this variant. Pathogenicity is supported by the fact 

that it is identified just 6 amino acids from the pathogenic OPTN:c.1433A>G(p.[E478G]) 

identified in Chapter 2. However, the four carriers of this variant in the gnomAD non-neuro 

subset were between 50 and 75 when they donated the blood, indicating that they were 

neurologically healthy at these ages, decreasing the likelihood that this is a highly pathogenic 

ALS variant.  

SETX 

14 putatively pathogenic SETX variants are identified in this study, none of which are 

previously reported in the literature. A single pathogenic heterozygous missense variant has 

previously been identified as a cause of early-onset, slowly progressing ALS. None of the 

SETX carriers identified in this study match this phenotype as the median AOO is 53 (95% 

CI: 53-59) survival 36 (14-55). There is not a statistically significant increase in missense 

variants in cases compared to controls. While these variants are VUS, the phenotype of the 

variant carriers and lack of statistical support does not support pathogenicity.  

SIGMAR1 

A homozygous SIGMAR1 variant (SIGMAR1:c.304G>C(p.[E102Q])) has been identified as 

the LP cause of slowly progressive juvenile ALS in a Saudi Arabian family with a history 

of consanguinity (Al-Saif, Al-Mohanna, and Bohlega 2011). In this study an ALS patient 

presents with a heterozygous SIGMAR1:c.622C>T(p.[R208W]) variant. This variant has 

been reported in ten previous patients (Ghani et al. 2015; Zhang et al. 2018) however is 

found to be a similar frequency in gnomAD as in the Project MinE case cohort. Taking this 

into account, in addition to the variant’s heterozygosity and the patient’s later age of onset, 

there is little reason to suspect the pathogenicity of this variant.  

TBK1  

A missense variant (TBK1:c.1522C>A(p.[L508I])) in addition to three INDELs 

(TBK1:c.466dupA(p.[T156fs]),TBK1:c.539delT(p.[L180fs]),TBK1:c.1954_1956delAAT), 

two of which are frameshift variants and one of which is a structural interaction variant, are 
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observed in TBK1. While missense TBK1 variants are not known to be pathogenic, 

frameshift TBK1 variants are a known causes of ALS. These variants have not previously 

been reported in the literature and both TBK1:c.466dupA(p.[T156fs]) and 

TBK1:c.539delT(p.[L180fs]) are novel. There are no reported INDELs in controls in this 

cohort. Lacking further evidence, these INDELs remain classified as VUS; however, 

evidence is suggestive of pathogenicity and they warrant further study. 

VCP 

In Chapter 2 seven heterozygous variants have been reported as Pathogenic or Likely 

Pathogenic causes of ALS, FTD, inclusion body myopathy, Paget disease of bone, or various 

combinations of these phenotypes. In this study two sporadic patients with bulbar onset 

carry  VCP:c.1147A>C(p.[I383L]) and VCP:c.79A>G(p.[I27V]) which has previously been 

reported in a patient with ALS-FTD (Dols-Icardo et al. 2018). As these patients are not 

reported to present with PDB or IBM it is difficult to make any further ascertainment as to 

the pathogenicity of these variants.  

Cuban ALS pedigree 

Six affected members of a four generation ALS pedigree are described here (table 4.4, figure 

4.7). The family present with early-onset slowly progressive ALS with some members 

presenting with bulbar onset and others spinal onset. The proband had onset at age 24 and 

was still alive after 17 years. All other patients for whom phenotype information is available 

had similar early onset and long duration. 

 

Targeted sequencing in this family revealed that four family members carry 

hnRNPA1:c.1018C>T(p.[P340S]) and that this variant is absent in two family members. This 

variant has previously been reported in a Chinese pedigree with flail arm ALS (Q. Liu et al. 

2016), an ALS variant associated with similar AOO and duration to this pedigree but with 

rare or delayed bulbar involvement.   

Exome sequencing  

Exome sequencing was performed on the five affected members of this family for whom 

sufficient DNA was available.  
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Data were merged with individuals from the 1000 genomes project to explore the 

relationships between individuals in this pedigree. All relationships in pedigree 2302 were 

confirmed to be that of siblings, half-siblings, or cousins, proving that this is a single family 

unit.   

 

hnRNPA1:c.1018C>T(p.[P340S]) is confirmed to be absent in two family members 

(sequenced to depths of 155X and 180X) (figure 4.8), and as such is unlikely to be the sole 

causative variant in this family. 

Exome variant identification  

Having confirmed that hnRNPA1:c.1018C>T(p.[P340S]) did not segregate in this family, a 

screen was undertaken for potentially pathogenic variants. table 4.7 outlines the variants 

remaining through each stage of the filtering process. 60,957 variants were present in any 

family member and this was reduced to 14,712 when considering variants which passed 

VQSR filtering (figure 4.9) and were present in all family members. Applying the remaining 

filtering steps reduced this to two remaining potentially pathogenic variants: 

RYBP:c.633T>A(p.[S211R]) (ENST00000477973; chr3:113753890:C:A) and 

KIAA1407:c.700G>T(p.[Q234*]) (ENST00000295878; chr3:72428256:A:T).  

 

 

 

 
 

 

 

 

 

 

Filter Description Variants Remaining 
In any Family Member 60957
Passing VQSR Filter  57993
Present in all Family Members 14712
0.1% gnomAD AF Filter 1402
Functional Filter 484
Sequencing Filter 2

Table 4.7: Exome variant filtering

Table 4.7: Exome variant filtering 
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Figure 4.7: Pedigree 2302 

The family present with early-onset slowly progressive ALS with some members presenting with bulbar onset and others spinal onset. Solid individuals are affected patients. The 
top line of information represents age of onset, the second line indicates the disease duration. The third line indicates carriers of hnRNPA1:c.1018C>T(p.[P340S]), this was 
confirmed to be absent in III.7 and III.22. The final two lines represent carriers of KIAA1407:c.700G>T(p.[Q234*]) and RYBP:c.633T>A(p.[S211R]) respectively; there was 
insufficient DNA to confirm these variants in patient III.19. 
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Figure 4.8:  hnRNPA1:c.1018C>T(p.[P340S]) does not segregate in pedigree 2302 

The figure is an Integrative Genomics Viewer (IGV) display of position 54,677,706 on chromosome 12 in the five family members who underwent exome sequencing. Three family 
members are confirmed to be heterozygous carriers of hnRNPA1:c.1018C>T(p.[P340S]) and two family members are homozygous for the reference allele. 
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Exome variant exploration 

KIAA1407 is alternatively called coiled-coil domain containing 191 (CCDC191). The NCBI 

Gene Expression Omnibus database (Edgar, Domrachev, and Lash 2002; Barrett et al. 2013) 

shows broad expression which peaks in the testis and thyroid. This variant confers a LOF; 

however, gnomAD identifies this gene as being tolerant of LOF variants (observed/expected 

= 0.97 (95% CI: 0.77-1.23)). While this variant is absent in Project MinE controls, the 

frequency in the Project MinE cases (1.15x10-4) is approximately equal to the gnomAD non-

neuro subset (1.6x10-4). Given the early ages of onset of these patients, carriers of a highly 

penetrant dominant ALS causing allele would be particularly unlikely to be present in the 

gnomAD non-neuro subset. Additionally several KIAA1407 truncating variants are found to 

be more common in Project MinE cases than controls. The evidence suggests that 

KIAA1407:c.700G>T(p.[Q234*]) is not a pathogenic variant. 

 

RYBP is a component of the Polycomb group (PcG) multiprotein PRC1-like complex. The 

Project MinE database shows no observed variants in this gene in cases or controls. While 

this variant is also absent in gnomAD, the gnomAD database shows this gene to be relatively 

tolerant of missense variants (observed/expected: 0.86 (95% CI: 0.75-0.98). Similar to other 
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Figure 4.9: VQSR filtering 

A-E show pairwise interactions between the MQ annotation and all other annotations. These are 
representative plots that demonstrate that VQSR does not apply a strict threshold to each annotation but 
rather is capable of considering all of a variant’s annotations relative to the profile of ‘good’ variants.  
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PcG genes, previous studies have implicated RYBP in cancer aetiology (Novak and Phillips 

2008; Zhu et al. 2017; Ali et al. 2018); and while it has been shown to be a requirement for 

central nervous system development (Pirity, Locker, and Schreiber-Agus 2005), it has not 

been associated with neurological disease. The confirmed segregation of the 

RYBP:c.633T>A(p.[S211R]) variant makes it a variant of interest but more study is required 

to ascertain its pathogenicity.  

Burden analysis 

Burden testing was performed in this study to identify if any gene had a significant excess 

of either missense (figure 4.10 C) or LOF variants (figure 4.10 D). No statistically significant 

results are observed, likely as a result of the small size and lower power of this study. 

Oligogenic analysis 

Following the observation of multiple cases carrying multiple variants, binomial testing was 

performed to explore whether there is statistically significant evidence of oligogenic 

inheritance in this study. Figure 4.10 E-G display that significance is not achieved when 

testing all rare, functional variants which pass sequencing filters (figure 4.10 E), when 

restricting these variants to just those present in P and LP genes (figure 4.10 F) or when 

restricting this further to just samples with mean coverage above 20X. 

 

The lack of statistical evidence supporting oligogenic inheritance in this study indicates that 

either it is not a contributing factor in Cuban ALS genetics or, given the small size of the 

study and that oligogenic results have replicated in different studies, that our study is 

underpowered to observe this effect. It does however indicate that conclusions cannot be 

drawn as to the significance of carriers of multiple variants (table 4.4).  

Cohort analysis and international comparison 

In this study no pathogenic variants are observed in Cuban familial cases. 2.7% of sporadic 

cases carry the C9orf72 RE and 0.9% of sporadic cases are explained by a reclassified 

pathogenic FUS variant. This profile stands in contrast to other North American countries 

and also to South American countries (figure 4.11). In other studied North American 

countries (primarily USA and Canada) C9orf72 explains 33% of familial cases and 5% or 

sporadic cases. In South America these figures are 10.26% and 2.65% respectively. SOD1 

variants explain 12.4% of FALS in USA and Canada and 0.35% of SALS, Cuba much more 
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closely resembles South America as both have an absence of SOD1 variants. 

VAPB:c.166C>T(p.[P56S]) explains 33% of Brazilian FALS cases but is virtually absent in 

the rest of the world. We do not identify this variant in Cuba, further confirming that it is 

localised to Brazil.  
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Figure 4.10: Variant distribution in cases and controls 

 (figure on previous page) 
A) and B) display the gnomAD AF of all variants observed in cases and controls (A) and rare variants in 
cases and controls (B). Both rare and common variants are observed in controls at similar rates to cases 
including the observation of novel variants in controls that are absent in cases. C-D) No gene is observed 
to carry a statistically significant excess of either missense (C) or LOF (D) variants. E-F) Cases are not found 
to be statistically more likely to carry multiple variants whether considering E) functional variants which 
pass sequencing filters, F) restricting this analysis to just genes with P or LP variants identified in Chapter 
2 or G) restricting this further to individuals with average depth of coverage exceeding 20X. 
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South America: Pathogenic VariantsC
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Figure 4.11: Cuba international comparisons 

The proportions explained by pathogenic variants or any variants in pathogenic or likely pathogenic 
genes are displayed for A) Cuba, B) other North American countries and C) South America. 
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Discussion 

Summary and significance 

This work represents the first genetic screen of ALS patients from Cuba. NGS is performed 

for 120 unrelated ALS patients, 6 members of a single pedigree and 111 unrelated healthy 

controls. In summary, 2.7% of sporadic cases carry the C9orf72 RE and 0.9% of sporadic 

cases are explained by a reclassified pathogenic FUS variant. No familial cases carry known 

pathogenic variants. Three previously unreported frameshift TBK1 variants are identified 

that remain classified as VUS but have evidence that is supportive of pathogenicity.  

 

The work in Chapter 2 highlighted that in order to both achieve global parity and to further 

increase our understanding of ALS genetics, it is vital that we begin to research understudied 

countries and regions. As a country with no previous ALS genetic screening and where most 

individuals have admixed ancestry including European, African, Native American and East 

Asian, Cuba fits this profile. 

 

Both oligogenic and gene burden studies did not return statistically significant results. This 

is to be expected as these tests, particularly burden tests, typically require thousands of 

patients to find significant associations (Kenna et al. 2016; Nicolas et al. 2018). Rather, the 

purpose of these tests in this instance is to highlight that just because, for example, cases are 

found to harbour 14 rare SETX variants that are absent in controls, this is not indicative of a 

high rate of SETX variation in Cuban ALS cases, as similar numbers are observed in controls. 

Similarly, while several patients carrying multiple variants are identified, and similar results 

are often posited as further evidence of oligogenic inheritance in ALS; in fact a comparable 

rate of multiple variants is observed in controls.  

 

Chapter 2 has provided a framework by which to analyse and interpret the research 

conducted here. The journALS database contains both novel analyses and variant annotation 

from several sources; as such, it is first utilised in this study as a tool in the variant filtering 

process. One variant that is present in our dataset but has not previously been discussed is 

DCTN1:c.2353C>T(p.[R785W]). This variant is identified in two patients in this study and 

has previously been identified in two affected siblings from Germany (Münch et al. 2004) 

and a case in the UK (Morgan et al. 2017). This variant has understandably pervaded the 

ALS literature since it was first published in 2004; however, in this analysis it is removed 
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during filtering as it is at five times higher frequency in Project MinE controls than Project 

MinE cases and is at similar frequency in gnomAD. The journALS database facilitates a 

focused approach to variant filtration.  

 

The second means by which journALS benefits this study, is as a means of interpreting 

variants that are retained after filtering. Having clarified the inheritance patterns and 

phenotypes associated with different genes, we are now able to interpret novel variants 

within this framework. For example, while many ALS2 missense variants have previously 

been reported, we only find sufficient evidence supporting the pathogenicity of homozygous 

LOF variants which result in an early AOO phenotype. As such, the ALS2 variants identified 

in this study are unlikely to be causative as they are not homozygous LOF and the patients 

are not early onset. 

 

The final utility of journALS in this work is in understanding the broader context of the 

results. It is ascertained that Cuban ALS patients have a unique genetic profile quite distinct 

from the Northern American countries which are primarily of European ancestry and are 

characterised by high rates of C9orf72 and SOD1 variants and equally distinct from South 

American countries such as Brazil where variation in VAPB explains a large proportion of 

cases.  

 

This work demonstrates the benefit and positive feedback loop that can be achieved through 

genetic screening. The understanding of two variants in particular has significantly increased 

due to this study. Firstly, FUS:c.1512_1513delAG(p.[G505fs]) is now reclassified as a 

pathogenic variant, and secondly hnRNPA1:c.1018C>T(p.[P340S]) is found to be is unlikely 

to be pathogenic as it does not segregate in the pedigree presented here. Increased 

understanding of these variants will help genetic counselling for future patients, increasing 

the rate of true positive diagnoses and decreasing the rate of false positive genetic diagnoses.  

 

Two variants are identified as segregating in a large pedigree with early onset and long 

disease duration. These variants require additional follow up research to assess their 

frequency in both the general Cuban and ALS populations and further research to assess 

their functional impacts. It is possible that one of these variants is causative; however, it 

must also be acknowledged that there are several examples in journALS where a variant was 

initially found to segregate and now is either found to be more common in cases than controls 

(Mitchell et al. 2010), or sequencing additional affected family members revealed that the 
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variant does not fully segregate (Johnson et al. 2014; Saez-Atienzar et al. 2020). There are 

other possible genetic explanations in this family that have not been explored. The true 

causative variant may be intronic or intergenic, or may be an unstudied RE. 

Limitations 

While targeted sequencing provides a means of identifying variants in previously reported 

genes, it does not facilitate the discovery of new genes or more complex variants such as 

genomic rearrangements. This is evident by the small proportion of cases with an identified 

pathogenic variant. As with the example of VAPB in Brazil, and the numerous other variants 

which exhibit geographic heterogeneity, it is possible that there is a single variant in an 

unknown gene affecting a large number of patients.  

 

The second limitation of this study is that as exome sequencing was only performed for 

pedigree 2302, the frequency of the RYBP and KIAA1407 variants in the remaining cases 

and controls is currently unknown.  

 

Unfortunately no unaffected family members are available from pedigree 2302; this would 

greatly improve the power of segregation analysis. SNP genotyping is not performed but 

would enable the identification of a shared linkage region between patients. 

 

The final limitation of this study is that we have not ascertained the ethnic background of 

the patients. While the Cuban population is very admixed, and these patients do represent 

the overall population well in terms of geographic distribution and self-reported ancestry, 

we do not know if any particular background is over- or under-represented at the genomic 

level, which could have interesting implications for identifying ALS risk-factors. 

Future direction 

Future work should focus on addressing the limitations outlined above. The frequency of 

RYBP and KIAA1407 variants should be ascertained in the remainder of the cases and 

controls, this can be achieved either through Sanger sequencing of these variants or through 

the inclusion of Cuban cases and controls in whole-genome sequencing projects such as 

Project MinE. Prioritising these patients in a large WGS study would also aid in the 

identification of novel variants as instant international case/control comparisons would be 

available.  
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Patients should undergo SNP genotyping with the goal of answering the following 

questions:  

1) Are there any shared genomic regions among Cuban cases who lack an explained genetic 

cause?  

2) Is there any cryptic relatedness between samples that may help further interpret variants 

of uncertain significance either because segregation or lack of segregation is observed? 

3) Are there any ethnic backgrounds which are over- or under-represented at the genomic 

level? 

4) What is the shared linkage region between family members in pedigree 2302? 

Conclusion 

2.7% of sporadic cases in Cuba carry the C9orf72 RE and 0.9% of sporadic cases are 

explained by a pathogenic FUS variant. Cuban ALS patients have a distinct genetic profile 

and, as a large proportion of cases lack an identified genetic cause, should be prioritised for 

further research.  

 

This study demonstrates both the utility of the journALS database in conducting ALS 

research and how genetic screening can improve our knowledge of ALS genetics, providing 

benefit for the entire research community and ultimately for patients. 
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Chapter 5  

The broader spectrum of motor neurone disease 

genetics in Ireland  

Introduction 

ALS sits within the ALS-FTD phenotypic continuum but also within a phenotypically and 

genetically heterogenous spectrum of MNDs. As discussed in Chapter 1, ALS is 

characterised by the loss of both lower motor neurons (LMNs) and upper motor neurons 

(UMNs). Loss of UMNs prevents signalling to the LMNs, resulting in muscle stiffness and 

weakness, while LMN degeneration prevents muscles from receiving signals, leading to 

weakness and muscular atrophy (Kent-Braun et al. 1998). While ALS patients lose both 

UMNs and LMNs, other MNDs are classified either by selective LMN degeneration 

(progressive muscular atrophy (PMA), spinal muscular atrophy (SMA)), or UMN 

degeneration (hereditary spastic paraplegia (HSP), primary lateral sclerosis (PLS)). 

 

Much is still unknown about the genetic factors underpinning a patient’s development of 

ALS or FTD and even more is unknown about the development of adult-onset selective 

motor neuron degeneration. This Chapter will examine genotypic variation in the Irish ALS 

population, but also will study the genetic basis of FTD and a PLS, a UMN disease, in 

Ireland.  

Upper motor neurone disorders 

HSP patients, as discussed in Chapter 1, typically experience stiffness and weakness of the 

lower extremities with gradual onset and slow progression, with onset occurring any time 

from childhood to adulthood. A hallmark of HSP is that it has distinct autosomal dominant, 

recessive or X-linked inheritance in pedigrees, and consequently variants in over 70 genes 

have been associated with HSP inheritance (table 5.1) (de Souza et al. 2017; Parodi et al. 

2017; Klebe, Stevanin, and Depienne 2015; Lo Giudice et al. 2014).   
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PLS patients experience adult onset with stiffness in both arms and legs and often progress 

to difficulty in swallowing. While there is considerable overlap between the phenotypes of 

adult onset HSP and PLS, the upper body stiffness and bulbar symptoms often observed in 

PLS are rarely a feature of HSP (Frans Brugman et al. 2009). PLS is estimated to account 

for 7% of adult onset MNDs (W.-K. Kim et al. 2009). The rare nature of PLS and typical 

lack of familial segregation has historically made it difficult to study.  

PLS genetics 

PLS is often described as a sporadic condition. This is a label that distinguishes it from HSP 

which distinctly segregates in families. However, just as in ALS, the term sporadic does not 

necessarily mean there is no genetic basis to the condition; indeed, the term sporadic is not 

even always an accurate description for PLS patients as many have family members affected 

by PLS or other MNDs (F. Brugman et al. 2005; Dupré et al. 2007; Valdmanis, Dupré, and 

Rouleau 2008; Praline et al. 2010). This shared aetiology within pedigrees and shared 

phenotypic overlap with other MNDs highlights the likely contribution of genetic factors in 

PLS pathogenesis.  

 

Due to the rarity of PLS cases, genetic screening has been scarce and with small numbers. 

Combining the results of 8 studies, C9orf72 RE is observed in 2.1% (95% CI: 0.9-4.8%) of 

patients diagnosed with PLS (table 5.2) (Stewart et al. 2012; García-Redondo et al. 2013; 

Mitsumoto et al. 2015; van Rheenen et al. 2012; Rutherford, DeJesus-Hernandez, et al. 

2012; Hübers et al. 2014; Nicola Ticozzi et al. 2014; de Vries et al. 2017), although it is 

important to acknowledge the possibility that some of these patients may have subsequently 

developed LMN symptoms after the period of reporting.  
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Gene Clinical_Phenotype Inheritance Exons TOM Original Study Gene Clinical_Phenotype Inheritance Exons TOM Original Study
ACP33 SPG21 AR 9 PM,ins Simpson et al. (2003) NT5C2 SPG56 AR 18 PM,ss Novarino et al. (2014)

ALDH18A1 SPG9A AD PM Panza et al. (2016) OPA3 NA AR 3 PM Arif et al. (2013)
AMPD2 SPG63 AR 18 Del Novarino et al. (2014) PGAP1 SPG67 AR 27 Ss Novarino et al. (2014)
AP4B1 SPG47 AR 10 Ins, del Abou Jamra et al. (2011) PLP1 SPG2 X-linked 8 PM,del,dupl Saugier-Veber et al. (1994)
AP4E1 SPG51 AR 21 Ss Abou Jamra et al. (2011) PNPLA6 SPG39 AR 34 PM,ins Rainier et al. (2003)
AP4M1 SPG50 AR 15 Ss Abou Jamra et al. (2011) RAB3GAP2 SPG69 AR 35 PM Novarino et al. (2014)
AP4S1 SPG52 AR 6 PM Abou Jamra et al. (2011) REEP1 SPG31 AD 7 PM,del,ss,ins Züchner et al. (2006)

ARL6IP1 SPG61 AR 6 Del Novarino et al. (2014) REEP2 SPG72 AD/AR 8 PM Esteves et al. (2014)
ARSI SPG66 AR 2 Ins Novarino et al. (2014) RTN2 SPG12 AD 11 PM,ins,del Montenegro et al. (2012)

ATAD3A NA AR 1 PM Harel et al. (2016) SLC16A2 SPG22 X-linked 6 PM,del,ins Schwartz et al. (2005)
ATL1 SPG3A AD 14 PM Zhao et al. (2001) SLC33A1 SPG42 AD 6 PM Lin et al. (2008)

ATP2B4 NA AD PM Li et al . (2014) SPAST SPG4 AD 17 PM,ss,del,dupl Hazan et al. (1999)
B4GALNT1 SPG26 AR 11 PM,del,dupl Boukhris et al. (2013) SPG20 SPG20 AR 9 PM,del Patel et al. (2002)

BICD2 NA AR 7 PM Novarino et al. (2014) SPG7 SPG7 AR 17 PM,del,ins Casari et al. (1998)
BSCL2 SPG17 AD 12 PM Windpassinger et al. (2004) TECPR2 SPG49 AR 20 NA Oz-Levi et al. (2012)

C12orf65 SPG55 AR 3 PM Shimazaki et al. (2012) TFG SPG57 AR 8 PM Beetz et al. (2013)
C19orf12 SPG43 AR 3 PM,del Landouré et al. (2013) TUBB4A NA AD PM Kancheva et al. (2015)
CCT5 NA AR 11 PM Bouhouche et al. (2006) USP8 SPG59 AR 21 PM Novarino et al. (2014)
CPT1C PG73 AD PM Carrasco et al. (2013) VPS37A SPG53 AR 12 PM Zivony-Elboum et al. (2012)
CYP2U1 SPG56 AR 5 PM,del Tesson et al. (2012) WDR48 SPG60 AR 19 Del Novarino et al. (2014)
CYP7B1 SPG5A AR 6 PM Tsaousidou et al. (2008) ZFR SPG71 AR 20 PM Novarino et al. (2014)
DDHD1 SPG28 AR 13 PM,del Tesson et al. (2012) ZFYVE26 SPG15 AR 42 PM,del,ss,ins Hanein et al. (2008)
DDHD2 SPG54 AR 18 PM,ins,ss Schuurs-Hoeijmakers et al. (2012) ZFYVE27 SPG33 AD 12,13 PM Mannan et al. (2006)
DNM2 NA AD PM Sambuughin et al. 2015

ENTPD1 SPG64 AR 10 PM Novarino et al. (2014)
ERLIN1 SPG62 AR 11 PM Novarino et al. (2014)
ERLIN2 SPG18 AR 12 Del Alazami et al. (2011)
EXOSC3 NA AR PM Halevy et al. (2014)
FA2H SPG35 AR 7 PM,del Dick et al. (2010)
FLRT1 SPG68 AR 2 PM Novarino et al. (2014)
GAD1 NA AR 17 PM Lynex et al. (2004)
GBA2 SPG46 AR 18 PM,del Martin et al. (2013)
GJC2 SPG44 AR 2 PM Orthmann-Murphy et al. (2009)
HSPD1 SPG13 AD 12 PM Hansen et al. (2002)

KIAA0196 SPG8 AD 29 PM,del Valdmanis et al. (2007)
KIAA0415 SPG48 AR 17 Indel Slabicki et al. (2010)
KIAA1840 SPG11 AR 40 PM,dupl,ins,del,ss Stevanin et al. (2007)
KIF1A SPG30 AR 50 PM Erlich et al. (2011)
KIF1C SPG58 AR 23 PM,del Novarino et al. (2014)
KIF5A SPG10 AD 29 PM Reid et al. (2002)
L1CAM SPG1 X-linked 29 PM Jouet et al. (1994)
LYST NA AR 53 PM Shimazaki et al. (2014)
MAG NA AR 12 PM Novarino et al. (2014)
MARS SPG70 AR 21 PM Novarino et al. (2014)
NIPA1 SPG6 AD 5 PM Rainier et al. (2003)

Table 5.1: Genes associated with HSP (1/2) Table 5.1: Genes associated with HSP (2/2)

Table compiled from de Souza et al. (2017), Parodi et al. (2017), Klebe, Stevanin, and Depienne (2015) and  
Lo Giudice et al. (2014).
AD= autosomal dominant; AR= autosomal recessive; Del= deletion; Ins= insertion; PM= point mutation; 
Ss= splice site; TOM= type of mutation;

Table 5.1: Genes associated with HSP 
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Due to the strong clinical overlap with both adult-onset HSP and ALS, the few genetic 

studies that have been performed have focused on identifying potentially pleiotropic 

pathogenic variants in these genes. Yang et al. (2016) identified a PLS pedigree with five 

affected members that carried compound heterozygous SPG7 variants. Compound 

heterozygosity in SPG7 would typically be a hallmark of HSP; however, the patients had 

bulbar and upper limb involvement which are signatures of PLS rather than HSP. 

