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Abstract 

The role of germline and somatic nuclear and mitochondrial DNA variation in 

neurodegenerative disorders 

Dr Michael J Keogh 

Neurodegenerative disorders are a group of age-related conditions resulting in neuronal cell death 

and protein accumulation. It is estimated that around 5-10% of these cases are genetically mediated. 

Most commonly this is by pathogenic single nuclear variants (SNVs), though combinations of rare 

variants (termed oligogenic variation), copy-number variation (CNVs), somatic mutations in nuclear 

DNA, and somatically acquired mitochondrial DNA variants have all been hypothesised to increase 

disease risk or cause disease.    

Firstly, using a combination of exome sequencing and array genotyping on 1511 post-mortem brain 

samples within the MRC Brain Bank, we detected 61 monogenic cases of disease, 349 brains 

carrying disease risk factors, and identified that variants in GRN and PRPH may increase the risk of 

developing dementia with lewy bodies (DLB) and Alzheimer’s disease (AD) respectively. Secondly, 

we detected a previously unknown systematic bias in the interpretation of oligogenic interactions 

with implications for our understanding of disease mechanisms and coexistent clinical diagnostic 

utility. Thirdly, we detected a novel copy-number gain in LAMA5 associated with Creutzfeldt-Jakob 

disease (CJD), and fourthly, we determine that at least 1% of the population carry high level somatic 

protein-coding mutations affecting at least 10% of cells within the brain. Subsequently, additional 

focussed deep-sequencing studies revealed that several regions of the brain are likely to contain 

clones of low-level somatic mutations that are pathogenic when present in the germline, and that 

age-related clonal mutations that arise in blood are present at high levels within the aging brain and 

are associated with Lewy Body pathology. Finally, using transgenic mice that over express human 

α-synuclein and which either accrue or transmit mtDNA mutations, we determine that the presence 

of mtDNA mutations exacerbate some phenotypic traits of Lewy body disorders, and may reduce the 

volume of critical neuroanatomical brain regions whilst paradoxically reducing α-synuclein 

accumulation. 

Taken together, these data enable the first genetically stratified brain tissue resource in the UK, 

describe new disease genetic risk factors (both SNVs and CNVs) for neurodegenerative disorders, 

and also help define the somatic genetic architecture of the human brain. In addition, we describe the 

in vivo interaction between mutations in the mitochondrial genome and a progressive 

neurodegenerative disorder in mice.  
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Chapter 1 

Introduction 

1.1 Overview of neurodegenerative disorders 

Neurodegenerative disorders can be broadly considered as diseases in which selective 

neuronal vulnerability and degeneration occur in conjunction with deposits of abnormal 

proteins (Taylor, Hardy et al. 2002, Ross and Poirier 2004).  Although not exclusive, several 

major disorders are commonly accepted to be included under the umbrella term of 

neurodegenerative diseases including Alzheimer’s disease (AD), Parkinson’s disease (PD), 

Frontotemporal dementia (FTD), and motor neuron disease (MND) / amyotrophic lateral 

sclerosis (ALS).  

These diseases encompass a diverse clinical spectrum, ranging from pure cognitive 

syndromes (such as most cases of Alzheimer’s disease (Dubois, Feldman et al. 2014)) through 

to isolated movement disorders (such as the Primary Lateral Sclerosis variant of ALS 

(Pringle, Hudson et al. 1992)), though many neurodegenerative disorders consist of a mixture 

of cognitive and motor features, with the clinical phenotype determined by the neurological 

systems and pathways affected by the disease pathology (Taipa, Pinho et al. 2012).  

1.2 Epidemiology and financial burden of neurodegenerative diseases 

The true prevalence of neurodegenerative disorders is difficult to establish, with most 

epidemiological studies focused on defining the incidence and prevalence of single diseases 

only, or of the broad category of ‘dementia’, which fails to encapsulate forms of 

neurodegenerative disorders in which cognitive features either have not developed or are not 

part of the phenotype. However, even accounting for these methodological difficulties, 
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estimates suggest that ~2% of the population are currently suffering from a neurodegenerative 

disease (Prusiner 2001). 

Amongst the specific neurodegenerative disorders, Alzheimer’s disease remains by far the 

most common, affecting approximately 10% of adults aged over 65 (Association 2015), 

equating to almost 5 million adults in the USA (Hebert, Scherr et al. 2003) rising to an 

estimated 13.2 million affected adults in the USA by 2050 (Hebert, Scherr et al. 2003). 

Dementia with Lewy Bodies (DLB) is the second most common neurodegenerative disorder, 

accounting for approximately 4% of all cases of dementia (Vann Jones 2014), with an 

estimated population prevalence of 0.6% in those aged over 65 years of age (Stevens, 

Livingston et al. 2002). Parkinson’s disease is the third most common, with an overall 

incidence of 16-19 per 100,000 person years (Twelves, Perkins et al. 2003), rising to 160 per 

100,000 person years in those aged over 65 (Hirtz, Thurman et al. 2007), and equating to 

59,000 new cases of PD in the USA each year (Hirtz, Thurman et al. 2007). Motor neuron 

disease is less common than Alzheimer’s, Parkinson’s and DLB, but still has an estimated 

lifetime risk of 1 in 472 for women and 1 in 350 for men (Alonso, Logroscino et al. 2009). 

Finally, other neurodegenerative diseases are far more rare, with progressive supranuclear 

palsy (PSP) occurring at a rate of 3/100,000 person years (Bower, Maraganore et al. 1997), 

Huntington’s disease (HD) at 0.7/100,000 years (Wexler, Collett et al. 2016) and Prion 

diseases occurring in less than 1 per million individuals per year (Holman, Belay et al. 2010). 

Whilst all neurodegenerative disorders are rare in young people, they differ in incidence with 

age, with disorders such as Alzheimer’s disease showing a progressive increase over time, 

where as other diseases, such as ALS show a distinct peak at the age of 75-79 years of age 

(Figure 1.1).
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Figure 1.1. The incidence of each neurodegenerative disease by age. Each disorder can be identified by the key in the top right corner of the figure. 
This image is adapted from de Pedro-Cuesta et al  (de Pedro-Cuesta, Rabano et al. 2015). 
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The rapid increase in life expectancy in the Western world and developing nations over the 

past 50 years has therefore in part led to an increased prevalence of these disorders. The 

increase in the number of affected individuals coupled with the increased cost of healthcare 

means that neurodegenerative disorders now place significant financial strains on the 

economies of developed and developing nations. For example, the total spending on dementia 

and dementia care in the UK has been estimated to be around 0.6% of the gross domestic 

product (GDP) (Comas-Herrera, Wittenberg et al. 2007). In the USA, current estimates are 

that approximately 220 billion US dollars per year are spent on caring for people with 

dementia (Association 2015). For individual patients, the personal financial costs can also be 

extensive, with personal care costs for patients with ALS averaging $32,000 dollars a year in 

Canada (£20,000) (Gladman, Dharamshi et al. 2014), rising to over $1.4 million dollars in the 

USA if home care and home ventilation is required for a long period of time (Obermann and 

Lyon 2015).  

1.3 Major forms of neurodegenerative disorders 

Whilst neurodegenerative diseases are often discussed in epidemiological studies in terms of 

either the major eponymous phenotypic diseases such as Alzheimer’s disease or Parkinson’s 

disease, they are not actually discrete clinical and pathological entities. Work, primarily over 

the last 30 years, has revealed a marked degree of phenotypic and pathological heterogeneity 

both within and between these ostensibly discrete conditions, resulting in the appreciation of a 

relative continuum of neurodegenerative disorders.  

This continuum of disease is in stark contrast to initial classification systems which were 

based upon original isolated case reports of single cases resulting in the eponymous 

syndromes of Parkinson’s disease, Alzheimer’s disease and Pick’s disease being identified in 

the late 19th and early 20th century (Pick 1906, Alzheimer 1907, Pearce 2003). Following 
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these initial descriptions, the gradual accumulation of phenotypic information and 

macroscopic neuropathological data enabled the appreciation of broader phenotypes and 

pathological findings in these disorders, beginning the era of ‘neuropathological criteria’ in 

which integrated clinical and pathological data are utilized to make a diagnosis.  

The classification and diagnosis of neurodegenerative disorders took it’s next major leap 

forward around 20 years ago with the identification of discrete specific proteins deposited 

within the brain of each of the major neurodegenerative disorders, for example α-synuclein 

deposition in Parkinson’s disease (Spillantini, Schmidt et al. 1997). Neuropathological studies 

over the last 20 years have built on these observations by discovering additional molecular 

features which can further define sub-types of these disorders, many of which are genetically 

mediated, but clinically and pathologically previously appeared to be in keeping with sporadic 

cases of disease. Identifying and understanding these distinct molecular forms of disease is 

likely to be vital in order to understand converging molecular mechanisms that cause disease 

(Figure 1.2), and are likely to move neurodegenerative disorders towards a ‘precision 

medicine’ based classification system and away from either eponymous disease terminology, 

or grouping by the major neuropathological protein deposited (Figure 1.2).  
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Figure 1.2. The clinical, pathological and molecular overlap between major neurodegenerative disorders. The initial clinical descriptions 
identified in the early 20th century are shown (grey circles). The phenotypic overlap identified following initial descriptions are shown (blue circles), and the 
subsequently determined pathological overlap that emerged over the next century. Finally, the recent identification of molecular pathological features that define 
sub-groups of these disorders are shown.
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1.3.1 α-synucleinopathies – clinical features 

The primary forms of α-synucleinopathy syndromes are Parkinson’s disease (PD), Dementia 

with Lewy Bodies (DLB) and Multiple system atrophy (MSA), and each syndrome differs in 

both their clinical phenotype and neuropathology. 

Parkinson’s disease (PD): Whilst Parkinson’s disease has primarily been considered as a 

movement disorder, it has become apparent that non-motor features of the disease are 

extremely common, with many beginning prior to, or early in the disease course including 

sleep dysfunction, hyposmia and autonomic dysfunction (Chaudhuri, Healy et al. 2006). The 

condition is however still largely dominated by the cardinal clinical triad of tremor, rigidity 

and bradykinesia (Jankovic 2008) .  

Dementia with Lewy Bodies (DLB):  DLB is also frequently accompanied by Parkinsonian 

motor features, acting as one of three core features of the disease alongside fluctuating 

attention and concentration and visual hallucinations (McKeith, Boeve et al. 2017). 

Importantly Parkinsonism can only be used for diagnosis in the presence of dementia, 

highlighting the very different clinical phenotype in the initial stage of disease compared to 

PD.  

Multiple system atrophy (MSA): The predilection of α-synuclein pathology to afflict the brain 

stem and autonomic nervous system in MSA results in a relatively discrete phenotype within 

the synucleinopathies. This is characterized by autonomic failure or orthostatic hypotension, a 

poor response to levodopa (in contrast to PD), and, commonly, a cerebellar syndrome (which 

is not seen in any other α-synucleinopathy). As with all the synucleinopathies, there are no 

definitive diagnostic tests, but the observation of putaminal, pontine and middle cerebellar 

peduncle (MCP) atrophy with MRI imaging of the brain is extremely helpful in making the 

diagnosis (Schulz, Klockgether et al. 1994).   
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1.3.2 α-synucleinopathies – neuropathology 

Alpha-synuclein is a 140 amino-acid protein, encoded by the SNCA gene, which is found 

abundantly in the pre-synaptic region of neurons (Maroteaux, Campanelli et al. 1988), and 

comprises 1% of total cytosolic protein within the brain (Stefanis 2012). Whilst it’s exact 

function is unknown, it is highly expressed during neurodevelopment (Murphy, Rueter et al. 

2000), possibly functioning as a mechanism to control neurotransmitter release in synaptic 

terminals (Abeliovich, Schmitz et al. 2000).  

Neuropathologically, aberrant deposition of α-synuclein can occur in the form of large α-

synuclein aggregates around eosinophilic cytoplasmic inclusions called Lewy Bodies or 

fibrilliar inclusions in the neuronal processes called Lewy neuritis (Stefanis 2012). The 

majority of these α-synuclein aggregates occur within the dopamine producing neurons of the 

substantia nigra (SN), particularly in the zona-compacta, which lies in the mid-section of the 

SN. Whilst there is significant overlap between the conditions, patients with DLB tend to 

have higher degrees of α-synuclein deposition within the cortex and striatum, together with 

additional amyloid plaques compared to patients with PD (Tsuboi, Uchikado et al. 2007), 

which may begin to explain the differences in the cognitive phenotypes of the two conditions 

and highlights how they exist on a spectrum of disease.  

In contrast to the observation of Lewy bodies and Lewy neuritis in PD and DLB, patients with 

MSA exhibit markedly different pathognemonic α-synuclein based neuropathological features 

termed Papp-Lantos bodies (Papp, Kahn et al. 1989, Ahmed, Asi et al. 2012) which are sickle 

shaped aggregates of α-synuclein and ubiquitin within oligodendrocytes. In addition to 

differing cellular aggregation of α-synuclein, in MSA, these inclusions are dispersed widely 

through the cerebral white-matter primarily affecting the pons, medulla, putamen but also the 
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substantia nigra pars compacta, cerebellum and preganglionic autonomic structures (Papp and 

Lantos 1994). 

It is important to note that some cases of PD occur in the absence of α-synuclein deposition, 

for example those arising secondary to pathogenic mutations in the PARK2 gene (Houlden 

and Singleton 2012). Most Parkinsonian disorders without α-synuclein accumulation are 

genetically mediated, and whilst clinically similar to sporadic PD, they clearly have differing 

molecular aetiologies and pathological features, highlighting the importance of genetic testing 

in order to delineate between such disorders. 

1.3.3 Tauopathies – clinical features 

The tauopathies are a heterogeneous group of degenerative conditions predominantly 

consisting of FTD (comprising several subtypes), together with Progressive supranuclear 

palsy (PSP), and corticobasal degeneration (CBD). They also overlap with motor neuron 

disease (MND) / amyotrophic lateral sclerosis (ALS). 

FTD is challenging to diagnose due to the heterogeneity of symptoms, and several subtypes 

have now been described relating to the anatomical location of neuronal injury; Behavioural 

variant FTD (BvFTD) in which social and emotional function is affected, and three types of 

Primary progressive aphasia (PPA) syndromes (previously known as semantic dementia); a 

semantic variant (sv-PPA), a non-fluent variant (nfv-PPA), and a logopenic variant (lv-

PPA)(Chare, Hodges et al. 2014). Finally, FTD also has the possibility to occur in conjunction 

with amyotrophic lateral sclerosis (FTD-ALS)(Ferrari, Kapogiannis et al. 2011), and whilst 

the specific clinical features that discriminate between these sub-types are beyond the scope 

of this introduction, they are described extensively elsewhere (Rascovsky, Hodges et al. 

2011). 
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In contrast to FTD, PSP predominantly begins with postural instability (~70%) (Nath, Ben-

Shlomo et al. 2003), followed by Parkinsonism, vertical gaze palsy and evidence of a frontal 

lobe dementia (Litvan, Grimes et al. 1999). 

CBD has a similar clinical phenotype to PSP, but with more asymmetrical Parkinsonian 

features, earlier cognitive involvement, and an absence of vertical gaze palsies. Often 

additional atypical symptoms such as focal myoclonus or an alien limb phenomena can be 

observed in contrast to other synucleinopathies (Litvan, Grimes et al. 1999). 

ALS / MND is a progressive degenerative disorder primarily affecting the anterior horn cells 

of the central nervous system. This results in progressive motor weakness, fasciculations of 

striated muscles, often including the respiratory muscles (Brooks 1994, Nodera, Izumi et al. 

2007). Although prognosis differs by the subtype of ALS, the mean time to death following 

diagnosis is 3-5 years (Kleopa, Sherman et al. 1999).  

ALS/MND occurs in conjunction with frontotemporal dementia (FTD) in up to 50% of cases. 

Whilst ALS-MND (whether in combination with FTD or not) rarely causes tau pathology, 

they are included into the tauopathy section due to the clinical and genetic overlap.   

1.3.4 Tauopathies – neuropathology 

The tau protein is expressed by the MAPT gene on chromosome 17, and functions primarily to 

stabilize intracellular microtubules within neurons, hence having significant influence on the 

morphology and physiology of neurons (Avila, Lucas et al. 2004). In diseased states, tau 

develops or assumes a number of alterations including changes in phosphorylation 

(Morishima-Kawashima, Hasegawa et al. 1995), or post-translational modifications such as 

truncations, and aggregation into oligomers and large insoluble filaments (Arendt, Stieler et 

al. 2016). 
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In FTD, there is a predilection for the loss of neurons within the frontal and temporal lobes, 

and the anatomical location of neuronal vulnerability relates to the specific clinical sub-type 

of FTD. The pathological diagnostic subgrouping primarily consists of defining the cellular 

localization of tau with conditions such as Pick’s disease, and Alzheimer’s disease showing 

neuronal tau pathology, Progressive supranuclear palsy (PSP) and corticobasal degeneration 

(CBD) showing mixed pathology and glial tauopathies showing only glial pathology (Lee, 

Goedert et al. 2001). Additionally, a variety of different antibodies can be used with 

immunohistochemical techniques to determine the nature of tau immunoreactivities and 

therefore the type of tau deposition (for example neurofibrillary tangles or Pick bodies) 

(Kovacs 2015). In addition, the detection of the two isoforms of the tau gene; the 3 repeat 

(3R) or 4 repeat (4R) in the diseased state can assist in classifying these disorders (Hutton, 

Lendon et al. 1998, Spillantini, Murrell et al. 1998, Ingelsson, Ramasamy et al. 2007).  

Around 55% of FTD and most ALS cases do not involve tau pathology, and involve either the 

presence of ubiquitin-positive TAR DNA-binding protein (TDP-43) pathology in 45% of 

cases, or ubiquitin-positive and fused in sarcoma (FUS)-positive pathology in the remaining 

5-10% of patients (Mackenzie, Neumann et al. 2010) (Figure 1.2). These findings strongly 

suggest markedly differing molecular aetiologies of disease converging on a similar cell-

specific vulnerability. 

1.3.5 Alzheimer’s disease – clinical features 

Alzheimer’s disease is the most common form of dementia, comprising over 70% of all cases 

of neurodegenerative disease (Prusiner 2001). The condition is primarily characterized by the 

insidious onset of an amnestic syndrome in which the patient struggles with learning and the 

recall of recently learned information (McKhann, Knopman et al. 2011). The condition like 
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all neurodegenerative disorders is progressive, and over time involves other cognitive 

domains such as visuospatial processes and language.  

Over the past 5-10 years there have been a multitude of invasive and non-invasive biomarkers 

associated with the development and progression of AD which aim to identify pre-

symptomatic markers of disease (Jack, Knopman et al. 2013). Such techniques include 

Positron Emission Tomography (PET) imaging, amyloid PET (Marcus, Mena et al. 2014), 

and Cerebrospinal Fluid (CSF) analysis to detect amyloid and tau (Hansson, Zetterberg et al. 

2006). Although they are not yet incorporated into major diagnostic algorithms (McKhann, 

Knopman et al. 2011), this is likely to change in the near future with further refinement of 

their sensitivity and specificity to predict disease. 

1.3.6 Alzheimer’s disease – neuropathology 

Dual amyloid and tau pathology is exhibited in Alzheimer’s disease, with the extracellular 

accumulation of amyloid-β fibrils and the intraneuronal accumulation of abnormally 

phosphorylated tau (Jellinger 2013). Formal neuropathological assessment in AD now often 

includes formal semi-quantitative assessment of neurofibrillary tangles (Jellinger 2013) 

according to the established registry for Alzheimer’s disease protocol (Mirra, Heyman et al. 

1991) , the topographic staging of AD pathology (Braak and Braak 1991) and the distribution 

of amyloid-β deposition in comparison to tau pathology (Thal, Rub et al. 2002). Over the past 

20 years the progressive development and implementation of these assessments has enabled 

the development of scores such as the National Institute of Aging – Reagan Institute (NIA-RI) 

criteria to relate dementia to AD-typical lesions as either high, intermediate, or low likelihood 

(Hyman and Trojanowski 1997), conferring a 90% sensitivity and specificity to diagnose AD 

(Jellinger 2013).  
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1.3.7 Prion disorders – clinical features 

Prion disorders are a group of both human and non-human neurodegenerative diseases. They 

result from the intercellular propagation of a misfolded protein in its pathogenic form. In 

humans, the PRNP gene encodes the prion protein (PrP), which is highly expressed within the 

brain, although it’s specific function remains unknown (Andrews and Rothnagel 2014). 

These disorders are classically separated into Creutzfeldt-Jakob disease (CJD), Gerstmann-

Straussler-Scheinker syndrome (GSS), familial fatal insomnia (FFI) and Kuru. The largest of 

these cohorts is CJD, which can be iatrogenic (iCJD), occurring when prion proteins have 

been inadvertently transmitted from one human to another such as through the utilization of 

cadaveric derived human growth hormone (Duffy, Wolf et al. 1974)), genetically mediated 

(fCJD) when it arises due to mutations in the Prion Protein gene (PRNP) (Mead 2006), or 

sporadic in nature (sCJD). In addition, new variant CJD (vCJD) can also occur in which prion 

strains from other animals (in this case bovine spongiform encephalopathy (BSE) (Bruce, 

Will et al. 1997)) transmit to humans.  

Given the rarity of GSS and FFI, I will focus on CJD in terms of the clinical phenotype and 

neuropathology. The clinical syndromes of the different subtypes of CJD are united by their 

relative rapidity and inevitably fatal course. However, vCJD has a younger age of onset, 

peaking in the 25-29 year age-range, with a highly homogeneous clinical presentation 

characterized by psychiatric symptoms early in disease course, followed by cognitive 

impairment, ataxia and a progressive movement disorder (Will 2003). Iatrogenic CJD also 

shows a relatively conserved phenotype, characterized by the onset of ataxia beginning 

around 6-8 years after exposure to the source of prions (Brown, Preece et al. 2000, Hoshi, 

Yoshino et al. 2000) often with the preservation of memory until late stage disease or even 

until death (Will 2003). 



36 

Patients with sCJD are older than vCJD patients, with a mean age of disease onset of 64 years 

of age (Collins, Sanchez-Juan et al. 2006, Puoti, Bizzi et al. 2012). They most commonly 

present with cognitive symptoms (40%), cerebellar (22%) or behavioural problems (20%) 

(Rabinovici, Wang et al. 2006), and the disease is rapidly progressive with a mean survival of 

6 months, and with 90% of patients dying within 1 year (Geschwind 2015).  

1.3.8 Prion disorders – neuropathology 

Immunohistochemistry that shows the presence of prion protein (PrP) is vital in order to make 

a definitive diagnosis. Subsequently, in the case of sCJD, the nature of the PrP deposits (such 

as whether they are diffuse, synaptic, patchy or perivacuolar) correlate well with the 

molecular genotype of the PRNP gene at codon 129 (Parchi, Castellani et al. 1996) (see 

Chapter 1.11.4). 

The major molecular classification of CJD relies on both the determination of the genotype at 

codon 129 of the PRNP gene together with the molecular weight of protease-resistant prion 

protein (PrPSc) extracted at post-mortem, after partial digestion with protease K and run on a 

Western blot (Geschwind 2015). Type 1 proteins have a more distal cleavage site resulting in 

a 21 kilodalton (kDa) protein, and type 2 have a more proximal cleavage site resulting in a 

19kDa protein. Taken together, this results in 6 combinations of PRNP genotype and PrPSc 

weight (MM1, MV1, VV1, MM2, MV2, VV2) to be attributed to any case (Puoti, Bizzi et al. 

2012, Geschwind 2015).  

1.3.9 Polyglutamine (PolyQ) diseases – clinical features 

Whilst the techniques used in subsequent chapters were not specifically able to detect PolyQ 

disorders, these conditions are only discussed briefly here to provide clarity to the background 

literature, and are reviewed extensively elsewhere (Ross 2002, Fan, Ho et al. 2014).  
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The polyglutamine disorders are a group of neurodegenerative diseases caused by expanded 

repeats of three alleles; cytosine, adenine and guanine (CAG) encoding a long polyglutamine 

(polyQ) tract in their respective proteins. A total of nine polyQ disorders have been described 

to date: five spinocerebellar ataxias (SCA) types 1,2,6,7,17; Machado-Joseph disease 

(MJD/SCA3); Huntington’s disease (HD); dentatorubral-pallidoluysian atrophy (DRPLA); 

and spinal and bulbar muscular atrophy, X-linked 1 (SMAX1/SBMA) (Fan, Ho et al. 2014). 

During protein synthesis the expanded CAG repeats are translated into a series of 

uninterrupted glutamine residues forming polyQ tracts. This results in the induction of the 

ubiquitin proteasome system (Bennett, Shaler et al. 2007), and the formation of intracellular 

aggregates, which some groups suggest are directly injurious to vulnerable neuronal 

subpopulations (Gatchel and Zoghbi 2005). However, there is compelling evidence that these 

inclusions may also be protective (Klement, Skinner et al. 1998, Saudou, Finkbeiner et al. 

1998), and therefore whether the aggregates themselves contribute to causing cellular 

dysfunction remains contentious. 

The clinical phenotypes of the nine established polyQ disorders vary significantly. This is 

complicated further by the intra-genotype clinical heterogeneity that ensues from the 

variability in repeat length between individuals, with longer repeat lengths causing earlier 

onset phenotypes in almost all polyQ disorders (Fan, Ho et al. 2014).  

Despite this degree of intra and inter genotype-phenotype variability, there is a general 

predilection for polyQ disorders to affect the brain stem and cerebellum, predominantly 

causing a bulbar weakness or spinocerebellar syndrome as a relatively conserved element of 

each disease phenotype, though individual disorders also show relatively unique phenotypic 

features such as myoclonus in DRPLA, retinal degeneration in SCA7 or gynaecomastia in 

SMBA (Schols, Bauer et al. 2004). 
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1.3.10 Polyglutamine (PolyQ) diseases – neuropathology 

The majority of PolyQ disorders cause nuclear inclusions comprised of aggregates consisting 

of a multitude of proteins. These proteins accumulate within the nucleus and are widespread 

throughout the CNS beyond the regions and cell types that show degeneration and cell death, 

highlighting that these disorders are both multisystem proteinopathies and further suggesting 

that the aggregates themselves may not be primarily injurious (Yamada, Tsuji et al. 2000). 

Recent work has also shown the presence of TDP-43 immunostaining within several polyQ 

disorders, suggesting mechanistic overlap with other TDP-43 related disorders such as ALS 

(Schwab, Arai et al. 2008).  

Specific neuropathological features of almost all of the nine subtypes of PolyQ diseases have 

been reviewed extensively elsewhere (Yamada, Tsuji et al. 2000). 
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Table 1.1. The major clinical and pathological features of the most common 
neurodegenerative disorders. Each disorder is shown together with the common spatial profile of 
neuropathology, the proteins involved in the formation of aggregates within each disorder, the 
intracellular location of the aggregates, and the underlying genetic composition of the disease as either 
sporadic disease or inherited. 

Disease Clinical 
Features 

Affected 
brain 
region 

Proteins involved Location of 
aggregates 

Transmission 

Alzheimer’s 
disease 

Progressive 
dementia 

Hippocampus, 
cerebral 
cortex 

Amyloid-β and 
hyperphosphorylated 
tau 

Amyloid: 
extracellular, 
tau: 
cytoplasmic 

Sporadic (95%), 
inherited (5%) 

Parkinson’s 
disease 

Primarily a 
movement 
disorder 

Brain stem, 
substantia 
nigra 

α-synuclein Cytoplasmic Sporadic > 95%, 
inherited <5% 

Amyotrophic 
lateral sclerosis 

Movement 
disorder 

Anterior horn 
cells, 
brainstem, 
motor cortex 

Superoxide 
dismutase, TDP-43, 
Bonina bodies 

Cytoplasmic Sporadic ~ 75%, 
inherited ~ 25% 

Frontotemporal 
dementia 

Progressive 
dementia 

Frontal and 
temporal 
cortex, 
hippocampus 

Hyperphosphorylated 
tau, ‘Pick bodies’ 

Cytoplasmic Sporadic ~ 90%, 
inherited ~10% 

Dementia with 
Lewy Bodies 

Progressive 
dementia 
and 
subsequent 
movement 
disorder 

Neocortex, 
locus 
coeruleus, 
substantia 
nigra 

α-synuclein, ‘Lewy 
bodies’, amyloid, 
hyperphosphorylated 
tau 

Amyloid: 
extracellular, 
tau and α-
synuclein: 
cytoplasmic 

Sporadic ~ 75%, 
25% have a 
genetic 
component. 

Progressive 
Supranuclear 
Palsy 

Progressive 
movement 
disorder and 
dementia 

Basal ganglia, 
brainstem, 
neocortex 

Hyperphosphorylated 
tau within astrocytes 

Cytoplasmic Sporadic 

Huntington’s 
disease 

Progressive 
movement 
disorder and 
dementia 

Striatum, 
basal ganglia, 
neocortex, 
occasionally 
cerebellum 

Huntingtin with 
polyglutamine 
expansion 

Intranuclear 
and 
cytoplasmic 

Genetic – 100% 

Prion disorders Progressive 
dementia, 
ataxia, 
psychiatric 
disturbance, 
insomnia 

Varies 
significantly, 
generally an 
extensive 
pathological 
load 

Prion protein Extracellular Sporadic – 90%, 
inherited ~ 8%, 
infectious  ~2% 
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1.4 The structure of nuclear DNA 

Deoxyribonucleic acid (DNA) is composed of a long sequence of DNA nucleotides (referred 

to as bases), comprising Adenine (A), Thymine (T), Guanine (G) and Cytosine (C). Together, 

over 3.3 billion of these bases constitute the human reference genome (Lander, Linton et al. 