McDermott et al. (2003) examined the genes SPAST and SPG7 in 7 PLS patients and did 

not identify any variants. Mitsumoto et al. (2015) performed the only broad NGS screen of 

a PLS patient cohort to date. WES was performed for 41 PLS patients and identified 

heterozygous variants in SPG7, DCTN1 and PARK2 that are previously reported as 

pathogenic in HSP, ALS and Parkinson’s respectively. It is worth noting that the DCTN1 

variant (c.3746C>T(p.[T1249I])) is observed at a higher frequency in Project MinE controls 

than cases so is unlikely to be truly pathogenic, the SPG7 variant (c.1529C>T(p.[A510V])) 

is associated with HSP in either recessive or compound heterozygous state and the PARK2 

variant (c.823C>T(p.[R275W]) is a well-established Parkinson’s variant but only in 

homozygosity (Abbas et al. 1999). This renders the pathogenicity of these variants in PLS 

uncertain. There have been other rare reports of PLS patients carrying variants in ALS-

associated genes including OPTN (Del Bo et al. 2011), UBQLN2 (H.-X. Deng et al. 2011) 

and two variants in FIG4 (Chow et al. 2009). 

 

Given the rarity of PLS it is difficult to gather sufficient patients to conduct in-depth genetic 

analyses; however, to further our understanding of the genetic basis underpinning the MND 

phenotypic spectrum it is vital to further investigate the potential causes of this rare 

phenotype.  

Study Country PLS Patients Screened C9orf72 RE Positive Proportion of Carriers

van Rheenen et al. (2012) Netherlands 110 1 0.9% (95% CI 0.2-0.5%)

Mitsumoto et al. (2015) USA 41 1 2.4% (95% CI: 0.4-12.6%)

Hübers et al. (2014) Germany 30 0 0% (95% CI: 0-11.4%)

Stewart et al. (2012) Canada 23 2 8.7% (95% CI: 2.4-26.8%)

García-Redondo et al. (2013) Spain 22 1 4.6% (95% CI: 0.8-21.8%)

de Vries et al. (2017) Netherlands 4 0 0% (95% CI: 0-49.0%)

Ticozzi et al. (2014) UK 2 0 0% (95% CI: 0-65.8%)

Rutherford et al. (2012) USA 2 0 0% (95% CI: 0-65.8%)

Total 234 5 2.1% (95% CI: 0.9-4.8%)

Study Country PLS Patients Screened C9orf72 RE Positive Proportion of Carriers

van Rheenen et al. (2012) Netherlands 110 1 0.9% (95% CI 0.2-0.5%)

This study Ireland 46 0 0% (95% CI: 0-7.7%)

Mitsumoto et al. (2015) USA 41 1 2.4% (95% CI: 0.4-12.6%)

Hübers et al. (2014) Germany 30 0 0% (95% CI: 0-11.4%)

Stewart et al. (2012) Canada 23 2 8.7% (95% CI: 2.4-26.8%)

García-Redondo et al. (2013) Spain 22 1 4.6% (95% CI: 0.8-21.8%)

de Vries et al. (2017) Netherlands 4 0 0% (95% CI: 0-49.0%)

Ticozzi et al. (2014) UK 2 0 0% (95% CI: 0-65.8%)

Rutherford et al. (2012) USA 2 0 0% (95% CI: 0-65.8%)

Total 280 5 1.8% (95% CI: 0.8-4.1%)

Table 5.2: C9orf72 repeat expansion screening studies in PLS

Table 5.2: C9orf72 repeat expansion screening studies in PLS 
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The Irish ALS register 

The Irish ALS register was first established in 1995 and continues to the present day. The 

register records and monitors progress and disease progression for all consenting patients 

who not only present with ALS but also PLS, PMA and other rare forms of adult-onset 

MND. The register forms the backbone to research spanning genetics, epidemiology, 

neuroimaging, neurophysiology, neuropsychology as well as patient and carer support and 

wellbeing.   

 

Genetic screening of ALS patients in Ireland has been published previously (Kenna, 

McLaughlin, Byrne, et al. 2013; McLaughlin, Kenna, Vajda, Heverin, et al. 2015; Byrne et 

al. 2012); however, genetic screening of FTD and PLS patients has not. Additionally, as 

gene-based ALS clinical trials are now underway in Ireland, it is vital to continually re-

evaluate genetic results as new patients and new contextual information becomes available.  

 

Recent work utilising the Irish ALS register has identified Irish families with multiple 

affected family members who have discordant C9orf72 genotyping (Ryan et al. 2018), the 

basis of this discordance requires further investigation.  

 

 

Research Aims 

1. Perform the first comprehensive genetic screen of an FTD patient cohort in Ireland.  

2. Perform the first genetic screen of a PLS patient cohort in Ireland. 

3. Analyse the largest Irish ALS cohort to date in the context of the journALS study of 

Chapter 2 and in the context of information available from the Irish ALS register. 

4. Analyse Irish ALS pedigree with discordant C9orf72 genotyping. 
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Methods  

Participants 

ALS and PLS patients attended the national specialist MND clinic at Beaumont Hospital 

Dublin. All ALS patients were diagnosed as definite, probable or possible ALS by specialist 

neurologists in accordance with the El Escorial criteria (Brooks et al. 2000). A PLS diagnosis 

was made based on the consensus diagnostic criteria ( Turner et al. 2020). FTD patients were 

recruited from the cognitive clinic at St James’s Hospital and the neurodegenerative clinic 

at Beaumont Hospital and patients were diagnosed by a specialist neurologist  based on the 

Rascvosky criteria (Rascovsky et al. 2011).  

FTD DNA sequencing, processing and analysis 

The targeted-sequencing pipeline developed for the Cuban patients in Chapter 4 was applied 

here to 51 patients with FTD. Briefly; the exons and surrounding 4bps of 37 genes previously 

linked to ALS, FTD or dementia (table 4.1) underwent target enrichment with 11 cycles of 

PCR.  Samples were pooled and sequenced on an Illumina MiSeq at the TrinSeq facility at 

St. James’s Hospital with 300bp single end sequencing.  

 

The resultant FASTQ files were adapter-trimmed, aligned to the GRCh37 version of the 

human reference genome, duplicate reads were removed and samples underwent BQSR. 

GATK best practices with hard-filtering were followed for variant calling. Variants were 

annotated with a suite of in silico prediction tools, population datasets and disease specific 

databases to ensure compatibility with the journALS study in Chapter 2. 

 

Observed variants were analysed jointly with variants present in 136 PCR-free Irish control 

samples; following the variant analysis pipeline developed in Chapter 4, filtering variants 

classified as benign or likely benign in the journALS database and retaining  rare variants 

with a functional effect. 

PLS DNA sequencing, processing and analysis 

DNA from 44 PLS patients underwent Agilent SureSelect WES enrichment and 150bp PE 

sequencing to a target depth of 90X on an Illumina NovaSeq (table 3.2). These samples were 

sequenced concurrently with the Cuban family described in Chapter 4 and a large Irish 

pedigree containing affected and unaffected individuals (further described in this chapter). 
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Read alignment and variant calling with VQSR for these samples has been described in 

Chapter 4.  

 

Multidimensional scaling (MDS) with Plink v1.9 (Purcell et al. 2007) was used to confirm 

whether 136 Irish PCR-free WGS controls were suitably comparable to PLS patients (figure 

5.1). SNPs sharing linkage were pruned by removing SNPs within a 50bp range with an R2  

exceeding 0.2 (--indep-pairwise 50 5 0.2). MDS was performed after calculating pairwise 

identity by state (IBS) between samples. 236,019 SNPs and INDELs which were retained 

after merging WGS and WES data, filtering for variants which pass sequencing filters and 

pruning SNPs in high linkage disequilibrium. MDS analysis showed no significant bias 

between WGS and WES samples (figure 5.1).  

 

 

 
PLS patients were screened for variants in genes linked to ALS or FTD using the previously 

described pipeline. Additionally, 70 genes linked to HSP (table 5.1) and the gene PARK2 

were included in variant screening. To account for the fact that the HSP literature was not 

screened for inclusion in the journALS data browser, variants identified in PLS patients were 

compared to HGMD v.2021.4 (public) and ClinVar (GRCh37_clinvar_20220313) to 

determine if they were previously reported in the literature.  

 

A single SKAT test was performed to identify if PLS patients carry an excess of functional 

variants in HSP associated genes relative to controls. EPACTS v.3.3 was used to assign 

functional and gene annotations to all variants which passed sequencing filters. The exons 

of all genes within table 5.1 were treated as a single group and all missense and LOF variants 

(Missense, Nonsynonymous, StructuralVariation, Stop_Gain, Stop_Loss, Start_Gain, 
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Figure 5.1: Validation of use of WGS controls with WES PLS data 

Variants called from PLS data (blue) do not show significant bias when compared to exomic variants 
extracted from WGS data, indicating that controls from the WGS data are suitably comparable to WES 
samples. 
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Start_Loss, Frameshift, CodonGain, CodonLoss, CodonRegion, Insertion, Deletion, 

Essential_Splice_Site, Nonsense) with a MAF below 0.05 were included in analysis.  

 

In Chapter 3 ExpansionHunter v3 was found to be capable of accurately classifying STRs in 

the normal range and REs while also genotyping more exonic sites than ExpansionHunter 

v2. PLS samples are genotyped with ExpansionHunter v3 as described in Chapter 3 and the 

results are compared to PCR-free WGS control samples. 

ALS data curation, processing and analysis 

To perform the largest study of variation in the Irish ALS population to date, NGS data were 

collated from two sources. PCR-free WGS data were available for 272 ALS patients and 136 

controls, these data were sequenced as part of Project MinE (van der Spek, van Rheenen, 

Pulit, Kenna, van den Berg, et al. 2019; Project MinE ALS Sequencing Consortium 2018) 

and have been previously described in Chapter 4. Targeted sequencing data were available 

for a further 404 patients and 311 controls from a previous study (Kenna, McLaughlin, 

Byrne, et al. 2013).  

 

Targeted sequencing data were processed from FASTQ to variant calling via the previously 

described GATK best practices pipeline. Variants identified in the WGS and targeted data 

were filtered through the variant filtering pipeline developed in Chapter 4.  Patients with 

only targeted sequencing data were screened for the previously described list of genes (table 

4.1), and patients with WGS data were additionally screened for variants in ERLIN1, 

ERLIN2, PARK7 and KIF5A; the first three of these genes are identified as significant in the 

journALS study of chapter 2 and KIF5A has reliably been linked to ALS pathogenesis 

through exome burden studies (Nicolas et al. 2018).  

 

15 members of an Irish family that has discordant C9orf72 genotyping underwent exome 

sequencing and variant calling in conjunction with the previously described PLS patients 

and Cuban family.  
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C9orf72 genotyping 

C9orf72 genotyping was performed for all FTD and PLS patients as described in Chapter 4. 

C9orf72 genotyping of Irish ALS patients has routinely been performed for Irish ALS 

patients since 2011 (including retrospectively where possible) and was continued for this 

study.  

Discordant families 

Recent work by Dr. Marie Ryan in the Academic Unit of Neurology TCD has utilised the 

Irish ALS register to identify Irish families with multiple affected family members who have 

discordant C9orf72 genotyping (Ryan et al. 2018). The basis and confirmation of this 

discordance is further investigated here in 3 pedigrees for which sufficient information is 

available.  

 

Discordant pedigrees are investigated using all available genotyping data (SNP, WGS, WES, 

targeted sequencing data and rpPCR genotyping). Where sufficient DNA is available, 

discordant patients have undergone a secondary rpPCR to confirm the initial result. Where 

SNP genotyping data are available, relatedness is confirmed using identity-by-descent (IBD)  

and haplotype analysis is performed to determine whether C9orf72 RE positive and negative 

patients carry the C9orf72 haplotype (described below). The observed haplotype is 

compared to the established C9orf72 haplotypes observed in Europe (Smith et al. 2013), 

Finland (Laaksovirta et al. 2010), Sweden (Chiang et al. 2017) and the UK (Mok et al. 

2012). Where WGS data is available the presence or absence of the RE is confirmed using 

ExpansionHunter v2 and ExpansionHunter v3 as described in Chapter 3. Finally where 

targeted NGS, WES or WGS is available patients are screened for any segregating variants.  

SNP genotyping  

SNP genotyping data from five Irish cohorts (table 5.3) were analysed to study the haplotype 

surrounding the C9orf72 RE in families with discordant RE genotyping and to confirm 

relatedness. Plink v1.9 (Purcell et al. 2007) was used to perform data QC separately for each 

dataset (table 5.4, table 5.5).  

 

To verify relationships between family members, IBD matrices were calculated by first 

filtering to common SNPs (MAF >0.35), removing SNPs that were absent in more than 5% 
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of samples and removing SNPs that were significantly out of HWE in controls. SNPs sharing 

linkage were pruned by removing SNPs within a 50bp range with an R2  exceeding 0.2.  

 

To assess the haplotypes surrounding the C9orf72 locus, each dataset was phased with 

Beagle v4.1 (Browning and Browning 2007) using 1,000 Genomes Project Phase 3  (1000 

Genomes Project Consortium et al. 2015) reference data. 

 

 
 

 

 

 

 

Statistical analysis and plotting 

Unless otherwise stated statistical analysis was conducted in R v3.6.1 (Team 2014).  

 

Identifier Platform Source 

GWA1 Illumina HumanHap550v3.0 McLaughlin et al. 2015 a

GWA2 Illumina Human610-Quadv1.0 McLaughlin et al.  2015 b

GWA3 HumanOmniExpressExome-8v1 van Rheenen et al.  2016

GWA4 Illumina GSA van Rheenen et al.  2021

LP Illumina Infinium HumanOmni2.5-8 SNP array v1.2 Project MinE ALS Sequencing Consortium 2018

Table 5.3: Source for SNP datasets

Step Name Description

QC1 Sample Missingness Remove individuals with SNP missingness greater than three SDs from the mean

QC2 Sample Heterozygosity Remove Individuals with heterozygoisity greater than three SDs from the mean

QC3 Duplicate Individuals Remove individuals with greater than 85% IBD to another individual

QC4 SNP Missingness Remove SNPs absent in more than 3% of samples

QC5 SNP AF Remove SNPs with a MAF below 0.01

QC6 SNP Hardy-Weinberg Remove SNPs with HWE below 1e-6 in controls

QC7 Duplicate SNPs Remove duplicate SNPs

Table 5.4: SNP QC filters

Cases Controls SNPs Cases Controls SNPs Cases Controls SNPs Cases Controls SNPs Cases Controls SNPs

Prefilter 221 216 521396 131 139 501516 323 3 629862 311 357 500399 269 136 1954769

QC1 216 214 521396 128 138 501516 321 3 629862 310 356 500399 269 133 1954769

QC2 215 211 521396 128 137 501516 321 3 629862 310 356 500399 265 133 1954769

QC3 215 211 521396 126 135 501516 315 3 629862 310 356 500399 265 133 1954769

QC4 215 211 521396 126 135 498841 315 3 625186 310 356 498347 265 133 1912362

QC5 215 211 512606 126 135 490935 315 3 609411 310 356 454551 265 133 1312555

QC6 215 211 512587 126 135 490883 315 3 609411 310 356 454551 265 133 1312540

QC7 215 211 512587 126 135 490883 315 3 609411 310 356 437524 265 133 1307016

Table 5.5: SNP dataset filtering 

LPGWA4GWA3GWA2GWA1

Table 5.3: Source for SNP datasets 

Table 5.4: SNP QC filters 

Table 5.5: SNP dataset filtering 
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Results 

FTD 

51 FTD patients underwent targeted DNA sequencing. Patients had a mean AOO of 64.8 

(SD 8.25). 13 patients have subsequently developed ALS and the remainder are diagnosed 

with a variety of FTD subphenotypes (table 5.6).  

 

 
Samples were sequenced to an average target DOC of 45.85 (SD 31.41). 302 SNPs and 39 

INDELs were initially observed in FTD patients and controls. After applying the novel 

variant filtration pipeline developed in Chapter 4, this was reduced to 25 putatively 

pathogenic variants (table 5.7, table 5.8). 10 of these variants have been previously reported 

in the literature with all classified as VUS. 

 

 

 
A single bvFTD patient and two FTD-MND patients were found to harbour the C9orf72 RE, 

resulting in a frequency of 5.9% (95% CI 2.0-15.9%) in the entire cohort and 2.6% (95% CI: 

0.5-13.5%) in “pure” FTD.  

Subphenotype Count

FTD-CBS 3

FTD-MND 15

FTD-PSP 3

PNFA 11

PNFA-CBS 1

SD 2

bvFTD 16

Total 51

Table 5.6: Phenotypes of FTD patients

Filter Description SNVs Remaining INDELs Remaining
Initial variants 302 39

Variants calling QC 285 31

Present in cases 191 21

Absent in controls * 58 4

Benign in journALS 47 4

Functional filter 26 2

gnomAD filter 26 2

ProjectMinE filter 23 2

Putative pathogenic variants 23 2

Table 5.7: Variant filtering in FTD samples

* If homozygous in any case then not homozygous in any control, 

else if heterozygous in all cases then absent in all controls

Table 5.6: Phenotypes of FTD patients 

Table 5.7: Variant filtering in FTD samples 
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Identifier HGVS Transcript Impact

Carrier 
Subphenotype

PM 
Case AF

PM 
Control AF

In 
Literature gnomAD AF

in silico 
Prediction

Case 
count

2:202575717:T:C ALS2 :c.4119A>G(p.[I1373M]) ENST00000264276 missense_variant PNFA,FTD-PSP 5.5e-3 5.5e-3 No 2.6e-3 NA 2

12:112037104:G:A ATXN2 :c.215C>T(p.[S72F]) ENST00000377617 missense_variant FTD-MND 2.8e-3 1.9e-3 No 1.2e-4 P 1

12:112037095:T:C ATXN2 :c.224A>G(p.[D75G]) ENST00000377617 missense_variant FTD-MND 1.1e-4 0 No 5.4e-5 B 1

21:45750089:C:T C21orf2 :c.1120G>A(p.[A374T]) ENST00000397956 missense_variant FTD-MND 2.6e-3 8.2e-4 No 5.1e-4 B 1

21:45753117:C:A C21orf2 :c.172G>T(p.[V58L]) ENST00000397956 missense_variant PNFA 2.1e-2 1.2e-2 Yes 7.9e-3 NA 1

21:45750608:A:C C21orf2 :c.737T>G(p.[V246G]) ENST00000397956 missense_variant bvFTD 1.1e-4 5.5e-4 No 1.7e-4 B 1

2:74593663:G:C DCTN1 :c.2551C>G(p.[L851V]) ENST00000361874 missense_variant bvFTD 3.4e-4 0 No 1.0e-4 NA 1

2:74597797:G:C DCTN1 :c.999C>G(p.[D333E]) ENST00000361874 missense_variant bvFTD NA NA No 3.3e-4 B 1

6:110037748:C:T FIG4 :c.266C>T(p.[A89V]) ENST00000230124 missense_variant FTD-PSP 1.1e-4 0 No 2.2e-5 NA 1

5:138661006:G:C MATR3 :c.2170G>C(p.[E724Q]) ENST00000394800 missense_variant PNFA NA NA No 2.2e-5 P 1

22:29876522:G:C NEFH :c.271G>C(p.[V91L]) ENST00000310624 missense_variant PNFA NA NA No NA B 1

10:13168035:AAG:A OPTN :c.1241_1242delAG(p.[E414fs]) ENST00000263036 frameshift_variant FTD-PSP 1.1e-4 0 No 4.4e-6 NA 1

10:13166053:A:T OPTN :c.941A>T(p.[Q314L]) ENST00000263036 missense_variant bvFTD 1.1e-4 0 Yes 1.5e-4 P 1

9:135206522:T:G SETX :c.1015A>C(p.[K339Q]) ENST00000372169 missense_variant FTD-CBS NA NA No 2.4e-5 NA 1

9:135202325:A:C SETX :c.4660T>G(p.[C1554G]) ENST00000372169 missense_variant bvFTD 3.2e-3 2.2e-3 Yes 5.7e-3 NA 1

9:34635679:G:A SIGMAR1 :c.622C>T(p.[R208W]) ENST00000277010 missense_variant bvFTD 2.1e-3 1.4e-3 Yes 8.1e-3 NA 1

2:32289031:C:T SPAST :c.131C>T(p.[S44L]) ENST00000315285 missense_variant PNFA 1.2e-3 9.6e-3 Yes 4.3e-3 P 1

15:44856827:G:A SPG11 :c.7069C>T(p.[L2357F]) ENST00000261866 missense_variant bvFTD 1.8e-3 1.6e-3 No 1.2e-3 NA 1

15:44944406:G:C SPG11 :c.928C>G(p.[P310A]) ENST00000261866 missense_variant bvFTD NA NA No 4.7e-5 NA 1

5:179263447:C:T SQSTM1 :c.1177C>T(p.[R393W]) ENST00000389805 missense_variant FTD-MND NA NA No 5.7e-5 P 1

5:179250905:G:A SQSTM1 :c.349G>A(p.[A117T]) ENST00000389805 missense_variant bvFTD NA NA No NA B 1

17:34171623:

TAGAAGTGGGGGCGGCTATGGTGGAGAC:T

TAF15 :c.1332_1358del

CGGCTATGGTGGAGACAGAAGTGGGGG(p.[G445_G453del]) ENST00000588240 disruptive_inframe_deletion FTD-MND NA NA No 2.9e-4 NA 1

1:11082347:G:A TARDBP :c.881G>A(p.[G294E]) ENST00000240185 missense_variant bvFTD NA NA No 8.5e-6 P 1

12:64854098:A:G TBK1 :c.217A>G(p.[I73V]) ENST00000331710 missense_variant FTD-MND 1.1e-4 0 Yes 4.4e-5 B 1

19:17768944:G:A UNC13A :c.958C>T(p.[P320S]) ENST00000428389 missense_variant bvFTD 1.1e-4 0 No 4.4e-6 B 1

Table 5.8: Variants observed in FTD patients

All observed variants were heterozygous 

Variants reported here are those that are retained after filtering

Table 5.8: Variants observed in FTD patients 
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In addition to the C9orf72 RE, 13 VUS are observed in genes identified in the journALS 

study of Chapter 2 to harbour pathogenic or likely pathogenic ALS or FTD variants. There 

is little reason to suspect the pathogenicity of the observed heterozygous missense variants 

in ALS2, DCTN1, MATR3, SETX or SIGMAR1. Disruptive homozygous variants in ALS2 are 

associated with early-onset ALS and there is little evidence supporting the role of 

heterozygous missense variants in this gene. DCTN1, MATR3 and SETX have previously 

only been linked to ALS rather than FTD and rare missense variants are frequently observed 

in these genes. A homozygous SIGMAR1 variant is associated with ALS in journALS, but 

there is little evidence supporting the role of heterozygous variants such as identified here.  

 

A missense and frameshift variant are observed in OPTN. While frameshift OPTN variants 

have only been linked to ALS in homozygosity, certain heterozygous missense variants have 

previously been shown to cause ALS. OPTN:c.941A>T(p.[Q314L]), observed here, is a 

VUS that has previously been observed in 12 cases of ALS and never previously in FTD. It 

is a rare variant that is absent in Project MinE controls; however, it is at a similar frequency 

in Project MinE cases and in the gnomAD non-neuro subset. Its pathogenicity is uncertain. 

 

An observed TBK1 missense variant (TBK1:c.217A>G(p.[I73V])) has previously been 

reported in two FTD patients (van der Zee et al. 2017); however only disruptive TBK1 

variants have definitively been shown to be pathogenic and the potential role of missense 

variants remains uncertain. 

 

TARDBP:c.881G>A(p.[G294E]) is observed here in a single FTD patient. This variant has 

not previously been reported in the ALS and FTD literature, is absent in Project MinE and 

rare in gnomAD. While this variant lacks sufficient evidence to be classified as pathogenic, 

there is evidence supporting its pathogenicity. It is in the C-terminal domain of TARDBP, 

where pathogenic variants aggregate. Also, there are two previously reported changes of the 

same amino acid in patients with both ALS and FTD in the journALS database. 

TARDBP:c.881G>C(p.[G294A]) is reported in 3 patients and 

TARDBP:c.881G>T(p.[G294V]) is reported 15 times.   

 

Comparing the frequency of FTD variants in Ireland to other European and global cohorts 

(figure 5.2), it is notable that Irish FTD patients do not have any MAPT or GRN variants. 

Globally these genes account for 2-4% of patients if considering strictly pathogenic and 

likely pathogenic variants and almost 20% of patients when VUS variants are included. 
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Figure 5.2: Proportion of FTD cases carrying genetic variants 

The upper panel displays the proportion of FTD cases in Ireland, Europe and globally that carry a pathogenic or likely pathogenic variant. The lower panel shows the proportion 
of patients who carry a variant that is not benign or likely benign in the same set of genes. European and global proportions are calculated based on an estimated familial 
proportion of 40%. The displayed percentages are calculated for cases of pure FTD and exclude individuals and studies of FTD-ALS. 
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PLS 

WES and C9orf72 RE genotyping were performed for 44 PLS patients. Detailed phenotype 

information was available for 43 patients (table 5.9). Notably, while no patients were related, 

9.8% of patients had a positive family history for MND, further calling into question the 

notion that PLS is a ‘sporadic’ disorder.  

 

 
All PLS patients were found to be negative for the C9orf72 RE. Combining the current 

research with previous PLS C9orf72 studies (table 5.2), a revised PLS C9orf72 carrier 

frequency of 1.8% (95% CI: 0.8-4.1%) is observed, with the repeat expansion present in 5 

out of 280 patients. 

 

SKAT analysis was performed to identify if PLS patients carry an excess of rare SNVs and 

INDELs in genes previously linked to HSP. A single SKAT test was performed treating all 

exons of 70 genes linked to HSP as a single unit. 437 functional variants with allele 

frequency below 5% were observed in cases and controls and 323 of these passed sequencing 

filters. No significant excess of variants was observed in PLS patients (p=0.38). 

 

To examine whether pathogenic variants in ALS, FTD or HSP associated genes contribute 

to PLS pathogenesis in Ireland, these genes were screened through a novel pipeline which 

has been developed to prioritise putatively pathogenic variants. 3,225 variants were observed 

in cases and controls (table 5.10). After filtering variants which fail sequencing filters, were 

present in controls, non-functional, benign in journALS or at a higher frequency in Project 

MinE cases than controls, 45 SNVs and 4 INDELs remained (table 5.11). Following an 

interrogation of HGMD and ClinVar, 7 variants were identified as being previously reported 

in the literature.  

 

 

Age of Onset (years) 52.1 (95% CI: 49.3-54.9)
Alive 91.70%

Disease duration (months) 186 (95% CI: 161-212)
Sex (male) 53.7% (95% CI: 38.7-67.9%)

Site of Onset (Spinal/Bulbar/Other) 83.7% / 16.7% / 2.4%
Family History (familial) 9.8% (95% CI: 3.9-22.5%)

Concomittant FTD 0% (95% CI: 0-8.6%)

Table 5.9: Summary of PLS patients included in this study

Note: disease duration is for patient who are currently alive. For decesead 
patients the time to death was 100.7 months (95% CI: 90-131.4)

Table 5.9: Summary of PLS patient cohort 
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Previously reported variants in PLS patients 

AP4E1:c.613C>A(p.[H205N]) is identified here in 2 PLS patients. A North American 

individual affected with a persistent stutter was previously identified to carry this variant but 

lacked further phenotypic or familial information (Raza et al. 2015). In silico prediction tools 

form a consensus agreement that this variant is likely to affect protein function. There is 

insufficient evidence to classify this variant as either pathogenic or benign; however the 

frequency of the variant in gnomAD (discussed below), is suggestive of a benign variant. 

 

WES sequencing previously identified MARS1:c.403T>C(p.[F135L]) in a patient with a 

fatal case of H1N1 influenza; however, there was little other evidence supporting the 

pathogenicity of the variant in that instance (Schulert et al. 2016).  

 

A heterozygous PNPLA6:c.2389G>A(p.[V797M]) was previously reported in a compound 

heterozygote HSP patient who also carried a second heterozygous PNPLA6 variant 

(c.3585C>G[D1195Q]) (D’Amore et al. 2018). The PLS patient here did not carry any 

further PNPLA6 variants. In silico tools form a consensus prediction that this is likely to be 

a benign variant that will not significantly effect protein structure or function. There is 

insufficient evidence to ascertain the pathogenic effect of this variant in heterozygosity. 

 

PSEN2:c.811C>T(p.[L271F]) has been previously reported as a possible risk factor in 

patients with AZD. Blauwendraat et al. (2016) and Sala Frigerio et al. (2015) each identified 

the variant in a single sporadic AZD patient with no further supporting evidence for either 

patient. The PLS patient in this study experienced PLS onset at age 56  and had no reported 

dementia by age 69. The pathogenicity of this variant is uncertain.

Filter Description SNVs Remaining INDELs Remaining
Initial variants 2731 494

Variants calling QC 2610 470

Present in cases 2068 420

Absent in controls * 249 39

Benign in journALS 223 35

Functional filter 50 4

gnomAD filter 49 4

ProjectMinE filter 45 4

Putative pathogenic variants 45 4

Table 5.10: Variant filtering in PLS samples

* If homozygous in any case then not homozygous in any control, else if 

heterozygous in all cases then absent in all controls

Table 5.10: Variant filtering in PLS samples 
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Identifier HGVS Transcript Impact
PM 
Case AF

PM 
Control AF

In 
Literature gnomAD AF

in silico 
Prediction

Case 
count

1:110168011:G:A AMPD2 :c.340G>A(p.[D114N]) ENST00000256578 missense NA NA N 8.0e-6 NA 1

15:51221276:C:A AP4E1 :c.613C>A(p.[H205N]) ENST00000261842 missense 1.0e-3 2.7e-4 Y 3.6e-4 P 2

14:31553964:G:GT AP4S1 :c.367-3dupT ENST00000216366 splice acceptor 9.2e-4 8.2e-4 N 1.3e-3 NA 2

7:4830747:G:A AP5Z1 :c.2155G>A(p.[A719T]) ENST00000348624 missense NA NA N 1.4e-5 NA 1

1:1455523:A:T ATAD3A :c.661A>T(p.[T221S]) ENST00000378755 missense NA NA N NA P 1

9:95481748:A:T BICD2 :c.1179T>A(p.[N393K]) ENST00000356884 missense 8.0e-4 5.5e-4 N 7.3e-4 P 1

21:45751726:G:A C21orf2 :c.545C>T(p.[T182I]) ENST00000397956 missense 1.1e-3 5.5e-4 N 3.5e-4 B 1

19:50212047:A:AC CPT1C :c.1521dupC(p.[T508fs]) ENST00000323446 frameshift NA NA N NA NA 1

4:108866485:T:C CYP2U1 :c.850T>C(p.[F284L]) ENST00000332884 missense 1.0e-3 5.5e-4 N 1.8e-3 NA 1

4:108868556:G:T CYP2U1 :c.1151G>T(p.[R384I]) ENST00000332884 missense 4.8e-3 3.6e-3 N 2.5e-3 P 1

12:109294181:T:C DAO:c.914T>C(p.[V305A]) ENST00000228476 missense NA NA N 1.2e-5 P 1

8:27957364:G:A ELP3 :c.139G>A(p.[A47T]) ENST00000256398 missense NA NA N 7.6e-5 NA 2

10:101911898:C:T ERLIN1 :c.1037G>A(p.[S346N]) ENST00000407654 missense NA NA N 6.0e-5 B 1

8:37602227:C:T ERLIN2 :c.437C>T(p.[S146F]) ENST00000523887 missense 1.2e-4 0 N NA B 1

6:5613405:C:T FARS2 :c.1069C>T(p.[L357F]) ENST00000274680 missense 1.2e-4 0 N 8.4e-5 B 1

11:63883777:C:G FLRT1 :c.38C>G(p.[T13R]) ENST00000246841 missense 1.8e-3 1.4e-3 N 8.8e-4 NA 1

11:63885451:G:T FLRT1 :c.1712G>T(p.[G571V]) ENST00000246841 missense 1.0e-3 5.5e-4 N 6.4e-4 NA 1

11:63885582:C:T FLRT1 :c.1843C>T(p.[R615C]) ENST00000246841 missense 1.1e-3 8.2e-4 N 1.3e-3 P 1

9:35737341:C:T GBA2 :c.2627G>A(p.[R876Q]) ENST00000545786 missense NA NA N 2.6e-4 B 1

9:35740222:C:T GBA2 :c.1285G>A(p.[G429S]) ENST00000545786 missense NA NA N 3.4e-3 NA 1

1:228353776:G:A IBA57 :c.259G>A(p.[G87R]) ENST00000366711 missense NA NA N 1.6e-5 B 1

2:163144694:T:C IFIH1 :c.1046A>G(p.[K349R]) ENST00000263642 missense 1.7e-3 1.4e-3 N 3.1e-3 NA 1

2:163174589:G:A IFIH1 :c.229C>T(p.[R77W]) ENST00000263642 missense 1.0e-3 5.5e-4 N 7.0e-4 B 1

2:241689933:G:C KIF1A :c.2890C>G(p.[P964A]) ENST00000498729 missense NA NA N NA P 1

12:57975670:C:T KIF5A :c.2927C>T(p.[T976I]) ENST00000455537 missense NA NA N 2.7e-4 B 1

1:235827874:C:T LYST :c.11086G>A(p.[V3696I]) ENST00000389793 missense 5.7e-4 2.7e-4 N 6.1e-4 B 1

12:57883330:T:C MARS1 :c.403T>C(p.[F135L]) ENST00000262027 missense NA NA Y 1.2e-5 P 1

12:57884160:G:A MARS1 :c.661G>A(p.[E221K]) ENST00000262027 missense 3.4e-4 0 N 1.3e-4 P 1

5:138653337:G:A MATR3 :c.1235G>A(p.[R412K]) ENST00000394800 missense NA NA N NA P 1

2:197710636:T:C PGAP1 :c.2256A>G(p.[I752M]) ENST00000354764 missense 1.2e-4 0 N 2.0e-5 B 1

19:7600891:A:G PNPLA6 :c.244A>G(p.[R82G]) ENST00000414982 missense 1.2e-4 0 N 7.0e-5 NA 1

19:7606451:C:T PNPLA6 :c.1076C>T(p.[T359I]) ENST00000414982 missense 1.2e-4 0 N 6.8e-5 NA 1

19:7618859:G:A PNPLA6 :c.2389G>A(p.[V797M]) ENST00000414982 missense 2.7e-3 2.7e-4 Y 1.8e-3 B 1

19:7626428:G:A PNPLA6 :c.4108G>A(p.[G1370S]) ENST00000414982 missense 9.3e-3 6.3e-3 N 5.1e-3 NA 1

19:7623736:C:T PNPLA6 :c.3428C>T(p.[A1143V]) ENST00000414982 missense NA NA N 8.3e-6 P 1

1:227076675:C:T PSEN2 :c.811C>T(p.[L271F]) ENST00000366782 missense 1.2e-4 0 N 1.6e-5 P 1

2:86444181:G:A REEP1 :c.413C>T(p.[S138L]) ENST00000541910 missense NA NA N 2.5e-5 P 1

9:135204703:G:C SETX :c.2282C>G(p.[S761W]) ENST00000372169 missense NA NA N 8.0e-6 NA 1

17:26726628:G:A SLC46A1 :c.307C>T(p.[H103Y]) ENST00000582735 missense NA NA N 8.1e-6 NA 1

2:32370064:G:A SPAST :c.1675G>A(p.[G559S]) ENST00000315285 missense NA NA N 4.0e-6 P 1

16:89616965:C:G SPG7 :c.1727C>G(p.[S576W]) ENST00000268704 missense NA NA Y 8.0e-6 P 1

5:179249949:ACAAT:A SQSTM1 :c.268_271delAATC(p.[N90fs]) ENST00000504627 frameshift 1.2e-4 0 N 2.8e-5 NA 1

Table 5.11: Putative variants in PLS patients (1/2)
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Identifier HGVS Transcript Impact
PM 
Case AF

PM 
Control AF

In 
Literature gnomAD AF

in silico 
Prediction

Case 
count

17:34171623:

TAGAAGTGGGGGCGGCTATGGTGGAGAC:T

TAF15 :c.1332_1358del

CGGCTATGGTGGAGACAGAAGTGGGGG(p.[G445_G453del])

ENST00000588240 disruptive inframe 

deletion

NA NA N 2.7e-4 NA 1

15:50774096:A:G USP8 :c.1637A>G(p.[K546R]) ENST00000307179 missense NA NA N 1.4e-5 B 1
1:101198111:C:G VCAM1 :c.1663C>G(p.[L555V]) ENST00000294728 missense 3.8e-3 8.2e-4 Y 1.5e-3 B 2
8:17125873:G:T VPS37A :c.307G>T(p.[V103L]) ENST00000324849 missense NA NA N NA B 1
3:39108050:T:G WDR48 :c.280T>G(p.[S94A]) ENST00000302313 missense 4.0e-3 3.3e-3 Y 3.0e-3 P 1
14:68250088:C:T ZFYVE26 :c.3781G>A(p.[A1261T]) ENST00000347230 missense NA NA N 1.6e-5 B 1
14:68272021:C:A ZFYVE26 :c.1184G>T(p.[G395V]) ENST00000347230 missense 3.4e-3 2.7e-4 N 3.4e-3 B 2

Table 5.11: Putative variants in PLS patients (2/2)

Table 5.11: Putative variants in PLS patients 
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SPG7:c.1727C>G(p.[S576W]) is observed here in a single PLS patient. A patient with a 

family history of autosomal recessive HSP was previously reported to be a compound 

heterozygote, carrying both S576W and SPG7:c.1529C>T(p.[A510V]) (Kumar et al. 2013; 

Wali et al. 2020).  Compound heterozygosity, particularly with the A510V variant is an 

established method of pathogenicity in SPG7 (Kumar et al. 2013). There is insufficient 

evidence to ascertain the pathogenic effect of this variant in heterozygosity. 

 

VCAM1:c.1663C>G(p.[L555V]) has previously been reported in an Irish patient with 

atherosclerosis (Parra et al. 1992; Schmitz et al. 2013). No other familial or phenotypic 

information is available for the patient and it remains classified as VUS.  

 

WDR48:c.280T>G(p.[S94A]) was previously observed in a HSP patient with an autosomal 

recessive family history; however, segregation of the variant with disease could not be 

confirmed (Morais et al. 2017).  

 

In summary, seven previously reported variants are observed in heterozygosity in this PLS 

cohort. No variants are definitively shown to be pathogenic variants associated with ALS, 

FTD or HSP; however there are three variants of interest.  

PNPLA6:c.2389G>A(p.[V797M]), SPG7:c.1727C>G(p.[S576W]) and 

WDR48:c.280T>G(p.[S94A]) have all previously been observed in either compound 

heterozygosity or homozygosity in HSP patients. Although none of these variants have been 

confirmed to segregate with disease, all match the expected pattern of inheritance for their 

respective genes. The effect of these variants in heterozygosity remains uncertain; however, 

they are variants of interest. 

Variants observed in multiple PLS patients 

Of the 49 putatively pathogenic variants observed in our cohort, 5 are observed in two 

patients. The 5 variants all have the maximum genotype quality score (99) and pairs of 

carriers show relatedness that is in line with the background rate in the population (2% (95% 

CI: 0-4.2%)). None of the ten individuals have a reported familial history for MND. 

 

AP4E1:c.613C>A(p.[H205N]) is observed in two PLS patients and has been discussed 

previously as a variant that is present in the literature. This variant is present in 0.04% of 

individuals in the gnomAD non-neuro subset and this rises to 0.07%  in individuals of 

European descent. There is no available estimate for the lifetime risk of developing PLS; 
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however, applying equation 2.1, where P(A) is the frequency of the allele in the general 

population (0.0007), P(A|D) is the frequency of the allele in patients (0.045) and P(D|A) is 

the assumed penetrance of the variant (1); this results in an estimated lifetime risk for PLS 

of 1/64 (95% CI: 1/18-1/216). This far exceeds reasonable estimates for the lifetime risk for 

this rare condition. The lifetime risk of ALS is approximately 1/400  (McGuire et al. 1996; 

Traynor et al. 1999; E. Beghi et al. 2007; Vázquez et al. 2008; Ryan, Heverin, et al. 2019). 

As ALS is both more common than PLS and is associated with a higher mortality rate, it 

should be expected to have a higher lifetime risk. It is possible that this variant is at a higher 

frequency in the Irish population than the 0.07% observed in gnomAD, but not at a high 

enough frequency to appear in our control cohort of 136 individuals. 

 

ELP3:c.139G>A(p.[A47T]) is present in 2 PLS patients. This variant is not observed in 

Project MinE and has an AF of 7.6x10-5 in gnomAD, with all carriers being of European 

descent. Applying the same criteria as above this provides a PLS lifetime risk estimate of 

1/599 (95% CI: 1/165-1/1991). In silico tools do not form a consensus as to the pathogenicity 

of this variant. While it is possible this variant is at a higher population in Ireland than 

elsewhere in Europe, it cannot be excluded as a variant of interest that may be associated 

with PLS pathogenesis.  

 

AP4S1:c.367-3dupT , VCAM1:c.1663C>G(p.[L555V]) and 

ZFYVE26:c.1184G>T(p.[G395V]) are each present in 2 PLS patients. All are at similar 

frequencies in Project MinE cases and controls and are present in more than 0.1% of 

individuals in gnomAD, which is too high a frequency for these to be highly penetrant 

pathogenic PLS variants. In silico tools predict all three variants to be benign. These variants 

are likely to represent benign variants that are possibly at higher frequency in the Irish 

population than elsewhere in the world. 

 

In summary, for the 5 variants which are observed in more than one PLS patient, 4 variants 

appear at too high a frequency in population datasets to be pathogenic variants and the final 

variant is a variant of uncertain significance that cannot be excluded as a variant of interest. 

However, even for the four variants that are unlikely to be pathogenic, it is still beneficial to 

catalogue the observation of these variants. As more PLS cohorts are studied in future years 

and the underlying genetics are further elucidated, it may transpire that these variants are 

modifiers of disease.  
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Other PLS variant of interest 

SPAST:c.1675G>A(p.[G559S]) is observed in a single PLS patient. It is rare in gnomAD 

(AF: 4.0x10-6) and is predicted to be pathogenic by in silico tools, reflecting the conserved 

nature of this amino acid residue. This variant has not previously been reported in the 

literature; however, two variants at the same amino acid have previously been observed in 

three HSP families.  

 

Nanetti et al. (2012)  reported two related HSP patients with autosomal dominant inheritance 

and onset in their 40s and 50s who both carry a SPAST:c.1675G>C(p.[G559R]) variant, both 

patients had lower limb stiffness with no upper limb stiffness. Hentati et al. (2000) reported 

a pedigree with age of onset between 38 and 42 carrying SPAST:c.1676G>A(p.[G559D]). 

The patients are described as pure HSP and no reference to upper limb symptoms is noted. 

The segregation of the variant in the pedigree is not described. McCorquodale et al. (2011) 

report another heterozygous c.1676G>A(p.[G559D]) variant in a second family with 

unspecified segregation. The family is again described as pure HSP with no reference to 

upper limb symptoms, with mean age of onset of 40.   

 

The PLS patient in this study had lower limb onset at age 62 and survived for 72 months, 

which indicates fast decline for a PLS patient. The patient was measured on the ALS 

functional rating scale (ALS-FRS) in four clinic visits up to 46 months from symptom onset. 

Over this period the patient did not exhibit bulbar symptoms but did show a decline in upper 

limb fine motor skills. Evidence indicates that missense changes in this amino acid are 

associated with UMN pathogenesis, although due to the clinical overlap between adult onset 

PLS and HSP it is unclear whether the patient reported here had a different aetiology to 

previously reported HSP patients with variants in the same amino acid.  

Repeat expansions in PLS  

12 exonic STR loci are genotyped in 44 PLS patients and 136 controls using 

ExpansionHunter v3 (figure 5.3). No significantly enriched expansions are observed.
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Figure 5.3: STR genotyping in PLS patients 

12 exonic STR loci were genotyped in PLS patients using ExpansionHunter v3. No significant expansions are observed. 
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ALS 

Including DNA sequencing and C9orf72 RE genotyping, 1,549 ALS patients are included 

in this study. The phenotypes of these patients are summarised in table 5.12.  

 

 
Of the 1,526 patients tested for the C9orf72 RE, 9.7% were found to be carriers of the 

expansion. 36% of patients with a positive family history for ALS are carriers.  The DNA of 

676 Irish ALS patients are screened here for other causative ALS variants. 120 of the initially 

observed 1,721 variants present in the combined dataset remain following the variant 

filtration process (table 5.13, table 5.14). 37 of these 120 variants are present in the literature.  

Individual variants will not be discussed in depth here as Irish ALS genetics have been 

described previously (Kenna, McLaughlin, Byrne, et al. 2013; McLaughlin, Kenna, Vajda, 

Heverin, et al. 2015; Byrne et al. 2012); however, similar to FTD, it is of note that the profile 

of ALS genetics in Ireland is distinct from the rest of the Europe by its absences (figure 5.4). 

With the exception of a single patient carrying SOD1:c.317C>T(p.[S106L]), no SOD1 

variants are observed in Ireland. Similarly a very low rate of FUS, TARDBP and TBK1 

variation relative to the rest of Europe are observed. 

 
 

Irish ALS Register Sequencing C9orf72 Testing
Age of Onset (years) 63 (95%CI: 63-64) 62 (95% CI: 61-62) 62 (95% CI: 61-62)

Disease duration (months) 38 (95% CI: 37-40) 44 (95% CI: 41-48) 40 (95% CI: 38-42)
Sex (male) 57% (95% CI: 56-59) 59% (95% CI: 55-63) 60% (95% CI: 57-62)

Site of Onset (Spinal/Bulbar/Other) 69% / 33% / 8% 65% / 30% / 15% 65% / 28% /17%
Family History (familial) 11% (95% CI: 10-13) 16% (95% CI: 13-19) 15% (95% CI: 13-17)

Concomittant FTD 6% (95% CI: 5-6) 7% (95% CI: 6-10) 7% (95% CI: 6-8)

Table 5.12: Summary of Irish ALS patients included in this study

"Sequencing" indicates the phenotypes of patients for whom targeted or whole genome DNA sequencing was 

available.

"C9orf7 2 testing" indicates the phenotypes of patients for whom C9orf72 RE genotyping was available.

This overall phenotypes for the Irish ALS register are for comparitive purposes

Filter Description SNVs Remaining INDELs Remaining

Initial variants 1481 240

Variants calling QC 1189 219

Present in cases 1052 189

Absent in controls * 472 67

Benign in journALS 414 66

Functional filter 109 18

gnomAD filter 109 18

ProjectMinE filter 102 18

Putative pathogenic variants 102 18

Table 5.13: Variant filtering in ALS samples

Table 5.12: Summary of Irish ALS patients included in this study 

Table 5.13: Variant filtering in ALS samples 
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Identifier HGVS Transcript Impact
PM 
Case AF

PM 
Control AF ACMG

In 
Literature

gnomAD 
AF

in silico 
Pred

Het
Patients

Hom
Patients

Het
Controls

Hom
Controls

2:202622313:G:T ALS2:c.1283C>A(p.[T428N]) ENST00000264276 missense_variant 2.3e-4 0 VUS No 3.0e-5 B 2 0 0 0
2:202603402:T:C ALS2:c.2408A>G(p.[K803R]) ENST00000264276 missense_variant NA NA VUS Yes 1.2e-5 NA 1 0 0 0
2:202598013:T:C ALS2:c.2566A>G(p.[T856A]) ENST00000264276 missense_variant NA NA VUS Yes 1.0e-5 B 1 0 0 0
2:202589070:G:T ALS2:c.3460C>A(p.[Q1154K]) ENST00000264276 missense_variant 1.1e-4 0 VUS No NA NA 1 0 0 0
2:202575717:T:C ALS2:c.4119A>G(p.[I1373M]) ENST00000264276 missense_variant 5.5e-3 5.5e-3 VUS Yes 2.6e-3 NA 5 0 0 0
2:202572650:C:T ALS2:c.4345G>A(p.[E1449K]) ENST00000264276 missense_variant 1.1e-4 0 VUS No 1.7e-5 B 1 0 0 0
2:202626232:G:C ALS2:c.485C>G(p.[T162S]) ENST00000264276 missense_variant 1.1e-4 0 VUS No NA P 1 0 0 0
12:112037107:G:A ATXN2:c.212C>T(p.[P71L]) ENST00000377617 missense_variant 9.2e-4 8.2e-4 VUS Yes 7.3e-5 NA 3 0 0 0
12:112037104:G:A ATXN2:c.215C>T(p.[S72F]) ENST00000377617 missense_variant 2.8e3 1.9e-3 VUS Yes 1.9e-4 P 3 0 0 0
12:112037095:T:C ATXN2:c.224A>G(p.[D75G]) ENST00000377617 missense_variant 1.1e-4 0 VUS No 5.4e-5 B 1 0 0 0
12:111895043:C:T ATXN2:c.3491G>A(p.[S1164N]) ENST00000377617 missense_variant NA NA NA No 1.5e-6 NA 1 0 0 0
12:112036879:C:G ATXN2:c.440G>C(p.[C147S]) ENST00000377617 missense_variant 1.1e-4 0 VUS No 9.6e-6 NA 1 0 0 0
21:45750127:C:T C21orf2:c.1082G>A(p.[R361Q]) ENST00000397956 missense_variant 1.1e-4 0 VUS No 4.9e-6 B 1 0 0 0
21:45750089:C:T C21orf2:c.1120G>A(p.[A374T]) ENST00000397956 missense_variant 2.6e-3 8.2e-4 VUS No 5.1e-4 B 4 0 0 0
21:45753117:C:A C21orf2:c.172G>T(p.[V58L]) ENST00000397956 missense_variant 2.1e-2 1.2e-2 VUS Yes 7.8e-3 NA 9 0 0 0
21:45753085:G:T C21orf2:c.204C>A(p.[Y68*]) ENST00000397956 stop_gained 2.3e-4 0 VUS No NA NA 1 0 0 0
21:45753071:C:G C21orf2:c.218G>C(p.[R73P]) ENST00000397956 missense_variant 6.9e-4 2.7e-4 VUS No 2.9e-4 NA 1 0 0 0
21:45751772:C:T C21orf2:c.499G>A(p.[A167T]) ENST00000397956 missense_variant 1.1e-4 0 VUS No 5.9e-4 B 1 0 0 0
21:45751726:G:A C21orf2:c.545C>T(p.[T182I]) ENST00000397956 missense_variant 1.1e-3 5.5e-4 VUS No 3.4e-4 B 1 0 0 0
21:45750608:A:C C21orf2:c.737T>G(p.[V246G]) ENST00000397956 missense_variant 1.1e-3 5.5e-4 VUS No 1.7e-4 B 3 0 0 0
3:87302948:A:C CHMP2B:c.618A>C(p.[Q206H]) ENST00000263780 missense_variant NA NA VUS Yes 8.0e-6 P 1 0 0 0
2:74597660:C:T DCTN1:c.1060G>A(p.[A354T]) ENST00000361874 missense_variant NA NA NA No 1.3e-5 P 1 0 0 0
2:74596006:G:C DCTN1:c.1703C>G(p.[A568G]) ENST00000361874 missense_variant 1.1e-4 0 VUS No NA P 1 0 0 0
2:74594037:A:G DCTN1:c.2339T>C(p.[I780T]) ENST00000361874 missense_variant 2.3e-4 0 VUS No 4.8e-5 P 1 0 0 0
2:74590135:G:A DCTN1:c.3515C>T(p.[T1172I]) ENST00000361874 missense_variant 1.1e-4 0 VUS No NA NA 1 0 0 0
8:27957364:G:A ELP3:c.139G>A(p.[A47T]) ENST00000256398 missense_variant NA NA VUS No 7.9e-5 NA 3 0 0 0
8:27957431:G:T ELP3:c.206G>T(p.[R69L]) ENST00000256398 missense_variant NA NA VUS Yes 4.8e-6 NA 1 0 0 0
8:27995228:AC:A ELP3:c.923delC(p.[P308fs]) ENST00000256398 frameshift_variant 2.3e-4 0 VUS No 7.2e-5 NA 1 0 0 0
2:212570063:C:T ERBB4:c.1178G>A(p.[R393Q]) ENST00000342788 missense_variant 1.1e-4 0 VUS No 2.9e-5 B 1 0 0 0
2:212530084:C:T ERBB4:c.1835G>A(p.[R612Q]) ENST00000342788 missense_variant NA NA VUS No 3.9e-5 B 1 0 0 0
2:212251859:C:T ERBB4:c.3200G>A(p.[R1067Q]) ENST00000342788 missense_variant 1.1e-4 0 VUS No 5.9e-5 B 1 0 0 0
10:101914682:C:A ERLIN1:c.760G>T(p.[A254S]) ENST00000407654 missense_variant 1.1e-4 0 VUS No 1.3e-4 P 1 0 0 0
8:37599308:G:A ERLIN2:c.208G>A(p.[E70K]) ENST00000276461 missense_variant 1.1e-4 0 VUS No NA P 1 0 0 0
8:37601893:T:C ERLIN2:c.257T>C(p.[F86S]) ENST00000276461 missense_variant 1.1e-4 0 VUS No NA P 1 0 0 0
6:110081535:C:T FIG4:c.1220C>T(p.[P407L]) ENST00000230124 missense_variant 1.1e-4 0 VUS No 3.1e-5 P 1 0 0 0
6:110085177:C:T FIG4:c.1426C>T(p.[R476C]) ENST00000230124 missense_variant NA NA VUS No 1.4e-5 P 1 0 0 0
6:110107592:G:A FIG4:c.2036G>A(p.[R679Q]) ENST00000230124 missense_variant 1.1e-4 0 VUS No 9.6e-6 B 1 0 0 0
6:110112668:G:C FIG4:c.2270G>C(p.[S757T]) ENST00000230124 missense_variant 1.1e-4 0 VUS No NA B 1 0 0 0
6:110113868:G:A FIG4:c.2459+1G>A ENST00000230124 splice_donor_variant 2.3e-4 0 VUS No 1.5e-5 P 2 0 0 0
6:110117972:G:C FIG4:c.2464G>C(p.[V822L]) ENST00000230124 missense_variant 1.1e-4 0 VUS No NA B 1 0 0 0
6:110062665:G:A FIG4:c.794G>A(p.[R265Q]) ENST00000230124 missense_variant 1.1e-4 0 VUS No 1.4e-5 NA 1 0 0 0
16:31201719:C:T FUS:c.1295C>T(p.[P432L]) ENST00000568685 missense_variant 3.4e-4 0 VUS Yes 1.2e-4 P 1 0 0 0
16:31202740:G:T FUS:c.1565G>T(p.[R522L]) ENST00000568685 missense_variant 2.3e-4 0 P Yes NA P 1 0 0 0
16:31202752:C:T FUS:c.1577C>T(p.[P526L]) ENST00000568685 missense_variant 2.3e-4 0 P Yes 0 P 2 0 0 0
16:31196402:T:TGGC FUS:c.684_686dupCGG(p.[G229dup]) ENST00000568685 disruptive_inframe_insertion 8.0e-4 0 VUS Yes 2.5e-3 NA 2 0 0 0
12:57965910:A:G KIF5A:c.1429A>G(p.[N477D]) ENST00000455537 missense_variant 1.1e-4 0 VUS No NA P 1 0 0 0
12:57975281:A:G KIF5A:c.2839A>G(p.[T947A]) ENST00000455537 missense_variant 1.1e-4 1.1e-3 VUS No 1.0e-3 B 1 0 0 0
12:57975696:G:A KIF5A:c.2953G>A(p.[G985S]) ENST00000455537 missense_variant 2.3e-4 0 VUS No 5.3e-5 B 1 0 0 0
5:126154711:T:C LMNB1:c.1037T>C(p.[M346T]) ENST00000261366 missense_variant NA NA NA No NA P 1 0 0 0
5:126158516:A:G LMNB1:c.1430A>G(p.[D477G]) ENST00000261366 missense_variant NA NA NA No NA P 1 0 0 0