2001, Venter, Adams et al. 2001).  

Bases within the human genome can be broadly classified as either being within ‘coding 

regions’ - which code for proteins (and comprise 1% of all DNA bases), or non-coding 

regions - which do not directly encode for proteins (Lander, Linton et al. 2001). It must be 

noted that ‘non-coding’ does not mean ‘non-functioning’ with several functions of non-coding 

regions of DNA having been established, including their transcription into non-coding RNA 

molecules, or a role in transcriptional or translational regulation of protein structures. Taken 

together, it is estimated that approximately 8-10% of the human genome possesses a 

functional role (Rands, Meader et al. 2014). 

Coding regions are sub-composed of exons, which refer to DNA bases that directly encode a 

part of the final mature RNA (Figure 1.3). These bases are translated into RNA, with non-

coding sections subsequently removed through splicing, and actively translated into proteins 

(Graveley 2001). Therefore mutations within the human exome have the ability to 

significantly alter protein structure and function, and confer the ability to cause or contribute 

to human diseases (Lek, Karczewski et al. 2016). 
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Figure 1.3. Mechanisms of genetic variation causing neurodegenerative disease.   A: The mechanism of protein translation is shown. Genes, 
separated into intronic regions (blue) and exonic regions (yellow) are transcribed into RNA, spliced, and then translated into an amino-acid sequence (each amino-
acid represented by a different coloured circle). B: A point mutation in DNA is shown. A guanine (G) (yellow) is shown on one strand to mutate to an Adenine (A), 
with corresponding changes on the alternate strand shown. C: Shows a microduplication of a region of a region of chromosome 7 (red). D: An example sequence of 
three genes (A1,A2,A3) are shown to be present on both alleles, with a duplication (copy number gain) of the A1 gene on the maternal allele. E: The same three 
genes are shown, with a deletion (copy number loss) of the A3 gene on the maternal allele leaving only one copy of the gene.
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1.5 Mutations in nuclear DNA 

Point mutations: Coding regions of the human genome can be divided up into codons – sets 

of three bases that specify an amino acid or signal the end of the protein sequence 

(Ramakrishnan 2002).  If any base of DNA within the exon is mutated, then it may therefore 

alter the amino acid which it encodes. For example, the codon GCA encodes for the amino 

acid Alanine. If the first allele of that codon (G) mutates to a C (which can be written as G>C, 

with the first allele referring to the reference allele and the second the mutated or ‘alternate’ 

allele), then the codon will be coded CCA which encodes for the amino acid Proline. When 

such a mutation changes an amino-acid it is referred to as a non-synonymous mutation. When 

no change to the protein structure occurs as a result of a mutation it can be considered a 

‘synonymous’ mutation. In addition, a mutation can change the codon composition from one 

that encodes for a particular amino-acid (for example TAT which encodes for Tyrosine) into a 

premature stop codon (eg TAA which induces a stop codon). This results in the premature 

termination of gene translation and a shortened protein product. 

Additional types of mutation can occur within the coding region of DNA in addition to the 

substitution of DNA bases. For example, DNA bases can be inserted or deleted potentially 

resulting in a shift of the reading frame of DNA transcription, and therefore protein 

translation. For example, the removal of 2 bases within a gene will result in a completely 

different translation from the original coding sequence. A non-frameshift mutation is divisible 

by 3 bases (ie the insertion of deletion of one codon and therefore one amino-acid in a 

sequence). Whilst this will either insert or delete one amino-acid, the remainder of the 

translated protein will be the same as the original.  

The ability of non-synonymous, frame-shift, or premature stop-codon inducing mutations to 

significantly alter a protein structure means that they can cause significant functional impact. 
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Such mutations have been estimated to be responsible for ~85% of all Mendelian disorders 

(Botstein and Risch 2003). 

In contrast, whilst mutations in non-coding DNA do not change the structural conformation of 

a protein, variation in the non-coding region of DNA has the ability to alter cellular function 

by altering transcriptional or translational activity.  For example mutations within enhancer 

regions of the genome (Corradin and Scacheri 2014), or at alleles that affect gene splicing 

(Zhang, Joehanes et al. 2015) show the ability of non-coding mutations to significantly alter 

gene expression. Occasionally these mutations can cause Mendelian forms of disease (Zhang 

and Lupski 2015), however, non-coding mutations usually mildly increase disease risk for 

complex disorders such as neurodegenerative diseases (Wellcome Trust Case Control 2007, 

Lill and Bertram 2011). 

Structural variation: In addition to single base mutations within the human genome, 

structural variation can also occur, which refers to genomic alterations that involve segments 

of DNA that are larger than 1000 bases (1 kb) in length (Feuk, Carson et al. 2006).  These 

structural variants can be further sub-classified by size into microscopic structural variation 

(which is greater than 3 million bases and includes whole chromosome duplications or 

losses), and submicroscopic structural variation, which is less than 3 million bases. At present 

at least 12% of the human genome has been observed in association with copy number 

variation (Hastings, Lupski et al. 2009), though greater resolution sequencing platforms are 

likely to drastically increase these estimates. 

Types of structural variation include copy number variants (CNVs) in which a segment of 

DNA larger than 1kb is present at a variable copy number compared to the reference genome, 

for example either a deletion or duplication of such a length of DNA (Figure 1.3). Common 

copy number variants that occur in greater than 1% of the population are often referred to as 
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copy-number polymorphisms and are being increasingly appreciated (Sebat, Lakshmi et al. 

2004). Additional forms of structural variation such as an inversion or translocation of the 

genome can occur in which the orientation of a segment of DNA is reversed, or a region of 

DNA has moved from it’s established position within the genome into another location 

respectively (Feuk, Carson et al. 2006). 

The mechanisms underlying the formation of CNVs have been investigated for over a decade 

and they are believed to occur via two primary mechanisms; homologous recombination and 

non-homologous recombination events (Hastings, Lupski et al. 2009). While the exact 

mechanisms do not require extensive elaboration, the basic premise of homologous 

recombination is that during meiotic recombination the pairing of homologous chromosomes 

from both parents may aberrantly misalign and result in the transfer of additional copies or 

deletions of the genome to the offspring (Paques and Haber 1999). Non-homologous 

recombination is likely to result from ineffective DNA repair mechanisms that result in either 

the deletion of a section of DNA or inadvertent duplication (Lieber 2008).     

1.6 The genetic landscape of neurodegenerative disorders 

Neurodegenerative disorders have both a monogenic and complex genetic aetiology. 

Monogenic disorders arise as the result of single defective gene within the genome, for 

example a single non-synonymous mutation that significantly alters the structure and function 

of a critical gene. This can usually be observed by the inheritance pattern of that disorder 

within a family, for example, a clear autosomal dominant family history of disease. It must be 

noted that in cases of either recessive disorders (in which a prior family history is often not 

visible), or in cases of late-onset disorders (in which parents may be deceased prior to the 

onset of disease), then a family history is not always observed.  Monogenic disorders are 

estimated to comprise between 5 and 15% of all cases of neurodegenerative disease, but their 
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exact proportions vary significantly between the major neurodegenerative disorders (Lill and 

Bertram 2011).  

The majority of cases of neurodegenerative disease are therefore believed to be complex 

traits, resulting from genetic variation in multiple genes that interact with behavioural and 

environmental factors to influence the risk of disease (Lill and Bertram 2011). In this setting, 

the majority of cases show no readily predictable pattern of inheritance, and the associated 

genetic variation is usually non-coding in nature and confers a small increase in the risk of 

that individual developing the disease (with the size of this risk often quantified by the ‘effect 

size’) (Lohmueller, Pearce et al. 2003, Wellcome Trust Case Control 2007). These variants 

can also be relatively common in the population given that they, in isolation, are unlikely to 

cause disease, and are unlikely to be selected against by the laws of natural selection (unlike 

many highly penetrant alleles that cause monogenic cases of disease). 

The rather dichotomous separation of neurodegenerative diseases into a strict Mendelian 

forms of disease (caused by highly penetrant single alleles) or a complex genetic aetiology 

(contributed to by common non-coding alleles that confer a small risk of disease) is likely to 

be an over simplification. For example, in the case of late-onset disorders, incomplete 

penetrance (a setting in which only a proportion of individuals carry the mutation cause 

disease) is being increasingly recognized. In addition, the recent identification of protein 

coding variants that moderately increase risk or cause an ‘intermediate risk’ for several 

disorders including neurodegenerative diseases (Guerreiro, Wojtas et al. 2013) mean that 

rather than a black and white divide between Mendelian and complex forms of disease, that a 

spectrum of genetic risk may be more likely to exist (Figure 1.4).  
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Figure 1.4. The mechanism of genetic variation causing neurodegenerative disease.   The effect size (the magnitude of effect that an allele has on a 
phenotype) is shown on the Y axis, and the minor allele frequency (MAF) (the frequency of the allele within the population) is shown on the X axis. The relevant 
contribution to disease is shown within the X-Y grid (Mendelian, Incomplete penetrance or protein coding risk factors, and risk factors) are shown, together with the 
appropriate sequencing methodology best placed to capture the relevant types of genetic variation.
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1.7 Approaches to discovering the molecular basis of Mendelian disorders 

In order to detect rare, often private mutations that cause disease within single families, the 

approach until around 2010 would have utilized linkage-analysis. This involved using a SNP 

genotyping platform that would determine the genotype at alleles spaced tens or even 

hundreds of thousands of bases apart. Determining regions of shared alleles between affected 

individuals within a family would enable the detection of a chromosomal region in which a 

likely pathogenic mutation would lie (given that genes that reside physically close on a 

chromosome remain linked during meiosis) (Pulst 1999). Subsequently, genes within the 

shared region were prioritized based on their putative function in relation to the disease 

mechanisms, and subsequently Sanger sequenced manually. Sanger sequencing is a technique 

which can read a DNA sequence of up to~ 1000 bases, however, this can only be within the 

pre-defined region or gene of interest, and inevitably this approach is limited, and made 

sequencing the entirety of multiple genes extremely cumbersome and expensive to perform in 

this fashion (Pulst 1999).  

Similarly in terms of clinical diagnostics, then until recently, clinical testing in a family 

affected by a dominant form of disease (for example) would have taken place sequentially, 

with the most common genetic mutation for that particular disorder tested first (often by 

Sanger sequencing), before sequential testing of progressively less common genotypes 

associated with disease took place. This process was laborious, expensive, and often resulted 

in significant diagnostic delays for patients. 

Since 2010, second generation sequencing, or ‘next-generation’ sequencing has become 

increasingly employed to detect rare variants causing Mendelian forms of disease given it’s 

ability to sequence vast quantities of DNA in a short period of time, up to, and including, the 

whole genome. This has delivered a step-change in genetic analysis. For example, it cost $2.7 
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billion and took 13 years to read the 3.3 billion bases in the first human genome performed by 

massive laboratories on both sides of the Atlantic (Lander, Linton et al. 2001, McPherson, 

Marra et al. 2001, Sachidanandam, Weissman et al. 2001). In contrast, the human genome can 

now be sequenced in 2 weeks for < £1000. The precise chemistries have been reviewed 

elsewhere (Bamshad, Ng et al. 2011), but the principles are briefly summarised below. 

1.8 Next generation sequencing 

Next-generation sequencing, also known as high-throughput sequencing, is a term used to 

describe the processes in which large quantities of DNA can be fragmented, sequenced and 

aligned against the human reference genome to determine genetic variation. 

Following DNA extraction from the tissue of interest, the entire quantity of DNA is 

fragmented (sheared into pre-defined lengths) usually using physical methods (i.e. acoustic 

shearing / sonication), before the ends of the sheared DNA fragments are blunted and the 5’ 

end is phosphorylated using a mixture of enzymes. Next, a non-template nucleotide (A-tail) is 

added to the 3’ end to facilitate ligation of sequencing adaptors, and this prevents concatemer 

formation whilst also introducing a sequence for the annealing primer used by reverse 

transcriptase for the first strand cDNA synthesis (Head, Komori et al. 2014). This multi-step 

process can also be performed as a single ‘tagmentation’ reaction using a transposase enzyme 

to simultaneously fragment the DNA and attach the adaptors (Figure 1.5). 

Subsequently, after clean-up to remove the transposases, and amplification to increase the 

quantity of adaptor tagged DNA sequences, primers required for sequencing and indexing 

(sample identification) are added as one of three PCR enrichment steps. After this, short 

sequences of DNA (termed ‘probes’) hybridize to the genomic regions of interest, which can 

either be the whole human exome, or a specific set of genes in the case of diagnostic panels 

for example. These probes (and accompanying regions of DNA of interest) are then selected 
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or ‘pulled down’ washing away excess uncaptured DNA. This process is called ‘in-solution 

capture’, and although an alternative paradigm called array-based capture is also available, in-

solution techniques are most commonly utilized at the present time. 

At this point in the process, isolated DNA fragments from the human exome or panel of 

interest are present in solution with attached sequencing primer binding sites and appropriate 

sample indexes added at each end, and are ready for sequencing. The first step of massively 

parallel sequencing is the generation of clusters on a flow cell. Essentially this involves the 

prepared DNA being captured by a lawn of oligonucleotides that are able to capture a specific 

DNA sequence that was incorporated into the PCR annealed sequences. Captured DNA is 

used to generate a second strand, which can then also in turn be copied itself in close 

proximity by bridge amplification, generating clusters of similar reads within the flow-cell. At 

this point, numerous copies of each DNA fragment have been generated and are now able to 

undergo sequencing by synthesis. This sequencing technology is similar to first generation 

‘Sanger’ sequencing but employs the incorporation of dNTPs containing a reversible 

terminator which then blocks further polymerization. Each termination event contains a 

fluorescent label, with each type of base (A,T,C or G) having a unique colour.  This means 

that the incorporation of each base to each chain can be detected by a highly specialised 

camera to determine the base sequence.   A second critical difference between NGS and 

Sanger sequencing is that millions of different strands of DNA are copied/sequenced at the 

same time, hence the term ‘massively parallel sequencing’.  

The reads produced from the above process will include the index sequences incorporated in 

the library preparation steps in order to identify which sample/individual each sample has 

arisen from. It is important to note that the samples are sequenced from the 5’ to 3’ end in a 

bidirectional manner producing read 1 and read 2, which can subsequently be amalgamated to 
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improve the calling of genetic variants at the bioinformatics stage (see below).  In essence 

though, all reads from the same individual are now able to be aligned to the reference genome 

and the proportion of reads that have non-reference alleles determined, and therefore the 

genotype derived (see below).  

 

 

 

 

 

 

 

 

 

 

 



 

51 

 

Figure 1.5. The preparation and processing of DNA in next generation sequencing (NGS).   Step1-3: A schematic representation of a fragment of 
DNA (introns: blue, exons: green) undergoing tagmentation and the annealing of indexes and primer binding sites (pink and purple regions). Step 4-6: indexed 
fragments are amplified, and then selected regions of the exome are captured, pulled down, and purified. Step 7: shows bridge amplification of the captured regions 
of DNA to generate copies of the original strands, before step 8 shows the process of sequencing by synthesis in which three bases of DNA (ATG) are sequenced on 
the forward (top) and reverse (bottom) strand as fluorescent nucleotides are incorporated into the strand. Step 9 shows how forward reads (red) and reverse reads 
(blue) are compiled in order to determine the genotype at each base position (again the ATG sequence is highlighted yellow). 
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1.9 Bioinformatic approaches in NGS 

Pre-processing and quality control of the raw data:  Raw data that emerges from the 

sequencer arrives in a ‘fastq’ format. This essentially is a text-based representation of 

sequences that incorporates the Phred-scaled base quality score of each read. This first needs 

to undergo quality control to check the overall number of bases sequenced, base quality 

scores, and the average read length for example. This involves trimming reads to the desired 

length, removal of regions of poor quality (generally at the end of reads), and removing 

adaptor sequences that were added in the sample preparation steps (Bao, Huang et al. 2014). 

Alignment to reference genome: The second step in the analysis of NGS data is alignment to 

the reference genome. This involves a series of steps in order to determine the position of the 

read within the reference human genome (in this thesis – human genome reference build 19 

(hg19)). Given that reads are on average 100-150 bases in length, compared to the 3.3 billion 

bases in the genome, then a complex process of algorithms is employed to map these reads to 

the reference genome as accurately as possible. This results in the generation of a mapped set 

of reads to the reference genome in a SAM (sequence alignment map) format. 

Post alignment processing: Whilst some degree of quality control was employed in the initial 

stages to trim the end of reads (which are prone to the development of errors), subsequent 

steps must be taken to ensure that the highest quality reads remain aligned to the human 

genome to ensure that the most accurate list of variant calls possible can be determined. This 

primarily involves the removal of ‘duplicate reads’ (which are reads that have the same start 

and end point and are presumed to have arisen from sequencing the same fragment of DNA 

twice), the re-alignment of reads of DNA in which a potential insertion or deletion of bases 

has occurred (which is more computationally intensive), and finally base score quality 

calibration (the removal of bases in which poor quality DNA calls are present and are likely to 
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lead to false positive results). Whilst some metric of this is provided within the initial QC 

steps (using programmes such as fastQC (Andrews 2010)), they are often inaccurate and 

suffer from a degree of systematic bias (Minoche, Dohm et al. 2011), and thus a recalibration 

process after alignment should significantly improve the quality of base calling. 

Variant analysis: This consists of determining the genotype at each base (i.e. whether there is 

a heterozygous or homozygous mutation). This process can either be performed by 

considering each sample as a single sample (using callers such as Varscan (Koboldt, Chen et 

al. 2009) or Freebayes (Garrison 2012)), or performed across multiple samples at the same 

time (for example using programmes such as the Genome Analysis Tool Kit (GATK) 

(McKenna, Hanna et al. 2010)). This latter approach helps to correct for both false positive 

and negatives by providing a comparative sample to call against from a homogeneous dataset, 

however it is also computationally far more taxing.  

Subsequently, variants are annotated, which primarily involves determining whether it is a 

synonymous or non-synonymous variant, or by whether the mutation is likely to significantly 

alter the protein structure to cause detrimental biological effects (primarily determined by the 

use of in-silico modeling software). Comparison of mutations with well-established databases 

of several thousand humans also enables the determination of how common the minor allele 

frequency (MAF) may be within the population (Lek, Karczewski et al. 2016). 

Clinical interpretation of variant pathogenicity: For any single individual, whole-exome 

sequencing (for example) will identify roughly 20 – 25,000 single nucleotide polymorphisms 

and several thousand base insertions or deletions, highlighting the intrinsic variability of the 

human exome. The real challenge is subsequently to determine which, if any of these 

mutations are responsible for the disease (Figure. 1.6). 
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Until recently the approach to defining pathogenicity in NGS data was variable, but several 

general rules applied; firstly if the disorder was rare within the population, and proposed to be 

caused by a highly penetrant allele, then the mutation causing disease must also be 

proportionally rare. In addition, the mutation must either be non-synonymous, affect splice-

sites, stop codons or reading frames. Finally, the mutation should be predicted by in silico 

modelling tools to significantly alter protein function, and that there must be a relevant 

biological mechanism by which the mutation would affect a biological pathway involved in 

that disease.  This relatively loose approach however led to a multitude of false positive 

reports of pathogenicity within the medical literature (Bell, Dinwiddie et al. 2011, Xue, Chen 

et al. 2012). Therefore in 2014 and 2015 a team of leading geneticists (MacArthur, Manolio et 

al. 2014) and the American College of Medical Genetics (ACMG) (Richards, Aziz et al. 

2015) published new stringent guidelines for the interpretation of variant pathogenicity. These 

data offer a framework for the degree of weighting to be applied to each of the elements of 

variant pathogenicity (for example MAF, in silico prediction), and also placed a large degree 

of emphasis on the requirement for in vitro or in vivo functional data together with a careful 

assessment of the location of the mutation with relevance to known functional domains of 

proteins. These data are likely to help reduce the false positive burden of pathogenicity and 

homogenise the criteria to report pathogenicity (MacArthur, Manolio et al. 2014, Richards, 

Aziz et al. 2015) (Figure 1.6).  
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Figure 1.6. The bionformatic approaches to generating and interpreting NGS data.   
Firstly raw reads from the sequencer are taken (blue) in a fastq format, and pre-processed to check read 
quality and then trim poor quality regions of the reads. They are then mapped and aligned against the 
human reference genome (such as hg19) in order to generate the first BAM file (binary version of the 
Sequence Alignment Map (SAM file)). Subsequent steps involve improving alignment and data quality 
before the variants can be called based upon primarily the allelic ratios in the BAM file. After that, the 
variant called file (in a variant called format (VCF) file) can be annotated by numerous parameters 
including the minor allele frequency (MAF). Finally, the boxes in red show that in the context of multiple 
samples from the same family segregation analysis can be performed, or in the context of unrelated 
individuals an association study. After that, clinical interpretation of remaining variants is vital to determine 
likely candidates or established pathogenic alleles.  



 

56 

1.10 Approaches to detect novel variants associated with disease 

Two primary approaches can be employed in order to detect either highly penetrant alleles 

that cause monogenic forms of disease, or the identification of an allele or alleles associated 

with disease from multiple unrelated individuals. 

To detect highly penetrant alleles, the most common approach is to identify rare variants that 

segregate with disease within an affected family, and are either absent or extremely rare 

within the general population. This approach can be especially promising when including 

distantly related family members (thus increasing the number of meiosis between affected 

individuals) which will significantly reduce this list of variants to a few hundred or even 

lower. Thereafter, the clinical interpretation of the remaining variants is of vital importance 

(as described above).  

To detect variants that confer risk to develop a neurodegenerative disease involves studying 

unrelated individuals with the same disease phenotype rather than a family. This has been the 

primary paradigm of genome-wide association studies (GWAS) which utilize SNP 

genotyping arrays of tens, or even hundreds of thousands of SNPs to detect specific regions of 

the human genome that are associated with a disease phenotype, by determining the alleleic 

ratios between cases and controls for any given disorder, and then correcting for the number 

of tests performed. GWAS studies often require several thousand samples to detect these 

variants due to the number of statistical tests performed and the relatively low risk that each 

allele confers for disease. To date these approaches have only helped explain a relatively 

small proportion of the heritability of many complex disorders including neurodegenerative 

diseases (Keller, Saad et al. 2012, Keller, Ferrucci et al. 2014).  

The detection of rare variants identified through NGS that may confer risk for 

neurodegenerative disorders, if employing the same statistical tests as GWAS, would be 
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extremely problematic unless either sample sizes were in the tens of thousands, or the effect 

size of any variant was remarkably large (Li and Leal 2008). Therefore, in order to detect rare 

variants that may cause a modest risk of disease, new statistical methods employing ‘burden 

tests’ have been designed to surmount these problems (Madsen and Browning 2009, Wu, Lee 

et al. 2011). These tests collapse and summarise variants within a particular region of the 

genome (usually a gene) into a single value which can then be tested for association with 

disease. This makes it possible to identify rare genetic variants from only a few hundred 

patients and offer a promising mechanism to find new genetic risk factors.  

1.11 Established genes associated with neurodegenerative disorders 

Over the past 20 years, numerous genes have been identified as causing or contributing to the 

development of the major neurodegenerative disorders, with differing levels of evidence 

supporting both true pathogenicity as either monogenic alleles or disease risk factors.  

1.11.1 Alzheimer’s disease 

Early onset Alzheimer’s disease (EOAD) is defined by disease onset < 60 years of age, and 

accounts for around 10% of all cases of AD. EOAD is believed to be almost entirely 

genetically mediated, with a heritability of 92-100% (Wingo, Lah et al. 2012).  In contrast, 

late-onset Alzheimer’s disease is likely to be a highly polygenic disease, with a heritability of 

~70% (95% CI: 64.6-75.0%) (Wingo, Lah et al. 2012).  

Monogenic alleles: Despite the prevalence of AD, only three genes have been robustly 

identified as causing monogenic forms of the disease, with all three integral to β-amyloid 

production and processing. The first is the amyloid precursor protein (APP) on Chromosome 

21, in which both copy number duplications and point mutations have been described as 

causing disease (Rovelet-Lecrux, Hannequin et al. 2006). Over 30 different point mutations in 

APP can cause familial forms of Alzheimer’s disease (Cruts and Van Broeckhoven 1998), and 
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alone they account for about 10-15% of all early onset cases of AD (Bird 2008). The second 

gene causing monogenic forms of AD is Presenilin 1 (PSEN1), which is present on 

chromosome 14 and is the most common cause of genetically mediated AD. The presenilin 

family of genes perform a critical role in the γ-secretase cleavage of APP (De Strooper, Saftig 

et al. 1998, Wolfe, Xia et al. 1999), and almost 200 pathogenic mutations have been described 

in PSEN1, which together are responsible for ~50% of EOAD (Theuns, Del-Favero et al. 

2000). Another member of the Presenilin family, PSEN2, also causes familial AD, often with 

a slightly later onset, variable penetrance, and significant clinical heterogeneity (Sherrington, 

Froelich et al. 1996) (Figure 1.7). 

Moderate risk factors: Two genes have been identified in which mutations (both protein 

coding) may act as moderate risk factors for Alzheimer’s disease; Apolipoprotein E (APOE) 

and Triggering Receptor Expressed on Myeloid Cells 2 (TREM2). The presence of the APOE 

ε4 allele confers an increased odds ratio for AD of approximately 3, and the presence of the 

allele in the homozygous state of over 30 (Kukull, Schellenberg et al. 1996). Specific variants 

in TREM2 also double or triple the risk of an individual developing Alzheimer’s disease 

(Guerreiro, Wojtas et al. 2013). The fascinating aspect of these variants is that they appear to 

have drastically differing biological functions, with APOE involved in the catabolism of 

triglyceride rich lipoproteins (Hatters, Peters-Libeu et al. 2006), and TREM2 a gene involved 

in inflammatory cell signalling (Ulrich and Holtzman 2016). Such significant functional 

variability is a consistent theme of the results of genetic association studies over the last 20 

years in neurodegenerative diseases, and it remains unknown how genetic variants in these 

genes all appear to converge on singular common biochemical pathways.  

GWAS loci: Sixteen genes have been identified as increasing or deceasing the risk of 

developing AD when incorporating data from over 74000 patients (Lambert, Ibrahim-Verbaas 
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et al. 2013), with identified variants conferring an odds ratio of disease of between 0.93 and 

1.22 (Lambert, Ibrahim-Verbaas et al. 2013). Identified genes function to alter cholesterol 

metabolism, immune mediated processes, endocytosis, cytoskeleton formation, and epigenetic 

regulation of genes (Robinson, Lee et al. 2017), further supporting the diverse array of 

cellular processes in which genetic variants confer risk for AD (Figure 1.7).  

1.11.2 Parkinson’s disease 

Monogenic alleles: Around 10% of patients with Parkinson’s disease report a positive family 

history of disease (Thomas and Beal 2007, Klein and Westenberger 2012), and it is estimated 

that nine genes can now explain around 50% of familial cases (Gasser 2015).  Unlike 

Alzheimer’s disease in which all identified monogenic cases are heterozygous mutations 

resulting in dominant forms of the disease, around 50% of genetically mediated forms of PD 

are caused by recessive mutations (Gasser 2015). In addition, unlike many of the other 

neurodegenerative disorders, several monogenic causes of PD, particularly the recessive 

forms, whilst causing a clinical syndrome in keeping with idiopathic Parkinson’s disease, do 

not show the characteristic neuropathological hallmark of the disease - Lewy bodies (LBs) 

(Cookson, Hardy et al. 2008). For example, LBs have not been observed in most studies of 

Parkin/PARK2 mutation carriers (Yokochi 1997, van de Warrenburg, Lammens et al. 2001), 

VPS mutation carriers (Tsika, Glauser et al. 2014), and some PLA2G6 carriers (Paisan-Ruiz, 

Li et al. 2012).  

Dominant monogenic alleles: The first discovery of a monogenic form of PD was made in 

1997 when a missense mutation in SNCA (the gene encoding α-synuclein) was found in a 

large family with autosomal dominant PD (Polymeropoulos, Lavedan et al. 1997). Shortly 

afterwards, α-synuclein was determined to be the predominant aggregated protein in the brain 

of patients (Spillantini, Schmidt et al. 1997), resulting in the beginning of the PD genetic era.  
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Since then, several point mutations and both duplications and triplications of SNCA have been 

observed as causing familial forms of PD, with triplication carriers suffering disease onset 

around a decade before duplication carriers consistent with a gene dosage effect (Singleton 

and Gwinn-Hardy 2004). Clinically, young onset PD (YOPD) is almost invariable in SNCA 

mutation carriers, with significant levo-dopa responsiveness (Golbe, Di Iorio et al. 1990), 

early cognitive symptoms of dementia and hallucinations, and widespread LB deposition in 

the brainstem and cortex (Farrer, Kachergus et al. 2004).  

In 2004, the leucine-rich repeat kinase gene (LRRK2) was identified as another dominant 

cause of PD (Paisan-Ruiz, Jain et al. 2004, Zimprich, Biskup et al. 2004). The exact function 

of the LRRK2 protein remains unclear, with some functional domains consistent with 

performing a kinase activity and others a scaffold protein (Nuytemans, Theuns et al. 2010). 

Mutations in LRRK2, unlike other genetic forms of PD, have frequently been observed in late 

onset cases, with approximately 1-2% of late onset PD cases arising due to mutations in 

LRRK2 in Northern Europe (Paisan-Ruiz 2009), and up to 40% in some regions of North 

Africa, with the G2019S mutation by far the most common genotype (Lesage, Durr et al. 

2006). Determining pathogenicity of LRRK2 mutations is fraught with difficulty given that 

the gene comprises over 2000 amino-acids and 51 exons, and therefore the incidence of 

benign but rare polymorphisms in this gene is extremely high. There is also strong evidence 

for reduced penetrance arising with the G2019S mutation, with the mutation having 28% 

penetrance by the age of 59 years of age, but 74% by 79 years of age (Healy, Falchi et al. 

2008), leading some authors to regard this mutation rather uniquely as both a monogenic 

allele and disease risk factor (Gasser 2015) (Figure 1.7). 

Recessive monogenic forms alleles: Recessive mutations in Parkin/PARK2 comprise about 

50% of established monogenic cases of PD, primarily causing disease through a loss-of-
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function effect (Nuytemans, Theuns et al. 2010). It must be noted that both point mutations, 

and copy number variation / small deletions within both coding and promoter regions of this 

gene are able to cause disease (Hattori, Kitada et al. 1998). This gene functions as an E3 

ubiquitin ligase, tagging dysfunctional proteins for degradation (Shimura, Hattori et al. 2000) 

whilst also facilitating the maintenance of mitochondria (Deng, Dodson et al. 2008).  

Homozygous point mutations and deletions within P-TEN induced putative kinase 1 (PINK1) 

also cause young onset PD (Valente, Abou-Sleiman et al. 2004), accounting for 

approximately 25% of all proven cases of monogenic PD (Nuytemans, Theuns et al. 2010). 

Mutations in DJ-1 also account for 5% of monogenic PD (Nuytemans, Theuns et al. 2010), 

and again, disease can be caused by both point mutations and deletions, with the mechanism 

of cell death likely to be secondary to increased oxidative stress (Canet-Aviles, Wilson et al. 

2004). 

Other recessive forms of PD are caused by mutations in PLA2G6, ATP13A2 and FBX07. It 

should be noted that these disorders are better characterized as complex syndromes with 

Parkinsonism rather than PD, as in all these genotypes of disease, Parkinsonism is just one of 

several clinical features, and LBs are not always seen pathologically (Paisan-Ruiz, Li et al. 

2012). However, these genes should be considered for clinical testing in cases of young onset 

PD given the phenotypic overlap (Gasser 2015) (Figure 1.7).  

Moderate risk factors: In addition to the LRRK2 G2019S mutation, the only other major 

category of protein coding variants that confer a moderate risk of PD is mutations in 

glucocerebrosidase (GBA), in which carriers of risk factors have a cumulative risk of 11% to 

develop PD by the age of 85 (Rana, Balwani et al. 2013) (Figure 1.7). 
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GWAS loci: To date at least 28 genetic risk factor loci for PD have been identified, with each 

allele relatively common in the population, but only conferring a small increased risk for 

disease (1.2-1.5 fold) (Nalls, Pankratz et al. 2014). As with Alzheimer’s disease, they are 

present in genes associated with a huge array of biological functions. In addition, as with 

other neurodegenerative disorders, even if all known risk factors are combined they only 

explain a small proportion of the heritability of PD (Keller, Saad et al. 2012) (Figure 1.7).
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Figure 1.7. Genes associated with Alzheimer’s disease and Parkinson’s disease.   Genes in which genetic variants are associated with both disorders 
are shown with Alzheimer’s disease on the left and Parkinson’s disease on the right. The relevant effect size and the average minor allele frequency within the 
population are shown. Genes in the red and pink circles are likely to cause monogenic and familial forms of disease. Those in the yellow and blue boxes act as 
disease risk factors. 

E
ff
ec
t
si
ze

E
ff
ec
t
si
ze

Minor Allele Frequency (MAF)

Alzheimer's disease Parkinson's disease

Minor Allele Frequency (MAF)



 

64 

1.11.3 Frontotemporal dementia – Amyotrophic lateral sclerosis (FTD-ALS) 

Monogenic alleles: It is now both clinically and genetically apparent that Frontotemporal 

dementia (FTD) and Amyotrophic lateral sclerosis (ALS) can no longer be considered to be 

distinct clinical or pathological entities. Clinically, up to 50% of ALS cases show some 

features of FTD, with 15% fulfilling diagnostic criteria (Ringholz, Appel et al. 2005), and 

conversely up to 27% of patients with FTD have features of ALS (Burrell, Kiernan et al. 

2011). It is now apparent that FTD-ALS is most likely to have the highest genetic 

contribution of all neurodegenerative disorders, with an estimated 60% overall heritability for 

ALS observed in twin studies (Al-Chalabi, Fang et al. 2010, McLaughlin, Vajda et al. 2015), 

and with clinical studies showing that at least 10%-20% of all patients carry monogenic 

alleles, even in ostensibly sporadic cases (Al-Chalabi, van den Berg et al. 2017, 

Blauwendraat, Wilke et al. 2017, Turner, Al-Chalabi et al. 2017).  

There have now been over 10 genes identified causing monogenic forms of FTD-ALS. These 

genetically mediated forms of disease also frequently show significant clinical pleiotropy, 

meaning that mutations in the same genes may cause significantly different phenotypes 

between individuals. For example, the C9orf72 hexanucleotide repeat expansion (Renton, 

Majounie et al. 2011, Simon-Sanchez, Dopper et al. 2012) can cause both FTD, ALS or FTD-

ALS. 

It is now almost 25 years since mutations in superoxide dismutase (SOD1) were identified as 

the first familial forms of ALS (Rosen, Siddique et al. 1993). SOD1 is pivotal in controlling 

apoptotic signalling and reactive oxygen species (ROS) generation (Bunton-Stasyshyn, 

Saccon et al. 2015). Over the past 20 years point mutations in either the heterozygous or 

homozygous state have been identified as causing disease (Rosen, Siddique et al. 1993, Orrell, 

Marklund et al. 1997). The gene has now been established to cause about 12% of familial 
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cases of ALS, and 1% of sporadic cases (Chio, Traynor et al. 2008). The phenotype is most 

commonly an isolated ALS phenotype (Li and Wu 2016). 

A hexanucleotide repeat expansion in Open reading frame 72 on chromosome 9 (C9orf72) 

was, in 2011, identified as the cause of up to 40% of familial FTD and 25% of familial ALS 

(Renton, Majounie et al. 2011, Majounie, Renton et al. 2012). Remarkably, C9orf72 

mutations also account for around 7% of all cases of sporadic ALS in Europeans (Majounie, 

Renton et al. 2012). Unlike most other highly penetrant mutations, a hexanucleotide 

expansion will not be identified by either SNP genotyping or current methods of NGS and at 

present requires a specific PCR followed by Southern blotting to detect and confirm the 

expansion. In addition, despite it’s prevalence, the mechanism of disease remains largely 

unknown, with RNA toxicity, and proteotoxicity suggested (Gitler and Tsuiji 2016). 

A further direct link between the genetic aetiology of disease and the neuropathological 

features of FTD-ALS was made with the discovery that heterozygous mutations in TAR 

DNA-binding protein (TARDBP), which encodes TDP-43 (a commonly observed protein in 

the nervous system of patients with FTD-ALS), was identified as a cause of ALS in 2008 

(Neumann, Sampathu et al. 2006, Sreedharan, Blair et al. 2008).  Mutations in TARDBP, like 

SOD1, predominantly cause a relatively pure ALS phenotype and rarely show a significant 

frontotemporal component. To date it is estimated that around 4% of familial ALS cases occur 

due to mutations in TARDBP (Chio, Calvo et al. 2012). 

Mutations in the fused in sarcoma (FUS) protein accounts for a similar proportion of familial 

ALS as TARBP mutations (~4%) (Renton, Chio et al. 2014). The FUS protein shows 

significant functional homology with TDP-43, and FUS-immunoreactive cytoplasmic 

inclusions can be observed in cases carrying mutations. Despite the functional homology, the 

phenotype of FUS mutations is far broader than TARDBP with variants associated with 



66 

phenotypes including a rigid-akinetic parkinsonism that presents late in the course of FTD 

(Deng, Gao et al. 2014), a corticobasal syndrome (Baizabal-Carvallo and Jankovic 2016), and 

potentially even essential tremor (Merner, Girard et al. 2012). 

There are also a multitude of additional genes that have been reported as causing monogenic 

forms of FTD-ALS, each with differing levels of supporting evidence. There are at least 4 

genes reported as causing multisystem proteinopathies (MSP), which are pleotropic 

degenerative disorders affecting muscle, bone and the nervous system. These genes include 

the Valosin-containing protein (VCP) (in which mutations are responsible for 1-2% of 

familial ALS (Johnson, Mandrioli et al. 2010)), hnRNPA1, hnRNPA2B1 (Kim, Kim et al. 

2013) and SQSTM1 (Fecto, Yan et al. 2011). Other genes such as homozygous mutations in 

optineurin (OPTN) have been observed in a Japanese family as causing ALS (Maruyama, 

Morino et al. 2010), and Profilin (PFN1) mutations have been observed segregating with ALS 

in several pedigrees (Wu, Fallini et al. 2012) though appear to be a very rare cause of ALS 

(Lattante, Le Ber et al. 2013). Finally, mutations in DCTN1, CHMP2B, SETX, ANG, SPG11 

and VAPB have all been observed in small pedigrees of FTD-ALS, or in related phenotypes 

and should be considered as appropriate for clinical testing (Renton, Chio et al. 2014). 

GWAS loci: There have been a relative paucity of GWAS loci identified in FTD-ALS in 

comparison to the number of highly penetrant alleles, with only 6 GWAS loci having been 

successfully replicated; UNC13A, SARM1, C21orf2, MOBP, SCFD1 and TBK1 (Al-Chalabi, 

van den Berg et al. 2017) (Figure  1.8). 
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Figure 1.8. Genes associated with Frontotemporal dementia – amyotrophic lateral 
sclerosis (FTD-ALS) .   A: Genes in which genetic variants are associated with FTD-ALS and their 
effect size and the average minor allele frequency within the population are shown (top). Genes in the red 
and pink circles are likely to cause monogenic and familial forms of disease. Those in the yellow and blue 
boxes act as disease risk factors. B: The top section shows where on the phenotypic spectrum of FTD-ALS 
monogenic forms of disease lie. The bottom section shows the molecular findings associated with each 
genotype of disease.
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1.11.4 CJD 

To date, only mutations in the Prion Protein gene (PRNP) have been conclusively shown to 

both cause monogenic forms of CJD and increase the risk of disease (Mead 2006). Within 

PRNP there have been a multitude of mutations that segregate in families and appear to act as 

highly penetrant alleles causing monogenic forms of disease (Mead 2006). The most common 

of these is the E200K mutation which has been described in over 100 cases causing CJD with 

a median age of onset of 58 years and a mean survival of 7 months (Bertoni, Brown et al. 

1992, Collinge, Palmer et al. 1993, Inoue, Kitamoto et al. 1994, Chapman, Arlazoroff et al. 

1996, Mead 2006).   

Whilst the coding structure of the short, two-exon PRNP gene is highly conserved, a 

relatively common polymorphism at codon 129 between methionine and valine both increases 

disease risk and modifies the phenotype (Palmer, Dryden et al. 1991). Remarkably, the codon 

129 polymorphism affects different forms of CJD in different ways. For example, all variant 

CJD cases (vCJD) have been homozygous for the methionine amino-acid at codon 129 

(129M) (Zeidler, Stewart et al. 1997). Homozygous 129M and 129V individuals are also 

more susceptible to sporadic CJD (Palmer, Dryden et al. 1991).  

Surprisingly, despite extensive efforts, there have been no other genes identified that either 

cause monogenic cases of disease nor act as significant risk loci for the disorder. 

 

1.12 Somatic mosaicism  

Genetically mediated disorders (other than cancer) have, until recently, been thought to 

exclusively result from genetic variants either inherited, or arising de novo within the 

germline. Such variants are therefore present in every cell within the human body.  
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However, genetic variants in the nuclear genome also arise during mitotic cell divisions in 

embryogenesis and human development due to the inherent error rate of DNA polymerases 

(Hoang, Kinde et al. 2016, Milholland, Dong et al. 2017). Such mutations are therefore only 

present in a portion of cells and are termed somatic mutations. The earlier in embryogenesis 

that a mutation occurs, then the higher the proportion of cells within the human body that 

would be expected to carry that mutation (assuming symmetrical cell division), and 

conversely, the later the mutation arose during development then the fewer the number of 

cells that would be expected to carry the mutation. 

For example, the trilaminar blastocyst forms during week 3 of human embryological 

development, separating the developing embryo into three different germ layers (the 

ectoderm, mesoderm and endoderm) (Schoenwolf, Bleyl et al. 2015). Mutations arising prior 

to this stage are therefore likely to become present in all tissues within the body, albeit only in 

a proportion of cells (Figure 1.9). Conversely, those arising after this stage, would only be 

present within their subsequent cell lineages (e.g. tissues arising from that germ layer). Those 

arising even later during organogenesis, would only be present within that particular organ or 

cells derived from it. 

Mutations that arise early in development, despite being present within all tissues are not easy 

to detect from blood; the most commonly sampled human tissue. This is because current 

sequencing methodologies and bioinformatic techniques are designed to detect germline 

variation (i.e. mutations present in 50% or 100% of reads – representing heterozygous or 

homozygous mutations respectively). In addition, mutations arising later in development, and 

which may only be present within a single tissue (such as brain) would be impossible to detect 

in blood (given that they occurred after the developmental separation of these tissue types) 

and would require direct sampling of brain tissue itself to detect the mutations, which is 
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particularly problematic for non post-mortem cases. Therefore, given the difficulty in 

detecting somatic mutations, it is conceivably possible that they may be an underappreciated 

cause of neurodegenerative disorders. 

Outside the CNS, somatic mutations have already been identified as causing other forms of 

non-neurological disorders, albeit predominantly early onset neurodevelopmental 

abnormalities. For example, there are numerous reports of somatic mutations causing focal 

anatomical overgrowth syndromes such as Proteus syndrome which occur due to somatic 

mutations in AKT1 (Lindhurst, Sapp et al. 2011), Maffucci syndrome caused by mutations in 

IDH1 (Pansuriya, van Eijk et al. 2011) and Surge Weber syndrome occurring due to somatic 

mutations in GNAQ (Shirley, Tang et al. 2013). Somatic mutations do not have to be point 

mutations, and can also include somatic duplications of whole chromosomes (termed 

aneuploidy) (Pangalos, Avramopoulos et al. 1994), chromosomal regions (CNVs) 

(O'Huallachain, Karczewski et al. 2012), and somatic movement of retrotransposable 

elements (Callinan and Batzer 2006, Baillie, Barnett et al. 2011).  

Within the CNS, it is now also becoming clear that somatic mutations arising through a 

variety of mechanisms may predispose to several, though predominantly young-onset 

neurological disorders. Firstly, somatic point mutations have recently been described as 

causing morphological abnormalities within the brain, with somatic mutations in LIS1 and 

DCX identified as causing two differing forms of lissencephaly (an absence of the normal 

folding pattern of the brain (Gleeson, Minnerath et al. 2000, Sicca, Kelemen et al. 2003)). In 

both cases the mutations were able to be detected in blood suggesting that it occurred early in 

development before the formation of the trilaminar plate. More recently, a case of Dravet’s 

syndrome was also detected due to a mutation in SCN1A in very early development, and 

which was present in the majority of cells (Vadlamudi, Dibbens et al. 2010). 
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Developmental somatic mutations arising later in development, and which are present solely 

within the brain, have been detected in association with several focal brain abnormalities. For 

example, somatic mutations in MTOR have been detected in numerous cases of focal cortical 

dysplasias (Poduri, Evrony et al. 2013, Jamuar, Lam et al. 2014, Lim, Kim et al. 2015). 

Neurodegenerative disorders have only extremely rarely been described in association with 

early somatic mutational events. For example, somatic aneuploidy of Chromosome 21 (which 

carries the APP gene) has been observed in a case of Alzheimer’s disease (Geller and Potter 

1999), and a somatic point mutation in PRNP was observed causing CJD (Alzualde, Moreno 

et al. 2010). Finally, a single case of EOAD has been described secondary to a somatic 

mutation in PSEN1 (Beck, Poulter et al. 2004). These isolated case reports suggest that 

somatic mutations may be a more prevalent cause of neurodegenerative disorders, but focused 

studies of human brain tissue cases on a large scale has yet to be undertaken due to technical 

limitations and access to appropriate tissue. 
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Figure 1.9. The mechanism and distribution of somatic mutations.   Cellular proliferation from the initial zygote are show (top line). Subsequent 
daughter cells divide in a symmetrical pattern until cells coalesce into the three germ cell layers. Subsequently these germ cell layers go on to form the tissues shown 
in grey boxes. If a mutation were to occur at point 1 (yellow arrow), then approximately 50% of all cells would carry the mutation. If the mutation occurred at point 
2 then all tissues derived from that germ cell layer could carry the mutation. If it occurred at point three then only the single tissue would carry the mutation.
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1.13 Mitochondrial DNA and neurodegenerative disorders 

Whilst somatic mutations in the nuclear genome have not been comprehensively studied in 

the context of neurodegenerative disorders, somatic mutations in the mitochondrial genome 

have been for over a decade. 

The central pathway of oxidative phosphorylation in the human body is conducted through the 

mitochondrial respiratory chain, and many of the proteins within this chain are encoded by 

genes within mitochondrial DNA (mtDNA). Mitochondrial DNA, unlike nuclear DNA, is 

exclusively maternally inherited. From the initial pool of mitochondrial genomes in the 

fertilized oocyte stem all subsequent copies of the mitochondrial genome. Crucially, and with 

particular relevance to aging processes, the mitochondrial genome also undergoes life long 

replication, even in post mitotic cells (such as neurons and muscle).  

Human mtDNA is a circular, double-stranded DNA molecule that is 16569 base pairs in 

length (Andrews, Kubacka et al. 1999). The two strands of mitochondrial DNA are termed the 

heavy (H-strand) and light (L-strand); the former being guanine rich and the latter cytosine 

rich. Unlike the nuclear genome which is only present in two copies in a post-mitotic cell, 

each cell contains between 100-10,000 mitochondria, with each mitochondrion containing 

between 2 and 10 copies of mitochondrial DNA (Wiesner, Ruegg et al. 1992). The overall 

cellular content of mtDNA generally correlates with the underlying energy demand of the 

cell. 

Of the 37 genes encoded within the mitochondrial genome, 28 are situated on the H-strand 

and 9 are present on the L-strand. The most common function of these genes is to encode 

transfer RNA (22 genes) and polypeptide components of the mitochondrial respiratory chain 

(RC) (13 genes). Two genes encode a 16s rRNA (large ribosomal subunit), and one a 12s 

rRNA (small ribosomal subunit) (Andrews, Kubacka et al. 1999). Unlike nuclear DNA of 
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which 1-2% of the genome is coding (Venter, Adams et al. 2001), most mtDNA genes are 

contiguous, generally separated by one or two non-coding base pairs, resulting in 

approximately 93% of mtDNA bases encoding proteins. The only significant non-coding 

region is within the displacement loop (D-loop) which contains the site for mitochondrial 

DNA replication initiation (origin of heavy strand synthesis, OH) (Andrews, Kubacka et al. 

1999).   Just as a single human reference genome for nuclear DNA is used as a template to 

record and annotate genetic variation (Venter, Adams et al. 2001), so is a single mtDNA 

genome (the revised Cambridge Reference Sequence (rCRS)) (Andrews, Kubacka et al. 

1999). Genetic variation within the mitochondrial genome is therefore generally described 

with reference to this sequence.   

Mitochondrial DNA also differs from nuclear DNA in its organization. Nuclear DNA is 

associated with histone complexes which are responsible for the packaging of nuclear DNA 

into nucleoids (Bogenhagen 2012). In comparison, mtDNA is located on the inner 

mitochondrial membrane and associated with several proteins forming it’s own nucleoid such 

as mtDNA polymerase gamma (encoded by POLG), mtDNA transcription initiating factors 

(encoded by TFAM) together with mtDNA binding proteins and helicases (encoded by mtSSB 

and twinkle) (Bogenhagen 2012). Mitochondrial DNA also differs from nuclear DNA in its 

base composition, encoding only two stop codons ‘AGA’ and ‘AGG’ in comparison to 4 

encoded by nDNA (Temperley, Richter et al. 2010). 

It is now well recognized that in tissues including the brain, impairment of mitochondrial 

respiratory chain function occurs with age (Trounce, Byrne et al. 1989, Bender, Krishnan et 

al. 2006) suggesting that a deficiency of oxidative energy production may contribute to the 

process of aging. In addition, it is now increasingly recognized that mitochondria also play an 

important role in several other key intracellular pathways such as calcium signalling, lipid 



75 

biosynthesis and programmed cell death (apoptosis) (van der Giezen and Tovar 2005), all of 

which are increasingly recognized as central processes in the development of several 

neurodegenerative diseases (Bossy-Wetzel, Barsoum et al. 2003, Celsi, Pizzo et al. 2009). 

Taken together, impairment of mitochondrial function is now placed at the heart of many 

established and emerging theories of aging and neurodegeneration (Beal 2005). 

Whilst not all mitochondrial dysfunction stems from mutations in mitochondrial DNA 

(mtDNA), a significant proportion of age related mitochondrial dysfunction is hypothesized to 

be due to the accumulation of mitochondrial DNA mutations as a consequence of their on-

going replication in life. Such mutations can be unique within individual cells and expand 

over time resulting in an impairment of cellular function. 

In addition, recent studies have begun to change our understanding that all of the observed 

mtDNA mutations in aged tissues have exclusively developed in life. As we inherit several 

copies of the mitochondrial genome rather than a single copy, it is now apparent that a small 

number of the inherited copies may contain mutations in mtDNA (termed heteroplasmy), and 

these mutations may subsequently expand during life rather and did not form de novo during 

life (Ross, Stewart et al. 2013).  

The idea that mitochondrial dysfunction in aging may, at least in part, result from an interplay 

of both heritable and acquired molecular damage to mtDNA, generates important questions 

regarding the role of mtDNA mutations in aging and disease, and the degree to which these 

factors may be heritable and modifiable.  

1.13.1 Mitochondrial DNA and neurodegenerative disorders 

Point mutations: MtDNA, like nDNA, is damaged by intracellular events such as nucleases, 

reactive oxygen species, and spontaneous hydrolytic processes. The single stranded nature of 
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mtDNA replication, and the lack of co-existent histone complex proteins were hypothesized 

to make it exquisitely more vulnerable to such insults (Caldecott 2008). However, oxidative 

damage as measured by 7,8-dihydro-8-oxo-deoxyguanosine (8-oxodG) predominantly induce 

G:C to T:A transversion mutations (Pinz, Shibutani et al. 1995) which are inconsistent with 

the pattern of transitional mutations most commonly seen in mammalian aged brain (Baines, 

Stewart et al. 2014). In contrast, mice harbouring mutations in DNA polymerase γ  (POLG) 

predominantly generate transitional mutations within the germline (Trifunovic, Wredenberg et 

al. 2004) (Stewart, Freyer et al. 2008) and somatic point mutational spectra similar to those 

observed in aged human tissue (Baines, Stewart et al. 2014). These data suggest that impaired 

replication may be the primary event in somatic point mutation formation rather than 

oxidative damage. Until recently it was hypothesized that a contributing factor to mtDNA 

point mutation generation was a relative inefficiency of mtDNA maintenance. Over the last 2 

decades it has however become clear that a more complex and efficient DNA maintenance 

system exists than previously suggested (Simsek, Furda et al. 2011), and therefore mtDNA 

replication errors remain the most likely primary mechanism inducing somatic mtDNA point 

mutations. 

The recent observations of low level inherited heteroplasmy now suggest that mutations 

previously attributed as being somatically generated, and therefore occurring de novo within 

the brain and other tissues, may actually be clonal expansion of the inherited low level 

heteroplasmic variants not visible with previous sequencing technologies (Khrapko 2011, 

Payne, Wilson et al. 2013, Ross, Stewart et al. 2013). Determining whether similar 

mechanisms occur in brain is of paramount importance given the finding in POLG mutant 

mice that low-level inherited heteroplasmic variants can clonally expand over subsequent 

generations aggravating aging and inducing neurodevelopmental abnormalities (Ross, Stewart 

et al. 2013).  
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1.13.2 Heteroplasmic mitochondrial DNA mutations in Lewy body diseases 

The observation of a mosaic pattern of respiratory chain deficiency in human PD post-mortem 

brain tissue (Itoh, Weis et al. 1996) provided the first evidence that mitochondrial DNA 

mutations may be implicated in respiratory chain impairment in PD. In 2006 Bender et al 

confirmed that PD patients had a greater proportion of Cytochrome c oxidase (COX) deficient 

neurons in the substantia nigra than controls (~3% vs 1%, p=0.003) (Bender, Krishnan et al. 

2006), and although mtDNA deletion levels in both PD and controls was high in SN tissue 

homogenates (52.3% + 9.3% vs 43.3%  + 9.3%) this did not reach statistical significance 

(p=0.06). Using single cell real time PCR, they showed that mtDNA deletion levels were 

higher in the COX-deficient neurons than those with normal COX activity (66.9% + 19% vs 

47.7% + 24%, p<0.00001) underlying their respiratory chain defect. Subsequently using PCR 

cloning techniques within both COX deficient and non COX deficient cells, they detected 

discrete break points in mtDNA implying intracellular clonal expansion as the underlying 

mechanisms of deletion formation (Bender, Krishnan et al. 2006).  Intriguingly, in the 

hippocampus, a region with relatively sparse Lewy body deposition, patients also had 

significantly higher deletion levels than controls (17.8% + 12.9% vs 14.3% + 6.7%, p = 

0.0002). Taken together, these data imply that mtDNA deletions are higher in PD patients, 

possibly throughout the brain, somatically generated, and clonally expand in some cases to 

levels able to cause COX deficiency. Whilst this may imply that these deletions contribute to 

the pathophysiology of PD, this actually remains unproven.  The presence of mtDNA 

deletions in the substantia nigra, rather than being deleterious, may actually trigger adaptive 

mechanisms such as an increase mtDNA copy number, improved respiration and greater 

striatal dopamine levels (Perier, Bender et al. 2013). Additionally, there is relatively little 

evidence to support the notion that mitochondrial respiratory chain (RC) deficiency promotes 

Lewy Body formation. At least two studies have shown that RC complex activity (as 
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determined by protein complex expression) is normal in Lewy body positive cells (Reeve, 

Park et al. 2012) (Muller, Bender et al. 2013).  

Over the past 5 years, at least 2 studies have shown that mtDNA mutations, independent of 

mitochondrial respiratory chain function, correlate with Lewy Body formation, suggesting 

that they may be involved in the onset of Lewy Body pathology. In 2012, Lin et al used 

cloned-PCR of single cells to show that mean somatic mtDNA point mutations in neurons 

were 250 mutations/106 bp higher in early PD and incidental Lewy Body disease (a presumed 

precursor to PD) compared to both controls and late stage disease (Lin, Cantuti-Castelvetri et 

al. 2012). They found no difference between point mutations in established PD and controls. 

This suggests that mtDNA point mutations may predispose to the early propagation of Lewy 

bodies, potentially predisposing these neurons to early cell death enabling the subsequent 

survival of neurons without mtDNA mutations. More recently, LB positive neurons were 

shown to have greater levels of mtDNA deletions than LB negative neurons in post mortem 

cases (40.5 + 16.8% vs 31.8 + 14.3%, p < 0.05) (Muller, Bender et al. 2013). However, the 

majority of both LB positive and negative cells had similar deletion levels, arguing against 

causality, but implying that they may confer an alteration in susceptibility to LB development, 

though the mechanism remains unclear.   

1.14 Mouse models of Lewy body diseases 

Animal models offer a unique opportunity to study the fundamental mechanisms of 

neurodegenerative disorders to determine factors that may influence disease progression in a 

complex organism. Since the advent of the first transgenic mouse in 1974 (Jaenisch and Mintz 

1974) manipulation of the murine genome to create mouse models of human disorders has 

become a primary paradigm to this effect. 
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Several aspects make mouse models a compelling strategy to study the interaction between 

mitochondrial DNA mutations and Lewy Body diseases. Several models are already available 

that offer validated and reproducible phenotypes and pathology that are robust and cost-

effective compared to other organisms (Vandamme 2014). An ideal model will show an 

adequate replication of the clinical and, ideally, pathological phenotype, with age-progressive 

phenotypic features and neuropathology which are highly reproducible with minimal 

variability (Janus and Welzl 2010). However, caveats must always be borne in mind: For 

example, some forms of genetic manipulation are not suitable or reliable for behavioural 

phenotypes (Silva 1997), especially if they are not on a consistent genetic background 

(Wahlsten, Cooper et al. 2005).  