Table 5.14: Variants Observed in Irish ALS Patients  (1/3)
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5:126141379:G:C LMNB1:c.633G>C(p.[M211I]) ENST00000261366 missense_variant NA NA NA No 1.9e-5 B 1 0 0 0
17:44073923:G:A MAPT:c.1720G>A(p.[A574T]) ENST00000344290 missense_variant 1.1e-3 5.5e-4 VUS Yes 1.0e-3 B 2 0 0 0
17:44055794:C:A MAPT:c.361C>A(p.[H121N]) ENST00000344290 missense_variant NA NA NA No NA B 1 0 0 0
17:44060672:C:T MAPT:c.502C>T(p.[R168C]) ENST00000344290 missense_variant 2.3e-4 0 VUS No 6.8e-5 B 1 0 0 0
5:138658499:A:C MATR3:c.1991A>C(p.[E664A]) ENST00000394800 missense_variant 5.7e-4 2.7e-4 VUS Yes 3.0e-3 P 1 0 0 0
5:138651409:A:G MATR3:c.998A>G(p.[N333S]) ENST00000394800 missense_variant 1.1e-4 0 VUS No NA B 1 0 0 0
22:29885458:A:C NEFH:c.1829A>C(p.[E610A]) ENST00000310624 missense_variant NA NA NA No NA B 1 0 0 0
22:29885638:T:A NEFH:c.2009T>A(p.[V670E]) ENST00000310624 missense_variant NA NA NA No 7.4e-3 NA 17 1 7 0
22:29885644:C:A NEFH:c.2015C>A(p.[A672E]) ENST00000310624 missense_variant NA NA NA No 6.2e-3 B 16 1 8 0
4:170482986:A:T NEK1:c.1137T>A(p.[D379E]) ENST00000507142 missense_variant 5.7e-4 0 VUS No 1.4e-4 B 2 0 0 0
4:170482633:T:C NEK1:c.1264A>G(p.[K422E]) ENST00000507142 missense_variant 1.1e-4 0 VUS No NA NA 1 0 0 0
4:170477185:T:C NEK1:c.1328A>G(p.[Y443C]) ENST00000507142 missense_variant 1.1e-4 0 VUS No 9.6e-6 P 1 0 0 0
4:170359294:T:C NEK1:c.2704A>G(p.[S902G]) ENST00000507142 missense_variant 1.1e-4 0 VUS No NA B 1 0 0 0
4:170523753:A:G NEK1:c.29T>C(p.[I10T]) ENST00000507142 missense_variant 1.1e-4 0 VUS No 1.3e-5 P 1 0 0 0
4:170345819:G:C NEK1:c.3107C>G(p.[S1036*]) ENST00000507142 stop_gained 2.5e-3 0 VUS Yes 8.8e-5 P 1 0 0 0
4:170345733:T:C NEK1:c.3193A>G(p.[T1065A]) ENST00000507142 missense_variant 6.9e-4 2.7e-4 VUS No 2.4e-4 NA 2 0 0 0
4:170327847:TA:T NEK1:c.3273delT(p.[M1092fs]) ENST00000507142 frameshift_variant 1.1e-4 0 VUS Yes NA NA 1 0 0 0
4:170315672:T:C NEK1:c.3850A>G(p.[N1284D]) ENST00000507142 missense_variant 2.3e-4 0 VUS No 8.7e-6 P 2 0 0 0
4:170498110:TG:T NEK1:c.988delC(p.[H330fs]) ENST00000507142 frameshift_variant 1.1e-4 0 VUS Yes 9.6e-6 NA 1 0 0 0
10:13167989:C:G OPTN:c.1192C>G(p.[Q398E]) ENST00000263036 missense_variant 1.1e-4 0 VUS Yes 9.6e-6 B 1 0 0 0
10:13178784:C:T OPTN:c.1652C>T(p.[P551L]) ENST00000263036 missense_variant 1.1e-4 0 VUS No 9.6e-6 P 1 0 0 0
1:8030955:C:G PARK7:c.254C>G(p.[S85C]) ENST00000338639 missense_variant NA NA NA No 4.8e-6 P 1 0 0 0
12:49689305:T:C PRPH:c.322T>C(p.[F108L]) ENST00000257860 missense_variant 1.1e-4 0 VUS No 2.0e-5 P 1 0 0 0
12:49689399:G:A PRPH:c.416G>A(p.[R139H]) ENST00000257860 missense_variant 1.1e-4 0 VUS No 4.8e-6 P 1 0 0 0
14:73678599:G:A PSEN1:c.1078G>A(p.[A360T]) ENST00000324501 missense_variant 3.4e-4 0 VUS No 4.0e-5 P 1 0 0 0
14:73637721:T:G PSEN1:c.304T>G(p.[S102A]) ENST00000324501 missense_variant 1.1e-4 0 VUS No NA P 1 0 0 0
1:227073271:C:T PSEN2:c.488C>T(p.[S163L]) ENST00000366782 missense_variant 9.2e-4 5.5e-4 VUS Yes 7.0e-4 P 3 0 0 0
17:26708773:C:T SARM1:c.920C>T(p.[A307V]) ENST00000457710 missense_variant NA NA NA No 5.0e-5 NA 1 0 0 0
9:135205781:G:A SETX:c.1204C>T(p.[R402C]) ENST00000372169 missense_variant 1.1e-4 0 VUS No 9.6e-6 P 1 0 0 0
9:135205694:G:A SETX:c.1291C>T(p.[Q431*]) ENST00000372169 stop_gained 1.1e-4 0 VUS No NA P 1 0 0 0
9:135204431:TATC:T SETX:c.2551_2553delGAT(p.[D851del]) ENST00000372169 conservative_inframe_deletion 1.1e-4 0 VUS No NA NA 1 0 0 0
9:135204143:G:T SETX:c.2842C>A(p.[P948T]) ENST00000372169 missense_variant NA NA VUS Yes 4.7e-5 B 1 0 0 0
9:135203422:G:C SETX:c.3563C>G(p.[T1188S]) ENST00000372169 missense_variant 1.1e-4 0 VUS No NA B 1 0 0 0
9:135202897:C:T SETX:c.4088G>A(p.[R1363Q]) ENST00000372169 missense_variant 1.1e-4 0 VUS No 4.7e-5 B 1 0 0 0
9:135202226:G:A SETX:c.4759C>T(p.[P1587S]) ENST00000372169 missense_variant 1.1e-4 0 VUS No 8.7e-6 B 1 0 0 0
9:135173661:T:C SETX:c.5587A>G(p.[T1863A]) ENST00000372169 missense_variant NA NA VUS Yes 4.9e-6 P 1 0 0 0
9:135172294:G:A SETX:c.5929C>T(p.[L1977F]) ENST00000372169 missense_variant 1.1e-4 0 VUS No 5.6e-6 P 1 0 0 0
9:135140316:A:C SETX:c.7431T>G(p.[I2477M]) ENST00000372169 missense_variant 1.1e-4 0 VUS No NA NA 1 0 0 0
9:135140221:G:A SETX:c.7526C>T(p.[A2509V]) ENST00000372169 missense_variant 3.4e-4 0 VUS No 1.2e-4 B 1 0 0 0
9:135210019:G:C SETX:c.814C>G(p.[H272D]) ENST00000372169 missense_variant NA NA VUS Yes 4.8e-6 P 1 0 0 0
9:135210013:T:C SETX:c.820A>G(p.[M274V]) ENST00000372169 missense_variant 1.1e-4 0 VUS Yes 1.9e-5 P 1 0 0 0
21:33039648:C:T SOD1:c.317C>T(p.[S106L]) ENST00000270142 missense_variant 1.1e-4 0 VUS Yes 0 NA 1 0 0 0
2:32289031:C:T SPAST:c.131C>T(p.[S44L]) ENST00000315285 missense_variant 1.2e-2 9.6e-3 VUS Yes 4.3e-3 P 2 0 0 0
2:32340778:C:T SPAST:c.878C>T(p.[P293L]) ENST00000315285 missense_variant 1.1e-4 0 VUS No 4.8e-5 B 1 0 0 0
15:44921004:T:A SPG11:c.1930A>T(p.[T644S]) ENST00000261866 missense_variant 1.1e-4 0 VUS Yes 2.9e-5 P 1 0 0 0
15:44907696:C:G SPG11:c.2903G>C(p.[G968A]) ENST00000261866 missense_variant 2.3e-4 0 VUS No 2.2e-5 P 1 0 0 0
15:44892671:T:C SPG11:c.3680A>G(p.[K1227R]) ENST00000261866 missense_variant NA NA VUS Yes 9.6e-6 B 1 0 0 0
15:44952678:T:C SPG11:c.394A>G(p.[S132G]) ENST00000261866 missense_variant NA NA VUS Yes NA B 1 0 0 0
15:44888372:C:T SPG11:c.4343G>A(p.[C1448Y]) ENST00000261866 missense_variant NA NA VUS Yes 4.8e-6 P 1 0 0 0

Table 5.14: Variants Observed in Irish ALS Patients  (2/3)
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15:44876119:CCT:C SPG11:c.5757_5758delAG(p.[E1921fs]) ENST00000261866 frameshift_variant 1.1e-4 0 VUS No 1.5e-5 NA 2 0 0 0

15:44861684:A:G SPG11:c.6497T>C(p.[I2166T]) ENST00000261866 missense_variant NA NA NA No 8.2e-5 P 1 0 0 0

15:44856827:G:A SPG11:c.7069C>T(p.[L2357F]) ENST00000261866 missense_variant 1.8e-3 1.6e-3 VUS Yes 1.2e-3 NA 4 0 0 0

15:44855327:C:G SPG11:c.7324G>C(p.[A2442P]) ENST00000261866 missense_variant NA NA VUS Yes 4.9e-5 NA 1 0 0 0

5:179263548:G:A SQSTM1:c.1028G>A(p.[R343Q]) ENST00000510187 missense_variant 3.4e-4 0 VUS No 2.8e-4 B 1 0 0 0

5:179263501:G:A SQSTM1:c.1231G>A(p.[G411S]) ENST00000389805 missense_variant 1.1e-4 0 VUS Yes 5.3e-5 P 1 0 0 0

5:179247940:G:A SQSTM1:c.4G>A(p.[A2T]) ENST00000389805 missense_variant 1.1e-4 0 VUS No NA NA 1 0 0 0

5:179248021:C:T SQSTM1:c.85C>T(p.[P29S]) ENST00000389805 missense_variant 6.9e-4 0 VUS No 9.2e-5 NA 1 0 0 0

5:179260200:C:T SQSTM1:c.923C>T(p.[A308V]) ENST00000389805 missense_variant 1.1e-4 0 VUS No 3.2e-5 B 1 0 0 0

17:34171551:

C:CGGCTATGGTGGAGACAGAAGTG

GGGGT

TAF15:c.1269_1295dupTGGGGGTGGCTATGGTGGAGAC

AGAAG

(p.[S432_S433insGGGYGGDRS])

ENST00000588240 disruptive_inframe_insertion NA NA NA No 3.9e-4 NA 1 0 0 0

17:34147214:A:G TAF15:c.146A>G(p.[N49S]) ENST00000588240 missense_variant 1.1e-4 0 VUS No 1.5e-5 B 1 0 0 0

17:34171806:

TGGAGGAGATCGAGGAGGTTAC:T

TAF15:c.1524_1544delCGGAGGAGATCGAGGAGGTTA

(p.[G509_Y515del]) ENST00000588240 disruptive_inframe_deletion 5.8e-4 2.7e-4 VUS No 9.0e-4 NA 3 0 0 0

17:34149742:A:C TAF15:c.389A>C(p.[D130A]) ENST00000588240 missense_variant 1.1e-4 0 VUS No 3.5e-5 NA 1 0 0 0

1:11082325:G:A TARDBP:c.859G>A(p.[G287S]) ENST00000240185 missense_variant 2.3e-4 0 VUS Yes 9.7e-6 P 2 0 0 0

12:64879749:C:T TBK1:c.1292C>T(p.[T431I]) ENST00000331710 missense_variant 1.1e-4 0 VUS No 4.7e-5 NA 1 0 0 0

12:64854098:A:G TBK1:c.217A>G(p.[I73V]) ENST00000331710 missense_variant 1.1e-4 0 VUS Yes 4.4e-5 B 1 0 0 0

12:64895152:C:CTT TBK1:c.2182_2183insTT(p.[C728fs]) ENST00000331710 frameshift_variant 1.1e-4 0 VUS No NA NA 1 0 0 0

12:64875638:C:G TBK1:c.829C>G(p.[L277V]) ENST00000331710 missense_variant 1.1e-4 0 VUS Yes 4.8e-6 NA 1 0 0 0

12:64875683:T:C TBK1:c.874T>C(p.[C292R]) ENST00000331710 missense_variant NA NA NA No NA P 1 0 0 0

19:17746950:A:T UNC13A:c.3362T>A(p.[V1121D]) ENST00000428389 missense_variant 1.1e-4 0 VUS Yes 4.9e-6 NA 1 1 0 0

20:57016039:GTTC:G VAPB:c.479_481delCTT(p.[S160del]) ENST00000475243 disruptive_inframe_deletion 3.9e-3 3.8e-3 VUS Yes 1.6e-3 NA 2 0 0 0

Table 5.14: Variants Observed in Irish ALS Patients  (3/3)
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Figure 5.4: ALS genetic variation in Ireland and Europe 
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Discordant families  

Recent work in the Academic Unit of Neurology at TCD has identified pedigrees wherein 

members of the same family are affected by ALS but have different C9orf72 genotyping 

results. Combining analysis of rpPCR, targeted NGS, WES, WGS and SNP data, sufficient 

information is available to investigate the basis of this discordance in three pedigrees.  

Pedigree 3  

Family three has 6 siblings affected by either ALS or FTD (figure 5.5). C9orf72 genotyping 

of 4 available affected siblings identified that three siblings are positive for the repeat 

expansion and one sibling is negative. Sufficient DNA for two samples was available to 

repeat the PCR, confirming the result in one positive sibling and the negative sibling. The 

RE is also observed in a currently unaffected sibling. Both ExpansionHunter v2 and 

ExpansionHunter v3 provide further confirmation that the negative patient is heterozygous 

for 2 and 5 GGGGCC repeat motifs.  

 

SNP genotyping was available for one positive sibling and the negative sibling. A sibling 

relatedness was confirmed (pi-hat=0.5383), verifying both that the negative sibling is truly 

related to the family and that the result is not attributable to sample mix-up. SNP genotyping 

confirms that the positive sibling carries the elongated C9orf72 haplotype (figure 5.6). The 

negative sample is homozygous for the non-risk allele  at two critical SNPs (rs3849942 and 

rs10812605). Rare recombination is known to occur in this haplotype, with Smith et al. 

(2013) identifying that 1.43% and 2.86% of expansion carriers have the non-risk allele at 

each of these SNPs respectively, so it cannot be confirmed whether the C9orf72 RE negative 

patient did not inherit the risk allele or whether recombination occurred in the inheritance of 

the haplotype.  

 

Targeted NGS was available for two positive RE carriers and WGS was available for the 

negative sibling. The only putative variant (table 5.14) observed in the negative patient was 

ATXN2:c.224A>G(p.[D75G]). This variant is predicted to be benign by in silico tools and to 

date only an intermediate CAG repeat expansion in ATXN2 has been linked to ALS 

pathogenesis. This evidence suggests that this variant is not pathogenic, although it still 

remains a VUS. ATXN2 was not included in the ALS target NGS panel so cannot be 

confirmed in the two positive siblings.  
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Figure 5.5: Pedigree 3 - discordant C9orf72  genotyping in affected siblings 

C9orf72+ indicates a carrier of the repeat expansion. C9orf72- indicates the individual does not carry the expansion. T NGS indicates that there is targeted sequencing data 
available. WGS indicates that there is whole genome sequencing available. SNP indicates that there is SNP genotyping available. 
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Pedigree 15 

Pedigree 15 contains two affected siblings who are confirmed to carry the C9orf72 RE and 

a fourth cousin who is also affected but does not carry the expansion (figure 5.7). SNP 

genotyping for an affected patient and the distant cousin confirms, as for pedigree 3, that the 

C9orf72 RE negative individual either did not inherit the haplotype or that recombination 

occurred in the inherited haplotype. Relatedness is observed to be 3.5%, which is at the 

background level of the population but is not unexpected for distant cousins. Targeted 

sequencing was available for the negative distant cousin and no putative variants were 

observed.
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rs10511816 G A A A C C G/G 44 C A C C rs10511816 G A A A
rs10967952 T T T T C T T/C 18/21 T T T T rs10967952 T T T T T T T T
rs1444533 T A A A T T T/T 40 rs1444533 T A A A T T T T T T
rs1822723 C C C C C C C/T 25/17 C C C C rs1822723 C C C C C C C C
rs10967958 C C C C C C C/C 45 rs10967958 C C C C C C
rs4879515 T T T T T T T T C C/T 21/15 rs4879515 T T T T T T T T T
rs10967959 C C C C C/T 14/17 rs10967959 C C C C C C
rs12350089 T T G T T T T/T 45 rs12350089 T T T T T T
rs895023 A T T T A A A A A/A 25 A A A A rs895023 A T T T A A A A
rs2440622 T T T T T T T/T 39 rs2440622 T T T T T T T T
rs1977661 C C C C C C A C C/A 27/22 C C C C rs1977661 C C C C C C C C C C
rs2166128 C C C C C C C/C 40 C C C C rs2166128 C C T C C C C C
rs10812605 C C C T C T T T/T 37 T C T T rs10812605 C C C C C C C
rs11792285 C C C C C T C/T 16/21 T C T T rs11792285 C C C C C C
rs13290599 G G G G G/G 43 G G G G rs13290599 G G
rs3849942 T T T T T C T C C C/C 50 C T C C rs3849942 T T T T T T T C T C T
rs10967976 G G G G G/A 14/21 rs10967976 G G G G G G
rs10122902 G G G G A G G G G/G 36 G G G G rs10122902 G G G G G G G G G G
rs10757665 T T T T T T T/C 23/27 rs10757665 T T T T C T C T
rs774359 C C C C C T C T/C 17/16 T C T T rs774359 C C C C C C C C C C C
rs2282241 C C C C A C C C C/C 53 C C C A rs2282241 C C C C C C C C C C

C9orf72 RE C9orf72 RE

rs1948522 C C C C T C C C C/C 41 C C C C rs1948522 C C C C C C C C
rs1982915 G G G G G G G A A/G 27/16 A G A A rs1982915 G G G G G G G G
rs12002175 G G G G G G G/G 42 G G G G rs12002175 G G G G G G
rs7868845 T T/C T/C T T T T T/T 41 C C C C rs7868845 T T/C T/C C T C T
rs10757670 T T T T T T T/T 39 rs10757670 T T C T C T
rs2453556 G G G G G G G/G 32 A G A A rs2453556 G G G G
rs702231 A A A A C/A 13/17 rs702231 A A A A

Pedigree: Pedigree:3 1415 17

Figure 5.6: C9orf72 haplotype analysis for pedigrees 3 and 15 

The yellow highlight indicates that the two positive samples carry the established elongated C9orf72 
haplotype. The red highlight indicates two loci where the C9orf72 negative patients in pedigrees 3 and 15 
are homozygous for the non-risk allele indicating that they either did not inherit the haplotype or 
recombination occurred in the inherited haplotype. 
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Figure 5.7: Pedigree 15 - discordant C9orf72 genotyping in distant cousins 

C9orf72+ indicates a carrier of the repeat expansion. C9orf72- indicates the individual does not carry the expansion. T NGS indicates that there is targeted sequencing data 
available. WGS indicates that there is whole genome sequencing available. SNP indicates that there is SNP genotyping available. 
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Pedigree 79 

Pedigree 79 is a four generation family with 6 recorded cases of ALS (figure 5.9). In the 

fourth generation an ALS patient is negative for the C9orf72 expansion but their affected 

parent is positive. Sufficient DNA was available to repeat the rpPCR for the negative sample 

and their parent’s affected sibling (individual III.I) with both PCRs confirming the initial 

result. 

 

WES was performed for 15 members of the pedigree. The expected relatedness percentages 

were confirmed with the C9orf72 negative affected individual having 50% relatedness to 

their affected C9orf72 positive parent (figure 5.8). The presence of  the C9orf72 RE was 

further confirmed in patient III.I with ExpansionHunter v2 and v3 with allele predictions of 

2/238 and 2/99 respectively.  

 

Individual III.I carries KIF5A:c.2953G>A(p.[G985S]) in addition to the C9orf72 RE. This 

is also identified in their unaffected child (IV.II), sibling (III.XVII) and nibling (IV.XXIV). 

This variant is predicted to be benign by in silico tools and crucially, is also absent in the 

C9orf72 negative patient (IV.X) and their affected parent (III.VIII), so is unlikely to be 

contributing to the observed discordance.   

 

 

 

 

III.I III.III III.VIII III.X III.XI III.XV III.XVII IV.II IV.X IV.XI IV.XIII IV.XIV IV.XV IV.XIX
IV.XXIV 0.268 0.2538 0.2666 0.2986 0.281 0.3111 0.5032 0.166 0.154 0.1667 0.15 0.1599 0.1765 0.1913
IV.XIX 0.2816 0.3156 0.2417 0.3204 0.2706 0.4983 0.2701 0.1943 0.1228 0.131 0.1446 0.1578 0.1413
IV.XV 0.2072 0.2747 0.2561 0.4957 0.2256 0.2809 0.3136 0.0656 0.1273 0.1498 0.4606 0.4512
IV.XIV 0.2553 0.254 0.2853 0.5 0.2404 0.308 0.2919 0.1475 0.1747 0.1505 0.5417
IV.XIII 0.2528 0.2888 0.2891 0.5 0.25 0.2953 0.2655 0.1398 0.1641 0.1407
IV.XI 0.2549 0.2697 0.5055 0.2637 0.2725 0.3267 0.2668 0.1277 0.4785
IV.X 0.2234 0.2174 0.5 0.2832 0.3038 0.2748 0.31 0.1171
IV.II 0.5049 0.2905 0.2297 0.268 0.2815 0.2687 0.2794

III.XVII 0.4871 0.511 0.5165 0.5354 0.5303 0.5231
III.XV 0.5216 0.5147 0.5048 0.5933 0.5134
III.XI 0.5745 0.5358 0.5627 0.4824
III.X 0.5169 0.5184 0.5173

III.VIII 0.4376 0.4501
IV.XXIV 0.5356

Pedigree 79 Relatedness 

Figure 5.8: Relatedness in pedigree 79 

The observed relatedness for all individuals matches the expected relatedness based on the reported 
pedigree. Parent-offspring (orange), have a mean relatedness of 50.1% (95% CI 50-50.2%). Siblings 
(purple) have a mean relatedness of 51% (95% CI: 50-51.9%). Aunt/uncle-nibling (green) have a mean 
relatedness of 27.3% (95% CI: 26.9-27.7%). Cousins (brown) have a mean relatedness of 14.8% (95% CI: 
14.3-15.4%). 
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Figure 5.9: Pedigree 79 - discordant C9orf72 genotyping in parent-offspring 

C9orf72+ indicates a carrier of the repeat expansion. C9orf72- indicates the individual does not carry the expansion. T NGS indicates that there is targeted sequencing data 
available. WGS indicates that there is whole genome sequencing available. SNP indicates that there is SNP genotyping available. 
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Discussion 

PLS genetics in Ireland 

The largest NGS study of a PLS cohort to date is presented here. C9orf72 genotyping and 

WES was performed for 44 patients. Due to the phenotypic and clinical overlap with ALS 

and HSP the study focused on identifying pathogenic variants in these genes. The C9orf72 

RE was not observed in any patient. The first NGS analysis performed, tested whether PLS 

patients carry a statistical excess of rare variants in HSP genes. The result was not 

statistically significant and the null hypothesis that there is no difference in variation in these 

genes cannot be rejected; however, the small size of this study cohort would only be powered 

to detect a very large effect so this question is still uncertain.  

 

No previously reported, definitively pathogenic, ALS, FTD or HSP variants were observed. 

There is little reason to suspect the pathogenicity of 4 out of 7 observed previously reported 

variants. The remaining three previously reported variants have either been observed in 

homozygosity or compound heterozygosity in HSP patients and their pathogenicity in 

heterozygosity here remains uncertain.  

 

A single patient was found to carry SPAST:c.1675G>A(p.[G559S]). While this variant has 

not previously been reported, variants in this amino acid have been found in three families 

with pure HSP. The evidence here indicates that missense variants in this amino acid are 

responsible for UMN degeneration.  

ALS and FTD genetics in Ireland 

This is the first NGS screen of FTD patients in Ireland and the largest Irish ALS genetics 

study to date.  

 

51 FTD patients underwent C9orf72 genotyping and NGS screening for pathogenic variants. 

A low rate of the C9orf72 RE was observed (below 3% in “pure” FTD cases) relative to the 

rest of the world where approximately 10% of cases carry the expansion. No other 

definitively pathogenic variants are observed in this Irish FTD cohort. In Europe and 

globally, variants in MAPT and GRN are the second most common cause of FTD; however, 

no rare variation in these genes is observed in Ireland.  
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Similar to FTD, the landscape of ALS genetics in Ireland is notable by its absences. While 

our rate of C9orf72 is on par with other European countries we observe a small amount of 

FUS and TARDBP variation with virtually no SOD1 or TBK1 variants, while these are major 

causative genes in other countries. 

 

Unfortunately the fact that we observe fewer pathogenic variants in Irish ALS cases does 

not translate to fewer cases in the Irish population, as a similar incidence rate is observed in 

Ireland to the rest of the world (O’Toole et al. 2008). Nor does it mean that there is less 

genetic contribution to ALS cases in Ireland, as heritability and the number of observed 

familial cases is again similar to the rest of the world (Ryan, Heverin, et al. 2019; Ryan et 

al. 2018). Rather, the result suggests that there are as yet, undiscovered pathogenic variants 

in the Irish ALS and FTD populations that are potentially identifiable with increased genome 

sequencing of both patients and controls.  

Discordant pedigrees 

In Chapter 2 it was identified that the C9orf72 RE displays reduced penetrance for the risk 

of developing ALS, suggesting that other developmental, environmental or genetic factors 

may contribute to pathogenesis. However, the prevailing expectation within pedigrees with 

C9orf72 expansions is that only individuals who demonstrate a RE in the pathologic range 

should develop ALS or FTD. The observation of numerous discordant affected relatives in 

the Irish population challenges this orthodoxy.  

 

Three pedigrees are examined to further explore the basis of this discordance and to study 

potential explanations. The possibility that the result is attributable to laboratory error is 

removed by firstly replicating the rpPCR results where possible, and secondly confirming a 

sibling relatedness in one family and a parent-offspring relatedness in a second family. 

Affected individuals in the third family are distant cousins so excess relatedness is not 

expected. The presence or absence of the RE is further confirmed in two samples using in 

silico RE genotyping from WGS data. 

 

A second potential explanation is that these pedigrees may have a second pathogenic variant 

circulating in the family. For two previously reported families with discordant C9orf72 

family members this has been the case (van Blitterswijk et al. 2012; Ismail et al. 2013); 

however, analysis of targeted NGS, WES and WGS does not reveal any other pathogenic 
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variants. It is still possible that there are other circulating pathogenic variants that are as yet 

unknown. 

 

It is possible that the discordance is attributable to somatic mosaicism. REs have previously 

been found to exhibit somatic instability during development (Sharma et al. 2002; 

McMurray 2010). As DNA for this project is extracted from blood, it is possible that a patient 

could carry a RE in their motor neurones, which are derived from the ectoderm during 

embryogenesis, but not in their blood, which is derived from the mesoderm. To examine this 

possibility, haplotype analysis was performed in C9orf72 RE positive and negative patients, 

where SNP data was available.  

 

Laaksovirta et al. (2010) first identified a 232kb block of linkage disequilibrium on 

chromosome 9 that was significantly associated with familial ALS in Finland (OR=21.0 

(95% CI: 11.2-39.1); p=4.24x10-33). This haplotype was subsequently found to tag the 

C9orf72 RE (DeJesus-Hernandez et al. 2011; Renton et al. 2011). Subsequent research has 

found that the C9orf72 RE only arose once on this haplotype (Smith et al. 2013). However, 

while all carriers of the RE also have the haplotype, Laaksovirta et al. (2010) identified that 

it is also present in the healthy population at a rate of 3.6%. Rare recombination has been 

observed in the haplotype, particularly as distance from the C9orf72 RE increases (Smith et 

al. 2013).  

 

Evidence here indicates, but is inconclusive, that the two negative patients for whom SNP 

genotyping is available, did not inherit the C9orf72 haplotype. This is indicated by two SNPs 

where each sample is homozygous for the non-risk allele. However, this is inconclusive as 

both samples do potentially carry a short version of the C9orf72 haplotype directly 

surrounding the location of RE. It is possible that recombination has occurred in the 

inheritance of the haplotype in these patients, as Smith et al.  identified that 1.43% and 2.86% 

of C9orf72 RE positive patients carry each of these non-risk alleles. 

 

This is a hugely important question to be addressed in future studies. If these patients are 

indeed exhibiting somatic mosaicism, this indicates that the rate of the C9orf72 RE in ALS 

patients is being underrepresented by testing patient’s blood. Unfortunately, the discordant 

patients in this study are either no longer alive or no longer consenting to research. A future 

study in which DNA is not only extracted from patient’s blood but also cheek epithelial cells, 
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which derive from the same germ layer as motor neurones, could identify if somatic 

mosaicism is causing an underreporting of the true rate of the C9orf72 RE.  

 

If these patients have not inherited the C9orf72 haplotype, this indicates that somatic 

mosaicism is not a factor and that there is an alternative, as yet unexplained, cause of ALS 

in these pedigrees. It also cannot be ruled out that there are unknown pathogenic variants 

also circulating in these families. It may be possible that there are circulating variants that 

promote genomic instability, which could manifest primarily at the C9orf72 locus but also 

at currently unknown loci in the absence of the C9orf72 haplotype. 

Study limitations 

Studies of rare diseases in a small population will always be limited by the size of the 

available patient cohort. This is slightly ameliorated in Ireland by the quality and duration 

of the Irish ALS register; however the studies of FTD and PLS presented here are still of a 

relatively small size. Despite being the largest NGS study of PLS to date, this is still too 

small a cohort to examine the effect of variants that may not be fully penetrant.  

 

While cohort studies may be limited by the availability of patients, they could also be greatly 

improved by increasing the availability of controls. Of five variants observed in two PLS 

patients, there is evidence suggesting that four of these may be more common in Ireland than 

elsewhere in the world. A large publicly available Irish genomics resource would greatly 

improve analysis of all rare diseases in Ireland.   

Future direction 

Future efforts should focus on creating an all-Ireland genomics resource that would benefit 

the study of all rare diseases. For PLS and FTD, international collaborations should focus 

on pooling patient cohorts to improve studies.  

 

Monitoring of the development of currently unaffected individuals in ALS pedigrees should 

be made a priority, to further explore the extent of discordant C9orf72 inheritance. 

Additionally, a study of potential somatic mosaicism in future discordant families should be 

undertaken, by testing for the C9orf72 RE in DNA extracted not only from blood but also 

from cheek epithelial cells.   
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Chapter 6  

Discussion, limitations & future direction 

The overarching aim of this thesis is to clarify and further our understanding of the genetic 

causes of ALS and related diseases. It is hoped that achieving this can help bring clarity to 

patients, relatives and carers by improving genetic counselling and aiding in the design of 

clinical trials by improving patient stratification based on genetic background. 

 

In Chapter 2 the extant body of genetics literature in ALS and FTD was screened to 

uniformly and objectively assess the evidence supporting each variant and to provide an 

accessible web application for patients, clinicians and researchers (available at alsftd.tcd.ie). 

2,914 articles were screened, of which, 1,028 were found to be relevant ALS or FTD genetic 

studies. 3,114 previously reported variants were identified in 356 genes and all reported 

phenotype and segregation data was recorded. Ultimately, 112 variants in 21 genes were 

found to cross the evidence threshold to be classified as pathogenic or likely pathogenic. 

This is less than 1% of variants which have previously been reported in ALS or FTD patients. 

A further 10% of reported variants are classified as benign or likely benign and the vast 

majority are variants of uncertain significance.  

 

Globally, it is found that reported variants in the 21 genes with observed ALS or FTD 

pathogenic or likely pathogenic variants can currently explain at most 68.7% of fALS, 51.2% 

of fFTD, 21.4% of sALS and 9.6% of sFTD; however, these figures are considerably lower 

when considering strictly pathogenic or likely pathogenic variants (48.67%, 28.6%, 6.51% 
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and 4.59% respectively). Considering that most cases of both ALS and FTD are sporadic, a 

clear picture emerges that despite the high heritability of ALS and FTD, the majority of cases 

still lack a clear genetic diagnosis. 11% of the identified pathogenic or likely pathogenic 

variants were found to exhibit geographic heterogeneity, highlighting the often population-

specific genetic basis underlying ALS. It was also observed that the majority of studies have 

been confined to a small number of regions. In order to both improve global parity and to 

further our understanding of ALS and FTD genetics, it is essential to broaden the areas in 

which genetic screening occurs. 

 

It is not surprising that just below 90% of previously reported variants in Chapter 2 receive 

a VUS classification, after all, in the absence of significant evidence in either direction, this 

is the default status of any observed variant. However, there is a large degree of nuance 

within this category. By definition, a categorisation of VUS means that there is insufficient 

evidence to infer whether a variant is pathogenic or benign; however, evidence can be 

supportive of benignity, supportive of pathogenicity, have conflicting support or have little 

support in either direction. Chapters 4 and 5 aim to capture this nuance when discussing 

variants observed in ALS in Cuba and FTD in Ireland respectively.  

 

It is confirmed that variant penetrance plays a significant role in ALS and FTD pathogenesis, 

with several variants of intermediate penetrance identified in the research of Chapter 2. 

Reduced lifetime penetrance of the C9orf72 RE has been observed previously (Spargo et al. 

2021); however, by combining analysis of both ALS and FTD, this study identifies that the 

likelihood of developing disease along the ALS-FTD spectrum ranges from 0.76 to 1 for 

carriers of the C9orf72 RE. While this is an unfortunate finding, it can hopefully provide 

clarity to patients and relatives carrying this variant. Improvements in the size and 

availability of national and international genome biobanks continues to improve will see a 

corresponding improvement in the confidence with which penetrance estimates can be 

calculated. 

 

With the exception of the C9orf72 RE, it was necessary to omit the analysis of REs from 

Chapter 2. Due to their nature, it has traditionally not been possible to measure REs from 

NGS data and they have therefore not been uniformly reported across previous studies. There 

have been several tools developed in recent years that purport to facilitate this research, 

however objective benchmarking studies of these tools have been limited.  
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Chapter 3 aims to objectively benchmark 7 in silico STR / RE genotyping tools through three 

analyses. Firstly, each tool's ability to accurately identity large REs is tested by screening 

408 samples, 26 of which are known to carry large REs at the C9orf72 locus. Secondly, the 

accuracy of each tool each tool is assessed by comparing gold-standard PCR genotyping and 

in silico predictions for 23 genes in 338 samples. Finally, the results of in silico genotyping 

are compared between 23 samples for which WGS and WES was available. While 

ExpansionHunter is found to perform best overall across the three metrics, no one tool 

provides perfect discrimination and accuracy, with results being highly gene dependent, and 

several genes being prone to false positives. The presence of false positives indicates that 

either a consensus approach should be taken between tools or all predicted expansions 

require further validation. 

 

In Chapter 3 it is demonstrated that methods developed and validated for one neurological 

condition can have broader impact in the field of neurological disease research. An analysis 

of STR loci in 132 epilepsy patients was performed, utilising the results of the benchmarking 

study, which was performed primarily in data derived from ALS patients. Data from epilepsy 

patients was comprised of PCR-free WGS, WGS with PCR and WES data. While PCR-free 

WGS is ideal data for in silico RE genotyping, useful insight can be gleaned from analysis 

of WES and WGS data with PCR, providing significant or interesting results are interpreted 

cautiously, as is done here. Statistically significant putative STRs were identified in 24 

genes, however after inspection of reads and comparison with other tools all positive results 

were found to be false positives.  This study does not find evidence supporting the pleiotropic 

role of known pathogenic REs in epilepsy in the Irish population. 

 

Findings from Chapter 2 revealed that the majority of ALS and FTD genetics research has 

been concentrated in a small number of countries, and also that there are regions such as 

Brazil and Sardinia that exhibit significant geographic heterogeneity with a single variant 

explaining a large proportion of cases. It is therefore worthwhile to broaden the scope of 

where ALS genetics research is conducted in order to improve global parity and to further 

improve our knowledge of the underlying causes of ALS. Chapter 4 attempts to redress this 

by studying the genetics of ALS in Cuba. 126 Cuban ALS patients and 111 controls 

underwent targeted NGS and rpPCR genotyping of the C9orf72 RE. 6 of these patients were 

from a single pedigree and also underwent WES.  A low rate of the C9orf72 RE is observed 

in Cuba (2.7%), this is likely reflective of the partial European ancestry in the population. 

The profile of ALS genetics in Cuba is unique from other North and South American 
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countries with none of the prevalent SOD1, TARDBP or VAPB variants that are observed in 

those regions. 

 

A FUS variant (FUS:c.1512_1513delAG(p.[G505fs])) is observed in a single sporadic 

patient with relatively early onset. The observation of this variant in an early onset patient is 

found to be sufficient evidence, when combined with journALS data, to reclassify this 

variant as a pathogenic. This reclassification will hopefully bring clarity to current and future 

patients who hold this variant and highlights the importance of continuous phenotyping and 

genotyping of ALS patients and the benefits this can have for the broader community.  

 

Several studies have previously been published reporting an oligogenic basis to ALS, 

wherein ALS patients are found to carry multiple variants in associated genes. While 

statistical evidence supporting this finding has been provided (van Blitterswijk et al. 2012; 

Pang et al. 2017; Morgan et al. 2017), the majority of publications on the topic describe all 

cases that carry more than one variant in ALS-associated genes as demonstrative examples 

of oligogenic inheritance without determining if there is a statistical difference between 

cases and controls (Zhang et al. 2018; McCann et al. 2020; Kuuluvainen et al. 2019; 

Giannoccaro et al. 2017; Bury et al. 2016). In this study of 126 patients and 111 controls, 

no statistical difference is observed between the number of cases and the number of controls 

that carry multiple variants across a range of tested variables. This does not disprove that 

oligogenic inheritance is relevant in ALS, it may just be the case that oligogenic inheritance 

is not a feature in Cuba or that this study is underpowered to detect the effect; however, this 

does demonstrate that an observation of two or more variants should not be assumed to be 

an oligogenic cause of ALS as this is also frequently observed in controls.    

 

While Chapter 4 studies ALS in a population which has not previously undergone ALS 

genetic screening, Chapter 5 studies a well characterised cohort, enabling in depth analysis 

of related conditions and anomalies. Chapter 5 presents the first comprehensive screen of 

FTD and PLS in Ireland, the largest analysis of ALS in Ireland to date and explores the 

genetic basis of multiple families with affected individuals who are found to be discordant 

for the C9orf72 RE. Results are analysed through the framework developed in the journALS 

study, demonstrating the utility of this research.  

 

In Chapter 5 the profile of genetic variation in ALS and FTD in Ireland is found to be distinct 

from the rest of the world by its absences. While rates of the C9orf72 RE are similar to other 
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European countries, Irish patients lack variants that are commonly observed elsewhere: in 

FTD no MAPT or GRN variation is observed, while in ALS no TBK1 variation and little 

SOD1 or TARDBP variation is observed. Unfortunately, as discussed in Chapter 5, this does 

not mean there is a lower rate of these diseases in Ireland, rather it suggests either that there 

are as-yet undiscovered genetic causes of ALS and FTD in the Irish population or that these 

causes are individually so rare elsewhere that their absence does not have a notable effect on 

disease incidence in Ireland.  

 

The largest NGS screening study of PLS patients to date is performed here and reveals that 

PLS does not appear to be largely driven by pathogenic variants in HSP or ALS genes. A 

patient is observed to carry a previously unreported SPAST variant 

(c.1675G>A(p.[G559S])). Variants in the same amino acid have previously been observed 

to cause cases of adult onset familial HSP with similar ages of onset to the patient here. 

While the phenotypic overlap between PLS and HSP makes it difficult to determine whether 

these patients had a different aetiology it is clear that heterozygous missense variants in this 

amino acid are responsible for UMN degeneration.  

 

Recent work has identified Irish pedigrees wherein members of the same family are affected 

by ALS or FTD but have different C9orf72 genotyping results. Combining analysis of 

rpPCR, targeted NGS, WES, WGS and SNP data, sufficient information is available to 

investigate the basis of this discordance in three pedigrees. The possibility that the discordant 

results are attributable to lab error (either sample mix up or false positives / negatives) was 

eliminated by repeating rpPCR genotyping in at least one positive and one negative sample 

in each pedigree and by confirming the expected relatedness of individuals using SNP 

genotyping. This work also demonstrates the utility of the benchmarking study carried out 

in Chapter 3 as the presence and absence of the RE is also confirmed in two samples for 

whom WGS was available using ExpansionHunter.  

 

It is found that two of the patients who are negative for the C9orf72 RE have either not have 

inherited the associated haplotype or that recombination has occurred in the inheritance of 

the haplotype. Identifying which of these is the case is a hugely important topic for future 

studies.  If the patients have indeed inherited the C9orf72 haplotype but are testing negatively 

both by rpPCR and ExpansionHunter, one possible explanation for this is that they may be 

exhibiting somatic mosaicism wherein they carry they RE in their motor neurones both not 

in their blood. This would indicate that the rate of cases that is attributable to the C9orf72 
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RE is higher than reported. This hypothesis can be tested in future studies by extracting DNA 

both from blood and cheek epithelial cells. If the patients are not inheriting the haplotype, 

this indicates that there is an entirely different cause of ALS in these families. This can be 

tested in future studies by further SNP genotyping of discordant trios or larger pedigrees to 

determine if the inherited haplotype is a recombined haplotype or a separate haplotype 

segregating in the family.  

 

The case / control studies of Chapters 4 and 5 are primarily limited by sample size, both for 

cases and controls. Due to limited statistical power in these chapters, analysis has been 

restricted to the study of highly penetrant pathogenic variants and has not extended to the 

potential association of low-penetrance variants. This problem has long plagued ALS 

research and is also true of FTD and PLS. The problem is exacerbated in these three 

conditions due to the highly heterogenous patient populations, wherein, with the exception 

of the C9orf72, individual variants  are present in a very small percentage of patients 

globally.  

 

Despite the fact that ALS was first described over 150 years ago and that the first ALS gene 

was first identified 30 years ago, less than 50% of familial patients and less than 7% of 

sporadic patients can currently receive a confident genetic diagnosis. This situation needs to 

be addressed as a priority.  The future of research in ALS, FTD and PLS has to be global 

and collaborative. There are of course considerable financial, organisational and 

infrastructural challenges to such approaches; however, there are four primary and 

immediate benefits to taking a global, collaborative approach to these conditions. Firstly, 

patients from historically underserved areas will be able to receive genetic counselling and 

may be found to be eligible for clinical trials. Secondly, as seen in Chapter 2, there are 

regions where a large number of cases are explained by a single variant; identifying these 

regions could greatly improve enrolment and power in clinical trials in addition to furthering 

our understanding of biology. Thirdly, increasing the sample size of studies will increase the 

statistical power to detect both high and low penetrance variants. Finally, the sharing of 

intellectual and physical resources supports research in under-funded and under-resourced 

regions, empowering ALS research on a global scale while combining expertise to address 

the many challenges facing the field.  

 

ALS clinical trials targeting specific genetic variants are now underway. It is a source of 

hope in the community that treatment for some patients may be possible in the near future. 
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There is much that can and should be done in the coming years to improve these trials and 

increased and refined genetic screening with should be at the forefront of these 

improvements. It is hoped that the research presented in this thesis is a positive step in this 

direction. 
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Supplementary Table S2.1: HGMD phenotypes screened
Amyotrophic lateral sclerosis
Amyotrophic lateral sclerosis 4, juvenile
Amyotrophic lateral sclerosis and frontotemporal dementia
Amyotrophic lateral sclerosis and parkinson disease
Amyotrophic lateral sclerosis, association with
Amyotrophic lateral sclerosis, autosomal recessive
Amyotrophic lateral sclerosis & cognitive decline
Amyotrophic lateral sclerosis & dementia
Amyotrophic lateral sclerosis, familial
Amyotrophic lateral sclerosis, flail arm variant
Amyotrophic lateral sclerosis / frontotemporal dementia
Amyotrophic lateral sclerosis/Frontotemporal dementia
Amyotrophic lateral sclerosis, increased risk
Amyotrophic lateral sclerosis, increased risk, association with
Amyotrophic lateral sclerosis, increased survival, association with
Amyotrophic lateral sclerosis, juvenile
Amyotrophic lateral sclerosis, juvenile with basophilic inclusion
Amyotrophic lateral sclerosis, late onset, association with
Amyotrophic lateral sclerosis, modifier of
Amyotrophic lateral sclerosis, phenotype modifier
Amyotrophic lateral sclerosis, PMA variant
Amyotrophic lateral sclerosis, predisposition to
Amyotrophic lateral sclerosis, progression
Amyotrophic lateral sclerosis, reduced disease severity
Amyotrophic lateral sclerosis, sporadic
Amyotrophic lateral sclerosis, susceptibility to, association with
Amyotrophic lateral sclerosis type 19
Amyotrophic lateral sclerosis with aphasia
Frontotemporal dementia
Frontotemporal dementia / amyotrophic lateral sclerosis
Frontotemporal dementia - amyotrophic lateral sclerosis, association with
Frontotemporal dementia, association with
Frontotemporal dementia, behavioural variant
Frontotemporal dementia/corticobasal degeneration
Frontotemporal dementia, increased risk
Frontotemporal dementia, in GRN mutation carriers, association with
Frontotemporal dementia-like syndrome
Frontotemporal dementia, right temporal lobe variant
Frontotemporal dementia, supranuclear gaze palsy & chorea
Frontotemporal dementia, with parkinsonism
Frontotemporal dementia with parkinsonism and pick body-like inclusions
Frontotemporal lobar degeneration
Frontotemporal lobar degeneration / amyotrophic lateral sclerosis
Frontotemporal lobar degeneration, behavioural variant
Frontotemporal lobar degeneration - motor neuron disease
IBMPFD / Amyotrophic lateral sclerosis
Motor neuron disease
Motor neuron disease, association with
Motor neuron disease, juvenile
Motor neuron disease, lower
Motor neuron disease, lower-predominant
Motor neuron disease, paraparesis
Motor neuron disease, progressive
Motor neuron disease, scoliosis, chest deformity

Supplementary Table 2.1: HGMD phenotypes screened 
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PMID Note Reference
24630593 NA Wang et al. , 2014
28017481 NA Sproviero et al. , 2017
28270533 Table 1 Ghasemi and Brown, 2018
27982040 Supplemental table Al-Chalabi, van den Berg and Veldink, 2017
21989245 NA Andersen and Al-Chalabi, 2011
23379621 NA Sabatelli, Conte and Zollino, 2013
24503148 NA Finsterer and Burgunder, 2014
28522837 NA Murphy et al. , 2017
28057713 NA Zou et al. , 2017

Supplementary Table S2.2: Review articles included in screening

Supplementary Table 2.2: Review articles included in screening 
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PMID
Number of 
Controls

Number of 
Positive Controls Country PMID

Number of 
Controls

Number of 
Positive Controls Country

21944778 909 0 USA 29476165 0 0 Finland

22154785 856 0 Belgium 29525178 0 0 Italy

22228244 0 0 Canada 29650794 0 0 Germany

22300873 0 0 England 29748150 82 0 South_East_Asia

22366791 0 0 England 29861044 150 0 Portugal

22366793 0 0 USA 29930232 0 0 Croatia

22406228 2585 5 Global 30054183 0 0 China

22418734 619 0 Italy 30054184 0 0 South_Korea

22445326 228 0 Greece 30528349 51 0 Greece

22499346 580 0 France 30599136 0 0 USA

22637429 0 0 Kii_Peninsula 30846540 0 0 Cuba

22645277 748 0 Netherlands 31537715 0 0 USA

22722621 0 0 Italy 31914217 0 0 USA

22773853 0 0 Italy 32166880 0 0 China

22815561 0 0 USA 32409511 0 0 Australia

22818528 182 0 Japan

22936364 248 0 Spain

22941224 4 0 Canada

23012445 180 0 Japan

23088937 0 0 South_Korea

23100398 245 0 Italy

23254636 270 0 France

23284068 216 0 Spain

23338682 0 0 Belgium

23435409 0 0 Italy

23869403 100 0 China

23870417 384 0 Belgium

23881933 311 0 Ireland

23962495 10 0 Iran

24064469 201 0 Italy

24269022 150 0 China

24325798 0 0 Italy

24445580 0 0 Australia

25108559 0 0 Australia

25123918 700 0 Sardinia

25179228 0 0 UK

25382069 0 0 USA

25585530 0 0 Slovenia

25681989 200 0 Turkey

26142124 1062 0 China

26176978 0 0 Italy

26254955 223 0 Russia

26362943 0 0 Germany

26519472 355 0 China

26725464 632 0 China

26742954 191 0 Japan

26823199 0 0 Japan

27311648 300 0 China

27439681 146 0 China

27480424 4 0 New Zealand

27557666 0 0 Sweden

27632209 0 0 Turkey

27790088 0 0 Germany

27978769 0 0 Brazil

28089114 0 0 Scotland

28105640 0 0 Australia

28160950 0 0 Japan

28222900 0 0 Hungary

28264768 0 0 Italy

28429524 500 0 China

28444446 0 0 Serbia

28749476 0 0 Germany

29033165 0 0 Japan

Supplementary Table S2.3: C9orf72  Control Cohorts (1/2) Supplementary Table S2.3: C9orf72  Control Cohorts (2/2)

Supplementary Table 2.3: C9orf72 control cohorts 
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Category Description Justification
PS3 Well-established in vitro or in vivo functional studies supportive of a damaging 

effect on the gene or gene product
Although TDP-43-positive aggregates are a common postmortem feature in ALS, and tau/TDP-43 deposits are 
frequently observed in FTD, there is little consensus on whether these inclusions are causative or emergent features of the 
disease. Furthermore, there are no universally established functional assays to assess the pathogenicity of potential ALS of 
FTD variants.

PM3 For recessive disorders, detected in trans with a pathogenic variant ALS is an oligogenic disease (McCann et al. 2020,Cooper-Knock et al. 2017, van Blitterswijk et al. 2012), wherein even 
highly pathogenic variants may require additional variants to lead to disease.

PP5 Reputable source recently reports variant as pathogenic but the evidence is not 
available to the laboratory to perform an independent evaluation

This is an agnostic analysis of variants wherein previous variant classifications are purposefully disregarded.

BS2 Observed in a healthy adult individual for a recessive (homozygous), dominant 
(heterozygous), or X-linked (hemizygous) disorder with full penetrance expected at 
an early age

ALS is a late onset disease with variants that exhibit reduced penetrance. A healthy adult carrying a variant may indicate 
that it is benign but may also indicate a presymptomatic individual or reduced variant penetrance.

BS3 Well-established in vitro or in vivo functional studies shows no damaging effect on 
protein function or splicing

There are no universally established pathogenicity assays for ALS which can be uniformly applied across different genes. 
As such this category could not be objectively assessed when performing an agnostic analysis of all variants.

BP2 Observed in trans with a pathogenic variant for a fully penetrant dominant 
gene/disorder; or observed in cis with a pathogenic variant in any inheritance 
pattern

ALS is an oligogenic disease (McCann et al. 2020,Cooper-Knock et al. 2017, van Blitterswijk et al. 2012), wherein even 
highly pathogenic variants may require additional variants to lead to disease.

BP5 Variant found in a case with an alternate molecular basis for disease ALS is an oligogenic disease (McCann et al. 2020,Cooper-Knock et al. 2017, van Blitterswijk et al. 2012), wherein even 
highly pathogenic variants may require additional variants to lead to disease.

BP6 Reputable source recently reports variant as benign but the evidence is not 
available to the laboratory to perform an independent evaluation.

This is an agnostic analysis of variants wherein previous variant classifications are purposefully disregarded.

Supplementary Table S2.4: Excluded ACMG categories

Supplementary Table 2.4: Excluded ACMG categories 
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Category Description ACMG Categorisation Treatment Justification Methods

PS2 De novo (both maternity and paternity confirmed) 

in a patient with the disease and no family history

StrP StrP NA Variants marked as PM6 ModP are screened for confirmed parentage. If 

parentage is confirmed these variants are marked as PS2 StrP and PM6 

reverts to null.

PS4 The prevalence of the variant in affected 

individuals is significantly increased compared to 

the prevalence in controls

StrP ModP PS4 relies on the frequency of variants in 

the Project MinE control cohort, which has 

previously undergone genome wide testing 

(van der Spek et al. 2019). To avoid 

retesting the same dataset, no significance 

testing is performed here. The category is 

downgraded to reflect this.

Variants present in the literature and the three ALS patient databases 

ALSdb, ALSVS and the ProjectMinE case cohort and which were absent 

in the ProjectMinE control cohort were designated PS4 ModP.

PM2 Absent from controls (or at extremely low 

frequency if recessive) in Exome Sequencing 

Project, 1000 Genomes or ExAC

ModP StrP

SupP

As variants are frequently absent in 

gnomAD, the ClinGen consortium propose 

reducing PM2 to SupP. Rather than 

compensating for this by altering the criteria 

required for a likely pathogenic 

classification as proposed by ClinGen,  

variants which are merely absent are 

distinguished from variants with robust 

statistical support.

Variants which are present in the literature and absent in gnomAD are 

classed as PM2 StrP. Fisher exact tests comparing the AF of variants in 

the literature to the AF of variants in gnomAD were performed. A p-value 

threshold of 1.9x10-5 was identified by dividing 0.05 by the number of 

testable variants (variants present in both the population subset of our 

data and in the gnomAD controls subset). Variants that are significantly 

more common in the literature are classed as PM2 StrP.

PM4 Protein length changes due to in-frame 

deletions/insertions in a non-repeat region or stop-

loss variants

ModP ModP NA PM4 ModP is assigned for in-frame INDELs falling in a non-repeat region 

as defined by the UCSC RepeatMasker tract 

PM6 Assumed de novo, but without confirmation of 

paternity and maternity

ModP ModP NA Variants are preliminarily classed as PM6 ModP if two independent 

cases are linked to the same de novo variant. Genes carrying a 

preliminary PM6 ModP de novo variant are classed as de novo 

susceptible, these genes are rescreened and variants with only one de 

novo case are marked as PM6 ModP. If variants marked as PM6 ModP 

have confirmed parentage, PS2 is upgraded to StrP and PM6 reverts to 

null.