1.14.1 Experimental design of mouse models of Lewy body diseases 

When designing experiments involving transgenic models of human neurodegenerative 

disorders, it is therefore important to design and conduct appropriate experiments that are 

adequately powered and enable, as best as possible, not only a thorough understanding of the 

mouse model, but that also enable insight into human disease (Janus and Welzl 2010). It is 

therefore vital to design cognitive tasks that not only test cognitive functions in mice, but also 

require the utilization of neuroanatomical systems that are conserved between species; for 

example the hippocampus which is involved in memory formation across almost all mammals 

(Morris 1990, Squire 1992, Janus and Welzl 2010). As above, efforts must be made to ensure 

a concordant genetic background, and experimental design and crosses adjusted appropriately. 

To evaluate a potentially novel phenotype, a battery of tests should be performed to 

characterise the physical and motor development and possible degeneration of mice. This may 

include specific motor and cognitive tests, or specific procedures which have an established 
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neurobiological or anatomical basis in an appropriately powered experiment (Scott, Kranz et 

al. 2008, Janus and Welzl 2010).  

Not only does the nature of the experiment need to be carefully co-ordinated and controlled, 

but also the natural behaviour and housing conditions of the mice. For example, mice should 

ideally be tested at the same phase of their circadian cycle, and receive the same housing 

conditions (temperature, diet, light-dark cycle, exercise) together with a similar amount of 

handling (Janus and Welzl 2010). In addition, care should be taken to mix genotypes of mice 

within cages in order to reduce the possibility of litter or ‘cage effects’ arising due to slightly 

differing housing conditions and the risk of the Hawthorn effect and systematic subconscious 

bias when the experimenter is aware of the animal genotype (Wahlsten, Metten et al. 2003, 

Janus and Welzl 2010). 

1.14.2 Transgenic models of Lewy body diseases 

There are several transgenic models that aim to recapitulate Parkinson’s disease by different 

mechanisms, but they can loosely be grouped as those that induce Lewy body deposition and 

those that do not induce Lewy body deposition (for example transgenic Parkin knockout mice 

(Perez and Palmiter 2005)).   

Considering only those that induce α-synuclein deposition, these genetic models essentially 

vary by both the genetic composition of the SNCA gene (e.g. the type or presence of 

mutation), the type of upstream promoter, and the background strain of the mice. Variation in 

any of these components appears to modify the subsequent neuropathology to differing 

degrees. Whilst not exhaustive, several common transgenic mouse models are shown in table 

1.2 (adapted from Chesselet et al (Chesselet and Richter 2011)). 
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Only a couple of transgenic mice that generate mitochondrial DNA mutations have been 

described, with all caused by mutations in mitochondrial DNA polymerase γ (POLG) 

resulting in impaired POLG activity and the development of somatic point mutations in the 

homozygous state (Trifunovic, Wredenberg et al. 2004, Kujoth, Hiona et al. 2005). In the 

heterozygous state mice with the same mutation are also able to generate low level mtDNA 

heteroplasmy and are able to transmit these mutations to their offspring, though with a 

significantly lower overall somatic and transmitted levels of heteroplasmy (Ameur, Stewart et 

al. 2011). 

Taken together, these mice offer the possibility to begin to understand the interaction between 

the generation and inheritance of mtDNA heteroplasmy and Lewy body deposition in vivo, to 

begin to decipher the role of mtDNA mutations in Lewy Body diseases such as PD.
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Table 1.2. Transgenic mouse models causing α-synuclein deposition. The relevant mouse model, promoter, and cellular expression of mutant or 
wild-type (WT) synuclein is shown. In addition, the presence of dopaminergic (DA) cell loss in the substantia nigra (SN) and additional non-motor features 
are shown. Finally whether the model is known to be levodopa (LD) responsive is provided. 

M
ouse m

odel 

Prom
oter 

C
ells in w

hich 
transgene 
expressed 

C
orresponding 

hum
an 

genetics 

D
A

 neuron loss 
in SN

 

Striatal D
A

 loss 

aSyn 
aggregation in 

SN
 

M
otor 

phenotype 

N
on-m

otor 
phenotype 

LD
 responsive 

R
eference 

        Olfactory Cognitive GI Autonomic Anxiety   

WT 
SNCA 

PDGFB Neurons Duplication / 
triplication 

NP Mild Mild Mild - Mild - - - - (Masliah, 
Rockenstein et 
al. 2000) 

WT 
SNCA 

mThy-1 Neurons Duplication 
/ triplication 

NP Mod Strong Strong Strong Mod Mod Mod Mod Mod (Rockenstein, 
Mallory et al. 
2002) 

A53T 
SNCA 

mThy-1 Neurons Dominant NP NP NP Mod - - - - - - (van der Putten, 
Wiederhold et 
al. 2000) 

A53T mPrion Neurons Dominant NP NP NP Mod - Mild - - Mod - (Giasson, Duda 
et al. 2002) 

A30P mThy-1 Neurons Dominant NP NP NP Mod - Mild - - Mod - (Freichel, 
Neumann et al. 
2007) 
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Chapter 2 

A genetic compendium of 1511 human brains available through 
the UK Medical Research Council Brain Banks 

2.1 Aims 

 

1. To define individual cases and controls possessing highly penetrant alleles 

causing monogenic forms of neurodegenerative disease. 

2. To identify cases and controls carrying protein coding risk-factors for any 

major neurodegenerative disease. 

3. To determine novel highly penetrant alleles or protein coding risk factors. 

4. To use the MRC Brain Bank to help refute previous claims of variant 

pathogenicity. 

5. To provide a data resource for researchers to genetically stratify their case and 

control tissue selection from the MRC Brain Bank Centres. 

 

 

The work in this chapter was published in Genome Research in 2017: Genetic compendium of 
1511 human brains available through the UK Medical Research Council Brain Banks 
Network Resource. Keogh MJ, Wei W, Wilson I, Coxhead J, Ryan S, Rollinson S, Griffin H, 
Kurzawa-Akanbi M, Santibanez-Koref M, Talbot K, Turner MR, McKenzie CA, Troakes C, 
Attems J, Smith C, Al Sarraj S, Morris CM, Ansorge O, Pickering-Brown S, Ironside JW, 
Chinnery PF. Genome Res. 2017 Jan;27(1):165-173.)  
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2.2 Introduction 

The past 20 years have witnessed major advances in our understanding of the genetic 

landscape of common neurodegenerative disorders including Alzheimer’s disease (AD), 

Parkinson’s disease (PD), motor neuron disease (MND)/amyotrophic lateral sclerosis (ALS), 

frontotemporal dementia (FTD), and prion disorders such as Creutzfeldt-Jakob Disease 

(CJD).  Highly penetrant alleles causing familial forms of these diseases have now been 

identified in approximately 50 genes (Reviewed in (Mead 2006, Chen, Sayana et al. 2013, 

Guerreiro and Hardy 2014, Lin and Farrer 2014)), and both genome wide association and 

candidate gene studies in sporadic cases have detected numerous genetic risk alleles 

(Reviewed in (Ramanan and Saykin 2013)).   

The complex genetic architecture of neurodegenerative diseases presents several challenges. 

First, the implications of a novel genetic variant are particularly difficult to define 

(MacArthur, Manolio et al. 2014). The clinical phenotype often does not correspond to the 

anticipated neuropathology, and specific disease alleles are associated with a wide phenotypic 

spectrum (Caslake, Moore et al. 2008, Grau-Rivera, Gelpi et al. 2015). This makes it 

extremely difficult to establish whether a novel genetic variant is responsible for the disorder - 

an issue that is gaining importance, given the widespread use of clinical exome and genome 

sequencing.  

Second, our understanding of the functional consequences of specific mutations is far from 

clear. This is partly because the effects of genetic variants can vary between tissue and cell 

type (Dimas, Deutsch et al. 2009), and also because several neurodegenerative diseases are 

modulated by age-related co-morbidity. Both factors are extremely challenging to model in 

vitro and in animals.  



85 

The analysis of post mortem human brain tissue circumvents some of these difficulties, but 

understanding the genetic background is of critical importance. This knowledge enables the 

stratification of mechanistic studies, and the dissection of disease pathways downstream from 

specific genetic lesions. It also avoids the inadvertent enrichment of a study group for specific 

genetic disorders, thus preventing results being inappropriately generalized across a broad 

disease category.  

To address these issues, we performed exome sequencing and array-based gene dosage 

analysis of 1511 frozen brain tissue from a brain tissue resource: the UK Medical Research 

Council Brain Bank. Our analysis provides a genetic compendium for this accessible tissue 

resource, including 61 brains with highly penetrant mutations in 17 known disease genes, and 

349 with established risk alleles for neurodegenerative disease. We also show that 

duplications of PRPH are enriched in AD, and show an association between GRN and DLB 

for the first time.  All VCF files and associated metadata for all exome sequenced cases within 

the cohort is available for download on-line, enabling researchers to access fixed and frozen 

post mortem brain tissue for informed clinicopathological studies. 

2.3 Methods 

2.3.1 Clinical and pathological data 

Ethical approval for the genetic analysis of post mortem brain tissue was obtained from the 

ethical review board of each participating centre. 1511 brains were selected from four centres 

within the MRC Brain Bank Network to include a representative range of neurodegenerative 

disorders, and controls who died from unrelated causes (Table 2.1 and Appendix 1). 

Demographic data (age of disease onset and death, disease duration and family history of 

disease), together with the ante mortem clinical diagnosis and post mortem neuropathological 

diagnosis were recorded for all cases.  



86 

The ante mortem diagnosis was defined by the treating clinician’s working diagnosis in life.  

The post mortem diagnosis was consensus neuropathological diagnosis at death. A clinical 

vignette of the case, together with a synopsis of the neuropathological report and all 

quantitative neuropathological criteria (defined below), were also requested and provided 

when available. All data was reviewed, and each disease cohort included brains with an ante 

mortem clinical diagnosis consistent with a neurodegenerative disorder and clinical criteria 

fulfilling the specific neurodegenerative disease at the time of diagnosis. In cases in which a 

broad phenotype (e.g. ‘dementia’) was recorded, and neuropathology was consistent with a 

specific diagnosis, they were included within the cohort as defined by their neuropathology. 

Control cases were defined as those in which a Braak neurofibrillary tangle stage was 2 or 

lower and there were no other features suggestive of a neurodegenerative disease in either 

ante mortem data, or post mortem assessment. Cases ascribed to ‘Vascular disease’ were those 

in which either there was a history in life suggestive of cognitive impairment with at least one 

large territorial vascular anomaly such as stroke had occurred, and where Braak stage was 

greater than 2 or unknown. Those ascribed to ‘vascular/control’ showed no large territorial 

infarcts, but have evidence of small vessel disease together with no history suggestive of ante 

mortem cognitive impairment and a Braak stage of less than 2. Given the known 

neuropathological and genetic overlap, cases with either frontotemporal dementia (FTD), 

motor neuron disease (MND)/amyotrophic lateral sclerosis (ALS), were included in a 

combined FTD-ALS sub-group. 

All rare neurological diseases, those without ante mortem data, or those in which the 

neuropathology did not fulfil criteria for a specific diagnosis were included into the ‘other’ 

category and defined by a discrete descriptive term, individual to each case, summarizing the 

overall clinical and neuropathological phenotype (Appendix 1-2). 
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Quantitative neuropathological scores and stages (e.g. Braak neurofibrillary tangle stage 

(Braak, Alafuzoff et al. 2006)) were also supplied for each case as appropriate. For non-

Creutzfelt-Jakob Disease (CJD) cases, additional quantitative neuropathological criteria were 

obtained when available. These included: Thal phase for Amyloid beta (Thal, Rub et al. 

2002), Braak neurofibrillary tangle stage (Braak, Alafuzoff et al. 2006), CERAD score (Mirra, 

Heyman et al. 1991), ABC score (Montine, Phelps et al. 2012), Braak stage for alpha-

synuclein (Braak, Sandmann-Keil et al. 2001),  McKeith Lewy body stage (McKeith, Dickson 

et al. 2005), Cerebral Amyloid Angiopathy (CAA) staging (Attems, Jellinger et al. 2011), the 

presence of TDP-43 pathology and stage (Mackenzie, Neumann et al. 2011), and presence of 

3R or 4R tauopathy, fused in sarcoma (FUS) or ubiquitin staining. 

For cases conforming to diagnostic criteria for Creutzfeld Jakob Disease (CJD) (Budka, 

Aguzzi et al. 1995), the clinical subgroup (sporadic, familial, variant, or iatrogenic) was also 

recorded (Appendix 2), together with the presence of cerebrospinal fluid (CSF) 14-3-3 

protein, and the s100b protein together with MRI imaging features were also requested and 

provided where available.  

2.3.2 Molecular genetic and bioinformatics analysis 

2.3.2.1 DNA extraction 

Tissue samples (20-30mg) were extracted from Cerebellum (n=1323), Cerebral cortex (lobe 

undefined) (n=54), Frontal cortex (n=30), Temporal cortex (n=8), Occipital cortex (n=4), 

Basal ganglia (n=4), Caudate (n=3), Substantia Nigra (n=2), Muscle (n=1), and undefined 

brain region (n=81). Automated DNA extraction was performed using a DNA extraction 

robot (Qiasymphony SP robot; Qiagen, Hilden, Germany). Tissue was lysed in 180 µl of ATL 

buffer (Qiagen, Hilden, Germany) and 20 µl of Proteinase K (Qiagen, Hilden, Germany). 

Lysates were incubated overnight at 56 °C and at 900 rpm before being loaded onto the 
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Qiasymphony robot. Subsequent extraction was performed using the Qiasymphony DNA 

mini kit reagents (Qiagen, Hilden, Germany), as per manufacturers protocol.  DNA yield was 

measured using the Nanodrop-8000 Spectrophotometer (NanoDrop Technologies). DNA 

extraction was performed by NBTR staff at each centre and not entirely by myself. 

2.3.2.2 Exome sequencing and analysis 

Genomic DNA was fragmented, exome enriched and sequenced (Nextera Rapid Exome 

Capture 62Mb and HiSeq 2000, 100 bp paired-end reads) by staff at AROS (Copenhagen, 

Denmark). Bioinformatic analysis was performed using an in-house pipeline including 

alignment (human reference genome hg19, UCSC) using Burrows-Wheeler Aligner (BWA) 

(Langmead, Trapnell et al. 2009). Samples with a mean coverage of less than 30 were 

excluded.  

Variant calling in remaining samples was performed using FreeBayes (Garrison 2012). 

Subsequent analysis was restricted to on-target homozygous, heterozygous, and compound 

heterozygous variants with a minimum read depth of 10 in any case or control, and base 

quality score of 20 within the cohort. Further analysis was performed on frameshift, in-frame 

indel, or start/stop codon change, missense variants, and splice site loss variants with a minor 

allele frequency <0.5% or <3% (for familial forms of disease or risk factor alleles 

respectively) in the 1000 Genome Project Database (Genomes Project, Abecasis et al. 2012), 

European American cases from the NHLBI ESP exomes database (Exome_Variant_Server 

2016), and ExAC server (Lek, Karczewski et al. 2016), using Qiagen Ingenuity Variant 

Analysis software. Variants in genes known to cause familial forms of neurodegenerative 

disease (Appendix 3) with the appropriate inheritance pattern were assessed in all cases 

according to both the 2015 American College of Medical Genetics (ACMG) (Richards, Aziz 

et al. 2015), and the MacArthur Criteria (MacArthur, Manolio et al. 2014), irrespective of 
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phenotype or neuropathological diagnosis (Figure 2.2). The ACMG criteria remain the 

world’s leading criteria for the interpretation of sequencing variants in a clinical context, and 

the MacArthur criteria are a second stringent criteria that propose that researchers summarise 

and present a spectrum of evidence in order to truly attribute pathogenicity of identified 

alleles in sequencing studies.   The same criteria were also applied to a specific assessment of 

a small number of cases with rare neurological diseases that was undertaken independently 

(adult onset gangliosidosis, cerebello-olivary atrophy, chorea-acanthocytosis, Huntington-like 

disease, Kuf’s disease, infantile onset mitochondrial disease, neurodegeneration with brain 

iron accumulation and primary familial basal ganglia calcification) (Appendix 4).  

To exclude inadvertent duplicate samples, variant calls with a base quality score of 30 and 

read depth of 10 were converted into PLINK v2.050 (Purcell, Neale et al. 2007) binary 

genotyping format using in-house scripts. Pairwise relationships were subsequently 

determined using KING (Manichaikul, Mychaleckyj et al. 2010) allowing for the existence of 

population structure. Duplicate samples were determined by kinship estimates restricted to 

first degree or second-degree relatives only using the –related option.   

Associations at the gene level: Initially, known pathogenic and likely pathogenic cases of 

disease were removed. Known risk factor associations at the gene level were then tested 

through case burden testing using Sequence Kernel Association Test (SKAT-O) (Wu, Lee et 

al. 2011) against a control group of control cases aged 55 or over with no features of 

neurodegenerative disease (n=244) within Ingenuity Variant Analysis. Subsequent allele level 

associations were assessed through Chi-squared testing with a Mantel-Haenszel correction 

when a count of zero occurred in either group. Subsequent analysis for novel associations 

between disease cohorts and controls were performed against an expanded cohort of controls 
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across the whole age range (n=380 including n=244 aged controls, plus n=136 young controls 

and vascular controls). 

2.3.2.3 Array genotyping and analysis 

Array genotyping was performed on all samples using the Illumina HumanOmniExpress-12 

BeadChip array (Illumina Inc., San Diego, CA) and subsequently utilized to perform Identity 

by Descent (IBD) to determine related individuals within the dataset. The calling of SNP 

genotypes and CNVs was performed by Dr Ian Wilson (University of Newcastle) as described 

below. 

We followed a modified method of that described by Cooper et al (Cooper, Shtir et al. 2015) 

utilizing Log-R-ratio (LRR) and B-allele frequency (BAF) scores from raw allele probe 

intensities.  In this process, samples and SNPs with call rates < 95% were first removed. No 

subsequent quality control (QC) was applied based on the Minor Allele Frequency (MAF) as 

SNVs with rare alleles still provide LRR information even when monomorphic.  Subsequently 

several levels of QC were undertaken, with three QC statistics calculated:  mean LRR; 

Derivative log-ratio spread; and GC Wave Factor; each using custom in-house scripts in R 

(www.R-project.org). These were calculated simultaneously and samples failing any one were 

excluded from subsequent analysis. 

Mean Exclusion: LRR-means for all samples passing initial QC were calculated, and samples 

outside the upper or lower bounds (1.5x the interquartile range) of the overall mean were 

excluded. 

Derivative log-ratio spread: derivative log-ratio spread (DRLS) was calculated as the 

standard deviation (SD) of the differences between successive array SNV markers (according 
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to genome position), divided by the square root of 2. A sample exclusion threshold of 3.5 SD 

above the cohort mean was applied. 

GC wave exclusion: In keeping with the methods described by Cooper et al (Cooper, Shtir et 

al. 2015), guanine and cytosine (GC) wave was evaluated to remove samples with substantial 

wave intensity fluctuations. GC score was calculated by the ‘total wave factor’ (as described 

previously (Diskin, Li et al. 2008) ) and is defined by the median of the absolute median 

absolute deviation (MAD) of LRR, with sign determined by correlation with GC percentage. 

Samples with a total wave factor > 3.5 SD above the mean were excluded. 

Plate exclusion: As plate effects can induce some of the strongest bias in CNV estimates, 

plates in which 40% of samples failed QC, or where the number of failed samples was > 3.5 

SDs above the study mean were removed.  

PCA correction: 10% of post QC autosomal SNVs were selected and a PCA was performed 

in R using the bigPCA R library. The 6 largest linear components were used to correct the 

data. In addition, X-chromosomal calls were corrected based on autosomal SNVs.   

QuantiSNP and further filtering: Using the corrected LRR from the original BAF samples, 

quantiSNP was performed as previously described (Colella, Yau et al. 2007). Subsequently, 

SNVs spanning telomeric or centromeric regions were excluded together with genes in major 

histocompatibility complexes (MHC) and immunoglobulin genes (Cooper, Shtir et al. 2015). 

In addition, samples for which the total number of CNVs exceeded 3 SDs above the mean 

number of CNVs per sample were excluded from the analysis.  

Restriction to rare CNVs: To exclude our analysis to rare CNVs, we excluded any CNV 

which had an 80% or greater overlap with CNVs known to occur in greater than 1% of 

individuals from reference databases (MacDonald, Ziman et al. 2014). 
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 Additional allele-specific genotyping: Specific genotyping to determine the APOE genotype 

was also performed independently because of poor exome and SNV array coverage. APOE 

genotyping was performed by competitive allele-specific PCR, using KASPTM genotyping 

assays (LGC, UK) for both rs7412 and rs429358. Subsequent genotype data was converted 

into APOE e4 allele status (Weisgraber, Innerarity et al. 1982). Full methods for the KASPTM 

genotyping platform are available from LGC (http://www.lgcgenomics.com/genotyping/kasp-

genotyping-reagents/). 

Screening for the C9orf72 hexanucleotide repeat expansion was also performed as described 

(Renton, Majounie et al. 2011). Positive results were confirmed by Southern blot (Tomasetti, 

Vogelstein et al. 2013) allowing an estimate of the repeat size. All wet-lab C9orf72 work was 

performed by Professor Stuart Pickering-Brown’s laboratory at Manchester University. 

2.3.2.4 Data access 

The sequencing data from this study have been submitted to the European Genome Archive 

(https://ega-archive.org/studies/EGAS00001001599) alongside appropriate metadata 

following ethical approval by the Research Ethics Committee (REC) proportionate review 

process through the Health Research Authority (HRA) Approvals system (REC reference 

17/EE/0033). 

2.4 Results 

2.4.1 Demographics 

The mean age at death across all cases was 68.3 (sd=17.9) and ranged from 3 to 103 (Table 

2.1 and Appendix 1). Only 2.8% of cases had a family history of disease, as defined by a 

recorded first or second degree relative with the same or a related neurodegenerative disease 

(Table 2.1). The CJD cohort comprised sporadic (n=126), variant (n=62), and other subtypes 
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as shown in Appendix 2. All demographic data is available online (https://ega-

archive.org/studies/EGAS00001001599).  
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Table 2.1. Clinical data for the 1511 brains in this study. All ages are given in years. Key; AD – Alzheimer’s disease, CBD – Corticobasal 
degeneration, CJD – Creutzfeldt-Jakob Disease, DLB – Dementia with Lewy Bodies, FTD-ALS – Frontotemporal dementia – Amyotrophic Lateral 
Sclerosis, HD – Huntington’s Disease, MSA – Multiple System Atrophy, PD – Parkinson’s Disease, PSP – Progressive Supranuclear Palsy. All cases in 
which they did not conform to a specific group were included in ‘other’. NA – Not available, FH – Family history. 

 

 Number of cases 
(n) 

Age onset (years) Age of death (years) Female Male FH of disease 
  Age SD Age SD n % n % n   % 
AD 289 65.5 10.4 77.6 11.6 151 52.2% 138 47.3% 11 3.8% 
CBD 14 60.1 11.4 69.6 12.4 4 21.4% 10 61.5% 0 0.0% 
CJD 239 52.6 19.9 53.5 19.5 111 46.7% 128 53.3% 4 1.7% 
Control 368   63.2 18.8 131 35.5% 237 64.2% 0 0.0% 
Control (High Braak) 38   87.6 8 24 63.2% 14 36.8% 0 0.0% 
DLB 58 66.7 8.4 76.7 7 22 37.9% 36 62.1% 2 3.4% 
FTD-ALS 252 59.5 11.7 64.6 11.6 103 40.9% 149 59.1% 14 5.6% 
HD 7 59.8 13.2 66.7 10.3 3 42.9% 4 57.1% 1 14.3% 
MSA 10 58.4 6.5 68.2 9.1 1 10.0% 9 90.0% 0 0.0% 
Other disorders 80 57.4 25.3 72.4 18.3 35 43.8% 45 56.3% 9 11.3% 
PD 39 59.9 10.9 72.3 9.2 11 28.2% 28 71.8% 0 0.0% 
PSP 17 68.7 12.1 77.1 10.3 9 52.9% 8 47.1% 0 0.0% 
Cerebrovascular disease 65 79.9 8.6 85.7 6.1 32 49.2% 33 50.8% 1 1.5% 
Cerebrovascular disease / AD 17 82.5 6.3 84.5 6.6 10 58.8% 7 41.2% 0 0.0% 
Vascular disease / Control 18 81.2 13.7 89.8 7.2 8 44.4% 10 55.6% 0 0.0% 
Total 1511 59.6 17.7 68.3 17.9 655 43.3% 856 56.7% 42 2.8% 
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2.4.2 Monogenic alleles 

The mean depth of sequencing of the whole exome was 51.9 (sd=12.9), and 49.1 (sd=13.8) in 

genes associated with neurodegenerative disease (Appendix 3 and 5). Following quality 

control (QC) 1241 brains had data available using all 4 genetic approaches (exome 

sequencing, array SNV genotyping, C9orf72 PCR and APOE genotyping, Figure. 2.1, 

Appendix 6). 
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Figure 2.1. The molecular genetic approach and the data passing quality control (QC) in 1511 post mortem brains.   The algorithm for 
sequencing approaches, variant interpretation and key results are shown.
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Single heterozygous SNVs, small insertions or deletions in genes known to cause common 

neurodegenerative diseases: We initially identified rare heterozygous variants present in 

genes known to cause autosomal dominant forms of common neurodegenerative diseases 

(Appendix 7). In total, 313 variants were seen in 817 cases (Figure. 2.2), with 261 (83.4%) 

absent from the 1000G (Genomes Project, Abecasis et al. 2012), 212 (67.7%) absent from 

ESP6500 databases (Exome_Variant_Server 2016)  and 149 (47.6%) absent from the ExAC 

database (Lek et al. 2016). 62.0% of variants (n=194) were initially determined to be of 

uncertain significance given the lack of any prior available data, and 39 variants in 57 of the 

1461 cases (3.9%) undergoing exome sequencing were considered to be either pathogenic or 

likely pathogenic according to the American College of Medical Genetics criteria for variant 

pathogenicity (Richards, Aziz et al. 2015) (Figure. 2.2).  

Following comparison and correlation of variants with the case diagnoses in our dataset, 28 

pathogenic and likely pathogenic heterozygous variants were confirmed in 38 cases (3.46% of 

1099 cases of disease) (Figure.2.3, Appendix 7-12). Importantly, cross-correlating our 

genomic data with clinical and pathological data enabled the reclassification of 149 of the 194 

variants that were initially classified as being of uncertain significance. The initial 

classification of the 194 variants as being of uncertain significance was because, prior to our 

study, they had either never been reported in human reference databases, nor had had they 

been described in either clinical cases of disease, nor studied in vitro or in vivo. However, by 

detecting 149 of these in control subjects or in cases with a discordant phenotype, we were 

able to conclude that they were likely to be benign (Appendix 13-18). Forty-five variants in 

52 cases remained classified as being of uncertain significance after initial assessment (3.6% 

of 1461 cases undergoing exome sequencing), with these variants present in phenotypically 

appropriate cases for the genotype or in young control subjects (Appendix 19-24). Over 50% 

of these variants are entirely novel (n=23), having never been previously detected in human 
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subjects not in any other cases in our dataset, nor the three on-line databases accessed in this 

study (n=69,660) (Appendix 19-24). 

Homozygous or compound heterozygous SNVs, insertions or deletions in genes known to 

cause common neurodegenerative diseases: Homozygous or compound heterozygous 

variants known to cause disease were seen in only four cases, and were considered to be 

pathogenic (Figure. 2.1, Appendix 25-27). 

Single heterozygous SNVs, small insertions or deletions in genes known to cause rare 

neurodegenerative diseases: In 10 cases with rare neurological disorders, pathogenic variants 

were detected in three brains: Case 24, adult onset ganglosidosis (HEXA; p.R499C); Case 29, 

Kuf’s disease (DNAJC5; p.L115R); and Case 44; chorea- acanthocytosis (VPS13A; 

p.L1841*/p.W2347fs*36) (Figure. 2.1 and Appendix 4 (Gene lists/panels), Appendix 7-12 

(dominant disorders), Appendix 25-27 (Recessive disorders)). 