PP1 Co-segregation with disease in multiple affected 

family members in a gene

definitively known to cause the disease

SupP

ModP

StrP

SupP

ModP

StrP

NA As outlined in methods, the counting meioses method of (Jarvik and 

Browning 2016) is the most appropriate method of quantifying 

segregation evidence from the available data. The cutoffs suggested by 

Jarvik et. al. are used (Supplementary Table S2.7).

Supplementary Table S2.5: Independent ACMG categories (1/3)
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Category Description ACMG Categorisation Treatment Justification Methods

PP3
BP4

Multiple lines of computational evidence support 
a deleterious effect on the gene or gene product 
(conservation, evolutionary, splicing impact, etc)

SupP
SupB

SupP
SupB

NA The suggested pathogenic and benign cutoffs are used for in silico 
pathogenicity prediction tools where available. Otherwise suggested 
thresholds from dbNSFPv4.0a or from a review of the in silico literature 
were used (Li et al. 2018). Thresholds used are available in 
supplementary table s8. 

For in silico predictions coding SNVs are classified as per (Ghosh et al. 
2017). MutationTaster (Schwarz et al. 2014), Mcap (Jagadeesh et al. 
2016), and CADD scores are checked for pathogenic agreement. VEST4, 
REVEL (Ioannidis et al. 2016), and MetaSVM (Kim et al. 2017) scores 
are checked for benign agreement. If a variant has both pathogenic and 
benign agreement, PP3 and BP4 are marked as null. 

INDELs are checked for pathogenic or benign agreement with CADD, 
SIFT INDEL and VEST4. Splicing variants are screened for pathogenic or 
benign agreement with AdaBoost, randomForest and CADD. 

For variants that either do not fit one of the above categories (e.g. intronic 
variants) or variants which do not have a prediction for one of the three 
tools against which it is screened, all calls from all tools are checked. A 
categorisation is made if predictions are available for three or more tools 
and they are in pathogenic or benign agreement.

PP4 Patient’s phenotype or family history is highly 
specific for a disease with a single genetic 
etiology

SupP StrP This category is only loosely described in 
the ACMG guidelines; however here robust 
quantitative statistical evidence is replied 
upon to test whether carriers of a variant 
share a common phenotype indicating a 
common molecular mechanism.

As described in methods, a Kruskal-Wallis test is used to test whether 
carriers of the variant of interest display significantly early or late 
disease-onset relative to the rest of the collected cohort.

BA1 Allele frequency too high in reference databases SAB SAB
StrB

Account for varying strengths of evidence A variant is assigned as BA1 SAB if the gnomAD AF is greater than or 
equal to 0.01. A variant is assigned as StrB if the gnomAD AF is below 
0.01, the penetrance is less than 1% and the variant is not homozygous 
in any reported individual in the literature.

BS1 Allele frequency is greater than expected for 
disorder

StrB StrB NA A variant is assigned BS1 StrB if the Project MinE control AF is greater 
than the Project MinE case AF.

Supplementary Table S2.5: Independent ACMG categories (2/3)
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Category Description ACMG Categorisation Treatment Justification Methods

BS4 Lack of segregation in affected members of a 

family

StrB SupB The oligogenic nature of ALS (Cooper-

Knock et al. 2017; McCann et al. 2020; van 

Blitterswijk et al. 2012) implies that a 

variant may not segregate entirely in a 

pedigree but may still be influencing 

disease where present.

BS4 SupB was assigned if any affected individual was homozygous for 

the reference allele.

BP1 Missense variant in a gene for which primarily 

truncating variants are known to cause disease

SupB SupB NA BP1 SupB is assigned if a missense variant is present in a gene with a 

gnomAD constraint missense z score below -2, which strongly indicates 

that the gene is tolerant of missense variants.

BP3 In-frame deletions/insertions in a repetitive region 

without a known function

SupB SupB NA BP3 SupB was assigned for in-frame INDELs falling in a repetitive region 

as predicted by the UCSC RepeatMasker tract

BP7 A synonymous (silent) variant for which splicing 

prediction algorithms predict no impact to the 

splice consensus sequence nor the creation of a 

predict no impact to the splice consensus 

sequence nor the creation of a new splice site 

AND the nucleotide is not highly conserved

SupB SupB NA BP7 SupB is assigned if the variant is predicted to be synonymous on 

the most severely affected transcript.  

StrP: Strong pathogenicModP: Modetate pathogenicSupP: Supporting pathogenic SAB: Stand-along benignStrB: Strong BenignSupB: Supporting benign

Supplementary Table S2.5: Independent ACMG categories (3/3)

Supplementary Table 2.5: Independent ACMG categories 



 

239 

 
 

Category Description ACMG 
Categorisation

Treatment Justification Methods

PVS1 Null variant (nonsense, frameshift, canonical +/−1 
or 2 splice sites, initiation codon, single or multi-
exon deletion) in a gene where loss of function 
(LOF) is a known mechanism of disease

VStrP VStrP
StrP
ModP
SupP

The original ACMG guidelines did not take into 
account the varying strengths of evidence that 
can contribute to this categorisation (Abou 
Tayoun et al. 2018)

Null variants are those with assigned impacts: splice_acceptor_variant, 
stop_gained, frameshift_variant, initiator_codon_variant, splice_donor_variant, 
start_lost or stop_lost. The process of assigning PVS1 is outlined in Supplementary 
Figure S2.2

PS1 Same amino acid change as a previously 
established pathogenic variant regardless of 
nucleotide change

StrP StrP NA Variant impact was assigned using gemini and SnpEff as described in methods. 
Following the first round of independent ACMG assessment, missense variants with 
the same amino acid change as variants deemed ‘P’ or ‘LP’ were assigned PS1 StrP

PM1 Located in a mutational hot spot and/or critical and 
well-established functional domain (e.g. active site 
of an enzyme) without benign variation

ModP ModP NA Variants are assigned PM1 ModP if they are a missense variant falling in an InterPro 
domain which contains more than one pathogenic or likely pathogenic variant from 
the initial independent ACMG screen and no benign or likely benign variants 

PM5 Novel missense change at an amino acid residue 
where a different missense change determined to 
be pathogenic has been seen before

ModP ModP NA Variants are assigned as PM5 ModP if they are a novel missense change at an 
amino acid residue found to be pathogenic or likely pathogenic following the first 
round independent screen

PP2 Missense variant in a gene that has a low rate of 
benign missense variation and where missense 
variants are a common mechanism of disease

SupP SupP NA Genes with a low rate of benign variation were defined as those with a gnomAD 
constraint missense z score >2. Genes where missense variants are a known 
mechanism of disease are defined as those with a pathogenic or likely pathogenic 
variant from the initial independent ACMG screen or genes with more than one 
missense variant with strong or moderate segregation

Supplementary Table S2.6: Dependent ACMG categories

VStrP: Very strong pathogenicStrP: Strong pathogenicModP: Modetate pathogenicSupP: Supporting pathogenic 

Supplementary Table 2.6: Dependant ACMG categories 

Single Family >1 Families

Strong evidence >1/16 >1/8

Moderate evidence ≤1/16 ≤1/8

Supporting evidence ≤1/8 ≤1/4

Supplementary Table S2.7: Meioses Count Thresholds for PP1

Supplementary Table 2.7: Meioses count threshold for PP1 
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Software Tool
CADD 15
Provean -2.5
VEST 0.5
REVEL 0.4
MetaSVM 0
MutationTaster 0.31733
MCap 0.025
AdaBoost 0.6
RandomForest 0.6

Supplementary Table S2.8: Cutoffs used for in silico  prediction software

Supplementary Table 2.8: Cut-offs used for in silico prediction software 

Variant1 Variant2 PMID Phenotype

C9orf72 :c.-45+163GGGGCC[>24] FUS :c.1474C>T(p.[R492C]) 26176978 ALS-FTD

C9orf72 :c.-45+163GGGGCC[>24] GRN :c.87_90dupCTGC(p.[C31fs]) 24286341 FTD-MND

C9orf72 :c.-45+163GGGGCC[>24] OPTN :c.1403T>G(p.[M468R]) 29080331 ALS-FTD

C9orf72 :c.-45+163GGGGCC[>24] OPTN :c.1403T>G(p.[M468R]) 29080331 ALS-FTD

Supplementary Table S2.9: Oligogenic carriers 

Note: previous research has indicated that carriers of certain variant combinations either 

develop ALS or FTD (Nguyen, Van Broeckhoven and van der Zee, 2018) . This table outlines 

individuals in the journALS database who contradict this finding.

Supplementary Table 2.9: Oligogenic carriers 
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Pedigree PMID Discordant Variant Note

20460594_1 20460594 SOD1 :c.301G>A(p.[E101K]) For confirmation DNA was recollected and checked independently by three 
separate labs using three separate sets of primers

20460594_2 20460594 SOD1 :c.301G>A(p.[E101K]) For confirmation DNA was recollected and checked independently by three 
separate labs using three separate sets of primers

20460594_3 20460594 SOD1 :c.272A>C(p.[D91A]) Where D91A was present in cases it was homozygous. For confirmation DNA 
was recollected and checked independently by three separate labs using three 
separate sets of primers

20460594_4 20460594 SOD1 :c.272A>C(p.[D91A]) Where D91A was present in cases it was homozygous. For confirmation DNA 
was recollected and checked independently by three separate labs using three 
separate sets of primers

22550220_1 22550220 C9orf72 :c.-45+163GGGGCC[>24]
TARDBP :c.1144G>A(p.[A382T])

Pedigree has two segregating pathogenic variants 

22645277_1 22645277 TARDBP :c.1055A>G(p.[N352S]) Pedigree also has a partially segregating ANG:c.122A>T(p.[K41I]) VUS

22645277_4 22645277 C9orf72 :c.-45+163GGGGCC[>24] Pedigree also has a segregating TARDBP :c.1055A>G(p.[N352S]), which is 
present in all affected individuals who were screened for the variant.

26839080_1 26839080 C9orf72 :c.-45+163GGGGCC[>24] This discordance of this pedigree is ambigous. The pedigree also has a 
segregating SQSTM1 :c.1175C>T(p.[P392L]) variant. The pedigree exhibits 
Paget's Disease of Bone, Cognitive impairment from childhood 
encephalopathy, FTD, and Parkinson's disease. There is a single individual 
who does not have the C9orf72  repeat expansion however they only exhibit 
PDB and cognitivie impairment but not FTD.

32223976_1 32223976 SOD1 :c.14C>T(p.[A5V]) The pedigree also has a discordantly segregating OPTN :c.138G>C(p.[E46D]) 
VUS

Supplementary Table S.2.10: Discordant pedigrees

Supplementary Table 2.10: Discordant pedigrees 
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Category Explanation

Population Matched Controls This study has demonstrated the significant geographic 

heterogeneity that variants can exhibit. Population databases 

such as gnomAD may be depleted for the population of interest. It 

is important to know if an identified variant is enriched in your 

ALS/FTD cohort or in your population in general

Pedigrees Clearly identify all relevant members of a pedigree

Distinguish cases from controls

Distinguish sequenced individuals from unsequenced

Distinguish variant carriers from non variant carriers

List AOO/ age at death / current age/ disease duration where 

applicable

Outline if pedigree has been reported before

Cohort selection For screening studies the preference should be for an unbiased 

cohort representative of the overall study population

If the cohort is biased please state any biases e.g. Were they 

previously negatively screened for any genes / variants, a 

particular family history, a specific AOO, a specific sub-

phenotype?

Phenotype Reporting Details of individual phenotypes as well as a summary of the 

overall cohort e.g. ALS-FRS, family history

Previous Reports Clearly state whether a pedigree/ individual / cohort has been 

previously reported

De novo If a variant has been found to be de novo  is the parentage 

confirmed 

Cohort size Clearly state size of study cohort 

Supplementary Table S.2.11: Minimal reporting guidelines for future integration

Supplementary Table 2.11: Minimal reporting guidelines for future integration 
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Gene Motif EH2 EH3 exSTRa GangSTR HipSTR RepeatSeq STRetch TREDPARSE
AFF2 CCG No Yes Yes Yes No Yes Yes Yes
AR CAG Yes Yes Yes Yes No Yes Yes Yes
ARX GCG No No No Yes Yes Yes Yes Yes
ATN1 CAG Yes Yes Yes Yes Yes Yes Yes Yes
ATXN1 CAG Yes Yes Yes Yes Yes Yes Yes Yes
ATXN10 ATTCT Yes Yes Yes Yes Yes No Yes Yes
ATXN2 CAG Yes Yes Yes Yes Yes Yes Yes Yes
ATXN3 CAG Yes Yes Yes Yes No Yes Yes Yes
ATXN7 CAG Yes Yes Yes Yes Yes Yes Yes Yes
ATXN8OS CTG.CAG No Yes Yes Yes Yes Yes Yes Yes
C9orf72 GGGGCC Yes Yes Yes Yes Yes Yes Yes Yes
CACNA1A CAG Yes Yes Yes Yes Yes Yes Yes Yes
CBL CCG Yes Yes No Yes No Yes No Yes
CNBP CCTG/CAGG No Yes Yes Yes No Yes Yes Yes
CSTB C4GC4GCG Yes Yes Yes Yes No No No Yes
DIP2B GGC No Yes No Yes No Yes Yes Yes
DMPK CAG Yes Yes Yes Yes Yes Yes Yes Yes
FMR1 CGG Yes Yes Yes Yes Yes Yes Yes Yes
FOXL2 GCN No No No No No No No Yes
FXN GAA Yes Yes Yes Yes No Yes Yes Yes
GIPC1 CCG No Yes No Yes No No Yes Yes
GLS GCA No Yes Yes Yes No Yes Yes Yes
HOXA13 GCN No No No No No No No Yes
HOXD13 GCN No No No No Yes No No Yes
HTT CAG Yes Yes Yes Yes Yes Yes Yes Yes
JPH3 CTG/CAG Yes Yes Yes Yes Yes Yes Yes Yes
LRP12 CGG No No Yes No No No Yes Yes
MARCHF6 TTTTA(TTTCA)NTTTTA No No Yes No No No No No
NIPA1 CGC No Yes No Yes No Yes No Yes
NOP56 GGCCTG No Yes Yes Yes Yes No Yes Yes
NOTCH2NLA CGG No No Yes No No No No Yes
NUTM2B CGG/CCG No No Yes Yes No No No Yes
PAPBN1 GCN No Yes No Yes No Yes Yes Yes
PHOX2B GCN No Yes No No No Yes Yes Yes
PPP2R2B CAG Yes Yes Yes Yes Yes Yes Yes Yes
RAPGEF2 TTTTA(TTTCA)NTTTTA No No Yes No No No No No
RFC1 AAAAG No Yes Yes Yes done Yes Yes Yes
RUNX2 GCN No No No No No No No Yes
SAMD12 TTTTA(TTTCA)NTTTTA No No Yes No No No No No
SOX3 GCN No No No No Yes No No Yes
STARD7 TTTTA(TTTCA)NTTTTA No No Yes No No No No No
TBP CAN No Yes Yes Yes No Yes Yes Yes
TCF4 CTG No Yes Yes No No Yes Yes Yes
TNRC6A TTTTA(TTTCA)NTTTTA No No Yes No No No No No
YEATS2 TTTTA(TTTCA)NTTTTA No No Yes No No No No No
ZIC2 GCN No No No No Yes No No Yes

Supplementary Table S3.1: Repeat Availability Across Software

Supplementary Table 3.1: Repeat Availability Across Software 
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exSTRa p-value STRetch Significant
Sample Gene Patient Paternal Maternal Patient Paternal Maternal Patient Paternal Maternal Patient Paternal Maternal
EP5A AR 4.81248E-06 No 21/23 21 23/24 20/22 20 2/22 21/23 21 23/24 20/22 20 22/24
EP6A AR 4.81248E-06 No 21/25 9 21/27 20/24 N/A 20/25 21/25 24 21/27 20/24 32 20/26
EP7A AR 4.81248E-06 No 19/21 N/A N/A N/A N/A N/A 21/21 N/A N/A 20/20 N/A N/A
EP8A ATN1 0.001301295 No 21/29 18/27 14/21 17/25 15/22 10/16 21/29 N/A 14/21 N/A N/A N/A
EP5A ATN1 4.76665E-06 No 19/20 19/20 19/21 15/16 15/16 15/17 19/20 19/20 19/21 15/16 15/16 15/17
EP6A ATN1 9.5333E-06 No 14/19 19/19 14/19 10/15 15/17 10/15 14/19 19/21 14/19 10/15 15/17 10/15
EP7A ATN1 4.76665E-06 No 19/19 N/A N/A 15/15 N/A N/A 19/19 N/A N/A 15/15 N/A N/A
EP5A ATXN1 4.78946E-06 No 31/31 30/31 31/31 N/A N/A N/A N/A N/A N/A 30/30 29/30 30/30
EP6A ATXN1 4.78946E-06 No 29/31 27/30 28/29 N/A N/A N/A N/A N/A N/A 28/30 21/36 27/28
EP7A ATXN1 4.78946E-06 No 29/31 N/A N/A N/A N/A N/A N/A N/A N/A 28/30 N/A N/A
EP6A ATXN2 0.000541221 No 19/22 N/A 22/22 N/A N/A N/A N/A N/A N/A 19/22 N/A N/A
EP5A ATXN3 4.76665E-06 No 25/28 18/28 11/25 N/A N/A N/A N/A N/A N/A 22/25 15/25 8/22
EP6A ATXN3 9.5333E-06 No 11/35 N/A 11/35 N/A N/A N/A N/A N/A N/A 8/30 8/8 8/32
EP7A ATXN3 0.000352732 No 11/35 N/A N/A N/A N/A N/A N/A N/A N/A 8/32 N/A N/A
EP5A ATXN7 0.000404548 No 10/10 10/10 10/10 N/A N/A N/A N/A N/A N/A 10/10 10/10 10/10
EP6A ATXN7 0.000114103 No 10/10 N/A 10/19 N/A N/A N/A N/A N/A N/A 10/10 10/10 10/10
EP7A ATXN7 0.000269698 No 3/10 N/A N/A N/A N/A N/A N/A N/A N/A 10/10 N/A N/A
EP9A ATXN8OS 0.001167829 No 26/32 N/A N/A 15/21 15/22 15/15 N/A N/A N/A 15/22 15/21 15/15
EP10A ATXN8OS 0.000185899 No N/A N/A N/A 14/22 15/20 15/16 N/A N/A N/A 14/19 15/21 15/16
EP5A ATXN8OS 1.43E-05 No N/A N/A N/A N/A N/A N/A N/A N/A N/A 15/16 9/15 15/16
EP7A ATXN8OS 4.76665E-06 No N/A N/A N/A N/A N/A N/A N/A N/A N/A 15/17 N/A N/A
EP11A DMPK 3.35262E-05 No 20/23 N/A N/A N/A N/A N/A 20/23 N/A N/A 20/23 N/A N/A
EP5A DMPK 4.78946E-06 No 35/42 40/42 8/35 N/A N/A N/A 35/35 40/42 8/35 N/A N/A N/A
EP12A DMPK 0.00085796 No 5/22 5/22 N/A N/A N/A N/A 5/22 5/22 N/A 5/22 5/22 N/A
EP13A DMPK 0.001143947 No 12/25 5/25 11/12 N/A N/A N/A 12/25 5/25 11/12 12/25 5/25 11/12
EP5A FMR1 0.000118095 No N/A N/A N/A N/A N/A N/A 17/17 3 6/6 17/17 7 6/6
EP6A FMR1 6.74828E-05 No N/A N/A N/A N/A N/A N/A 13/13 N/A 12/12 14/14 N/A 15/21
EP7A FMR1 0.000579228 No N/A N/A N/A N/A N/A N/A 7/7 N/A N/A 16/16 N/A N/A
EP9A FXN 0.0004078 No 9/18 N/A N/A 9/16 N/A N/A 9/18 N/A N/A 9/18 N/A N/A
EP14A GLS 0.000801934 No N/A N/A N/A 14/14 14/17 14/14 N/A N/A N/A N/A 8/9 8/8
EP5A GLS 7.39372E-05 No 14/15 N/A 14/15 11/14 14/14 11/14 N/A N/A N/A 14/15 8/15 14/15
EP6A GLS 2.27499E-05 No 13/18 N/A 15/18 14/14 14/15 14/14 N/A N/A N/A 14/18 14/14 15/18
EP7A GLS 4.54998E-05 No 14/18 N/A N/A 14/14 N/A N/A N/A N/A N/A 14/18 N/A N/A
EP15A HTT 0.000115057 No N/A N/A N/A N/A N/A N/A 17/26 17/17 17/20 22/22 17/18 20/20
EP5A HTT 1.15057E-05 No 19/22 16/22 19/28 19/21 N/A N/A 19/22 16/22 19/28 19/22 16/22 19/28
EP5A JPH3 4.76665E-06 No 11/14 14/14 11/14 11/14 14/14 14/14 11/14 14/14 11/14 11/14 14/14 11/14
EP6A JPH3 4.76665E-06 No 14/14 14/15 14/14 14/14 14/15 14/15 14/14 14/15 14/14 14/14 14/15 14/14
EP7A JPH3 4.76665E-06 No 14/14 N/A N/A 14/14 N/A N/A 14/14 N/A N/A 14/14 N/A N/A
EP5A LRP12 4.33123E-05 No N/A N/A N/A 4/4 N/A N/A N/A N/A N/A N/A N/A N/A
EP6A LRP12 0.000611185 No N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
EP5A NOTCH2 9.76582E-05 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
EP6A NOTCH2 0.000126956 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
EP7A NOTCH2 0.000102541 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
EP6A NUTM2B 0.000667314 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
EP7A NUTM2B 0.001031303 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

Supplementary Table S.3.2 : Samples with Significant Expansions as Predicted by exSTRa (1/2)
ExpansionHunter version 3 GangSTR (Target Mode) ExpansionHunter version 2 TREDPARSE
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exSTRa p-value STRetch Significant
Sample Gene Patient Paternal Maternal Patient Paternal Maternal Patient Paternal Maternal Patient Paternal Maternal
EP16A RFC1 5.26815E-05 No 9/38 9/36 9/33 9/9 N/A N/A N/A N/A N/A N/A N/A N/A
EP13A SAMD12 0.000476644 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
EP5A TBP 4.76665E-06 No 36/37 37/37 36/37 N/A N/A N/A N/A N/A N/A 37/38 38/38 37/38
EP6A TBP 4.76665E-06 No 37/37 49/77 37/37 N/A N/A N/A N/A N/A N/A 37/38 24/136 38/66
EP7A TBP 4.76665E-06 No 34/37 N/A N/A N/A N/A N/A N/A N/A N/A 35/38 N/A N/A
EP17A TCF4 0.000410341 No 11/20 11/17 12/20 N/A N/A N/A N/A N/A N/A N/A N/A N/A
EP18A TCF4 0.000572568 No 20/20 9/19 15/17 N/A N/A N/A N/A N/A N/A N/A N/A N/A
EP19A YEATS2 5.00476E-05 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

ExpansionHunter version 3 GangSTR (Target Mode) ExpansionHunter version 2 TREDPARSE
Supplementary Table S.3.2 : Samples with Significant Expansions as Predicted by exSTRa (2/2)

Supplementary Table 3.2: Exploration of exSTRa Predicted Significant Repeats in Epilepsy  
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Supplementary Figure 2.1: Identifying p-value threshold for age of onset comparisons 

Variant carriers can be categorised based on phenotype (all, ALS, FTD), sex (all, male, female) and family 
history (all, sporadic, familial); thus 27 tests comparing the age of onset of carriers of a particular variant to 
the remainder of the cohort can be conducted per variant. It is demonstrated that if a category has below six 
variant carriers it is impossible to achieve a significant p-value after correcting for the number of tests 
performed. Only categories with six or more variant carriers are tested and a p-value of 9.75x10-5 is required. 
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Retain null variants

Is variant in final exon?Unassigned 

Is variant in PM controls?

Is gnomAD AF > 1e-5?

Is there a previously identified null variant in this gene? Is pLI >= 0.9? Is pext >= minimum pext
of present null variants? 

Very strong pathogenic

Moderate pathogenic
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Unassigned 
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Is pLI >= 0.9?

Is pext >= 0.5?
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Supporting Pathogenic
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Supplementary Figure 2.2: Workflow for assigning ACMG category PVS1 

Various gene properties are taken into account when assigning ACMG category PVS1. Variants are excluded if they fall in the final exon as per (Abou Tayoun et al. 2018). Variants 
common in gnomAD are excluded. The gnomAD probability of loss of function intolerance (pLI) score for a gene indicates how resilient a gene is to null variants. The gnomAD 
proportion expressed across transcripts (pext) score is a useful predictor of pathogenicity for null variants (Cummings et al. 2020). 
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Potential Papers: 2,914

Relevant Papers: 1,028

Non-population Papers: 503

Potential Population Papers: 525

Population Papers: 244

Rejected Population Papers: 281

Total non-population Papers: 784

Variants in Literature: 3,111Genes in Literature: 356

Pathogenic Variants:                    35
Likely Pathogenic Variants:       77
VUS:                                               2,694
Likely Benign Variants:              157
Benign Variants:                           149                   

Genes containing pathogenic 
variants: 9

Additional genes containing 
likely pathogenic variants:        12

Merge with reference databases

Additional Variants: 1,468,766

VUS:                                      1,338,813
Likely Benign Variants:         5,166
Benign Variants:                  124,787                   

Supplementary Figure 2.3: Study workflow 

Figure outlining the filtering and processing of data in this study 
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Supplementary Figure 2.4: ACMG categories 

Plot displays the number of times each category was fulfilled when applying ACMG categorisation to our 
dataset 
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Supplementary Figure 2.5: FTD and ALS-FTD population penetrance estimates 

A) The FTD population penetrance estimates are shown here for 791 variants that had an FTD AF calculated 
from the literature and an available gnomAD AF. The majority of these variants have low penetrance with 
high confidence. Due to the high lifetime risk of FTD and the low AF of each variant, this method struggles to 
confidently identify intermediate and high penetrance variants. B) The lifetime risk of developing ALS or FTD 
is calculated via the population penetrance method for 649 variants which had both and ALS and an FTD AF 
calculated from the literature.  
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Supplementary Figure 2.6: FTD and ALS-FTD familial penetrance estimates 

A) The FTD familial penetrance estimates are shown here for 104 variants have a calculated AF in fFTD and 
sFTD cases. B) The lifetime risk of developing ALS or FTD is calculated via the familial penetrance method for 
10 variants which have an AF calculated in fALS, sALS, fFTD and sFTD cases.  
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Supplementary Figure 2.7: Penetrance estimate comparisons 

ALS penetrance estimates are calculated via the population penetrance method for AFs observed in the 
literature, the Project MinE case series, ALSdb and ALSVS. These are compared to each other and to the 
familial penetrance estimates calculated based on the AF in fALS and sALS cases. Population penetrance 
estimates from different datasets correlate well, highlighting the reliability of the literature collection. There 
is less correlation when comparing to the familial penetrance method, this reflects the inherent large 
confidence intervals of these two methods. 
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Supplementary Figure 2.8: ALS population penetrance modelling 

We calculate that even a dataset of 15,000 cases (the target size of Project MinE) will struggle to confidently 
identify high and intermediate penetrance variants due to the high lifetime risk of ALS. 
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Supplementary Figure 2.9: Relationship between control cohort size and penetrance estimates confidence 

The figure demonstrates that increasing the size of the available control cohort can increase the confidence 
with which penetrance estimates can be calculated without increasing the size of case cohorts. The range of 
penetrance confidence estimates are plotted for hypothetical variants with a fixed case AF of 1x10-3 and with 
a lifetime risk of 1/400 and control AFs ranging from  1x10-4 to 1x10-5.  



 

257 

65 70 75 80 85

0

20

40

60

80

100
Ag

e 
of

 O
ns

et
 (Y

ea
rs

)

National Life Expectancy (Years)

ALS: Gene / Age of Onset Interactions GRN* ERLIN2
TBK1* C9orf72* Non Pathogenic or Likely Pathogenic Variants* TARDBP* VCP
VAPB* SOD1* OPTN
FUS
UBQLN2
PARK7
ERLIN1
DCTN1
SETX
ALS2*

65 70 75 80 85

0

20

40

60

80

100

Ag
e 

of
 O

ns
et

 (Y
ea

rs
)

National Life Expectancy (Years)

FTD: Gene / Age of Onset Interactions TBK1
CHMP2B
GRN
C9orf72* VCP
Non Pathogenic or Likely Pathogenic Variants* TARDBP
MAPT*

65 70 75 80 85

0

20

40

60

80

100

Ag
e 

of
 O

ns
et

 (Y
ea

rs
)

National Life Expectancy (Years)

ALS: Gene / Age of Onset Interactions GRN* ERLIN2
TBK1* C9orf72* Non Pathogenic or Likely Pathogenic Variants* TARDBP* VCP
VAPB* SOD1* OPTN
FUS
UBQLN2
PARK7
ERLIN1
DCTN1
SETX
ALS2*

65 70 75 80 85

0

20

40

60

80

100

Ag
e 

of
 O

ns
et

 (Y
ea

rs
)

National Life Expectancy (Years)

FTD: Gene / Age of Onset Interactions TBK1
CHMP2B
GRN
C9orf72* VCP
Non Pathogenic or Likely Pathogenic Variants* TARDBP
MAPT*

A B 

D C 

Supplementary Figure 2.10: Age of onset life expectancy regression with covariates 

The AOO for ALS patients (A and B) and FTD patients (C and D) is regressed against the life expectancy for each country including sex and gene as covariates. B and C display the R 
output for each regression. 
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Supplementary Figure 2.11: Properties of genes carrying pathogenic and likely pathogenic variants 

Displayed are the genes which are observed to carry pathogenic of likely pathogenic variants and the location 
and classification of variants in these genes. 
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Supplementary Figure 2.12: Phenotypes of carriers of pathogenic and likely pathogenic variants 

For each gene with an observed pathogenic or likely pathogenic variant the primary phenotype of variant 
carriers in that gene are displayed. Variants classified as either pathogenic or likely pathogenic are listed 
individually and other VUS variants are amalgamated. 
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Supplementary Figure 2.13: Detailed proportion of explained ALS and FTD cases 

A detailed breakdown of the overall proportion of global ALS and FTD cases with an explained genetic cause 
varies if considering A) pathogenic variants, B) pathogenic and likely pathogenic variants, or C) all reported 
variants in genes with observed pathogenic or likely pathogenic variants.  
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Supplementary Figure 2.14: Age of onset for variant carriers 

Plots display the age of onset for carriers of P and LP variants (red), relative to carriers of other variants in the 
same gene (blue), and the rest of cohort (yellow). P-values are displayed for Kruskal-Wallis tests comparing P 
and LP variant carries to the rest of the cohort. Where P and LP variants are observed in both ALS and FTD 
cases these are shown on separate plots (O) C9orf72, P) TBK1, Q) TARDBP, R) VCP) 
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Supplementary Figure 3.1: ExpansionHunter v2 comparison of gold standard PCR genotyping with in silico predictions 

Gold standard PCR genotypes are compared to predicted alleles using the software ExpansionHunter 2.  
 



 

271 

AR

PCR Allele Measurement

So
ftw

ar
e 

Al
le

le
 P

re
di

ct
io

n

10 15 20 25 30

10
15
20
25
30

rmsd= 1.03

GangSTR_NonTarget_Mode : Comparison of Gold Standard PCR Genotyping with Software Allele Prediction

Patient
Control

ATN1

PCR Allele Measurement

So
ftw

ar
e 

Al
le

le
 P

re
di

ct
io

n

8 10 12 14 16 18 20 22

8
10
12
14
16
18
20
22

rmsd= 0.3

ATXN10

PCR Allele Measurement

So
ftw

ar
e 

Al
le

le
 P

re
di

ct
io

n

10 12 14 16 18 20 22

10
12
14
16
18
20
22

rmsd= 0.52

ATXN2

PCR Allele Measurement

So
ftw

ar
e 

Al
le

le
 P

re
di

ct
io

n

20 30 40 50 60 70

20
30
40
50
60
70

rmsd= 1.99

ATXN3

PCR Allele Measurement

So
ftw

ar
e 

Al
le

le
 P

re
di

ct
io

n

10 15 20 25 30

10
15
20
25
30

rmsd= 0.98

ATXN7

PCR Allele Measurement

So
ftw

ar
e 

Al
le

le
 P

re
di

ct
io

n

8 10 12 14

8

10

12

14

rmsd= 0.52

CACNA1A

PCR Allele Measurement

So
ftw

ar
e 

Al
le

le
 P

re
di

ct
io

n

4 6 8 10 12 14 16

4
6
8

10
12
14
16

rmsd= 0.18

CNBP

PCR Allele Measurement

So
ftw

ar
e 

Al
le

le
 P

re
di

ct
io

n

5 10 15 20

5

10

15

20

rmsd= 3.04

FXN

PCR Allele Measurement

So
ftw

ar
e 

Al
le

le
 P

re
di

ct
io

n

0 20 40 60 80

0

20

40

60

80

rmsd= 5.28

GIPC1

PCR Allele Measurement

So
ftw

ar
e 

Al
le

le
 P

re
di

ct
io

n

10 15 20 25 30

10
15
20
25
30

rmsd= 1.2

HTT

PCR Allele Measurement

So
ftw

ar
e 

Al
le

le
 P

re
di

ct
io

n

10 15 20 25 30 35 40

10
15
20
25
30
35
40

rmsd= 1.39

JPH3

PCR Allele Measurement

So
ftw

ar
e 

Al
le

le
 P

re
di

ct
io

n

10 15 20 25

10

15

20

25

rmsd= 0.55



 

272 

 

 

 

LRP12

PCR Allele Measurement

So
ftw

ar
e 

Al
le

le
 P

re
di

ct
io

n

4 6 8 10 12 14 16

4
6
8

10
12
14
16

rmsd= 6.54

NOP56

PCR Allele Measurement

So
ftw

ar
e 

Al
le

le
 P

re
di

ct
io

n

2 4 6 8 10

2
4
6
8

10

rmsd= 0.52

PPP2R2B

PCR Allele Measurement

So
ftw

ar
e 

Al
le

le
 P

re
di

ct
io

n

20 40 60 80 120

20
40
60
80

100
120
140

rmsd= 13.93

TBP

PCR Allele Measurement

So
ftw

ar
e 

Al
le

le
 P

re
di

ct
io

n

0 50 100 150

0

50

100

150

rmsd= 14.82

Supplementary Figure 3.2: GangSTR (target) comparison of gold standard PCR genotyping with in silico predictions 

 Gold standard PCR genotypes are compared to predicted alleles using the software GangSTR (targeted). 
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Supplementary Figure 3.3: GangSTR (target) comparison of gold standard PCR genotyping with in silico predictions 

Gold standard PCR genotypes are compared to predicted alleles using the software GangSTR (targeted). 
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Supplementary Figure 3.4: HipSTR comparison of gold standard PCR genotyping with in silico predictions 

Gold standard PCR genotypes are compared to predicted alleles using the software HipSTR 
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Supplementary Figure 3.5: RepeatSeq: comparison of gold standard PCR genotyping with in silico predictions 

 
 Gold standard PCR genotypes are compared to predicted alleles using the software HipSTR 
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Supplementary Figure 3.6: STRetch comparison of gold standard PCR genotyping with in silico predictions 

Gold standard PCR genotypes are compared to predicted alleles using the software STRetch 
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Supplementary Figure 3.7: TREDPARSE comparison of gold standard PCR genotyping with in silico predictions 

 
 

Gold standard PCR genotypes are compared to predicted alleles using the software TREDPARSE 
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Supplementary Figure 3.8: ExpansionHunter v2: comparison of genotype calls from samples sequenced with WES and WGS 

Gold standard PCR genotypes are compared to predicted alleles using the software ExpansionHunter 2 
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Supplementary Figure 3.9: GangSTR (Genome-Wide): : comparison of genotype calls from Samples sequenced with WES and WGS 

Gold standard PCR genotypes are compared to predicted alleles using the software GangSTR (Genome-Wide) 
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Supplementary Figure 3.10: GangSTR (Target): : comparison of genotype calls from samples sequenced with WES and WGS 

Gold standard PCR genotypes are compared to predicted alleles using the software GangSTR (Target) 
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Supplementary Figure 3.11: HipSTR : comparison of genotype calls from samples sequenced with WES and WGS 

Gold standard PCR genotypes are compared to predicted alleles using the software HipSTR 
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Supplementary Figure 3.12: RepeatSeq: comparison of genotype calls from samples sequenced with WES and WGS 

Gold standard PCR genotypes are compared to predicted alleles using the software RepeatSeq 
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Supplementary Figure 3.13: TREDPARSE: comparison of genotype calls from samples sequenced with WES and WGS 

Gold standard PCR genotypes are compared to predicted alleles using the software TREDPARSE 
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Supplementary Figure 3.14: ExpansionHunter3 prediction of STR lengths in epilepsy patients 

For each gene genotyped with ExpansionHunter3 the allele lengths in epilepsy patients are compared to 136 Irish controls. The upper plot shows the predicted allele lengths and 
the lower plot shows the OR.  An asterisks indicate a significant OR. The epilepsy results include PCR-free WGS samples, PCR WGS samples and WES sample if an RMSD below 
one was observed when comparing WES results to WGS results for a given gene. 
 



 

303 

AF
F2

  a
lle

le
 c

ar
rie

r f
re

qu
en

cy
,

lo
ng

er
 a

lle
le

 (%
)

AFF2   GCC  repeats   ( GangSTR_NonTarget_Mode )

6 12 13 14 15 16 17 18 19 20 21 22 23 24 25 29 32                                                                                                  

0

25

50

75

100

repeats: 

Patients (n= 24)
Controls (n= 118)

A

>5 >11 >12 >13 >14 >15 >16 >17 >18 >19 >20 >21 >22 >23 >24 >28 >31
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 

AR
  a

lle
le

 c
ar

rie
r f

re
qu

en
cy

,
lo

ng
er

 a
lle

le
 (%

)

AR   CAG  repeats   ( GangSTR_NonTarget_Mode )

15 16 18 19 20 21 22 23 24 25 26 27 28 29 30                                                                                                                    

0

25

50

75

100

repeats: 

Patients (n= 19)
Controls (n= 89)

B

>14 >15 >17 >18 >19 >20 >21 >22 >23 >24 >25 >26 >27 >28 >29
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 



 

304 

 

AR
X 

 a
lle

le
 c

ar
rie

r f
re

qu
en

cy
,

lo
ng

er
 a

lle
le

 (%
)

ARX   CCG  repeats   ( GangSTR_NonTarget_Mode )

10 11 12 14                                                                                                                                                                                                                   

0

25

50

75

100

repeats: 

Patients (n= 27)
Controls (n= 120)

C

>9 >10 >11 >13
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 

AT
N
1 

 a
lle

le
 c

ar
rie

r f
re

qu
en

cy
,

lo
ng

er
 a

lle
le

 (%
)

ATN1   CAG  repeats   ( GangSTR_NonTarget_Mode )

8 9 10 12 14 15 16 17 18 19 20 21 22 25                                                                                                                                        

0

25

50

75

100

repeats: 

Patients (n= 122)
Controls (n= 136)

D

>7 >8 >9 >11 >13 >14 >15 >16 >17 >18 >19 >20 >21 >24
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 



 

305 

 

AT
XN

1 
 a

lle
le

 c
ar

rie
r f

re
qu

en
cy

,
lo

ng
er

 a
lle

le
 (%

)
ATXN1   CAG  repeats   ( GangSTR_NonTarget_Mode )

27 28 29 30 31 32 33 34 35 52 53 55 56 57 58 60 61 62 63 65 67 68 69 70 71 73 74 79 80 81 85 101 104 150

0

25

50

75

100

repeats: 

Patients (n= 40)
Controls (n= 133)

E

>26 >27 >28 >29 >30 >31 >32 >33 >34 >51

*

>52

*

>54

*

>55

*

>56

*

>57 >59 >60 >61 >62 >64 >66 >67 >68 >69 >70 >72 >73 >78 >79 >80 >84 >100 >103 >149
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 

AT
XN

10
  a

lle
le

 c
ar

rie
r f

re
qu

en
cy

,
lo

ng
er

 a
lle

le
 (%

)

ATXN10   ATTCT  repeats   ( GangSTR_NonTarget_Mode )

12 13 14 15 16 17 18 19 21                                                                                                                                                                                       

0

25

50

75

100

repeats: 

Patients (n= 40)
Controls (n= 136)

F

>11 >12 >13 >14 >15 >16 >17 >18 >20
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 



 

306 

 

AT
XN

2 
 a

lle
le

 c
ar

rie
r f

re
qu

en
cy

,
lo

ng
er

 a
lle

le
 (%

)
ATXN2   CAG  repeats   ( GangSTR_NonTarget_Mode )

22 23 24 25 27 30 33                                                                                                                                                                                       

0

25

50

75

100

repeats: 

Patients (n= 39)
Controls (n= 136)

G

>21 >22 >23 >24 >26 >29 >32
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 

AT
XN

3 
 a

lle
le

 c
ar

rie
r f

re
qu

en
cy

,
lo

ng
er

 a
lle

le
 (%

)

ATXN3   CAG  repeats   ( GangSTR_NonTarget_Mode )

8 11 14 15 16 17 18 19 20 21 22 23 24 26 29 31                                                                                                                    

0

25

50

75

100

repeats: 

Patients (n= 41)
Controls (n= 136)

H

>7 >10 >13 >14 >15 >16 >17 >18 >19 >20 >21 >22 >23 >25 >28 >30
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 



 

307 

 

AT
XN

7 
 a

lle
le

 c
ar

rie
r f

re
qu

en
cy

,
lo

ng
er

 a
lle

le
 (%

)
ATXN7   CAG  repeats   ( GangSTR_NonTarget_Mode )

9 10 11 12 13 14                                                                                                                                                                                                                   

0

25

50

75

100

repeats: 

Patients (n= 46)
Controls (n= 136)

I

>8 >9 >10 >11 >12 >13
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 

AT
XN

8O
S 

 a
lle

le
 c

ar
rie

r f
re

qu
en

cy
,

lo
ng

er
 a

lle
le

 (%
)

ATXN8OS   CTG/CTA  repeats   ( GangSTR_NonTarget_Mode )

8 9 10 12 13 14 15 16 17 18 19 20 22 23 24 28                                                                                                                    

0

25

50

75

100

repeats: 

Patients (n= 40)
Controls (n= 136)

J

>7 >8 >9 >11 >12 >13 >14 >15 >16 >17 >18 >19 >21 >22 >23 >27
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 



 

308 

 

C
9o
rf7
2 

 a
lle

le
 c

ar
rie

r f
re

qu
en

cy
,

lo
ng

er
 a

lle
le

 (%
)

C9orf72   GGGGCC  repeats   ( GangSTR_NonTarget_Mode )

2 3 4 5 6 7 8 9 10 11 12 13 14 16                                                                                                                                        

0

25

50

75

100

repeats: 

Patients (n= 35)
Controls (n= 136)

K

>1 >2 >3 >4 >5 >6 >7 >8 >9 >10 >11 >12 >13 >15
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 

C
AC

N
A1
A 

 a
lle

le
 c

ar
rie

r f
re

qu
en

cy
,

lo
ng

er
 a

lle
le

 (%
)

CACNA1A   CAG  repeats   ( GangSTR_NonTarget_Mode )

7 11 12 13 14                                                                                                                                                                                                                   

0

25

50

75

100

repeats: 

Patients (n= 69)
Controls (n= 136)

L

>6 >10 >11 >12 >13
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 
C
BL

  a
lle

le
 c

ar
rie

r f
re

qu
en

cy
,

lo
ng

er
 a

lle
le

 (%
)

CBL   CCG  repeats   ( GangSTR_NonTarget_Mode )

11 12 13 14 16 17 18 19 20 21 22 25                                                                                                                                                              

0

25

50

75

100

repeats: 

Patients (n= 41)
Controls (n= 136)

M

>10 >11 >12 >13 >15 >16 >17 >18 >19 >20 >21 >24
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 

C
N
BP

  a
lle

le
 c

ar
rie

r f
re

qu
en

cy
,

lo
ng

er
 a

lle
le

 (%
)

CNBP   CCTG  repeats   ( GangSTR_NonTarget_Mode )

12 13 14 15 16 17 18 19 20                                                                                                                                                                                       

0

25

50

75

100

repeats: 

Patients (n= 40)
Controls (n= 136)

N

>11 >12 >13 >14 >15 >16 >17 >18

*

>19

*

−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 



 

309 

 

C
ST

B 
 a

lle
le

 c
ar

rie
r f

re
qu

en
cy

,
lo

ng
er

 a
lle

le
 (%

)
CSTB   CCCCGCCCCGCG  repeats   ( GangSTR_NonTarget_Mode )

2 3                                                                                                                                                                                                                                                  

0

25

50

75

100

repeats: 

Patients (n= 38)
Controls (n= 135)

O

>1 >2
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 

D
IP
2B

  a
lle

le
 c

ar
rie

r f
re

qu
en

cy
,

lo
ng

er
 a

lle
le

 (%
)

DIP2B   CGG  repeats   ( GangSTR_NonTarget_Mode )

7 8 9 11 13 14 15 16 17 18 19 20 21 22 23 25 27                                                                                                  

0

25

50

75

100

repeats: 

Patients (n= 39)
Controls (n= 136)

P

>6 >7 >8 >10 >12 >13 >14 >15 >16 >17 >18 >19 >20 >21 >22 >24 >26
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 



 

310 

 

D
M
1 

 a
lle

le
 c

ar
rie

r f
re

qu
en

cy
,

lo
ng

er
 a

lle
le

 (%
)

DM1   NA  repeats   ( GangSTR_NonTarget_Mode )

5 8 9 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 28 33                                                                    

0

25

50

75

100

repeats: 

Patients (n= 40)
Controls (n= 136)

Q

>4 >7 >8 >10 >11 >12 >13 >14 >15 >16 >17 >18 >19 >20 >21 >22 >23 >24 >25 >27 >32
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 

FM
R
1 

 a
lle

le
 c

ar
rie

r f
re

qu
en

cy
,

lo
ng

er
 a

lle
le

 (%
)

FMR1   CGG  repeats   ( GangSTR_NonTarget_Mode )

16 18 20 21 23 24 25 26 27 28 29 30 31 32 33 34 37 38 39 52 53 55 57 68                                                        

0

25

50

75

100

repeats: 

Patients (n= 13)
Controls (n= 120)

R

>15 >17 >19 >20 >22 >23 >24 >25 >26 >27 >28 >29 >30 >31 >32 >33 >36 >37 >38 >51 >52 >54 >56 >67
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 



 

311 

 

FX
N

  a
lle

le
 c

ar
rie

r f
re

qu
en

cy
,

lo
ng

er
 a

lle
le

 (%
)

FXN   GAA  repeats   ( GangSTR_NonTarget_Mode )

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 24 30                                                                                                  

0

25

50

75

100

repeats: 

Patients (n= 29)
Controls (n= 132)

S

>5 >6 >7 >8 >9 >10 >11 >12 >13 >14 >15 >16 >17 >18 >19 >20 >23 >29
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 

G
IP
C
1 

 a
lle

le
 c

ar
rie

r f
re

qu
en

cy
,

lo
ng

er
 a

lle
le

 (%
)

GIPC1   GGC  repeats   ( GangSTR_NonTarget_Mode )

10 11 12 13 14 19                                                                                                                                                                                                                   

0

25

50

75

100

repeats: 

Patients (n= 39)
Controls (n= 135)

T

>9 >10 >11 >12 >13 >18
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 



 

312 

 

G
LS

  a
lle

le
 c

ar
rie

r f
re

qu
en

cy
,

lo
ng

er
 a

lle
le

 (%
)

GLS   GCA  repeats   ( GangSTR_NonTarget_Mode )

8 9 10 11 12 13 14 15 16 17 18 19 20 21 25 28                                                                                                                    

0

25

50

75

100

repeats: 

Patients (n= 41)
Controls (n= 136)

U

>7 >8 >9 >10 >11 >12 >13 >14 >15 >16 >17 >18 >19 >20 >24 >27
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 

H
TT

  a
lle

le
 c

ar
rie

r f
re

qu
en

cy
,

lo
ng

er
 a

lle
le

 (%
)

HTT   CAG  repeats   ( GangSTR_NonTarget_Mode )

16 17 18 19 20 21 22 23 24 25 26 27 28 29 30                                                                                                                    

0

25

50

75

100

repeats: 

Patients (n= 40)
Controls (n= 136)

V

>15 >16 >17 >18 >19 >20 >21 >22 >23 >24 >25 >26 >27 >28 >29
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 

JP
H
3 

 a
lle

le
 c

ar
rie

r f
re

qu
en

cy
,

lo
ng

er
 a

lle
le

 (%
)

JPH3   CAG  repeats   ( GangSTR_NonTarget_Mode )

13 14 15 16 17 18 19                                                                                                                                                                                       

0

25

50

75

100

repeats: 

Patients (n= 119)
Controls (n= 136)

W

>12 >13 >14 >15 >16 >17 >18
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 

LR
P1
2 

 a
lle

le
 c

ar
rie

r f
re

qu
en

cy
,

lo
ng

er
 a

lle
le

 (%
)

LRP12   NA  repeats   ( GangSTR_NonTarget_Mode )

4 8 9 10 11                                                                                                                                                                                                                   

0

25

50

75

100

repeats: 

Patients (n= 41)
Controls (n= 135)

X

>3 >7 >8 >9 >10
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 



 

313 

 

NI
PA
1 

 a
lle

le
 c

ar
rie

r f
re

qu
en

cy
,

lo
ng

er
 a

lle
le

 (%
)

NIPA1   GCG  repeats   ( GangSTR_NonTarget_Mode )

7 8 9 10 12                                                                                                                                                                                                                   

0

25

50

75

100

repeats: 

Patients (n= 39)
Controls (n= 136)

Y

>6 >7 >8 >9 >11
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 

NO
P5
6 

 a
lle

le
 c

ar
rie

r f
re

qu
en

cy
,

lo
ng

er
 a

lle
le

 (%
)

NOP56   GGCCTG  repeats   ( GangSTR_NonTarget_Mode )

2 3 5 6 7 8                                                                                                                                                                                                                   

0

25

50

75

100

repeats: 

Patients (n= 41)
Controls (n= 136)

Z

>1 >2 >4 >5 >6 >7
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 

N
U
TM

2B
  a

lle
le

 c
ar

rie
r f

re
qu

en
cy

,
lo

ng
er

 a
lle

le
 (%

)

NUTM2B   NA  repeats   ( GangSTR_NonTarget_Mode )

7 9 10 11 12 13 14 15 16                                                                                                                                                                                       

0

25

50

75

100

repeats: 

Patients (n= 40)
Controls (n= 136)

A.2

>6 >8 >9 >10 >11 >12 >13 >14 >15
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 

PA
BP

N
1 

 a
lle

le
 c

ar
rie

r f
re

qu
en

cy
,

lo
ng

er
 a

lle
le

 (%
)

PABPN1   GCG  repeats   ( GangSTR_NonTarget_Mode )

6 7 10                                                                                                                                                                                                                                                  

0

25

50

75

100

repeats: 

Patients (n= 76)
Controls (n= 136)

B.2

>5 >6 >9
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 



 

314 

 

PP
P2
R
2B

  a
lle

le
 c

ar
rie

r f
re

qu
en

cy
,

lo
ng

er
 a

lle
le

 (%
)

PPP2R2B   CAG  repeats   ( GangSTR_NonTarget_Mode )

10 11 13 14 15 16 20                                                                                                                                                                                       

0

25

50

75

100

repeats: 

Patients (n= 41)
Controls (n= 136)

C.2

>9 >10 >12 >13 >14 >15 >19
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 

R
FC

1 
 a

lle
le

 c
ar

rie
r f

re
qu

en
cy

,
lo

ng
er

 a
lle

le
 (%

)

RFC1   AAGGG  repeats   ( GangSTR_NonTarget_Mode )

8 9 10 11 12 13 14 15 16 17 18 19 21 24 25                                                                                                                    

0

25

50

75

100

repeats: 

Patients (n= 29)
Controls (n= 127)

D.2

>7 >8 >9 >10 >11 >12 >13 >14 >15 >16 >17 >18 >20 >23 >24
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 



 

315 

  

Supplementary Figure 3.15: GangSTR (genome-wide mode) prediction of STR lengths in epilepsy patients 

For each gene genotyped with GangSTR (genome-wide mode) the allele lengths in epilepsy patients are compared to 136 Irish controls. The upper plot shows the predicted allele 
lengths and the lower plot shows the OR.  An asterisks indicate a significant OR. The epilepsy results include PCR-free WGS samples, PCR WGS samples and WES sample if an RMSD 
below one was observed when comparing WES results to WGS results for a given gene. 
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Supplementary Figure 3.16: GangSTR (target mode) prediction of STR lengths in epilepsy patients 

For each gene genotyped with GangSTR (target mode) the allele lengths in epilepsy patients are compared to 136 Irish controls. The upper plot shows the predicted allele lengths 
and the lower plot shows the OR.  An asterisks indicate a significant OR. The epilepsy results include PCR-free WGS samples, PCR WGS samples and WES sample if an RMSD below 
one was observed when comparing WES results to WGS results for a given gene. 
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Supplementary Figure 3.17: HipSTR prediction of STR lengths in epilepsy patients 

For each gene genotyped with HipSTR the allele lengths in epilepsy patients are compared to 136 Irish controls. The upper plot shows the predicted allele lengths and the lower plot 
shows the OR.  An asterisks indicate a significant OR. The epilepsy results include PCR-free WGS samples, PCR WGS samples and WES sample if an RMSD below one was observed 
when comparing WES results to WGS results for a given gene. 
 