2.4.3 C9of72 screening 

The C9orf72 hexanucleotide repeat expansion screening was performed by Professor Stuart 

Pickering-Brown’s laboratory, detecting positive repeat expansions in 15/1482 brains 

(Appendix 28) (1% of the total disease cohort, and 6.14% of all FTD or ALS cases (n=244) 

which had C9orf72 analysis). Of note, the ‘FTD-ALS’ cohort combined all isolated FTD 

cases, isolated MND cases and FTD-ALS cases into one cohort due to the genetic overlap 

between these disorders (Appendix 28). These findings were confirmed by Southern blot 

within Professor Pickering-Brown’s laboratory. 
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Figure 2.2. The clinical evaluation of 1461 post mortem brains. Assessment of heterozygous variants in genes known to cause familial forms of 
neurodegenerative disease.  All variants were initially assessed against the American College of Medical Genetics (ACMG) criteria and all evidence relating 
to pathogenicity was recorded according to the guidelines of MacArthur et al (MacArthur, Manolio et al. 2014). Comparing variants to clinical and 
neuropathological data in their respective cases enabled a significant refinement of likely pathogenicity, and in particular, an increase in the number of 
variants likely to be benign, allowing the re-classification of previous variants considered pathogenic.
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2.4.4 Identity by descent (IBD) analysis 

IBD using KING revealed 9 pairs of individuals with cryptic 1st-4th degree ancestry 

(Appendix 29 & 30). This led to a molecular diagnosis of spinocerebellar ataxia (SCA) 

because one of two first-degree relatives within the cohort was diagnosed with SCA7 in 

parallel study, leading to the diagnosis in the remaining relative.  

2.4.5 Copy number variation (CNV) analysis 

Rare CNVs spanning the coding region of any of the 49 common neurodegenerative disease 

genes included in our study (Appendix 3) were seen in 1.46% of cases (n=19) (Appendix 31). 

Only one CNV occurred in a gene known to convey pathogenicity through copy number 

variation (Case 61: Alzheimer’s disease with an APP triplication, Appendix 31) and was 

considered to be pathogenic. Copy number gains were also seen in APOE (n=1), DAO (n=1), 

SCARB2 (n=1), and SPG11 (n=1) and copy number loss in LRRK2 (n=1) and PARK2 (n=4). 

Nine cases showed a copy number gain in PRPH comprising three different CNVs, with a 

mean length of 13.8kb (SD=0.9kb) (Figure. 2.4.  & Appendix 31). Six of the 9 cases had AD, 

resulting in PRPH copy number gains having a significant association with AD vs all controls 

with CNV data (n=383, p=0.015, Fisher’s exact test), and when compared to all forms of 

neurodegenerative disease (n=1060, p=0.002). The three other brains with PRPH copy 

number gains showed: pathologically atypical tauopathy with AD like features; ALS, and 

control case with an age at death two standard deviations below the mean of the confirmed 

AD cases with PRPH copy number gains. 

2.4.6 Genetic risk factors 

Alleles previously described as conferring a risk of AD, DLB, FTD-ALS or PD were 

identified (Appendix 32), with 38 cases possessing established risk factors in TREM2, GBA, 

LRRK2 (Appendix 32). We also compared the total burden of rare coding variants in genes 
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known to act as risk factors for disease for each case cohort compared to aged (> 55 years) 

neuropathologically normal controls. We confirmed associations between AD and variants in 

TREM2 (cases; n=20 (6.9%), controls n=8 (3.3%); p=0.017), DLB with GBA (cases; n=8 

(13.8%), controls: n=10 (4.1%); p=0.0075) and TREM2 (cases; n= 7 (12.1%), controls: n=8 

(3.3%); p=0.0084), and FTD-ALS with SQSTM1 (cases; n= 29 (13.2%), controls: n=16 

(6.6%); p=0.0076; Appendix 32). We also identified a putative novel risk factor for disease: 

the TREM2 p.R62H variant with DLB (p=0.0024, OR;3.2 [95% CI 1.7-27]) which was seen 

in 7/58 cases (12.1%) and 5/244 controls (2.05%). We also found supporting evidence that the 

SQSTM1 p.P392L variant is a risk factor for FTD-ALS (p=0.05). APOE e3/4 alleles and e4/4 

alleles were strongly associated with AD (p<0.0001), and DLB (p<0.001) (Appendix 33). In 

total, 349 cases or controls had at least one protein-altering variant in a gene previously 

associated with an appropriate neurodegenerative disease (Figure. 2.2). 

Novel risk-factor associations: To determine whether variants in any established risk factor 

gene conferred risk for alternative forms of neurodegenerative disease we performed burden 

testing of all risk factor genes across all large cohorts (AD, FTD-ALS, CJD, DLB) compared 

to an extended version of all controls (n=380). Cases possessing highly penetrant pathogenic 

variants (Figure.2.1, Appendix 34), were removed from each group before testing. Variants in 

GRN were associated with DLB (p=0.005) with 8 variants seen in 12.1% of patients and only 

3.2% of controls, though no single allele was significantly associated with disease (Appendix 

34 & 35).  
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Figure 2.3. The frequency of known pathogenic mutations and risk alleles in 1511 post mortem brains. (a) Number of brains with 
mutations in known familial neurodegenerative disease genes; and (b) The nature of pathogenic and likely pathogenic variants in each disease category. (c) 
Number of brains with a known genetic risk factors for neurodegenerative disease; and (d) Known genetic risk factors in each sub-group (APOE e4 alleles 
excluded but including rare coding variants). Variants which were significantly associated with each disease cohort are highlighted by an asterisk (p<0.05, 
Fisher’s exact test). All variant associations with disease can be seen in Supplementary Tables 7 and 8.
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Figure 2.4. Copy number gains in PRPH. Upper: q13 region of chromosome 12 is shown. 
Middle: Individual points show the Log R Ratio (LRR) and beta allele frequency of SNV genotyping 
SNPs between base position 49640000 and 49740000 on Chromosome 12 (GRCh37 build). Positive 
LRR values in the grey shaded region are consistent with a copy number gain in that region (> 3 SDs 
above the mean of the cohort, see Supplementary Methods). The PRPH gene is within that genomic 
region is identified on the X-axis. Lower: 5’ position of the final SNP in the copy number region in the 
3 different CNVs identified and their relevant position in the PRPH protein (orange, green, blue), 
highlighting that three different CNV end positions were identified in patients within the study within 
the PRPH gene.
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2.4.7 Genotype-phenotype correlations 

There was no association between the presence of variants in any risk-factor gene (TREM2, 

GBA, LRRK2, SQSTM1, GRN) and any neuropathological assessment score or any clinical 

parameter (age of onset, death or disease duration). When sub-stratifying by disease, TREM2 

variants in AD cases were associated with a shorter disease duration (Kaplan-Meier Mantel-

Cox p=0.027, Appendix 36), but there were no other associations between any risk factor 

variants and any clinical or pathological feature. 
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Figure 2.5. Neuropathology in the brain donors found to harbour an OPTN (A, B) and HNRNPA1 mutation (C). A and B - Severe 
degeneration with spongiosis of the primary motor cortex (haematoxylin and eosin, and atypical, predominantly subcortical white matter TDP-43 
proteinopathy, A) in the patient with the OPTN mutation. In contrast, in C, the hnRNAPA1 mutation was associated with a lower motor neuron phenotype 
with classical skein-like cytoplasmic mislocalisation of TDP-43 (C, hypoglossal nucleus). (A x200, B and C x400). (Cx = cortex, SCxWm = subcortical 
white matter) (These images were provided by Dr Olaf Ansorge at Oxford University). 
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2.5 Discussion 

Using a multi-modal sequencing approach we have identified highly-penetrant alleles causing 

disease in 61 individuals (heterozygous alleles n=40, homozygous or compound heterozygous 

alleles n=5, C9orf72 hexanucleotide repeat expansion n=15, and pathogenic CNV n=1) at post 

mortem with clinical and pathological evidence of neurodegenerative disease and a further 

349 individuals with established protein-coding heterozygous genetic risk factors for 

neurodegeneration (Figure. 2.1). This integrated genomic and pathological dataset provides a 

unique resource to genetically stratify human brain tissue research, and will ensure that future 

work using this tissue resource is not confounded by hitherto unknown genetic factors. The 

genetic data is available to all researchers, enabling the rapid identification and provision of 

brain tissue containing genetic variants which emerge as likely risk factors for 

neurodegeneration in future years, but are currently not know to be important. 

Using current guidelines (Richards, Aziz et al. 2015), 62% (n= 194) of rare variants (MAF < 

0.5%) were initially classified as being of uncertain significance. Just under half of these 

variants were not present in international reference databases (n=95, 48.9%), and with no 

previous clinical or functional in vitro modelling to support or refute pathogenicity 

(MacArthur, Manolio et al. 2014) (Appendix 7-28). However, analysis of our clinical and 

pathological data showed that 149 of these 194 variants (76.8%) were found in control brain 

donors, or in patients with incongruous clinical phenotypes, enabling the reclassification of 

149 variants as likely to be benign. These findings illustrate the importance of studying post 

mortem tissue in late-onset disorders where the clinical phenotype alone may be unreliable. 

In addition to the reclassification of uncertain variants as benign, our data also shows the 

converse; that specific alleles previously dismissed as benign, may be pathogenic. For 

example the PSEN2 p.D439A variant was first described in patients with AD, but 
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subsequently found in asymptomatic controls. This led some to conclude that PSEN2 

p.D439A was not pathogenic (Sassi, Guerreiro et al. 2014). In this study we saw PSEN2 

p.D439A in both an AD and a control brain. However, the control brain had moderate 

Alzheimer-type pathology (Braak stage 3/4), supporting possible pathogenicity with age 

related penetrance. Our findings therefore show that the presence of a variant in a clinically 

defined ‘healthy control’ is not reliable, and it is unwise to reject a putative pathogenic variant 

as benign without a comprehensive assessment of the neuropathology in an ostensibly healthy 

control subject. For neurodegenerative diseases, this means a post mortem examination.  

Related to this, another unique and valuable feature of the resource is the inclusion of young 

clinically unaffected controls (n=135 under age 55). Genotyped control brains provide an 

opportunity to explore the preclinical effects of neurodegenerative risk alleles, before 

significant cell loss and secondary pathological change. In this study, this was only seen once, 

in a young control harboring a known pathogenic mutation (compound heterozygous PARK2 

mutations). Larger cohorts of control brain tissue are likely to yield more examples, and thus 

provide valuable insight into the pre-clinical pathology of late onset neurological disorders, 

potentially revealing early targets for therapeutic intervention. 

We also found exceptionally rare genotypes of disease, including a homozygous p.R217* 

OPTN mutation and a novel p.G216R mis-sense variant in HNRNPA1, both causing 

ostensibly sporadic cases of motor neuron disease (Figure. 2.5). Other than the original case 

series (Maruyama, Morino et al. 2010), this is one of only a handful of known pathogenic 

homozygous OPTN cases, and HNRNPA1 variants have failed to be detected in several large 

clinical cohorts (Seelen, Visser et al. 2014). Identification of brain tissue from these rare 

forms of disease provides an invaluable opportunity to further define the molecular 

pathogenesis of these disorders and establish genotype-phenotype relationships. For example, 
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although both mutations were associated with a TDP-43 proteinopathy (Figure. 2.5), the 

neuropathological pattern was atypical in the homozygous p.R217* OPTN patient, 

demonstrating dominant subcortical and glial proteinopathy.  

Analyzing the coding region variants across the entire cohort enabled a compilation of a 

comprehensive database of genotype-phenotype correlations, and facilitated the detection of 

rare phenotypes and pre-symptomatic cases of disease. This is perhaps best highlighted by the 

homozygous SOD1 p.D91A variant, which classically presents with distal lower motor-

neuron features and progresses slowly (Andersen, Forsgren et al. 1996). Here we detected the 

same homozygous variants in a patient with atypical dementia and some clinical features 

overlapping with multiple system atrophy (MSA). In addition, we found a 35-year-old clinical 

control male with a previously identified pathogenic compound heterozygous mutation in 

PARK2. Subsequent repeat neuropathological assessment showed no evidence of neuronal 

loss within the substantia nigra. Given his age at post mortem, it is not clear whether this 

individual was pre-symptomatic, or whether the alleles have a reduced clinical penetrance in 

this case. Larger cohorts of neuropathologically stratified cases are likely to assist in 

determining pathogenicity in such cases. 

We also made number of novel observations. Firstly, p.R62H TREM2 variant appears to be a 

risk factor for DLB (p=0.0024, OR;3.2 [95% CI 1.7-27]). This variant was previously 

reported in association with AD (Jin, Benitez et al. 2014), and although these findings need 

replication, these observations further emphasize the overlapping genetic aetiology of DLB 

and AD, and endorse the view that TREM2 increases the risk of developing several 

neurodegenerative diseases (Rayaprolu, Mullen et al. 2013). Second, we show the first 

association of GRN variants with DLB. Again, this will require replication, but suggests a 

novel genetic overlap between DLB and FTD. Thus, a combination of genetic risk factors 
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contributes to the prevalence of DLB, which affects ~5% of those aged over 80 years, but 

rarely affected more than one individual in a family (Meeus, Theuns et al. 2012). Finally, we 

provide the first evidence of an association between a 13.8kb copy number gain within PRPH 

and AD, found in 6 patients with typical AD pathology (Figure. 2.4). Although point 

mutations have previously been found in association with ALS/MND (Gros-Louis, Lariviere 

et al. 2004), the recent finding that peripherin may regulate amyloid metabolism (Muresan, 

Villegas et al. 2014) provides a potential mechanism linking amyloid deposition and the first 

possible overlapping genetic mechanism between ALS/MND and AD.  

There are several explanations for the absence of a relevant family history in most (73.8%) of 

the 61 likely genetically determined cases we identified (n=45), including early death in 

previous generations, incomplete penetrance, de novo mutation, and false paternity. Although 

we cannot resolve this issue for individual cases, our findings do highlight the importance of 

considering highly penetrant single gene defects in patients with an ostensibly sporadic 

neurodegenerative disease.  

Although a number of known genetic causes of neurodegeneration were not included in our 

analysis, including large insertions, deletions and large-scale inversions, these are only likely 

to be relevant for a small minority of cases. In addition, being an analysis of a legacy 

collection, newer neuropathological assessment criteria were not available in brains collected 

some time ago. However, the fine detailed genetic characterization of specific alleles and 

contemporary histopathological assessments will be added in the near future. This genetic 

compendium of 1511 brains includes 40 brains with highly penetrant SNVs in 13 known 

disease genes, 5 cases with homozygous or heterozygous variants in 4 genes, together with 

pathological expansions of C9orf72 in 15 cases, and a copy number gain of APP in one case, 

resulting in a total of 61 cases of genetically determined disease. The compendium also 
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includes 349 cases and aged controls with established risk protein coding alleles for 

neurodegenerative disease (Figure. 2.1). The whole dataset will facilitate variant 

interpretation, and provides a framework for the genetic stratification of future human post 

mortem analysis studies. 
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Chapter 3 

Oligogenic genetic variation in 980 neurodegenerative diseased 
brains 

3.1 Aims 

 

1. To determine the frequency of apparent oligogenic variation within the MRC Brain 

Bank. 

2. To determine the nature of oligogenic variation with reference to clinical diagnostic 

panels for major neurodegenerative disorders. 

3. To determine whether oligogenic variation represents a burden of rare but non-highly 

penetrant alleles, or whether it represents the combination of a highly penetrant allele 

with rare but benign variation. 

4. To determine whether oligogenic variation alters any parameter of disease phenotype. 

 

This work is awaiting publication as: Oligogenic genetic variation in 980 post mortem 

human brains. MJ Keogh, W Wei, J Aryaman, Wilson I, K Talbot, MR Turner, C-A 

McKenzie, C Troakes, J Attems, C Smith, S Al Sarraj, CM Morris, O Ansorge, S Pickering-

Brown, N Jones, JW Ironside, PF Chinnery. Journal of Neurology Neurosurgery and 

Psychiatry (JNNP). 2017. In Press. 
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3.2 Introduction 

Genetic variation in over 50 genes contributes to the risk of developing neurodegenerative 

diseases (Tsuji 2010, Guerreiro, Bras et al. 2015, Singleton and Hardy 2016). Some of the 

known risk alleles are common in the general population, raising the possibility that multiple 

interacting genetic variants might enhance the risk of developing disease or modify the 

disease phenotype. In keeping with this, some familial cases of frontotemporal dementia – 

amyotrophic lateral sclerosis (FTD-ALS) appear to have a greater ‘burden’ of variants when 

compared to controls (van Blitterswijk, van Es et al. 2012), which may explain an earlier age 

of onset (Cady, Allred et al. 2015). However, it is currently not clear whether this also occurs 

in non-familial cases of FTD-ALS or other major neurodegenerative disorders, where 

previously reported associations could either be due to a single highly penetrant monogenic 

alleles co-associated with benign non-functioning variants, or whether there is a genuine 

synergistic interaction between two or more functional genetic variants.  

3.3 Methods 

We studied the following: Alzheimer’s disease, AD, n=277; FTD-ALS n=244; Parkinson’s 

disease or Dementia with Lewy Bodies, PD-DLB, n=97; and neuropathologically normal 

controls, n=362 (Appendix 37), with 97.2% of all individuals studied having no family history 

of a neurodegenerative disorder (Appendix 37). Demographic data including the age of 

disease onset and death, disease duration and family history of disease, together with the ante 

mortem clinical diagnosis and post mortem neuropathological diagnosis were available (See 

Chapter 2.3.1) (Table 3.1).  

Exome sequencing was restricted to on-target homozygous, heterozygous, and compound 

heterozygous variants with a minimum read depth of 10, and base quality score of 20 across 

the 980 subjects, where the variant allele frequency (VAF) was <5% in the Exome 
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Aggregation Consortium (ExAC) (Lek, Karczewski et al. 2016). Ingenuity Variant 

AnalysisTM was used to study 49 genes known to be associated with neurodegenerative 

disorders (Appendix 38). The 49 genes were subsequently grouped into six gene panels: AD 

panel (n=8), PD-DLB panel (n=16), Full FTD-ALS panel (n=28), Medium FTD-ALS panel 

based on that previously described (Singleton and Hardy 2016) (n=12), and a small FTD-ALS 

panel as previously described (van Blitterswijk, van Es et al. 2012) (n=5), together with the 

entire panel (n=49 genes). All panels were filtered for variants present at VAF <1% and <5%. 

C9orf72 genotypes (See Chapter 2.4.3, Appendix 28) were incorporated as stated. 

Pathogenic (P) or likely pathogenic (LP) variants were defined using American College of 

Medical Genetics (ACMG) criteria (Richards, Aziz et al. 2015) as described (See Chapter 

2.3.1) together with known genetic risk factors. Other variants identified as Benign (B), 

Likely Benign (LB) or of Uncertain Significance (US) based on ACMG criteria, and the 

remaining variants (VAF 0.5-5% in monogenic genes, or non-risk factor variants in risk-

factor genes) were annotated as unclassified (UC). Oligogenic individuals were defined as 

those who had two or more non-synonymous, frameshift, or stop-loss or gain inducing point 

mutations in the relevant panel (as stated), or those who tested positive for the C9orf72 

hexanucleotide repeat expansion plus had at least one of the point mutation within the panel. 

3.4 Results 

Across the entire cohort of 980 subjects we observed a total of 57 genetic variants in the AD 

gene panel, 141 variants in the primary FTD-ALS gene panel, and 140 in the PD-DLB gene 

panel. Six AD cases (2.17%) had >1 variant in the AD panel, and 19 cases (7.79%) of primary 

FTD-ALS had >1 variant in the primary FTD-ALS panel. These proportions were no different 

to control subjects (Control subjects for the AD panel: 5/362, 1.38%, p=0.545; and full FTD-

ALS panel: 26/362, 7.18%, p=0.14) (Appendix 39). In contrast, twenty-three cases of PD-
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DLB (23.71%) had >1 variant in PD-DLB genes which was greater than controls (Controls: 

37/362, 10.22%, p=0.004) (Appendix 39).  

Based on ACMG criteria for pathogenicity (Richards, Aziz et al. 2015) (see Chapter 2.3.2.2)  

only 3 individuals in the entire study (0.38% of n=980) harboured >1 pathogenic, likely 

pathogenic or known risk factor for a neurodegenerative disease. One patient with DLB (age 

of onset at 65, and death at 70) who had a LRRK2 p.M1646T mutation associated with PD, 

and a TREM2 p.R62H mutation associated with AD (Chun and Fay 2009). A 70 year old 

patient with Alzheimer’s disease had a PSEN2 p.L204I mutation and the TREM2 p.R62H risk 

factor. A third patient who had early onset PD (onset age 40) due to a compound 

heterozygous mutation in PARK2 (p.G430D/pR275W) also had the p.R98W TREM2 possible 

risk factor for AD (Guerreiro, Wojtas et al. 2013), but displayed no evidence of any amyloid 

deposition at post-mortem (Appendix 40 & 41).  

We observed a significant enrichment of highly penetrant alleles or risk factors within 

‘oligogenic’ cases in all disease cohorts (Appendix 42). In FTD-ALS, 11 of the 19 oligogenic 

cases contained one highly penetrant allele or risk factor within the primary panel, giving the 

presence of oligogenic variation a positive predictive value (PPV) to identify an individual as 

someone carrying a pathogenic mutation or known risk factor at 57.9% (95% CI: 33.5-79.8%) 

(Appendix 43). We subsequently varied the panel size to reflect published approaches (van 

Blitterswijk, van Es et al. 2012, Singleton and Hardy 2016), raised the MAF to 5% within 

each panel, and removed C9orf72 data from the analysis. In all of these permutations there 

was a significant over representation of highly penetrant allele or risk factor carriers within 

the oligogenic cohort (Figure 3.1, Appendix 43). The same enrichment for highly penetrant 

alleles within ‘oligogenic’ cases was seen in the AD panel at 1% (PPV 100%, 95% CI:54.1-

100.0%) and PD-DLB panel (PPV: 43.5% (95%CI: 23.2-65.5%) (Appendix 43).   
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We then investigated whether the enrichment of monogenic alleles or risk factors within 

oligogenic cases was due to a greater overall background mutation rate in these individuals as 

previously suggested in some genotypes of PD (Lubbe, Escott-Price et al. 2016), but found no 

evidence of such an association (Appendix 44). 

Finally, we removed all cases possessing a highly penetrant allele or risk factor, and 

compared remaining oligogenic cases of PD-DLB and FTD-ALS with controls (n=362). 

Based on this analysis there was no difference in either the proportion of ‘oligogenic’ cases, 

nor the mean pathogenicity defined by both SIFT or Polyphen2 score (Appendix 45-51), 

between any study group. We also observed no difference in the age of onset, age of death, or 

disease duration between remaining oligogenic cases compared to those with <2 variants 

(Appendix 52-53), including the C9orf72 expansion in the presence of additional variants 

(Appendix 54). 
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Table 3.1. Clinical and demographic data for the major cohorts within the study. ‘Oligogenic’ was defined by the presence of >1 

variant within the relevant disease panel at <1% MAF in the ExAC database. Monogenic or cases harbouring genetic risk factors were defined 

as outlined in the Supplementary Methods as previously(van Blitterswijk, van Es et al. 2012).   

. 

Phenotype 
Number 
of cases 

Male 
(number) 

Female 
(number) 

Mean age 
onset 
(years) 
(SD) 

Mean age 
death 
(years) 
(SD) 

Number 
with FH 

Cases with 
highly 
penetrant 
allele or 
RF  

Oligogenic 
cases (N (%))  

Oligogenic cases 
possessing a 
penetrant allele or 
RF (N(%)) 

Fisher’s test (p-
value) 

Control 362 232 (64.1) 130 (35.9) N/A 63.3 (18.8) N/A N/A       

FTD-ALS 244 143 (58.6) 101 (41.4) 59.4 (11.8) 64.6 (11.7) 14 33 19 (7.78%) 11 (57.9%) 0.0001 

AD 277 131 (47.3) 146 (52.7) 65.4 (10.2) 77.7 (11.7) 11 36 6 (2.17%) 6 (100%) 0.0001 

DLB 58 36 (62.1) 22 (37.9) 66.7 (8.4) 76.7 (7.0) 2 

 

16 

  

25 (25.78%) 

  

10(62.5%) 

  

0.0007 

  PD 39 28 (71.8) 11 (28.2) 59.9 (10.9) 72.3 (9.2) 
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Figure 3.1. ACMG variant criteria for all cases within the FTD-ALS and PD-DLB cohorts that had >1 variant within their respective 
disease panels at 1% MAF.   The relative combination of alleles can be seen in the top right of each cohort’s chart. Key references to ACMG 
classification of each variant; P=Pathogenic, LP = Likely Pathogenic, RF = Risk Factor, PR = Pathogenic in the recessive state (but considered likely benign 
in the heterozygous state), LB = Likely Benign, US = Uncertain Significance, UC = Un categorized. 
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3.5 Discussion 

With ever more comprehensive panels of genetic testing in neurodegenerative disorders, the 

possibility of detecting more than one rare variant in an individual will become increasingly 

likely, posing significant diagnostic challenges and difficulties for genetic counselling. Our 

data shows the observed frequency of ‘oligogenic’ variation is linked to the size of the gene 

panel and MAF threshold, ranging from 1.4% (AD panel) to 13.3% (PD-DLB panel) in both 

affected and unaffected individuals (Appendix 39). This highlights that, whilst each allele is 

in itself rare, it is not uncommon for any individual to have more than one rare variant across 

a small disease panel. This should be borne in mind when investigating the possibility of an 

oligogenic mechanism, particularly given the increasing number of genes identified as 

causing or contributing to neurodegenerative disorders.  

Why are our conclusions different to previous studies that were of a similar size? In order to 

be defined as ‘oligogenic’, an individual must have >1 variant in a known relevant risk gene. 

This introduces a systematic bias, whereby affected individuals are more likely to harbour one 

of these alleles than healthy aged individuals. We reviewed the cases presented by Cady et al 

(Cady, Allred et al. 2015) in which they identified 18 cases which had oligogenic variation in 

their study in 2015. By the authors own criteria two of these cases were likely to be 

homozygous recessive mutations; SOD1 p.D91A and SETX p.I2547T, and two potential 

compound heterozygous cases; SETX p.C1554G and p.R168Q, and SETX p.I2547T and 

p.T14I were also present. They also had 3 individuals with the pathogenic C9Orf72 

hexanucleotide repeat expansion (Renton, Majounie et al. 2011), one individual with the 

pathogenic heterozygous FUS p.P525L mutation (Conte, Lattante et al. 2012, Leblond, 

Webber et al. 2016), and one with the pathogenic heterozygous SOD1 p.G38R mutation 

(Rosen, Siddique et al. 1993). Taken together, we therefore suggest that at least 10 of their 

putative 18 oligogenic cases have genetically determined forms of disease caused by a single 
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allele rather than though a synergistic effect. Without knowing the nature of the rest of their 

cohort, given that the vast majority of cases were clinically sporadic (89.3%) it is highly likely 

that the 55.6% of monogenic cases within the oligogenic cohort was significantly in excess of 

that observed in the non-oligogenic cohort. 

The presence of these known risk alleles, in conjunction with a background rate of 

polymorphic variation, inevitably results in individuals with a known highly penetrant allele 

or risk factor being more likely to fall into the ‘oligogenic’ group. In keeping with this, our 

analysis shows that the vast majority of individuals defined as having ‘oligogenic’ variation 

do indeed have a known risk allele or highly-penetrant variant, explaining the initial 

association we observed between oligogenic variants and PD-DLB. Importantly, after 

excluding the known major variant in individual cases there was no association between the 

benign oligogenic variation and neurodegenerative disease or the age of onset.  

This same systematic bias will lead to the apparent enrichment of ‘oligogenic’ variants in 

familial cases. By being familial, these individuals are more likely to harbour a known risk 

genetic factor, which when combined with the background variant carrier rate, makes them 

more likely to be classified as oligogenic than healthy controls. Thus, a priori, being a 

familial case will make it more likely for an individual to have oligogenic variants. This does 

not necessarily mean that the additional variants are having an effect on the risk of being a 

familial case. Given the frequency of any individual harbouring two or more variants, and the 

likely diminishing impact of each variant on the phenotype and disease risk, substantially 

larger datasets (eg. n>10,000) will be required to definitively resolve this complex issue with 

robust variant pathogenicity interpretation. 
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Chapter 4 

The frequency and signature of somatic mutations in 1461 human 
brains 

4.1 Aims 

1. To develop a technique to identify protein-coding somatic mutations within the brain 

from single-sample whole exome sequencing data. 

2. To determine the nature and prevalence of somatic protein coding mutations within the 

brain in individuals with a neurodegenerative disease and controls. 

3. To begin to understand the likely aetiology and origin of somatic mutations within the 

brain. 

4. To aim to understand the potential for identified somatic mutations to cause disease 

within the MRC Brain Bank. 
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4.2 Introduction 

Mutations affecting over 50 nuclear genes contribute to the pathogenesis of late onset 

neurological disorders (Tsuji 2010). Present in every cell in the body, these genetic variants 

are either inherited or arise through a de novo mutation in the gamete.  In contrast, some age-

related disorders such as cancer arise through the accumulation of somatic mutations within a 

cell lineage during life, creating genetic heterogeneity within a tissue or organ (somatic 

mosaicism). Almost half of these mutations arise decades before tumour initiation (Reya, 

Morrison et al. 2001, Tomasetti, Vogelstein et al. 2013, Genovese, Kahler et al. 2014), raising 

the possibility that somatic mutations acquired by a similar process during development are 

also present within non-malignant human tissues. Within the nervous system, somatic 

mutations have been identified in rare, early onset, focal neurological disorders such 

hemimegalencephaly and lissencephaly (Gleeson, Minnerath et al. 2000, Sicca, Kelemen et al. 

2003, Lee, Huynh et al. 2012, Poduri, Evrony et al. 2012), demonstrating that protein-coding 

variants with mosaic allelic fractions as low as 8% in the brain can cause macroscopically 

overt structural neurological diseases (Lee, Huynh et al. 2012), though even lower allelic 

fractions of around 1% may cause milder, and microscopically observable pathology such as 

focal cortical dysplasia (Lim, Kim et al. 2015). To date however, the frequency of somatic 

mutations in the human brain, and particularly in those late-onset neurological disorders has 

not been studied systematically.   

4.3 Methods 

4.3.1 Tissue samples 

DNA extracted from 1461 human brains (cerebellum: n=1281 (87.7%), cerebral cortex: n=94 

(6.5%), basal ganglia: n=8 (0.5%), not classified: n=78 (5.3%)) from 1099 patients with 

neurodegenerative diseases including Alzheimer’s disease (AD), Frontotemporal dementia or 
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Amyotrophic lateral sclerosis (FTD-ALS), Creutzfeldt Jackob disease (CJD), Parkinson’s 

disease and Dementia with Lewy bodies (PD-DLB) and 362 age-matched controls within the 

Medical Research Council (MRC) UK Brain Bank Network were utilized.  As previously, 

Controls were defined as having no ante mortem history of neurological disease, no 

neuropathological features of any neurodegenerative disease and a Braak neurofibrillary 

tangle stage of < 2 (Chapter 2.3.1) (Figure. 4.1a, b; Appendix 55). 

4.3.2 Whole-exome sequencing (WES) and somatic variant calling 

Exome sequencing data was utilized as previously described (Section 2.4.3.2). Sequencing 

data was aligned against the UCSC hg19 human reference genome using Burrows-Wheeler 

Aligner (BWA) (Li, Handsaker et al. 2009). This time, GATK’s Haplotype Caller from 

Genome Analysis Toolkit (GATK version 3.4) was used to determine allelic counts and 

genotypes across the genome (McKenna, Hanna et al. 2010) using in-house scripts. We 

subsequently excluded the following regions:  

1) Low complexity regions of the genome and sites containing markers failing Hardy 

Weinberg equilibrium tests in the 1000 Genomes Project phase 1 (Li 2014) 

(https://github.com/lh3/varcmp/blob/master/scripts/LCR-hs37d5.bed.gz and 

https://github.com/lh3/varcmp/blob/master/scripts/1000g.hwe-bad.bed). 

2) Sites with greater than 1000 fold coverage within Phase 1 of the 1000 Genomes 

Project (Genovese, Handsaker et al. 2013). 

3) Known segmental human genome duplications (Bailey, Yavor et al. 2001, Bailey, Gu 

et al. 2002). 

4) Regions harboring common large inserts in 1000 Genomes Project Phase 1 (Utilized 

by Genovese et al(Genovese, Kahler et al. 2014) and obtained directly from the 

author). 

5) Regions excluded from the strict mask of the 1000 Genomes Project Phase 1 

(Genomes Project, Abecasis et al. 2012) 

(ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/phase1/analysis_results/supporting/accessibl

e_genome_mask s/20120824_strict_mask.bed)  
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6) Specific additional regions of Copy Number Gain or Loss in each individual called 

from SNP genotyping as described above. 

7) Sites with read depth < 30x in any sample (Figure. 4.2a, b; Appendix 56) were finally 

removed. This resulted in a total of 5,906,849 base pairs (bp) per individual available 

for subsequent analysis.  

To detect putative somatic mutations, we used a modified work-flow that was initially 

described by Genovese et al (Genovese, Kahler et al. 2014), but this time using a pan-exome 

approach. Firstly, we restricted variants to single nucleotide variants and excluded all variants 

with VAF >50% or <10% (Figure. 4.2a). VAF were subsequently identified which 

significantly differed from the mean VAF for heterozygous variants (47% in our dataset, p < 1 

x 10-5, Binomial test, Figure. 4.2c). We also excluded those variants present more than once in 

the cohort, and those with a minor allelic frequency (MAF) >0.5% within the ExAC database 

of Human Exome Variation (Appendix 56) (Lek, Karczewski et al. 2016). The alignment of 

data against the human reference genome and the removal of sites with a read depth of < 30 

was performed by Dr Wei Wei (University of Cambridge). 

In order to confirm that detected putative somatic alleles also significantly differed from the 

base error rate in addition to the mean allelic frequency for a heterozygous variant, we utilized 

deepSNV (Gerstung, Papaemmanuil et al. 2014) to compare the nucleotide counts for each 

putative somatic variant against 328 random samples within the same dataset. Relative read 

counts were retrieved from the BAM file of each case, and the individual of interest was 

compared against the variant allele counts for the other 328 individuals using a betabinomial 

distribution. Variants with a p-value < 0.001 were included as putative somatic variants. This 

ensured putative somatic alleles passing both thresholds differed from both the observed VAF 

of heterozygous variants, and from the local base error rate (Figure. 4.2c). The performance of 

the deepSNV analysis was also performed by Dr Wei Wei. All putative somatic variants were 

confirmed by inspection in Integrative Genomic Viewer (Robinson, Thorvaldsdottir et al. 
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2011, Thorvaldsdottir, Robinson et al. 2013) and were annotated using ANNOVAR (Wang, 

Li et al. 2010) (Appendix 56). 

4.3.3 Variant validation 

Variants remaining after the above filtering strategy were then validated by targeted amplicon 

sequencing to confirm a somatic mutation in cases, together with their absence from controls 

(VAF <1%). Specific primers spanning 66 of the 70 putative somatic alleles were designed 

using NCBIPrimerBLAST (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) (Appendix 57).  

PCR reactions for the identified case containing the putative somatic variant, and a control 

case with DNA extracted from the same brain region were performed using MyTaq HS 

polymerase (Bioline, USA) for each amplicon. A standard master-mix was utilized (5ul of 

MyTaq reaction buffer, 0.2ul of MyTaqTM HS DNA Polymerase, and 1 ul of forward and 

reverse primers (diluted to 10uM), together with 16.8ul of water). Reactions were incubated at 

95°C for one minute before denaturing for 15 seconds (95 C), annealing at 58-62°C for 15 

seconds, and 10 seconds of extension (at 72°C) for 33 cycles before a final extension step of 

10 minutes.  Amplified products were assessed by gel electrophoresis against DNA +ve and –

ve controls, before quantification using a Qubit 2.0 fluorimeter (Life Technologies, Paisley, 

UK). Each amplicon was individually purified using Agencourt AMPure XP beads 

(Beckman-Coulter, USA), pooled in equimolar concentrations and re-quantified.  Pooled 

amplicons were tagged, amplified, cleaned, fragmented to 300bp (Covaris, USA), before 

pooling with sample multiplexes using the Illumina Nextera XT DNA sample preparation kit 

(Illumina, CA, USA). Multiplex pools were sequenced using MiSeq Reagent Kit v3.0 

(Illumina, CA, USA) in paired-end, 150 bp reads. Note that the amplification, pooling and 

tagging of amplicons was performed by an external sequencing provider.  
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FASTQ files were analysed using in-house bioinformatic pipelines. Reads were aligned to the 

UCSC hg19 human genome reference using Burrows-Wheeler Aligner (BWA) (Li, 

Handsaker et al. 2009). Variant calling was performed using GATK’s Haplotype Caller 

(McKenna, Hanna et al. 2010) (minimum depth = 500x, minimum supporting reads = 40, base 

quality ≥ 30 and mapping quality ≥ 20), and variant to reference allelic frequencies manually 

extracted from BAM files (this extraction was performed by Dr Wei Wei). Subsequently, all 

validated variants were manually inspected and confirmed in Integrative Genomic Viewer 

(IGV) (Robinson, Thorvaldsdottir et al. 2011, Thorvaldsdottir, Robinson et al. 2013) 

(Appendix 56). 

 Five variants from five cases fulfilling the above criteria were randomly selected for 

validation by pyrosequencing. Primers were designed using PyroMark® AQ Software (Qiagen 

Inc) to generate a PCR product encompassing each variant of interest between 250 and 350 

base pairs (bp) in size. The Polymerase Chain Reaction primer anti-parallel to the sequencing 

primer was designed to be biotinylated at the 5’ end, purified by High Protein Liquid 

Chromatography (HPLC). All pairs of forward and reverse primers were checked for 

sequence specificity to the region encompassing the variant of interest using Primer-BLAST 

(Ye, Coulouris et al. 2012). Initial 50 ul PCR reactions were conducted using each primer pair 

and PCR master mix containing 50ng of DNA from extracted cerebellar brain tissue from 

each relevant individual and a control subject. The appropriate primer pairs for each variant 

were used in the amplification process using MyTaqTM HS as described above, with reactions 

incubated at 58-62°C. Subsequently, 10ul of each biotinylated PCR products were 

immobilized using 2ul of Streptavidin-coated Sepharose high-performance beads (GE 

Healthcare, Buckinghamshire, UK) in a solution of 40ul binding buffer (Qiagen Inc) and 28ul 

of nuclease free water. Samples were then agitated at 1400 rpm and at room temperature (20 

C) using an orbital shaker. The immobilized PCR products were captured using the 
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PyroMark® Q24 vacuum work station and then washed with 50 mL of 70% ethanol for 5 s, 

denatured with 40 mL of PyroMark® denaturation solution for 5 s, and washed with 50 mL of 

PyroMark® wash buffer for 10 s. Biotinylated single stranded PCR products were 

subsequently released into the relevant well on a PyroMark® Q24 sequencing plate containing 

the relevant sequencing primer diluted to 0.3 uM in PyroMark® Annealing Buffer. Annealing 

of the sequencing primers to DNA strands was performed at 80 °C in a pre-warmed heat 

block for 2 minutes. Samples were then cooled for 7 minutes and processed in the PyroMark® 

Q24. Run specific concentrations of dNTPs, enzyme and substrate were loaded, as calculated 

by the PyroMark Q24 software for each run. Data was analysed using the PyroMark Q24 

software for AQ quantitation, with relevant alleleic frequencies determined from the 

sequencing pyrogram. Each sample and control was run in duplicate and the mean of the VAF 

determined for each allele in each sample and control (Appendix 58). After performing 

validation on both platforms,  

4.3.4 Occurrence of somatic mutations at methylated bases 

We downloaded whole genome bisulphite sequencing (WGBS) data from the Inner Cell Mass 

(ICM) of an early developmental human embryo (Guo, Zhu et al. 2014). In total, 476,286,624 

of 3,095,693,981 total bases were methylated (15.4%). We subsequently sought to determine 

whether there was enrichment of somatic mutagenesis at methylated sites by performing a 

binomial test using 15.4% as the background probability against the proportion of validated 

variants that occurred at methylated bases. 

4.3.5 Mutational spectra and signatures 

Mutational spectra were derived directly from the reference and alternative allele at each 

somatic variant allele. To understand the potential mechanisms of somatic mutagenesis we 

compared the somatic mutation spectrum and triplet allele (reference allele either side of the 
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somatic allele) against 30 previously defined mutational signatures in cancer (Alexandrov, 

Nik-Zainal et al. 2013) and against the mutational signatures to de novo genetic variants 

derived from trio studies in the population (Turner, Yi et al. 2017). 

4.3.6 Variants in the brain proteome 

All gene expression data was downloaded from the Human Protein Atlas (Uhlen, Fagerberg et 

al. 2015), and each gene containing a somatic variant was annotated according to the 

expression classification within the brain. Genes were classed as either; (1) Elevated in brain, 

(2) Expressed in all, (3) Mixed expression pattern, (4) Not detected in brain, (5) Not detected 

in any tissue as determined by the Human Protein Atlas. Binomial testing was performed in R 

to determine whether genes containing somatic variants were significantly different from the 

expression profile of all genes across the human genome within these 5 categories (Appendix 

59).   

4.3.7 Variants in conserved genes 

To determine the relative constraint for mis-sense variation within the germline for each gene 

containing a somatic variant, we annotated each gene with the mis-sense Z score as 

determined by The Exome Aggregation Consortium (ExAC) (Lek, Karczewski et al. 2016). 

Binomial testing was performed to compare the proportion of genes within each quartile of 

the spectrum of mis-sense constraint as determined by ExAC. 

4.4 Results 

4.4.1 Characteristics of mutations  

Exome sequencing was performed on 1461 human brain samples from 1099 patients with 

neurodegenerative diseases and 362 age-matched controls (Figure. 4.1a, b; Appendix 55). 

Mean sequencing depth of WES from 1461 samples was 51.9-fold (SD=12.9), with no 



128 

significant difference between any disease or controls (Appendix 60). Following the 

aforementioned filtration steps (Figure. 4.2a, b; Appendix 56), we detected 56 somatic 

variants in 46 brains (3.2% of 1461) (Appendix 61). Specific short primer sequences were 

adequately generated and sequenced for 40 of the 56 variants using two orthogonal methods 

(Appendix 57 & 58), and confirmed the presence of a somatic mutation in 22 (55.0%) of 

tested alleles; a confirmation rate in keeping with other studies of somatic mutations (Ju, 

Martincorena et al. 2017) (Table 4.1, Figure. 4.3a, Appendix 61). The majority of validated 

variants were transitions (86.4%, n=19) with 23.4% (n=3) transversions. C>T mutations were 

by far the most common (59.1%) (Ostrow, Barshir et al. 2014), and 27.2% (n=6/22) of the 

validated mutations occurred at bases methylated in the inner cell mass (Table 4.1) (Guo, Zhu 

et al. 2014). In addition, 11 of the 13 C>T mutations (84.6%) were present at CpG sites within 

the genome. None of the identified somatic variants were seen in the heterozygote state in the 

1461 brains, and all were extremely rare in the background population (Lek, Karczewski et al. 

2016) (Table 4.1) (Appendix 62). There was also no difference in the frequency of somatic 

variants between the different disease and control groups (Figure. 4.3b) (Bernoulli trial testing 

performed by Juvid Aryaman, Imperial College London), indicating that, whilst mutational 

rates may not be increased in patients with neurodegenerative diseases compared to healthy 

aged individuals, somatic mutations at high variant allele frequencies are relatively common 

in the human brain.  
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Table 4.1. Validated somatic variants in 1461 human brains. Variant data shows the chromosome, base position and reference and 
alternate allele (hg19 build), together with the amino-acid change, frequency in the ExAC population dataset (Lek, Karczewski et al. 2016), 
SIFT annotation score and classification (Sim, Kumar et al. 2012), expression cohort in the Human Proteome Atlas (Uhlen, Fagerberg et al. 
2015), the quartile of genetic conservation within the human genome (Lek, Karczewski et al. 2016), presence of methylation at that base in the 
Inner Cell Mass (ICM) of an early developmental human embryo(Guo, Zhu et al. 2014), and the Variant Allele Frequency (VAF) in the WES 
data. Clinical data for each individual comprising sample ID, gender, brain region and disease group are shown. Abbreviations: AD, 
Alzheimer’s disease; CJD, Creutzfeldt Jakob Disease; FTD-ALS, Frontotemporal dementia – Amyotrophic lateral sclerosis; PD-DLB, 
Parkinson’s disease – Dementia with Lewy Bodies; PSP, Progressive Supranuclear Palsy; Syn, Synonymous; Non-syn, Non-synonymous; D, 
Deleterious; T, Tolerated; ICM, Inner Cell Mass; N/A, Not-applicable.  

Variant data Clinical data 
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Figure 4.1. Brain regions and sample groups in 1461 post mortem human brains.   The  relative combination of alleles can be seen in the top 
right of each cohort’s chart. Key references to ACMG classification of each variant; P=Pathogenic, LP = Likely Pathogenic, RF = Risk Factor, PR = 
Pathogenic in the recessive state (but considered likely benign in the heterozygous state), LB = Likely Benign, US = Uncertain Significance, UC = Un 
categorized.  
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Figure 4.2. The detection of somatic variants in 1461 post mortem human brains.   The 
Unfiltered variant allele frequencies (VAF) with between 10% and 35% against relative 
exome sequencing depth. Those that were present before and after filtering are shown (red 
and blue respectively).  b Variant detection pipeline.  Section I - Exons are shown in red, with 
intergenic and intronic regions as a black line. II - Regions of high genomic complexity and 
common structural variants (determined from population databases and previous studies) were 
removed (yellow line / grey box). III- relative sequencing depth of each exon is shown in blue 
above the relevant exon. Bases in which the sequencing depth was below 30 (as depicted by 
the red dashed line) in an individual were removed. These regions are then shown by grey 
boxes on the schematic exome and were also removed. IV – Finally, regions in which copy 
number variants (gains or losses) were called from array genotyping  (see Chapter 2.3.2.3) 

were also removed from the overall panel. An example plot of the array genotyping in which 
a copy number gain has been detected is shown. Again the corresponding region was removed 
from the exome depicted by a grey box on the exome panel. After these steps, remaining 
regions were subsequently subjected to analysis by deepSNV (Gerstung, Papaemmanuil et al. 
2014) and a binomial test against the mean VAF for heterozygous variants (47%). c 
Schematic representation of the putative somatic alleles in the dataset. A distribution of VAF 
in the whole dataset is show (pink histogram). Putative somatic alleles were those in which 
the VAF was greater than base error rate (as determined from DeepSNV (green box and 
linked inset)), and those that also differed from the binomial threshold (<1x10-5) compared to 
an assumed VAF of 47% for heterozygosity.  
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Figure 4.3. The distribution of validated somatic mutations.   (a) a Distribution of allele frequencies for the validated variants in the study are 
shown, with the relative VAF for each allele as detected on both the MiSeq (pink), and Exome sequencing (purple) shown. b Probability of a mutation 
occurring in each cohort assuming a uniform prior probability and that each person is a Bernoulli trial with probability Ps of developing a mutation 
(Performed by Juvid Aryaman, Imperial College London). 
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4.4.2 Mutational spectrum and signatures  

We further examined the correlation between the observed signature of base mutagenesis with 

the signature observed in cancer (Alexandrov, Nik-Zainal et al. 2013), observing the strongest 

correlation with mutations thought to be due to mis-match repair errors occurring during DNA 

replication and recombination (r2=0.61, P value = 5.02x10-11, Pearson’s product moment 

Figure. 4.4a, b). The data were also compared to the mutational profile of de novo germline 

variants in the population derived from the de-novo db mutation database (Turner, Yi et al. 

2017), also revealing a strong association with the mutational profile of de novo variation 

(r2=0.62, P value = 2.74x10-11, Pearson’s product moment) (Figure. 4.4a, b).   

4.4.3 Pattern of tissue expression and selection pressure 

We subsequently determined the tissue expression pattern of each gene in which a somatic 

mutation was observed, and saw that ten (58.8%) of the non-synonymous or start-loss variants 

were present in genes expressed within the brain. These data are consistent with the notion 

that the somatic mutations were not selected against based on tissue expression, and were 

equally distributed across the expression profile of the human genome.  This raises the 

possibility that somatic mutations contribute to disease pathogenesis in several human tissues, 

including the brain (Figure. 4.4c; Appendix 59). Although speculative, the relatively high 

variant allele fraction (VAF, the ratio of variant allele : total allele) of the observed somatic 

mutations could actually reflect positive selection of some mutations, particularly if they arose 

in later stages of development. 

We also found no evidence that the selection pressures seen within the germline also act on 

the somatic mutations we observed in the brain, with non-synonymous somatic variants 

evenly distributed across conserved and non-conserved regions of the human genome (p=NS, 

Binomial test, Figure. 4.4d).  
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Finally, we determined that 58.8% of the non-synonymous or start lost variants (10/17) were 

predicted to be deleterious by SIFT (Sim, Kumar et al. 2012) suggesting that they are highly 

likely to have detrimental effects on gene expression (Table 4.1). When taken together, these 

findings suggest that somatic mutations in the brain may not been subject to the same 

constraints as genetic variation in the germ-line (Milholland, Dong et al. 2017), rendering all 

regions of the brain exome vulnerable to somatic mutagenesis, and therefore potentially 

conferring the possibility of causing a wide range of neurodegenerative diseases.   
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Figure 4.4. The mutational profile of all validated somatic variants.    The mutational signature of all validated somatic variants. The mutated 
allele plus the flanking 3’ and 5’ base are shown. (b) correlation between the mutational signature of validated somatic variants and the mutational profiles 
observed in de novo germline variants detected in the population (Turner, Yi et al. 2017) (top bar) and 21 forms of cancer (Alexandrov, Nik-Zainal et al. 
2013). The probable disease associations, or type of cancer in which the signature was detected by Alexandrov et al are shown next to the signature number. 
The Pearson’s correlation coefficient is shown for each signature. c Proportion of validated variants within genes grouped by brain proteome expression 
(Uhlen, Fagerberg et al. 2015). (d) the proportion of validated variants based on each quartile of the gene conservation scores within the germline (4th quartile 
being the most conserved in the germline).   
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4.4.4 Estimate of mutation rate in human brains 

To determine the somatic mutation rate observed within the human brain we first assumed 

that the mutations occurring within the first 2 cell divisions of the human zygote would give 

rise to VAF of 10-30%, and would likely be present in all human tissues, having arisen before 

tissue differentiation (Yadav, DeGregori et al. 2016) (Figure. 4.5). In this study, after QC and 

the removal of structural variation, we analysed 5,906,849 nucleotide bases in each individual 

brain (see Methods). Across the whole cohort (n=1461 cases), this resulted in the analysis of 

8,629,906,389 nucleotide bases which contained 22 validated somatic mutations. This equates 

to a mutation rate of 2.55x10-9. Assuming that the detectable mutations occur at either the first 

or second cell divisions (corresponding in an allelic fraction of 0.25 and 0.125 respectively, 

and arising from a total of 6 cells Figure. 4.3a, 4.5), this results in a minimum somatic 

mutational rate across the human exome of 4.25x10-10 per base pair per individual in the first 

two cell divisions of the human zygote. This is slightly lower than previously calculated 

human somatic mutation rates of 2.67x10-9 (Milholland, Dong et al. 2017), endorsing the 

sensitivity of our approach. Finally, assuming 3 billion bases in the full human genome, our 

data suggest that ~ 1.3 somatic mutations across the whole genome will occur during the first 

2 cell divisions (3x109 multiplied by 4.25 x 10-10). This is slightly lower than recent estimates 

using whole genome sequencing (WGS) where ~3 mutations were estimated to occur per cell 

per division in very early development (Ju, Martincorena et al. 2017). This difference could 

reflect methodological differences such as the particularly conservative nature of our 

validation algorithm, or be due to a lower mutation across the human exome when compared 

to non-coding regions. 

 



138 

 

Figure 4.5. A figure showing a somatic mutation arising in early cell division.   An 
example of somatic mutation (red) is shown, with the subsequent distribution of this mutation within 
the embryo.
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Zygote

1st mitosis

2nd mitosis
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4.5 Discussion 

These data are the first to quantify the degree of high level (VAF > 10%) somatic mosaicism 

within the human brain, and show that at least 1% of people possess a somatic protein coding 

mutation within the central nervous system. Given the close correlation between our observed 

somatic mutation rate and previous estimates, when extrapolated across the whole genome (of 

3 billion bases), our data suggests that each human brain may possess at lease ~1.3 high 

frequency (>10% VAF) somatic mutations which have arisen during the first two embryonic 

cell divisions. When considered alongside the slightly higher mutation rates within the male 

germline of 1.28x10-8, which confers an average of 76.9 de novo germline mutations in each 

individual (Rahbari, Wuster et al. 2016), then the degree of non-anticipated inherited or 

acquired genetic variation within an individual can be extensive (~80 alleles). This has 

important implications in considering the potential genetic aetiology of human neurological 

diseases. 

Whilst the number of validated somatic protein coding mutations in our study was small at 22, 

we saw no evidence of the same selective constraints seen within the germline, which would 

otherwise limit the number of potentially detrimental germline alleles acquired during 

development (Lek, Karczewski et al. 2016). Given the predominance of C>T somatic 

mutations, the observation that 27.2% (n=6/22) of the validated mutations occurred at bases 

methylated in the inner cell mass (Table 4.1) (Guo, Zhu et al. 2014) implicates the 

deamination of methylated cytosines as one potential mechanism, particularly given the 

enrichment for C>T mutations at CpG sites. It was also surprising that there was a relatively 

strong association with the mutational signatures seen with de novo mutagenesis within the 

germline (Turner, Yi et al. 2017), suggesting that similar mechanisms of mutagenesis may be 

involved in the formation of these mutations (Ju, Martincorena et al. 2017), albeit that they do 

not appear to be selected against in the brain.  
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A second possibility is that the detected mutations were truly focal within the human brain, 

having arisen during corticogenesis, and subsequent to tissue differentiation during 

embryogenesis. For example, Poduri et al.,(Poduri, Evrony et al. 2012) detected a focal 

somatic mutation with a VAF of 17% within the brain causing hemimegancephaly which was 

not present in the patient’s blood. Without additional tissue samples from other organs we 

cannot exclude this possibility in the cases we studied here. However, the lack of bias for 

detectable mosiacism in any of the brain regions samples (Cerebellum; 17/22 (p=0.18, 

Fisher’s exact test vs other brain regions) (Figure. 4.1a; Table 4.1), together with the lack of 

focal morphological abnormalities such as those observed by Poduri et al., point towards an 

early developmental origin rather than a late focal origin for the mutations we report here. 

However, we do appreciate that we cannot confirm this directly. These problems are likely to 

be overcome by large scale, higher depth sequencing which will detect lower levels of 

mosaicism. This will refine the mutation rates and clarify the origin of mutations within 

individuals with neurodegenerative disorders. However, based on the data we report here, 

mosaicism should also be considered as a potential source of unexpected genetic findings 

following diagnostic exome and genome sequencing in neurological disorders. 

Taken together, we have demonstrated that at least 1% of human brain samples contain high 

level somatic mutations present in at least 10% cells. Many of these mutations were extremely 

rare in the germline of the population, were highly expressed within the brain, and conferred 

the ability to markedly alter protein function. 

Based on the observed mutational signatures, we determine that they are likely to be driven by 

DNA mis-match repair, and assuming an early developmental origin, are consistent with a 

somatic mutation rate in the human exome of at least 4.25x10-10 per base pair per individual. 

Taken together these data determine the frequency, nature and likely origin of high frequency 
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somatic mutations in the human brain and show how they confer the potential to contribute to 

a range of neurological disorders. 
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Chapter 5 

Copy number variation in 1342 neurodegenerative diseased brains 

5.1 Aims 

 

1. To determine the nature and prevalence of germline exonic copy-number variants in 

control individuals and those with neurodegenerative diseases. 

2. To identify novel copy-number variants associated with major neurodegenerative 

disorders. 

3. To validate any novel genetic associations. 

4. To determine the potential for novel copy-number variants to influence clinical 

phenotype or neuropathology. 
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5.2 Introduction 

Copy number variation (CNV) constitutes a substantial portion of total genetic variability in 

the human genome (Feuk, Carson et al. 2006), and can contribute to the development of 

several human diseases (Zhang, Gu et al. 2009). However, with the exception of triplications 

in the Amyloid Precursor Protein (APP) (Rovelet-Lecrux, Hannequin et al. 2006) and α-

synuclein (SNCA) (Singleton, Farrer et al. 2003), which cause Alzheimer’s disease and 

Parkinson’s disease respectively, no CNVs have been observed which either cause, or confer 

a significant risk factor for any neurodegenerative disorder (Sebat, Lakshmi et al. 2004). The 

limited detection of structural genomic variation that contributes to these disorders has in part  

been mediated by the utilization of relatively low-density genotyping arrays, or arrays that are 

predominantly enriched within non-coding regions in case-control studies of 

neurodegenerative disorders. Recent advances in genotyping platforms now enable us to 

observe structural variation of the genome to a much greater resolution, and the detection of a 

moderate correlation between the intolerance of genes to both copy number variation and 

single-nucleotide variation in control individuals within the population have strongly 

implicated small CNVs as putative mechanisms of human disease, and particularly for 

neurological disorders (Ruderfer, Hamamsy et al. 2016).  

Herein, we performed a combination of high-density exonic SNP genotyping and exome 

sequencing in cases of human post mortem brain tissue from individuals with 

neurodegenerative disorders and controls, establishing three rare novel copy-number gains 

associated with all forms of CJD, particularly sporadic CJD (sCJD), in which CNVs in 

LAMA5 were present in ~ 16% of cases and were strongly associated with sCJD (OR: 442, 

95% CI: 222-850). These data suggest that copy number gains in LAMA5 are strongly 

associated with all forms of CJD, and open new avenues for the pathogenesis of prion 

diseases and potentially other neurodegenerative disorders. 
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5.3 Methods 

5.3.1 Case selection 

Demographic data (age of disease onset and death, disease duration and family history of 

disease), together with ante mortem clinical diagnosis and post mortem neuropathological 

diagnosis were recorded for all cases (See Chapter 2.3.1)). For cases conforming to diagnostic 

criteria for Creutzfeld Jakob Disease (CJD) (Budka et al. 1995), the clinical subgroup 

(sporadic, familial, variant, or iatrogenic) was also recorded, together with PRNP genotype 

within codon 129 and the Prion Protein (PrP) isoform (Appendix 63-67). PrP isoforms were 

determined by the team at The University of Edinburgh and were not directly determined by 

myself within this study.  