 

339 

AR
  a

lle
le

 c
ar

rie
r f

re
qu

en
cy

,
lo

ng
er

 a
lle

le
 (%

)
AR   CAG  repeats   ( RepeatSeq )

20 28 30 31 32 33 34 35 36 37 38    

0

25

50

75

100

repeats: 

Patients (n= 19)
Controls (n= 53)

A

>19 >27 >29 >30 >31 >32 >33 >34 >35 >36 >37
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 

AR
X 

 a
lle

le
 c

ar
rie

r f
re

qu
en

cy
,

lo
ng

er
 a

lle
le

 (%
)

ARX   CCG  repeats   ( RepeatSeq )

15                                                                               

0

25

50

75

100

repeats: 

Patients (n= 41)
Controls (n= 116)

B

>14
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 



 

340 

AT
N
1 

 a
lle

le
 c

ar
rie

r f
re

qu
en

cy
,

lo
ng

er
 a

lle
le

 (%
)

ATN1   CAG  repeats   ( RepeatSeq )

13 14 15 17 19 20 21 22 23 24 25 26 27

0

25

50

75

100

repeats: 

Patients (n= 41)
Controls (n= 116)

C

>12 >13 >14 >16 >18 >19 >20 >21 >22 >23 >24 >25 >26
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 

AT
XN

1 
 a

lle
le

 c
ar

rie
r f

re
qu

en
cy

,
lo

ng
er

 a
lle

le
 (%

)

ATXN1   CAG  repeats   ( RepeatSeq )

29 30 31 32                                              

0

25

50

75

100

repeats: 

Patients (n= 11)
Controls (n= 25)

D

>28 >29 >30 >31
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 



 

341 

AT
XN

2 
 a

lle
le

 c
ar

rie
r f

re
qu

en
cy

,
lo

ng
er

 a
lle

le
 (%

)
ATXN2   CAG  repeats   ( RepeatSeq )

22                                                                               

0

25

50

75

100

repeats: 

Patients (n= 19)
Controls (n= 63)

E

>21
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 

AT
XN

3 
 a

lle
le

 c
ar

rie
r f

re
qu

en
cy

,
lo

ng
er

 a
lle

le
 (%

)

ATXN3   CAG  repeats   ( RepeatSeq )

14 20 22 23 24 26 27 28 29 30       

0

25

50

75

100

repeats: 

Patients (n= 50)
Controls (n= 93)

F

>13 >19

*

>21

*

>22

*

>23

*

>25

*

>26

*

>27 >28 >29
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 



 

342 

AT
XN

7 
 a

lle
le

 c
ar

rie
r f

re
qu

en
cy

,
lo

ng
er

 a
lle

le
 (%

)
ATXN7   CAG  repeats   ( RepeatSeq )

10 11 12 13 14 15                             

0

25

50

75

100

repeats: 

Patients (n= 79)
Controls (n= 116)

G

>9 >10 >11 >12 >13 >14
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 

AT
XN

8O
S 

 a
lle

le
 c

ar
rie

r f
re

qu
en

cy
,

lo
ng

er
 a

lle
le

 (%
)

ATXN8OS   CTG/CTA  repeats   ( RepeatSeq )

9 10 13 14 15 16 17                      

0

25

50

75

100

repeats: 

Patients (n= 35)
Controls (n= 110)

H

>8 >9 >12 >13 >14 >15 >16
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 



 

343 

C
9o
rf7
2 

 a
lle

le
 c

ar
rie

r f
re

qu
en

cy
,

lo
ng

er
 a

lle
le

 (%
)

C9orf72   GGGGCC  repeats   ( RepeatSeq )

9 11 12 15                                              

0

25

50

75

100

repeats: 

Patients (n= 26)
Controls (n= 57)

I

>8 >10 >11 >14
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 

C
AC

N
A1
A 

 a
lle

le
 c

ar
rie

r f
re

qu
en

cy
,

lo
ng

er
 a

lle
le

 (%
)

CACNA1A   CAG  repeats   ( RepeatSeq )

4 7 11 12 13 14                             

0

25

50

75

100

repeats: 

Patients (n= 41)
Controls (n= 116)

J

>3 >6 >10 >11 >12 >13
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 



 

344 

C
BL

  a
lle

le
 c

ar
rie

r f
re

qu
en

cy
,

lo
ng

er
 a

lle
le

 (%
)

CBL   CCG  repeats   ( RepeatSeq )

8 11 12 13 15 20                             

0

25

50

75

100

repeats: 

Patients (n= 54)
Controls (n= 115)

K

>7 >10 >11 >12 >14 >19
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 

C
N
BP

  a
lle

le
 c

ar
rie

r f
re

qu
en

cy
,

lo
ng

er
 a

lle
le

 (%
)

CNBP   CCTG  repeats   ( RepeatSeq )

8 14 15 16 17 18 20 21                

0

25

50

75

100

repeats: 

Patients (n= 39)
Controls (n= 104)

L

>7 >13 >14 >15 >16

*

>17

*

>19

*

>20
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 



 

345 

D
IP
2B

  a
lle

le
 c

ar
rie

r f
re

qu
en

cy
,

lo
ng

er
 a

lle
le

 (%
)

DIP2B   CGG  repeats   ( RepeatSeq )

8 9 10 12 15 16 17 18 19 21 22    

0

25

50

75

100

repeats: 

Patients (n= 89)
Controls (n= 114)

M

>7 >8 >9

*

>11

*

>14 >15 >16 >17 >18 >20 >21
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 

D
M
PK

  a
lle

le
 c

ar
rie

r f
re

qu
en

cy
,

lo
ng

er
 a

lle
le

 (%
)

DMPK   CTG  repeats   ( RepeatSeq )

6 12 13 14 21                                     

0

25

50

75

100

repeats: 

Patients (n= 11)
Controls (n= 22)

N

>5 >11 >12 >13 >20
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 



 

346 

FM
R
1 

 a
lle

le
 c

ar
rie

r f
re

qu
en

cy
,

lo
ng

er
 a

lle
le

 (%
)

FMR1   CGG  repeats   ( RepeatSeq )

21 23 25 27 28 31 32 34 35 36 37 38 45

0

25

50

75

100

repeats: 

Patients (n= 10)
Controls (n= 60)

O

>20 >22 >24 >26 >27 >30 >31 >33 >34 >35 >36 >37 >44
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 

FX
N

  a
lle

le
 c

ar
rie

r f
re

qu
en

cy
,

lo
ng

er
 a

lle
le

 (%
)

FXN   GAA  repeats   ( RepeatSeq )

7 8 9 10 11 20                             

0

25

50

75

100

repeats: 

Patients (n= 31)
Controls (n= 62)

P

>6 >7 >8 >9 >10 >19
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 



 

347 

 

G
IP
C
1 

 a
lle

le
 c

ar
rie

r f
re

qu
en

cy
,

lo
ng

er
 a

lle
le

 (%
)

GIPC1   GGC  repeats   ( RepeatSeq )

14 15 16 17                                              

0

25

50

75

100

repeats: 

Patients (n= 48)
Controls (n= 116)

Q

>13 >14 >15 >16
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 

G
LS

  a
lle

le
 c

ar
rie

r f
re

qu
en

cy
,

lo
ng

er
 a

lle
le

 (%
)

GLS   GCA  repeats   ( RepeatSeq )

8 9 10 11 12 13 14 15 16 17 18 19  

0

25

50

75

100

repeats: 

Patients (n= 41)
Controls (n= 116)

R

>7 >8 >9 >10 >11 >12 >13 >14 >15 >16 >17 >18
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 



 

348 

 

H
TT

  a
lle

le
 c

ar
rie

r f
re

qu
en

cy
,

lo
ng

er
 a

lle
le

 (%
)

HTT   CAG  repeats   ( RepeatSeq )

17 19 20 21 22 23 28                      

0

25

50

75

100

repeats: 

Patients (n= 10)
Controls (n= 14)

S

>16 >18 >19 >20 >21 >22 >27
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 

JP
H
3 

 a
lle

le
 c

ar
rie

r f
re

qu
en

cy
,

lo
ng

er
 a

lle
le

 (%
)

JPH3   CAG  repeats   ( RepeatSeq )

16 17 18 19 20 21                             

0

25

50

75

100

repeats: 

Patients (n= 107)
Controls (n= 116)

T

>15 >16 >17 >18 >19 >20
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 



 

349 

 

N
IP
A1

  a
lle

le
 c

ar
rie

r f
re

qu
en

cy
,

lo
ng

er
 a

lle
le

 (%
)

NIPA1   GCG  repeats   ( RepeatSeq )

10 11 12 13                                              

0

25

50

75

100

repeats: 

Patients (n= 72)
Controls (n= 116)

U

>9 >10 >11 >12
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 

PA
BP

N
1 

 a
lle

le
 c

ar
rie

r f
re

qu
en

cy
,

lo
ng

er
 a

lle
le

 (%
)

PABPN1   GCG  repeats   ( RepeatSeq )

7 8                                                                   

0

25

50

75

100

repeats: 

Patients (n= 99)
Controls (n= 116)

V

>6 >7
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 



 

350 

PH
OX

2B
  a

lle
le

 c
ar

rie
r f

re
qu

en
cy

,
lo

ng
er

 a
lle

le
 (%

)
PHOX2B   GCN  repeats   ( RepeatSeq )

16                                                                               

0

25

50

75

100

repeats: 

Patients (n= 72)
Controls (n= 116)

W

>15
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 

PP
P2
R2

B 
 a

lle
le

 c
ar

rie
r f

re
qu

en
cy

,
lo

ng
er

 a
lle

le
 (%

)

PPP2R2B   CAG  repeats   ( RepeatSeq )

10 11 12 14 15 16 21                      

0

25

50

75

100

repeats: 

Patients (n= 50)
Controls (n= 115)

X

>9 >10 >11

*

>13

*

>14 >15 >20
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 



 

351 

 

R
FC

1 
 a

lle
le

 c
ar

rie
r f

re
qu

en
cy

,
lo

ng
er

 a
lle

le
 (%

)
RFC1   AAGGG  repeats   ( RepeatSeq )

9 10 11 12 13                                     

0

25

50

75

100

repeats: 

Patients (n= 17)
Controls (n= 65)

Y

>8 >9 >10 >11 >12
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 

TB
P 

 a
lle

le
 c

ar
rie

r f
re

qu
en

cy
,

lo
ng

er
 a

lle
le

 (%
)

TBP   CAG  repeats   ( RepeatSeq )

34 35 36 37 38                                     

0

25

50

75

100

repeats: 

Patients (n= 5)
Controls (n= 28)

Z

>33 >34 >35 >36 >37
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 



 

352 

 

 

 

TC
F4

  a
lle

le
 c

ar
rie

r f
re

qu
en

cy
,

lo
ng

er
 a

lle
le

 (%
)

TCF4   CTG  repeats   ( RepeatSeq )

10 12 15 17 18 25 26                      

0

25

50

75

100

repeats: 

Patients (n= 14)
Controls (n= 28)

A.2

>9 >11 >14 >16 >17 >24 >25
−3
−2
−1

0
1
2
3

lo
g 1

0(
O

R)
(9

5%
 C

I)

repeats: 

Supplementary Figure 3.18: RepeatSeq prediction of STR lengths in epilepsy patients 

For each gene genotyped with RepeatSeq the allele lengths in epilepsy patients are compared to 136 Irish controls. The upper plot shows the predicted allele lengths and the 
lower plot shows the OR.  An asterisks indicate a significant OR. The epilepsy results include PCR-free WGS samples, PCR WGS samples and WES sample if an RMSD below one 
was observed when comparing WES results to WGS results for a given gene. 
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Supplementary Figure 3.19: TREDPARSE prediction of STR lengths in epilepsy patients 

For each gene genotyped with TREDPARSE the allele lengths in epilepsy patients are compared to 136 Irish controls. The upper plot shows the predicted allele lengths and the lower 
plot shows the OR.  An asterisks indicate a significant OR. The epilepsy results include PCR-free WGS samples, PCR WGS samples and WES sample if an RMSD below one was observed 
when comparing WES results to WGS results for a given gene. 
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Identical Reads Repeat Count Sequence 

Patient:  EP5A
1 13 GACGCCGCCGCCGCCGCCGCCGCCGCCGCCGCCGCCGCCGCCGAG
1 ≥12     CCGCCGCCGCCGCCGCCGCCGCCGCCGCCGCCGCCGCCGAG

13 12 GACGCCGCCGCCGCCGCCGCCGCCGCCGCCGCCGCCGCCGAG
1 ≥11       GCCGCCGCCGCCGCCGCCGCCGCCGCCGCCGCCGAG
1 ≥10         CGCCGCCGCCGCCGCCGCCGCCGCCGCCGCCGAG

30 9 GACGCCGCCGCCGCCGCCGCCGCCGCCGCCGAG
1 9  ACGCCGCCGCCGCCGCCGCCGCCGCCGCCGAG
2 ≥8      CGCCGCCGCCGCCGCCGCCGCCGCCGAG
1 ≥6           CCGCCGCCGCCGCCGCCGCCGAG
1 ≥6            CGCCGCCGCCGCCGCCGCCGAG
2 ≥5                GCCGCCGCCGCCGCCGAG
1 ≥3                    CCGCCGCCGCCGAG
1 ≥1                           CGCCGAG

Patient: EP6A
13 12 GACGCCGCCGCCGCCGCCGCCGCCGCCGCCGCCGCCGCCGAG

1 ≥7                  CGCCGCCGCCGCCGCCGCCGCCGAG
1 ≥7                   GCCGCCGCCGCCGCCGCCGCCGAG

25 5 GACGCCGCCGCCGCCGCCGAG
1 ≥4      CGCCGCCGCCGCCGAG

exSTRa Predicted Significant Repeat Expansions in LRP12

Supplementary Figure 3.20 : Exploration of samples with exSTRa predicted LRP12 REs 

exSTRa predicts two epilepsy patients to have significant repeats in LRP12. Reads here are directly extracted 
from the patient bam files as there is insufficient information from other tools to make a conclusion as to 
the veracity of these repeats. It is seen that while some stutter error is visible, both patients appear to have 
alleles of 9/12 and 5/12, well within the non-pathogenic range.  
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Identical Reads Repeat Count Sequence

Patient: EP13A

1 ≥1 CAAATAAAAT

1 ≥10 CAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAA

1 ≥10 CAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATA

1 ≥14 CAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAAT

3 ≥14 CAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAATAAAATA

1 ≥15 CAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAA

1 ≥16 CAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAA

1 ≥16 CAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATA

4 20 CAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAAATGAA

1 ≥18 …...........AATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAAATGAA

1 ≥17 …................AATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAAATGAA

1 ≥16 ….....................AATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAAATGAA

1 ≥8 …............................................................AAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAAATGAA

1 ≥1 CAAAAATAAAA…..........................................................

1 ≥10 CAAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATA…...........

6 12 CAAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAAATAAT

1 ≥6 ..................................AATAAAATAAAATAAAATAAAATAAAATAAAATAAT

1 ≥4 ….............................................TAAAATAAAATAAAATAAAATAAT

1 ≥2 ….................................................ATAAAATAAAATAAAATAAT

1 ≥2 …....................................................AAATAAAATAAAATAAT

1 ≥2 …......................................................ATAAAATAAAATAAT

1 ≥2 ….......................................................TAAAATAAAATAAT

1 N/A …................................................................ATAAT

exSTRa Predicted Significant Repeat Expansions in SAMD2

Supplementary Figure 3.21 : Exploration of samples with exSTRa predicted SAMD12 REs 

exSTRa predicts a single epilepsy patient to have a significant repeats in SAMD12. Reads here are directly extracted from the patient bam file as there is insufficient information 
from other tools to make a conclusion as to the veracity of these repeats. It is seen that while some stutter error is visible, the patient appears to have heterozygous 12/20 
repeats within the non-pathogenic range.  
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Identical Reads Repeat Count Sequence 

1 >7 AGGAAGCGGCGGGGCGGCGGCGGCGGCGG
1 >9 AGGAAGCGGCGGGGCGGCGGCGGCGGCGGCGGC
1 >11 AGGAAGCGGCGGGGCGGCGGCGGCGGCGGCGGCGGCGGC
4 13 AGGAAGCGGCGGGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCCGGGAA

1 >7 AGGAAGCGGCGGGGCGGCGGCGGCGGC
1 >9 AGGAAGCGGCGGGGCGGCGGCGGCGGCGGCGGCGGCGGCG
1 >11 AGGAAGCGGCGGGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCCGG
8 13 AGGAAGCGGCGGGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCCGGGAA

exSTRa Predicted Significant Repeats in NUTM2B 

Patient: EP6A

Patient: EP7A

Supplementary Figure 3.22 : Exploration of samples with exSTRa predicted NUTM2B REs 

exSTRa predicts two epilepsy patients to have significant repeats in NUTM2B. Reads here are directly 
extracted from the patient bam files as there is insufficient information from other tools to make a conclusion 
as to the veracity of these repeats. Both patients appear to be homozygous for 13 repeats, well within the 
non-pathogenic range.  
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Read Count Repeat Count Sequence 
1 ≥1 TGCCCAGGCG

4 ≥1 TGCCCAGGCGG

1 ≥2 TGCCCAGGCGGC

1 ≥2 TGCCCAGGCGGCG

1 ≥3 TGCCCAGGCGGCGGCG

2 ≥3 TGCCCAGGCGGCGGCGGA

1 ≥4 TGCCCAGGCGGCGGCGGCG

30 4 TGCCCAGGCGGCGGCGGCGGA

2 ≥5 TGCCCAGGCGGCGGCGGCGGCGG

2 5 TGCCCAGGCGGCGGCGGCGGCGGA

2 ≥6 TGCCCAGGCGGCGGCGGCGGCGGCG

2 ≥7 TGCCCAGGCGGCGGCGGCGGCGGCGGC

1 ≥8 TGCCCAGGCGGCGGCGGCGGCGGCGGCGG

197 7 TGCCCAGGCGGCGGCGGCGGCGGCGGCGGA

7 9 TGCCCAGGCGGCGGCGGCGGCGGCGGCGGCGGCGGA

1 N/A TGCCCAGGCGGCGTCGGCGGCGGCGGCGGA

1 ≥13 TGCCCAGGCGGGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGC

1 ≥14 TGCCCAGGCGGGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGC

2 ≥15 TGCCCAGGCGGGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGC

1 N/A TGCCCAGGCTGCGGCCGCGGCCGCTGCGGCGGCGGA

Read Count Repeat Count Sequence 
2 ≥1 TGCCCAGGCG

2 ≥2 TGCCCAGGCGGCG

1 ≥2 TGCCCAGGCGGCGG

3 ≥3 TGCCCAGGCGGCGGC

4 ≥3 TGCCCAGGCGGCGGCG

2 N/A TGCCCAGGCGGCGGCGAGATCGGA

1 ≥4 TGCCCAGGCGGCGGCGGC

66 4 TGCCCAGGCGGCGGCGGCGGA

1 ≥5 TGCCCAGGCGGCGGCGGCGGC

2 ≥6 TGCCCAGGCGGCGGCGGCGGCGGC

1 ≥6 TGCCCAGGCGGCGGCGGCGGCGGCG

1 6 TGCCCAGGCGGCGGCGGCGGCGGCGGA

3 ≥7 TGCCCAGGCGGCGGCGGCGGCGGCGGC

24 ≥8 TGCCCAGGCGGCGGCGGCGGCGGCGGCGG

215 7 TGCCCAGGCGGCGGCGGCGGCGGCGGCGGA

1 ≥8 TGCCCAGGCGGCGGCGGCGGCGGCGGCGGC

1 ≥8 TGCCCAGGCGGCGGCGGCGGCGGCGGCGGCG

5 9 TGCCCAGGCGGCGGCGGCGGCGGCGGCGGCGGA

8 10 TGCCCAGGCGGCGGCGGCGGCGGCGGCGGCGGCGGA

2 13 TGCCCAGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGAG

32 13 TGCCCAGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGA

31 14 TGCCCAGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGA

1 N/A TGCCCAGGCGGCTGCGGCGGCGGCGGCGG

Patient: EP5A

Patient: EP6A

exSTRa Predicted Significant Repeats in NOTCH2
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Patient: EP7A
Read Count Repeat Count Sequence 

1 ≥1 TGCCCAGGC

2 ≥1 TGCCCAGGCG

1 1 TGCCCAGGCGAG

1 ≥1 TGCCCAGGCGG

1 ≥2 TGCCCAGGCGGC

1 ≥2 TGCCCAGGCGGCG

2 ≥2 TGCCCAGGCGGCGG

2 ≥3 TGCCCAGGCGGCGGC

1 ≥3 TGCCCAGGCGGCGGCG

2 ≥4 TGCCCAGGCGGCGGCGG

3 ≥4 TGCCCAGGCGGCGGCGGC

1 4 TGCCCAGGCGGCGGCGGCAGA

1 ≥5 TGCCCAGGCGGCGGCGGCGGC

3 ≥6 TGCCCAGGCGGCGGCGGCGGCGG

1 ≥6 TGCCCAGGCGGCGGCGGCGGCGGC

3 ≥6 TGCCCAGGCGGCGGCGGCGGCGGCG

1 6 TGCCCAGGCGGCGGCGGCGGCGGCGAG

1 6 TGCCCAGGCGGCGGCGGCGGCGGCGGCAG

3 ≥7 TGCCCAGGCGGCGGCGGCGGCGGCGGCGG

338 7 TGCCCAGGCGGCGGCGGCGGCGGCGGCGGA

5 ≥8 TGCCCAGGCGGCGGCGGCGGCGGCGGCGGCGGA

1 ≥9 TGCCCAGGCGGCGGCGGCGGCGGCGGCGGCGGC

15 9 TGCCCAGGCGGCGGCGGCGGCGGCGGCGGCGGCGGA

1 6 TGCCCAGGCGGCGGCGGCGGCGGCGTCGGA

1 6 TGCCCAGGCGGCGTCGGCGGCGGCGGCGGA

Supplementary Figure 3.23 : Exploration of samples with exSTRa predicted NOTCH2 REs 

exSTRa predicts three epilepsy patients to have significant repeats in NOTCH2. Reads here are directly 
extracted from the patient bam files as there is insufficient information from other tools to make a conclusion 
as to the veracity of these repeats. While there is some variability in reads, likely resulting from stutter error 
during the sequencing of these WES samples, the reads do not support an expansion at this locus. 
 

Supplementary Figure 3.24 : Coverage of samples with exSTRa predicted NOTCH2 REs 

While samples predicted to have a repeat at this locus (orange) are deeply sequenced at this locus, this is 
found to be proportional to their overall exome-wide coverage. 
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Supplementary Figure 3.25 : ExpansionHunter v3 exploration of potential de novo REs in epilepsy patients 

For each patient the longest observed allele at a given locus is compared relative to the longest allele observed in parental samples. A red asterisks indicates that the gene in 
question had poor concordance when comparing WES and WGS genotypes for the same samples, consequently WES genotypes may not be reliable.  
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GangSTR_Target_Mode: Comparison of Longest Allele in Proband & Corresponding Parent Allele from WGS PCR Data
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Supplementary Figure 3.26 : GangSTR (Target Mode) exploration of potential de novo REs in epilepsy patients 

For each patient the longest observed allele at a given locus is compared relative to the longest allele observed in parental samples. A red asterisks indicates that the gene in 
question had poor concordance when comparing WES and WGS genotypes for the same samples, consequently WES genotypes may not be reliable. ` 
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GangSTR_NonTarget_Mode: Comparison of Longest Allele in Proband & Corresponding Parent Allele from WGS PCR Data
ATXN1

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

29 30 31 32 33

29

30

31

32

33
ATXN10

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

13 14 15 16 18

13
14
15
16

18
ATXN2

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

22 23

22

23

ATXN3

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

14 17 21 23

14

17

21
22
23

ATXN7

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

9 10 11

9

10

11
ATXN8OS

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

13 15 17

13

15

17
C9orf72

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

3 5

3

5

CACNA1A

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

7 11 12 13 14

7

11
12
13
14

CBL

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

11 12 13 14

11

12

13

14
CNBP

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

15 16 17 18

15

16

17

18
CSTB

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

2 3 4

2

3

4



 

376 

DIP2B

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

7 14 16

7

14

16
DM1

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

5 12 25

5

12

25
GIPC1

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

10 11 12

10

11

12
GLS

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

8 11 15 18

8

11

15

18

HTT

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

17 20 21 22

17

20
21
22

JPH3

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

14 15 16

14

15

16
LRP12

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

4 8 9

4

8
9

NIPA1

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

7 8 9

7

8

9

NOP56

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

3 5 7

3

5

7
NUTM2B

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

7 10 14

7

10

14
PABPN1

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

6 7

6

7
PPP2R2B

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

10 13 14 15

10

13
14
15



 

377 

 

RFC1

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

9 10 11 14 16

9
10
11

14

16

AR

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

21 22 23

21

22

23

GangSTR_NonTarget_Mode: Comparison of Longest Allele in Proband & Corresponding Parent Allele from WES Data

* ATN1

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

8 10 14 16 18 20

8
10

14
16
18
20

ATXN1

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

22 28 34 40 46 58 64

22
28
33
38
43

58
63 * ATXN3

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

8 14 16 18

8

14
16
18 *

ATXN7

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

9 10 11

9

10

11
ATXN8OS

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

12 14 16 18 20 22

12
14
16
18
20
22 * CACNA1A

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

12 13 14 15

12

13

14

15
DIP2B

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

7 8 13 15

7
8

13
14
15
16 *



 

378 

 

DM1

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

5 10 14 19 28 34

5
10
14
19

28
34 * FMR1

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

30 31

30

31 * HTT

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

15 17 19 22

15
16
17
18
19

22
23 * JPH3

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

13 14 15 16 17

13

14

15

16

17

PABPN1

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

5 6 7

5

6

7
TBP

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

19 36 44 57 65 73

19

36
43

57
64
71 *

Supplementary Figure 3.27 : GangSTR (Genome-wide Mode) exploration of potential de novo REs in epilepsy patients 

For each patient the longest observed allele at a given locus is compared relative to the longest allele observed in parental samples. A red asterisks indicates that the gene in 
question had poor concordance when comparing WES and WGS genotypes for the same samples, consequently WES genotypes may not be reliable. ` 
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HipSTR: Comparison of Longest Allele in Proband & Corresponding Parent Allele from WGS PCR Data
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Supplementary Figure 3.28 : HipSTR exploration of potential de novo REs in epilepsy patients 

For each patient the longest observed allele at a given locus is compared relative to the longest allele observed in parental samples. A red asterisks indicates that the gene in 
question had poor concordance when comparing WES and WGS genotypes for the same samples, consequently WES genotypes may not be reliable. ` 
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RepeatSeq: Comparison of Longest Allele in Proband & Corresponding Parent Allele from WGS PCR Data
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RepeatSeq: Comparison of Longest Allele in Proband & Corresponding Parent Allele from WES Data

* ATXN3

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

13 14 15

13

14

15
ATXN7

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

11 12 13

11

12

13
ATXN8OS

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

9 12 15 17

9

12

15
16
17 *



 

385 

  

CACNA1A

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

11 12 13 14

11

12

13

14 * DIP2B

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

8 9

8

9
GLS

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

14 15 16 17

14

15

16

17 * JPH3

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

16 17 18 19

16

17

18

19

NIPA1

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

11 12 13

11

12

13
PABPN1

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

6 7 8

6

7

8
PHOX2B

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

15 16 17

15

16

17
PPP2R2B

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

10 11 12

10

11

12

Supplementary Figure 3.29 : RepeatSeq exploration of potential de novo REs in epilepsy patients 

For each patient the longest observed allele at a given locus is compared relative to the longest allele observed in parental samples. A red asterisks indicates that the gene in 
question had poor concordance when comparing WES and WGS genotypes for the same samples, consequently WES genotypes may not be reliable. ` 
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Tredparse: Comparison of Longest Allele in Proband & Corresponding Parent Allele from WGS PCR Data
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Supplementary Figure 3.30 : TREDPARSE exploration of potential de novo REs in epilepsy patients 

For each patient the longest observed allele at a given locus is compared relative to the longest allele observed in parental samples. A red asterisks indicates that the gene in 
question had poor concordance when comparing WES and WGS genotypes for the same samples, consequently WES genotypes may not be reliable.  

ATXN1

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

9 16 26 33 40 47 54

9
16
22
28
34
40
46
52 * ATXN10

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

6 36 80 99

6

36

80
99 * ATXN2

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

8 31 57 85 117 150 205

8
31
54
76

117
140

205 * ATXN3

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

8 14 18 25 30

8

14
17
20
25
30 *

ATXN7

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

5 6 10 12 14

5
6

10
11
12
13
14

ATXN8OS

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

9 14 20 45 52

9
14
19

45
52 * C9orf72

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

1 2 3

1

2

3 * CACNA1A

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

5 9 14 41

5
9

13

41 *

CNBP

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

5 7 10 12 15

5
7

10
12

15 * CSTB

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

2 3 4

2

3

4
DMPK

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

5 13 22 32 66

5
13
21
29
39

66
74 * FMR1

Parent Corresponding Allele

Pr
ob

an
d 

Lo
ng

es
t A

lle
le

4 8 13 19 26 32 39 45

4
9

14
19
26
31
36
41
46 *