5.3.2 Array genotyping 

Array genotyping was performed on all samples using the Illumina HumanOmniExpress-12 

BeadChip array (Illumina Inc., San Diego, CA). CNVs were called as previously described 

(Cooper, Shtir et al. 2015) (See Chapter 2.3.2.3). In addition, exome sequencing data (see 

Chapter 2.3.2.2) was used to determine related individuals within the dataset and kinship co-

efficient. Subsequently, CNVs were filtered to those present in less than 1% of dbVar CNV 

(Lappalainen, Lopez et al. 2013). 

5.3.3 Copy number variation calling from whole-exome data 

Exome sequencing data from 100 individuals within the study was also utilized to validate 

CNV calls (Exome sequencing was performed as previously described in Chapter 2.3.2.2).  

Briefly, utilizing ExomeDepth (Plagnol, Curtis et al. 2012) we compared the mapped number 

of reads in each exon in an individual against the expected number of reads calculated from 

20 samples which had the closest technical match to the tested sample using an established R 
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script (Plagnol, Curtis et al. 2012). CNVs with a Bayes Factor (log10 of the likelihood ratio) 

of > 5 were retained and compared to those also called from the array genotyping platform. 

5.3.4 RNA extraction and RNA-sequencing 

Appropriate ethical approvals were granted for RNA extraction from the cerebellum of 3 

individual who had CNVs in LAMA5, EXD3 and TRPM2 detected with both array genotyping 

and exome sequencing. All RNA extraction procedures were performed a Category 3* high-

risk laboratory at the University of Edinburgh by their staff, though the protocol was adapted 

and designed by myself in conjunction with the team in Edinburgh. Briefly, 30-50mg of 

cerebellum was extracted from each individual and an appropriate volume of QIAzol Lysis 

Reagent added. Samples were then manually homogenized using an Eppendorf micro-pestle. 

Samples were then incubated at room temperature (RT) (15-25°C) for 5 minutes before 0.2ml 

per of chloroform per 1ml of lysis solution was added. Samples were further incubated for 2-3 

minutes at room temperature before centrifugation at 12000g for 15 minutes at 4°C.  

Subsequently, 70% ethanol was added to the solution, and 700ul of the sample was then 

transferred into an RNeasy Mini Spin column and centrifuged at 8000g for 15 seconds at RT. 

Subsequently, 700ul of RW1 was added to the spin column and the sample was again 

centrifuged at 8000g for 15 seconds before 500ul of RPE buffer was added to the column and 

a further centrifugation was performed for 15 seconds at 8000g.  RPE (500ul) was again 

added to the column and centrifuged at 8000g for 2 minutes, before a final spin at 14000g for 

1 minute. 

Elution was performed by adding 80ul of RNase free water to the membrane and centrifuged 

at 8000g for one minute.  All flow through solutions were disposed of in 2N sodium 

hydroxide (NaOH). 



146 

The 80ul of RNA was subsequently mixed with an equal volume of phenol:chloroform, and 

gently mixed at room temperature for 10 minutes. This was subsequently microfuged for 2 

minutes at 13,000rpm for 2 minutes. Subsequently the top layer of the of the solution was 

manually pipetted into a fresh tube, and 80ul chloroform was added to this solution, before a 

further 1 minute of centrifugation at 13,000rpm.  Again, the top layer was manually extracted 

into a fresh tube before 1/10th volume of 3M sodium acetate (pH 5.2 + 2.5 volumes 100% 

ethanol (at -20°C)) were added, and then mixed before freezing at -20°C for 16 hours. 

Finally, the sample was allowed to defrost to 4°C, and then centrifuged at 13,000rpm for 10 

minutes. Supernatant was removed, and the pellet washed with 1ml 70% ethanol, vortexed, 

and then microfuged again at 13,000rpm for 10 minutes.  The supernatant was again 

discarded, and the pellet dried at room temperature for 10 minutes. The pellet was then re-

suspended with 50ul of RNase free water and stored at -70 °C.  

RNA was subsequently sequenced following sample preparation using the Kapa Hyper Prep 

kit and sequenced on an Illumina HiSeq 2000. FASTQ files were aligned and normalized read 

counts provided by Dr Wei Wei (University of Cambridge). 

5.3.5 Statistical analysis 

Was performed in R. PRNP codon 129 genotypes were grouped into MM (homozygous 

methionine), MV (methionine-valine) and VV (valine-valine) for statistical analyses. All 

statistical tests were performed as stated. P-values are reported at both the corrected and 

uncorrected levels as stated. The penetrance of detected CNVs was determined by calculating 

the proportion of individuals in the UK who turn 50 years old each year and who carry the 

CNV of interest divided by the number of individuals aged over 50 who are expected to 

develop the disease based on epidemiological data. 
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5.4 Results 

Extensive copy number variation was observed within the 993 brains with neurodegenerative 

disorders, and 349 neuropathologically normal controls remaining after QC (total cohort = 

1342) (Figure 5.1, Appendix 63 & 64).  On average individuals possessed 21 (SD=5.4) CNVs 

(>1kb), with a mean =length of 51015 (+/- SD=142584 bases), and a total CNV burden of 

1069384 bp (SD= 876026 SD (n=1342 cases). Deletions were more common than gains 

(mean number of deletions  = 12.2, mean number of gains = 8.74, p=9.5x10-113, t-test), but 

deletions were shorter (mean deletion length = 32332, mean gain length =77162,  p=1.60x10-

128, t-test), and rarely spanned more than 4 genes (0.1% of deletions). In contrast, copy gains 

were more frequently observed in > 4 genes (0.53% of gains, p=6.57x10-11), and were 

observed spanning 10 genes in 0.094% of patients (Figure 5.1) echoing the pattern of exonic 

CNVs observed recently (Koboldt, Zhang et al. 2012). CNVs (both deletions and gains) were 

also more common within non-coding regions compared to coding regions (78.6% vs 21.4%) 

with partial gene deletions and duplications more common than full gene, or multiple gene 

CNVs (Figure 5.1).  

There was no difference in total CNV burden (after correction for multiple testing) (p = 0.018, 

ANOVA (uncorrected)), mean CNV length (p=0.11 ANOVA), or the proportion of copy 

number deletions or gains between any disease group and controls (p=0.31, ANOVA) (Figure 

5.2). CNVs were also annotated by their relative intolerance score (Koboldt, Zhang et al. 

2012), revealing no difference in the mean predicted intolerance of deletions (p=0.56), 

duplications (p=0.42) or all CNVs (p=0.93) between the major cohorts. 

Our calling algorithm was validated by CNV calls from whole exome sequencing (WES) in 

100 individuals within the dataset. The array-called CNVs were filtered by the number of 
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markers, length, and Bayes factor as described (see Chapter 2.3.2.3), observing that for CNVs 

spanning at least 3 exons, over 64% of array-CNV calls were a validated by WES data 

(Appendix 68 & 69). 
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Figure 5.1. The clinopathological, demographic, and CNV profiles of 1342 cases 
within the study.   A: The number of cases within each disease cohort in the study (post-QC). B: 
The number of cases of CJD (by sub-type) within the study. C: the number of sCJD cases by PRNP 
genotype within the study. D: The number of sCJD cases by PrP isoform wthin the study. E: A scatter 
plot and histogram of the number of CNVs per individual (minimum length 1000bases; X axis) against 
the total amount of copy number variation (Y axis). These values are also represented in a histogram 
above their respective axis. F: The proportion of CNVs that were partial gene, full gene and not within 
genes across the whole cohort. G: The number of individuals with duplications and deletions that 
spanned a particular number of genes.
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Figure 5.2. The profile of observed CNVs by cohort.   A: The overall CNV count per 
individual by cohort (minimum CNV length 1000 bases) (p=NS between cohorts). B: The total 
amount of CNV per group (p=NS). C: A Q-Q plot of the observed vs expected number of CN gains by 
gene for CJD (n=215) vs all other samples (n=1134). D: The number  of CN losses for CJD (n=215) 
compared to all other cases and controls (n=1134). E:  Rare CN gains (<1% in the population) in sCJD 
(n=118) vs all other samples. F: A histogram of Pi_hat scores between 922761 tests between all 1349 
individuals in the study. Those with Pi_Hat scores of zero were removed from graphical representation 
(n=400123). The median and Inter Quartile Range (IQR) of the Pi_hat scores is shown. 

A B

C D

E



 

151 

Restricting the analysis to rare CNVs (present in <1% of dbVar CNV (Uddin, Tammimies et 

al. 2014)) we detected a strong statistical association between copy number gains in 3 genes 

and all forms of CJD (n=212) compared to controls (n=349); LAMA5 (CJD: 22/212 (10.4%), 

Controls: 0/349, p=2.5x10-10 (Fisher’s exact test), EXD3 (CJD:8/212 (3.8%), Controls: 0/349) 

p=3.8x10-4, and TRPM2 (CJD:5/212 (2.4%), Controls: 0/349 p=7.5x10-3. These CNVs were 

also not seen in any other non-CJD individual within the dataset (n=779) (Appendix 70). In 

all cases in which the EXD3 or TRPM2 CN gain was observed, they were always present in 

combination with the LAMA5 CN gain. There was no evidence of an association between any 

other copy number gain or loss and any other disease cohort (Appendix 71).  

Individuals with any of the three CNVs were enriched within sporadic CJD (sCJD) cases 

compared to other forms of CJD (p=1.36 x10-3, Fisher’s test), with only three of the 22 

individuals having a non-sporadic CJD disorder (Single cases of iatrogenic CJD (iCJD) (Case 

11) familial CJD (fCJD) (Case 12), and variant CJD (vCJD) (Case 13), Table 5.1, Appendix 

70).  

Restricting the analysis therefore to sCJD cases  (n=116), and comparing against all other 

neurodegenerative disease cases and controls in our cohort that carried rare CNVs (n= 1128) 

we determined an even stronger association between LAMA5 CNVs and sCJD ; LAMA5 

(p=6.4 x10-21), EXD3 (p=5.8x10-7) and TRPM2 (p=7.21x10-5).  We further determined that 

these 3 CNVs are exceptionally rare in the population, present in less than 0.2% of 59,898 

individuals (LAMA5: 26/58996 (0.044%), EXD3: 13/58957 (0.022%), TRPM2: (79/59898 

(0.13%)) (Ruderfer, Hamamsy et al. 2016). Taken together, these CNVs confer an OR of up 

to 850 for sCJD (LAMA5 : OR; 442, 95% CI 222-850, p=1.8x10-40 (Fisher’s exact test), 

EXD3: OR; 247 95%CI 75-710 p=1.3x10-12, TRPM2: OR; 27.0, 95% CI 7.1-73.7, p=2.16x-

10-5) (Table 5.2)
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Table 5.1. All clinical and pathological data for individuals carrying a copy number gain in EXD3, LAMA5 or TRPM2. Variant 
Highlighted copy numbers were detected both SNP genotyping and exome sequencing. Additional pathological data is shown; PrP (Prion 
protein) genotype (determined by codon 129 aminoacids) are shown, together with PrP isoform. The age of onset and death of the patient is also 
shown together with any additional neuropathology observed at post-mortem. 
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1 1 1 Sporadic CJD 0 VV 2A sCJD VV2 70 71 3        
2 1 1 Sporadic CJD 0 MM 2A sCJD MM2 37 39 3       Y 
3 1 1 Sporadic CJD 0 MM 1A sCJD MM1 74 74 3        
4 1 1 Sporadic CJD 0 MM 1A(+2) sCJD MM1 65 65 3        
5 2 1 Sporadic CJD 0 MM 1A(+2) sCJD MM1 64 64 3 3      
6 3 3 Sporadic CJD 0 MM 1A sCJD,  71 71 3/4 3 3    

7 2 1 
Sporadic CJD, 
panencephalopathic 0 

MM 1A sCJD, panencephalopathic 
MM1 56 57 3 3   

   

8 1 1 Sporadic CJD 0 MM 1A(+2) sCJD MM1 60 61 3     Y Y Y 
9 3 1 Sporadic CJD 0 MM 1A sCJD MM1 70 71 3 3 3    

10 3 1 Sporadic CJD, 
panencephalopathic 

0 MM DELR34 1A sCJD, panencephalopathic 
MM1 

45 45 3/4 3 3    

11 3 3 Iatrogenic CJD 0 VV 2A iCJD VV 29 30 3 3 3    
12 1 1 Familial CJD 0 MM E211Q 1A fCJD E211Q mutation 53 53 3        
13 2 1 Variant CJD 0 MM 2B vCJD MM2B 18 19 3 3      
14 1 0 Sporadic CJD 0 VV 2A sCJD VV2 67 68 3        
15 1 0 Sporadic CJD 0 MM 1A sCJD MM1 68 68 3        
16 3 2 Sporadic CJD AD  MM 1A sCJD MM1 66 67 3 3 3 Y Y Y 

17 1 0 Sporadic CJD 0 MV 2A(+1) sCJD MV2 61 61 3        
18 1 0 Sporadic CJD 0 MM 1A sCJD MM1 73 73 3        
19 1 0 Sporadic CJD 0 MM 1A sCJD MM1 67 68 3        
20 1 0 Sporadic CJD 0 MM 1A sCJD MM1 66 66 3     Y   
21 1 0 Sporadic CJD 0 MM 1A sCJD MM1 79 79 3        
22 1 0 Sporadic CJD 0 VV 2A sCJD VV2 45 46 3        
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Table 5.2. All clinical and pathological data for individuals carrying a copy number gain in EXD3, LAMA5 or TRPM2. Variant 
Highlighted copy numbers were detected both SNP genotyping and exome sequencing. Additional pathological data is shown; PrP (Prion 
protein) genotype (determined by codon 129 aminoacids) are shown, together with PrP isoform. The age of onset and death of the patient is also 
shown together with any additional neuropathology observed at post-mortem. 

CNV Num plat CJD  
sCJD vs other cases in the study 

(n=1128)  sCJD vs other cases in the population (n=59898) 
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otal (n=212) 
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O
ther cases in 

population (n) 

p-value (Fisher’s test) in 
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O
dds R

atio (95%
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LAMA5 Total 22 19 1 1 1 0 0 9.3x10-19 N/A  26 1.8x10-40 442 (222-850) 
LAMA5 Validated 10 10 1 1 1 0 0 3.4x10-11 N/A  26 1.4x10-19 213 (89-467) 
EXD3 Total 8 6 0 1 0 1 0 5.8x10-7 

 

N/A  13 1.3x10-12 247 (75-710) 
EXD3 Validated 3 2 0 1 0 0 0 8.6x10-3 N/A  13 3.9x10-4 79 (9-355) 
TRPM2 Total 5 4 0 1 0 0 0 7.2x10-5 N/A  79 2.2x10-5 27 (7-74) 
TRPM2 Validated 2 2 0 1 0 0 0 8.6x10-5 N/A  79 0.01 13 (2-51) 
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There was however no association between the presence of any of the three CNVs and PrP 

genotype, or PrP isoform  (Appendix 72 & 73), nor did any CNV either in isolation or 

combination affect either the age of onset or death in sCJD, including when stratified by 

PRNP codon 129 genotype or PrP isoform (Appendix 74 - 77), suggesting that our CNVs 

predispose to the development of disease, but not specific genotypes or isoforms thereof. 

The detected CNVs ranged between 1013 and 49292 bases in length (LAMA5: mean length; 

5344 bases (SD=3055), EXD3: mean length; 15225 bases (SD=14515), TRPM2; mean length 

6570 bases (SD=4916)), and 13 of the 22 LAMA5 CNVs (59%) were further validated by 

ExomeDepth data, with a mean of 76.2% (SD=28.1%) of the CNV region also detected 

within the CNV determined by exome sequencing (Figure 3,4, Appendix 70). All CNVs were 

also partial gene duplications (residing entirely within the coding region of the gene), and start 

and end positions overlapped key functional regions of the protein in all cases (Figure 5.3-

5.5); LAMA5 CNVs span domain I and II of LAMA5, EXD3 CNVs span the 3’-5’ exonuclease 

domain and TRPM2 CNVs span at least one extracellular domain and two transmembrane 

helical domains in all cases (Figure 5.3 & 5.4).  
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Figure 5.3. Copy number variants in LAMA5.   A: SNP genotyping intensity data for Case 
10 (Table 1) encompassing base position 60,883,000 on Chromosome 20 (GrCh37 build) to 
60,940,000, and thus including the majority of the LAMA5 gene. The bottom panel of figure A shows 
the observed:expected read depth from exome sequencing data in the same individual for the same 
region. Regions highlighted purple were those called as a copy number gain by each respective 
platform. B: Further examples of SNP genotyping intensity and exome sequencing depth plots for a 
22kb region in LAMA5, and of which all detected CNVs were detected. Left; Case 6, middle; Case 
10, Right; Case 17. Exome sequencing did not call a CNV within the respective region falling just 
below the calling threshold. C: A schematic representation of the LAMA5 gene with reference to the 
cDNA position. Start and end positions of CNVs called by SNP genotyping are shown in red and those 
validated by ExomeDepth in the same individual shown in blue. Case numbers for individuals are 
shown in the right hand column, and clinical information for these individuals can be seen in Case 1 
and Supplementary Table 8. Exons of the LAMA5 gene are depicted in blue below the CNV start and 
end positions, and the functional protein domains are shown below. 
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Figure 5.4. Copy number variants seen in EXD3 and TRPM2.   A: Start and end positions of CNVs with reference to the cDNA position of 
EXD3 and called by SNP genotyping are shown in red, while those validated by ExomeDepth in the same individual are shown in blue. Case numbers for 
individuals are shown in the right hand column, and clinical information for these individuals can be seen in Case 1 and Supplementary Table 8. B: The same 
representation as above for EXD3 is shown for TRPM2
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Given the rarity of each CNV in the population, and assuming independent inheritance (given 

their location on 3 different chromosomes), the likelihood of an individual having both a 

LAMA5 and EXD3 CNVs or LAMA5 and TRPM2 CNV are 1 in 14.07million and 1 in 3.58 

million respectively. Therefore, the likelihood of having the observed 8 cases with both 

LAMA5 and EXD3 CNVs for example is less than 2 x10-16 (Binomial test). This is therefore 

suggestive of a common microduplication that is likely to have originally contained all three 

genes, and which has subsequently contracted in size in some individuals over time rather 

than multiple independent events involving multiple CNVs. We also performed Identity by 

descent (IBD) therefore to look for potential common ancestry across all 1342 samples to see 

if any duplication event was likely to be recently acquired, performing 899811 paired tests 

between all individuals in the dataset (Figure 5.2, See Chapter 2.3.2.2). We detected no 

evidence of close ancestry (defined as a Pi_Hat of >0.0625, and equivalent of 4th degree 

relatives) between any individuals carrying the LAMA5 CNV or additional CNVs. We also 

found no evidence of more distant ancestry, with all pairs of individuals with the LAMA5 

CNV present within the bottom 35% of Pi_Hat scores within the cohort, and with mean 

Pi_hat scores which were actually significantly lower than those between the remaining sCJD 

cases who did not have the LAMA5 CNV (LAMA5 positive cases: mean Pi_hat score: 0.0024 

(sd= 0.004), LAMA5 negative cases: mean Pi_hat score: 0.0049  (sd= 0.0073), p= 1.22x10-10  

(95% CI: 1.7x10-5 - 5.3x10-6 Wilcoxon rank sum test). 

We also determined the frequency of these CNVs in 8019 individuals within the National 

Institute of Health Research BioResource funded Next Generation Sequencing project (The 

BRIDGE consortium), identifying that 25 individuals carried one of the three CNVs of 

interest (EXD3: 16/8019 (0.20%), TRPM2: 7/8019 (0.087%), and LAMA5: 3/8019 (0.037%), 

which are consistent with previously observed frequencies in the population (Ruderfer, 

Hamamsy et al. 2016) (This data was extracted by Dr Wei Wei, University of Cambridge) . 
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We also surprisingly identified one additional individual within the dataset who also carried 

both the LAMA5 and TRPM2 CN gain, which has an expected frequency of 1 in 3.06 million. 

Taken together these data are strongly supportive that the cases carrying multiple CNVs 

which include LAMA5 most probably share a very distant ancestry, though we cannot exclude 

that isolated LAMA5 CN gains occurred independently in a de novo fashion (Figure 5.2). 

Utilising epidemiological data, we calculated the penetrance of the LAMA5 CN gain in 

causing sCJD in the UK. Using the carrier frequency of LAMA5 in the general population of 

0.05%, assuming that all cases of sCJD in the UK occur in individuals over 50 years of age, 

and assuming that the UK has around 1 million people turning 50 years of age per year 

(Statistics 2017), then based on current incidence of sCJD (~100 case per year in the UK) 

(Unit 2017), we calculate the penetrance of the LAMA5 CN gain to be 0.67%. 

Finally, to try and determine the mechanism by which LAMA5 CN gains may mediate 

disease risk, total RNA sequencing from extracted brain tissue in three individuals revealed 

no evidence significant changes in total gene expression arising as a result of the partial gene 

duplications (Figure 5.5).  
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Figure 5.5. Total gene RNA expression for carriers and non-carriers of CNVs.   LEFT: the total gene normalized read count for 3 carriers of 
the LAMA5 copy-number gain. The case number is given (corresponding to data in Table 5.2), carrier status is shown in text and in colour (green=CNV 
present, red=CNV not present), and the length of the CNV is also shown. MIDDLE: EXD3 expression. Case number and carrier status are shown again 
together with normalized read count. RIGHT: TRPM2 expression. Case number and carrier status are shown again.  
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5.5 Discussion 

Using a combination of high-density exonic SNP genotyping alongside exome sequencing we 

detected and validated three small exonic CNVs (mean length; 10,008 bp (SD=10126)) with 

two of the identified CNVs (EXD3 and TRPM2) always present in combination with the most 

common CNV in LAMA5. The CN gains in LAMA5 always spanned domains I and II of the 

protein and were present in 16% of sCJD cases compared to 0.05% of the population, thus 

conferring an estimated disease penetrance of 0.67% (~1/1500) for sCJD. This places LAMA5 

CN gains as one of the strongest genetic risk factors for any human neurodegenerative 

disorder discovered to date.  

Whilst the majority of rare CNVs arise due to de novo events (Kloosterman, Francioli et al. 

2015, Yuen, Merico et al. 2016), the frequent co-association of up to three rare CNVs in our 

study which all reside on differing chromosomes is difficult to rationalize by multiple 

independent de novo events. One potential mechanism explaining this co-association is that 

the CNVs are somatically generated, with LAMA5 CNVs arising particularly frequently in 

sCJD patients within the brain. Further work is ongoing to exclude or confirm this possibility. 

The second possible mechanism explaining the observed co-association is a common distal 

ancestral microduplication event involving all 3 three CNVs which may underlie the co-

association of CNVs seen in some individuals in our study, together with the additional case 

within 8019 whole genome sequences. Such a duplication event, although speculative, may 

have been mediated by AluSp mediated retrotransposition. AluSp transposable elements are 

part of the SINE family of transposable elements and confer a propensity to cause unequal 

recombination events resulting in the majority of gene-rich segmental duplications in the 

human genome (Bailey, Liu et al. 2003) (Cordaux and Batzer 2009). Given that an AluSp 

retrotransposable element is situated only 1000 bases from the mean end position of the 

LAMA5 CNV (Hubley, Finn et al. 2016), it is possible that LAMA5 CNVs may have been 
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caused by AluSp mediated recombination, although further studies will be required to prove 

this directly and to track it’s ancestral history.  

The mechanism by which a partial gene duplication of LAMA5 may confer such an increased 

risk for disease also remains elusive. LAMA5 encodes the laminin α5 chain, which when in 

combination with β and γ laminin chains forms two heteromeric isoforms of laminin 

(laminin-511 or Laminin-521). These laminin complexes are essential components of the 

basement membrane, and are particularly highly expressed in vascular endothelium including 

cerebral vasculature (Wu, Ivars et al. 2009). Laminin proteins have previously been identified 

to interact with cellular prion protein (PrPC) through sequence homology between the laminin 

receptor protein (LRP) between amino acids 161-180 and the PrP protein. This results in a 

significant overlap of the functional binding domains causing LRP to act as a receptor or co-

receptor for the prion protein in mammalian cells (Rieger, Edenhofer et al. 1997).  

The LAMA5 CNV is unlikely to cause disease through overexpression of the protein as we 

observed significant heterogeneity in expression levels between 3 carriers, which did not 

correlate with either CNV length or age of onset (Figure 5.5). In addition, the single carrier of 

a TRPM2 gain also showed lower expression that the case carrying the gain, although the 

EXD3 carrier did show a trend consistent with increased expression of the gene in that 

individual compared to the other two (Figure 5.5). Taken together, the lack of observed 

overall gene expression did not appear to correlate with the presence or absence of a CNV 

within that gene. This perhaps may be expected with partial gene duplications in which the 

regulatory region of the gene is not duplicated (Lek, Karczewski et al. 2016). In addition, the 

RIN values varied markedly (between 3 and 8), meaning that the interpretation of relative 

expression is difficult to interpret (Copois, Bibeau et al. 2007).  
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Further interrogation of the RNA data will enable us to determine whether there is evidence of 

novel short transcripts expressed by LAMA5 which would be consistent with active 

replication of the partial gene duplication resulting in abnormal shortened forms of the 

LAMA5 protein. Proteomic studies are of course extremely challenging in CJD given the 

likely transfer of prion proteins within any protein isolation or the significant denaturing 

effect that prion neutralization steps may have on remaining proteins. Therefore we are at 

present unable to determine whether the LAMA5 CNV disrupts the expression of co-located 

genes or gene networks near to their insertion site within the genome, but is a necessary future 

avenue for exploration. 

Taken together, we have detected the first genetic risk factor for sCJD and potentially all 

forms of prion disease. We show that small exonic CN gains in LAMA5, EXD3 and TRPM2 

are likely to occur either from a distant common ancestry, or potentially have arisen de novo 

within several individuals resulting in duplication of key elements of these protein structures. 

Further functional work is vital in order to understand how these copy-number changes confer 

such an increased risk for disease.  As prion disease pathogenesis results from the 

combination of prion protein propagation which is determined by the interaction between the 

prion strain (PrPSc polymer and ensemble) and the host environment (PrP sequence, 

expression level, modifier genes, and clearance mechanisms) (Collinge and Clarke 2007) we 

propose these CNVs as the first potential genetic risk factor for prion disorders, transforming 

our understanding of prion disease aetiology, and opening up new avenues for clinical 

diagnostics, screening, and treatment.  
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Chapter 6 

High prevalence of focal and multi-focal somatic variation in the 
human brain 

6.1 Aims 

 

1. To develop a highly sensitive and specific method of deep-sequencing to detect and 

validate low-level somatic mutations within the brain 

2. To determine the spatial distribution of these mutations within the brain 

3. To calculate the rate of somatic mutagenesis within the brain of control individuals 

and those with a neurodegenerative disorder 

4. To understand the aetiology and mechanisms predisposing to the formation of somatic 

mutations 

5. To use this robust dataset to calculate the likely frequency of pathogenic somatic 

mutations within the brain 
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6.2 Introduction 

Common neurodegenerative disorders, including Parkinson’s disease (PD) and Alzheimer’s 

disease (AD), are characterised by toxic protein aggregation and cell loss in defined brain 

regions (Goedert 2001, Goedert and Spillantini 2006). The majority of patients have no family 

history, but in ~5% of cases, germ line genetic variants in one of ~50 genes either cause or 

contribute to disease risk, with a clinically indistinguishable phenotype (Guerreiro, Bras et al. 

2015, Singleton and Hardy 2016). For most neurodegenerative disease genes, a single mutated 

allele is required to cause disease through haploinsufficiency or a dominant negative effect. 

This raises the possibility that somatic mutations arising in the same genes within a specific 

cell lineage contribute to the pathogenesis of non-familial cases. Islands of cells containing 

these mutations could synthesise misfolded proteins with the potential to spread throughout 

the brain during human life (Brundin, Melki et al. 2010). Technological limitations have 

prevented this question from being addressed to date, but if correct, then developmental 

mutagenesis could be a major cause of sporadic neurodegenerative diseases. The hypothesis 

can be tested by sequencing an extensive template from a large number of single neurons, or 

by ultra high-depth re-sequencing from pooled cells in a brain tissue sample. Since the overall 

low frequency of somatic mutation events approximates the intrinsic sequencing error rate, 

some form of additional validation is critical, which, because of the destructive character of 

any one sequencing platform, cannot easily be performed on single cells.  

6.3 Methods 

6.3.1 Post mortem brains and histopathology. 

Frozen brains were identified from the Newcastle Brain Tissue Resource (NBTR) fulfilling 

both pre and post-mortem criteria for either Alzheimer’s disease (AD, n=20); Parkinson’s 

disease dementia (PDD) or Dementia with Lewy bodies (DLB, n=20); and healthy controls 
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>65 years old with no clinical ante mortem history of cognitive impairment or movement 

disorder, no family history (>1 first degree relative) with any neurodegenerative disease, and 

neuropathological features consistent with normal aging (n=15, Appendix 80). 54 cases 

remained after quality control of the sequencing data (Appendix 80 & 81). 1cm3 blocks of 

grey matter were manually dissected from each region (frontal cortex, entorhinal Cortex, 

cingulate gyrus, and medulla) after excluding macroscopically identifiable white matter or 

vascular tissue (Appendix 80 and 81). Quantitative neuropathological data was available on 

fixed sections from the same regions using AT8 (for phospho-tau), 4G8 (for β-amyloid) and 

α-synuclein antibody staining on slides from all brain regions except the cerebellum .  

6.3.2 Ultra-high depth sequencing 

Two panels were defined incorporating 102 genes. Panel 1 included 56 genes known to cause 

or predispose to, common neurodegenerative disorders (132,617 base pairs, bp, Appendix 78, 

left) identified through a previous systematic review we performed (Keogh, Kurzawa-Akanbi 

et al. 2016). In addition, 46 control genes expressed at low levels in the brain and associated 

with cancer (152,519bp, Appendix 78, right, and subsequently referred to as ‘cancer’ genes). 

The primary sequencing platform for the study was the Accuracy and Content Enhanced, 

(ACE) platform (Personalis Inc, USA) which required the extraction of 1µg of genomic DNA 

from brain, blood or HapMap controls (see Chapter 2.3.2.1 for methods). Subsequently, this 

DNA was Covaris sheared, end repaired and ligated with adaptors. Adaptor ligated DNA 

fragments were amplified by PCR with 6 cycles, and subjected to SureSelect enrichment with 

probe panels for all 102 genes. An additional 10 cycles of PCR were performed with enriched 

material. For the HaloplexHS platform, in parallel, but independently, equal quantities of DNA 

to those utilised for the ACE platform were enriched by the same method. Sequencing of 

enriched DNA from both capture protocols was performed using HiSeq 2500 (Illumina, San 
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Diego, CA, USA) sequencers with single lane, paired-end 2 × 101 bp reads and Illumina’s 

proprietary Reversible Terminator Chemistry (v3). The steps following DNA extraction were 

performed by the team at Personalis Inc, USA. 

Variant discovery was performed using the ACE platform. The design of probes for this panel 

were performed by the technical team at Personalis Inc, USA. This enabled 99.6% of coding 

bases to be covered at > 1000 fold depth across both gene panels, some of which are 

notoriously difficult to sequence comprehensively (eg. MAPT; Figure. 6.1a, Appendix 79). 

The overall mean depth for the 102 genes using the ACE platform was 5,374-fold (SD = 745; 

Figure. 6.1b). Variant validation was performed using an amplicon based barcode-tagged 

platform (HaloplexHS) with a mean depth of 6,830-fold (SD =1,549; Figure.6.1b) (Appendix 

79). This panel was designed using the Agilent SureDesign tool to capture all exons and 25bp 

of intronic flanking regions of all 102 genes. 

 

6.3.3 Sample Dilutions for the Level of Detection (LOD) testing  

The limits of detection of minor alleles was determined for both platforms using HapMap 

CEPH cell line DNA  (Coriell Institute) to simulate allele frequencies (AF) ranging 0.2%, 

0.5%, 1%, 2% and 5%. DNA from cell line NA12878 was spiked into DNA from cell line 

NA12877 by using 2ng, 5ng, 10ng, 20ng or 50ng of NA12878, making up to 1µg total DNA 

with NA12877 thus achieving the stated simulated VAFs. High confidence, pedigree 

consistent germ-line variants, concordantly called on several platforms from high-depth after 

PCR-Free sample preparation were obtained for each sample from 

http://www.illumina.com/platinumgenomes/, and sequencing reads were processed using the 

same bioinformatics pipelines as described above. Duplicate HapMap dilution samples at 
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0.2%, 0.5%, 1%, 2% and 5% VAF were called against a 0% ‘pure’ sample by MuTect2 

(Cibulskis, Lawrence et al. 2013), Varscan2 (Koboldt, Zhang et al. 2012),(Koboldt, Chen et 

al. 2009) and deepSNV (Gerstung, Papaemmanuil et al. 2014). The sensitivity and specificity 

of variant callers were determined using the following filtering formulae: 

Sensitivity = True Positive /(True Positive + False Negative) 

Specificity = 1 – False Positive Rate = 1 – False Positive/(False Positive + True Negative). 

6.3.4 Bioinformatic pipeline 

The bioinformatic pipeline is shown in Figure 6.1d and in detail in Appendix 83. In overview, 

the primary calling pipeline included variants called by either MuTect2 (Cibulskis, Lawrence 

et al. 2013) or Varscan2 (Koboldt, Zhang et al. 2012) at a minimum VAF of 0.5%, before 

DeepSNV (Gerstung, Papaemmanuil et al. 2014) confirmed the presence of the detected 

variants in identified samples, and also confirmed that the VAF of detected somatic variants 

alleles in other brain regions was no different to the base error rate of other samples (where 

appropriate, Figure. 6.1d, Appendix 83). The primary analysis was performed on the ACE 

data, and subsequently validated by the HaloplexHS platform.  

ACE platform - Somatic Single Nucleotide Variants (SNVs) and small indels were called 

using MuTect2 (Cibulskis, Lawrence et al. 2013) and Varscan2 Somatic Calling (Koboldt, 

Zhang et al. 2012) with the default parameters within the BED file for neurodegenerative and 

cancer ‘control’ genes. To detect Single Region Mutations (SRMs) we ran two callers on all 

possible sample pairs from one individual allocating each sample as the ‘germline’ or ‘tissue’ 

sample in turn. Multiple Region Mutations (MRMs) were called using Varscan single-sample 

Calling with VAF >0.1% which may not be detected by paired calling, particularly in 

equivocal VAF between samples. We subsequently excluded variants: (1) with <1000 total 



168 

read depth; (2) with <10 mutant reads; (3) <4 reads from the end of either forward or revise 

strand; (4) those called as germ-line variants; (5) variants with a Minor Allele Frequency 

(MAF) >1% in 1000 genome project database (Genomes Project, Abecasis et al. 2012), 

NHLBI ESP-6500 or ExAC database (Lek, Karczewski et al. 2016); and; (6) those within 

simple tandem repeats, segmental duplications, and microsatellites. All candidate mutations 

were subsequently annotated by ANNOVAR (Wang, Li et al. 2010). The same approach was 

used to analyse brain and blood combinations with a VAF > 0.5% based on spiked control 

sample data. Please note that the alignment and calling was performed by Dr Wei Wei 

(University of Cambridge), but designed by myself and Dr Wei Wei. 

To ensure SRMs were truly focal, we utilised an additional caller to maximise the value of our 

large homogenous dataset  (n=173 samples at a mean coverage of 5,374x) which ensured that 

identified SRMs and MRMs did differ from the base error rate seen in other samples. The 

DeepSNV (Gerstung, Beisel et al. 2012) caller enabled us to build a separate error model for 

each base, and test whether the variant allele detected in the sample is greater than that 

expected from a beta-binomial distribution with an associated over dispersion factor which 

captures the observed degree of variation within the control samples. Testing this variant 

caller in spiked control samples (Figure.6.1c&e) showed this caller to be the most specific 

caller of all those tested. To validate the focal variants, we ran deepSNV using other samples 

from the same individual as reference samples with a Benjamini-Hochberg corrected p-value 

for the number of samples tested. This ensured SRMs were: (1) Identified by MuTect2 and 

VarScan 2 Somatic Calling as present in only one region; (2) Significantly different to all 

other samples within that individual (eg in the cerebellum and frontal cortex when detected in 

medulla); (3) Significantly different from all other samples from all other individuals (n=170 

or n=171) at the corrected threshold; and, (4) any other samples (e.g. frontal cortex and 

cerebellum) within that individual did not differ to all other samples from other individuals.  
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MRMs were defined as variants with a VAF between 0.5% - 20% called in a single sample by 

Varscan2, and which were present in more than one region within the same individual. These 

putative MRMs were confirmed with deepSNV using the samples from other individuals as 

reference samples, and therefore MRMs were defined as follows: (1) as any variant identified 

by VarScan 2 (v2.4.0) single-sample calling to be present in more than one region; and which, 

(2) did again significantly differ to all other samples from other individuals at the corrected 

threshold.  

Haloplex platform - To determine the accuracy of this approach, we validated identified 

variants using the HaloplexHS system data. In total 89.5% bases within the target region were 

covered above 1,000x and 94.3% bases were covered above 500x (99.4% bases with coverage 

above 1,000x covered by ACE). Alignment and calling was performed by Dr Wei Wei. We 

also manually reviewed and confirmed the read alignments for all somatic mutations detected 

on the ACE platform and those also covered by HaloplexHS using IGV software (v.2.3.30 31) 

(Robinson, Thorvaldsdottir et al. 2011) confirming their presence. 

Comparison of the detected VAF from each platform showed a strong correlation for detected 

somatic variants (r2 = 0.953, p<2.2e-16)(Figure.6.1f). These data indicate that our detection of 

somatic mutations was highly specific, and given that the DNA was independently amplified 

and sequenced, are highly unlikely to be due to amplification artefact.  
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Figure 6.1. Genotyping platform performance and quality.   (a) Coverage plot of the 
MAPT gene on the Accuracy and Content Enhanced (ACE) platform highlighting the 
augmented coverage over and above that seen within the SureSelect platform alone (yellow – 
regions covered by custom augmented probes, brown regions - covered by ACE probes 
without augmentation). (b) The average depth per base for each sequencing platform: ACE 
(pink) or HaloplexHS (blue). The mean sequencing depth across the whole panel per sample is 
shown in the inset violin plot for both platforms again using the same colour scheme. (c) 
Sensitivity and specificity of 5 different combinations of variant callers at five different VAF 
of HapMap control mixes. DNA from cell line NA12878 was spiked into DNA from cell line 
NA12877 by using 2ng, 5ng, 10ng, 20ng or 50ng of NA12878, making up to 1µg total DNA 
with NA12877 to create relative VAF of variants exclusive to sample NA12878 of 0.2%-5% 
(as indicated by varying symbols in the figure). DeepSNV(Gerstung, Beisel et al. 2012) , 
MuTect2 (Cibulskis, Lawrence et al. 2013), Varscan2 somatic caller (Al-Chalabi, Fang et al. 
2010) and Varscan un-paired calling (Koboldt, Chen et al. 2009) were employed in different 
combinations (as shown) to determine the sensitivity an specificity to detect variants at each 
VAF (as denoted by differing symbols). The optimum caller pipeline was set at a VAF of 
0.5% using a dual calling approach for variants called by either MuTect2 or Varscan2 which 
had a 92.98% sensitivity and 99.9984% specificity. (d) Schematic overview of the calling 
algorithm used in the study. Variants called from paired sample calling by either MuTect2 or 
Varscan2 were selected. All brain regions from those individuals were then compared to both 
each other (for intra-regional variation), and then to all other individuals (for inter individual 
variation) for those alleles to ensure that detected variants from Varscan2 or MuTect2 were 
truly focal or Multifocal in nature.  (e) Number of observed variants called by either MuTect 
or Varscan at each VAF in biological replicates highlighting consistent performance of the 
sequencing pipeline. (f) Correlation of variant allele frequency (VAF) for the 39 detected 
variants in this study called by MuTect2 or Varscan2 in the SureSelect platform, and by 
Varscan in the HaloplexHS platform.  

 

6.4 Results 

After quality control and validation, we detected 39 somatic variants in case and control genes 

with confidence (35 single nucleotide variants, SNVs; and 4 insertion-deletion variants, 

indels) from 27 brains (50% of the entire cohort - Controls: n=6/14, AD: n=9/20, LB: 

n=12/20) and 173 total samples.  
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Eighteen mutations (48.7% of all variants) were present in only one brain region within an 

individual (Single Region Mutations, SRMs, Figure.6.2a&b, Figure.6.3a-d, Appendix 84 & 

85). These SRMs were detected at a mean VAF of 0.84% (sd=0.005) (cerebellum, CB = 6/54 

brains, 11.1%; entorhinal cortex, EC = 7/53 brains, 13.2%; frontal cortex, FC = 2/32 brains, 

6.3%; medulla, Med = 3/24 brains, 12.5%), and were equally likely to occur in 

neurodegenerative disease (7/132,617bp) or cancer (11/152,519bp) (P = 0.64, Chi-squared 

with Yates correction). The majority of SRMs in brain were C>T substitutions (n=15/18 

(83.3%), Figure. 6.3f) consistent with spontaneous deamination of 5-methyl-cytosine (Pfeifer 

2006), as observed in single neurons (Lodato, Woodworth et al. 2015). Purine-purine 

transitions on the non-template strand were exclusively seen in case genes (n=4/7) (p=0.01 vs 

Control genes, Fisher’s exact test) in-keeping with replication-transcription collisions (Sankar, 

Wastuwidyaningtyas et al. 2016), as seen in single cortical neurons (Lodato, Woodworth et al. 

2015). However, given that the same rare mutations were detected in ≥0.5% of alleles, it is 

highly likely that they arose during development.  The flanking 5’ and 3’ sequence of the 

SRMs were distinct from mutational ‘signatures’ described in cancers (Alexandrov, Nik-

Zainal et al. 2013), suggestive of a different mechanism of mutagenesis (Figure. 6.3f, 

Appendix 86). Seven mutations occurred in neurodegenerative disease genes with a mean 

VAF of 0.82% (SD=0.003, range 0.47-1.56%). There was no difference in the proportion of 

SRMs in neurodegenerative disease genes between any disease group (AD 5/20; LB = 1/20; 

Control 1/14) (Figure. 6.3a-d).  
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Figure 6.2. Validated detected mutations in 179 samples from 54 individuals.   (a) 
Neuroanatomical origin of the brain samples sequenced. Large circle radii are proportionate to 
the number of DNA molecules sequenced in each region. Smaller circles represent the 
proportion of Single Region Mutations (SRMs, green) or Multiple Region Mutations (MRM, 
purple) detected within that region in the 54 brains. (b) Circos plot showing the detected 
variants. Outer to inner: genomic positions on the autosomes and X-chromosome; 102 genes 
sequenced; mean sequencing depth for each gene; Variant Allele Frequency (VAF) in the 
cerebellum; VAF in the entorhinal cortex; VAF in the frontal cortex; VAF in the medulla; 
VAF in the Cingulate; VAF in the blood. Neurodegenerative disease gene mutations shown in 
red, and cancer gene mutations in blue.
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Figure 6.3. The regional distribution of mutations detected in 179 samples from 54 human brains.   (a-d) All detected somatic 
mutations within each brain region. Single Regional Mutations (SRM) or Multiple Regional Mutations (MRM) are indicated by differing 
colours, and the disease phenotype indicated by differing symbols. The Variant Allele Frequency (VAF) for each mutation from the Accuracy 
and Content Enhanced (ACE) platform is shown for each case. Only a single mutation in the cingulate was detected and therefore is not shown. 
(e) Heat map showing the relative Variant Allele Frequencies (VAF) as defined as the ratio between the lowest VAF compared to the VAF for 
the indicated sample for MRMs, highlighting that the VAF was consistently higher in the Medulla when sampled. (f) The mutational signatures 
of each detected mutation in the study. The x-axis shows the 5’ and 3’ flanking base of each detected mutation, with the middle of the three 
alleles the reference allele that was mutated. The single base change for that allele is shown the column in which it is located (eg C>T etc), with 
each base mutation within a different column and depicted by a different colour. (g) Frequency of SRM and MRM mutations in specific genes 
seen in the 54 individuals.
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Having determined the somatic mutation rate across the case and control panel (285,136 

bases) in 179 brain regions (~611,285 cells based on barcode tagging data), we used 

approximate Bayesian computation (Figure. 6.4a & Appendix 87 – and all mathematical 

modelling work was performed by Dr Nick Jones and Juvid Aryaman at Imperial College 

London), was used to determine the somatic focal mutation rate in the human brain at 2.99 

x10-9 –  4.8 x 10-10 per base per cell division (95% Bayesian credible interval (BCI)) (Figure. 

6.4b); a figure highly comparable to somatic mutation rates in mitotically active tissues 

(Figure. 6.4b) (Tomasetti, Vogelstein et al. 2013). Using the measured mutation rate, we 

modelled the frequency and size of brain regions harbouring known pathogenic mutations in 

neurodegenerative disease genes (Human Gene Mutation Database (Stenson, Mort et al. 

2014)) using contrasting models of neurodevelopment. We found extremely similar estimates 

for the size and number of foci of cells harbouring pathogenic mutations predicted to occur 

within the brain under these models (Figure. 6.4c-e), with 10.76% (± 0.11%) of simulated 

individuals having one or more regions of 2.62x105 spatially contiguous pathogenically 

mutated cells (Figure. 6.4f), and all individuals harbouring 75-481 regions (95% BCI) of 128 

pathologically mutated cells (Figure. 6.4g).  

Taken together, this shows that focal regions harbouring pathogenic point mutations are 

highly likely to be very common in the human brain. These regions have the potential to 

generate mutant proteins that form novel fibrillar structures, which can spread and cause 

different neurodegenerative diseases (Frost, Ollesch et al. 2009), or modify the clinical 

phenotype, depending on the original mutated gene.  
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Figure 6.4. The frequency and distribution of somatic mutagenesis and pathogenic mutations in the human brain copy number 
variants seen in EXD3 and TRPM2.   (a) Model of mutagenesis arising from neurodevelopment (see Supplementary Information, Supplementary Fig. 
3). Red circle = cell containing a somatic mutation, black circles = cell with the wild-type allele. We model regional mutations as originating from 
neurodevelopment, where neurodevelopment consists of a simple branching process where a founder cell doubles exactly 36 times to form an adult brain of 
exactly 236 neurons. Every base is assumed to have a constant probability of mutation during replication. When a mutation arises in the lineage, its mutant 
daughters occupy a fraction f of the adult brain which we refer to as a ‘region’. (b) Prior (green solid) and approximate posterior (red bars) for the mutation 
rate using approximate Bayesian computation. We infer the mutation rate (λm) to be 1.28–7.9 ×10-10 per base per cell division (95% Bayesian credible interval 
(B.C.I.)). This is compatible with studies by Roach et al.(Rahbari, Wuster et al. 2016) (black dotted) and Tomasetti et al.(Tomasetti, Vogelstein et al. 2013) 
(black dashed). The value from Roach et al. was converted from per base pair per generation to per base per cell division by dividing by (2 × 36), being the 
number of strands per DNA and approximately the number of cell divisions during neurodevelopment respectively. (c–f) Using the approximate posterior 
samples for λm (see (b)) we simulated the neurodevelopment of individuals under our model (one sample for each individual). (c) Distribution of the number 
of mutated regions per individual, for each mutant generation number (i∗), in any of the case genes associated with pathology (298 bp/132617 bp). Boxplot 
whiskers show the 5th and 95th percentiles, median shown in red (when an individual has 0 mutations associated with generation i∗, the number of mutations 
is assigned to be 0.1, for representation on a log-scale). For i∗ ≤ 19, the majority of patients had zero regions seeded at these generations; for the prevalence in 
the population of these larger mutant regions, see (f). Displaying the analytic mean of Eq.(15) (Appendix 88) for a choice of λm as the mean of the 
approximate posterior distribution (black solid). (d) Distribution of the pathological mean relative region size across individuals. Showing the mode of the 
distribution in number of cells (black dashed) and the number of cells corresponding to two region sizes (grey dashed). (e) Distribution of total number of 
pathological mutations across individuals. Note that this is not necessarily equal to the number of mutated cells, as a single cell may harbour multiple 
mutations. Showing the mode of the distribution (black dashed). Multimodality is induced by the largest pathological region (see Supplementary 
Information, Supplementary Fig. 3). (f) Fraction of simulated individuals with at least 1 pathologically mutated region seeded at generation i∗. Showing the 
corresponding number of cells in the adult brain under the model as 236 ⋅f where f = 2-(i +2) (Appendix 87 and Appendix 88). Comparison to theory shown in 
red, mean defined in Eq.(19) and standard deviation Eq.(20). (Error bars are a Bernoulli error model, see Appendix 88) (g) Frequency distribution over 
individuals of pathologically mutated regions of size 128 cells. (h) Visual representation of the size and frequency distribution of pathologically mutated 
regions (seeded between 22 ≤ i∗ ≤ 27) in an individual. Whole brain area (black circle) is not to scale with the mutated regions (coloured circles) (Appendix 
88).   
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Seventeen mutations (43.6% of the total 39 detected variants) were present in more than one 

brain region, or in a paired blood sample and brain (Multiple Region Mutations, MRMs) 

(Figure. 6.2a, Appendix 84 & 85). These mutations had a significantly higher VAF than 

SRMs (3.67%, SD=0.04, p=0.0024, Figure. 6.3a-e). Only one of these variants occurred in a 

neurodegenerative disease gene (Case 6: p.R464R in TAF15, mean VAF 6.23%, SD=0.016) 

which  was present in all 3 brain regions sampled from this single control individual (VAFs in 

Cerebellum: 4.37%, Entorhinal cortex:6.98%, Frontal cortex:7.35%). Based on these 

observations, mutations within neurodegenerative disease genes will be present diffusely 

across the brain in up to 9.77% of all humans (95% CI 0.33%-9.77%, Wilson score interval 

test). Sixteen MRMs (94%) occurred in cancer genes, with 15 (93.8%) known to be associated 

with myeloproliferative blood disorders (n=18 of the 53 genes in the cancer panel). This was 

greater than expected when compared to solid organ tumour or non-cancerous control genes 

(Appendix 78) (n=28 of 53 genes, P=7.45 x10-6), raising the suspicion that specific MRMs 

were derived from the circulating blood cells. The two genes most frequently mutated in our 

study (DNMT3A, n=6; TET2, n= 6) account for the majority of age related clonal 

haematopoietic mutations (Jaiswal, Fontanillas et al. 2014, McKerrell, Park et al. 2015); and 

four of the MRMs (23.6% of MRMs, DNMT3A p.R882H, DNMT3A p.P700L, DNMT3A 

c.1667_splice, TET2 c.3472_splice) involved known mutational hotspots (Jaiswal, Fontanillas 

et al. 2014) (Appendix 85), and given that such specific alleles were also detected in our 

study, together with the consistent spatial VAFs observed within the brain, strongly support a 

clonal haematopoetic aetiology for these mutations rather than an early developmental origin. 

In keeping with this, the VAF of the myeloproliferative gene mutations was always greater in 

available paired blood samples than in the brain (n=4, Appendix 84 & 85). However, the fold 

difference was surprisingly low (mean Blood:brain VAF ratio = 7.92 (range 2.10 to 11.98), 

suggesting that at least some of the rare clonal mutations were present in cells outside the 
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vasculature, most probably including migratory immune cells (Prinz and Priller 2017). 

Intriguingly, non-synonymous or frame-shift mutations in hematopoietic disorder genes were 

detected in 40% of LB brains (8/20), in contrast with controls (7%, 1/14; p=0.05, where the 

frequency was consistent with previous reports (Thal, Rub et al. 2002, Braak, Del Tredici et 

al. 2003, Busque, Patel et al. 2012, McKerrell, Park et al. 2015)).  

Given the role of DNMT3A and TET2 in regulating DNA methylation (Rasmussen, Jia et al. 

2015, Yang, Rau et al. 2015), these findings provide an explanation for the concordant 

changes in DNA methylation seen in the blood and brains of PD patients who share Lewy 

body pathology (Masliah, Dumaop et al. 2013). The spatial distribution of DNMT3A and 

TET2 variants mirrored the quantitative neuropathology, with the VAF in medulla 2.1-fold 

greater than entorhinal cortex (SD=0.69, p=0.0064). This could reflect regional weakness of 

the blood-brain barrier (BBB) seen in PD (Feuk, Carson et al. 2006, Monahan, Warren et al. 

2008, Lubbe, Escott-Price et al. 2016) and other neurodegenerative disorders (Desai, 

Monahan et al. 2007). Given that clonal haematopoetic variants in TET2 accelerate age-

related atherosclerosis in mice (Ruderfer, Hamamsy et al. 2016), our findings raise the 

possibility that blood cell precursors harbouring somatic mutations translocate into the brain 

and contribute to the pathogenesis and clinical presentation of neurodegenerative diseases 

through cells derived from myeloid precursors (Genovese, Kahler et al. 2014). 

6.5 Discussion 

In conclusion, based on the observations of 173 human brain tissue samples, and ~ 611,000 

cells, our findings indicate that the human brain is likely to contain many zones of cells 

harbouring somatic mutations in neurodegenerative disorders. If pathogenic, these mutations 

have the potential to cause neurodegenerative disease and modify the clinical course. This 

provides a potential explanation for common sporadic neurodegenerative diseases, which 
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currently affects ~10% of people in the developed world (Hurd, Martorell et al. 2013). In 

addition, the similar mutation rate seen in cancer genes (albeit predisposing to non-

neurological forms of cancer) also suggest that somatic mutagenesis may predispose to other 

focal neurological abnormalities.  It is conceivable that detecting these mutations during life 

will increase diagnostic precision, leading to new therapies, particularly if they involve targets 

amenable to pharmacological intervention within vulnerable neural circuits (Canter, Penney et 

al. 2016).  
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Chapter 7 

The interaction of inherited and acquired mitochondrial DNA 
mutations with Lewy body pathology in a mouse model of 

Parkinson’s disease 

7.1 Aims 

 

1. To generate mice with both inherited and acquired mitochondrial DNA heteroplasmy 

in a transgenic mouse model of Parkinson’s disease in which human alpha-synuclein 

is over-expressed. 

2. To perform thorough phenotypic assessment of all transgenic mice. 

3. To determine whether the presence of either inherited or acquired mitochondrial DNA 

mutations exacerbate or improve the phenotype of mice over-expressing human alpha-

synuclein. 

4. To determine whether the presence of either inherited or acquired mitochondrial DNA 

mutations exacerbate or improve the neuuropathology of mice over-expressing human 

alpha-synuclein. 

5. To begin to develop hypotheses by which mitochondrial DNA mutations may 

influence the development of Parkinson’s disease-like pathology in mice. 
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7.2 Introduction 

Parkinson’s disease (PD) is the second most common neurodegenerative disorder, affecting 

approximately 1% of the elderly population in the Western world (Nussbaum and Ellis 2003). 

It is clinically characterized by a progressive movement disorder (Postuma, Berg et al. 2015) 

and pathologically by α-synuclein-positive neuronal inclusions (commonly referred to as 

Lewy bodies) and associated dopaminergic neuronal loss primarily within the substantia nigra 

pars compacta (Schulz-Schaeffer 2010). 

Mitochondrial dysfunction is a common feature of Parkinson’s disease, with the observation 

of mitochondrial biochemical abnormalities within the substantia nigra and frontal cortex of 

the brain, together with non-neuronal tissues of patients (Shoffner, Watts et al. 1991, Schapira 

1994, Keeney, Xie et al. 2006, Navarro, Boveris et al. 2009). One mechanism hypothesised to 

predispose to these biochemical abnormalities is the development of somatic heteroplasmic 

mutations occurring with age within the 16.5Kb mitochondrial genome, which is present in 

tens to thousands of copies within every nucleated cell, and functions to encode key proteins 

within the mitochondrial respiratory chain (Sciacco, Bonilla et al. 1994). Significantly 

increased levels of somatic mitochondrial DNA (mtDNA) point mutations and deletions 

within the substantia nigra (Simon, Lin et al. 2004, Bender, Krishnan et al. 2006, Kraytsberg, 

Kudryavtseva et al. 2006, Coxhead, Kurzawa-Akanbi et al. 2016) and neocortex (Simon, Lin 

et al. 2004, Coxhead, Kurzawa-Akanbi et al. 2016) in patients with PD compared to age-

matched controls have been observed by numerous authors, confirming that they are a 

common feature of the disease and suggesting that they may contribute to disease 

pathogenesis.  

The potential that such heteroplasmic mutations may contribute to age-related 

neurodegenerative disorders has recently been given additional focus following observations 



183 

in mice showing that the inheritance of increased low level point mutations may predispose to 

premature aging (Ross, Stewart et al. 2013), thus raising the interesting possibility that 

inherited low level mtDNA mutations and not just somatically acquired mutations may 

predispose to aging and therefore, potentially, to age related neurodegenerative disorders. 

However, patients with primary mitochondrial disorders, for example pathogenic mutations in 

mitochondrial DNA polymerase gamma (POLG) which generate higher levels of somatic 

mtDNA mutations within the substantia nigra and cortex do not develop Lewy Body 

accumulation (Tzoulis, Tran et al. 2013, Rajakulendran, Pitceathly et al. 2016). In addition, in 

vitro studies suggest that deletions may function to actually trigger neuroprotective 

compensatory mechanisms (Perier, Bender et al. 2013). Therefore, whether somatically 

acquired mtDNA mutations are a cause or consequence of Lewy body pathology remains 

unclear.   

To investigate this, we generated a mouse colony with mice that have a predisposition to both 

inherited or acquire mtDNA mutations in conjunction with over expression of human α-

synuclein to determine whether inherited or acquired low level variants exacerbates motor, 

cognitive, or pathological features of Parkinson’s disease. 

7.3 Methods 

7.3.1 Mouse selection and breeding 

Mice: Two Male C57Bl/6 PolgAwt/mt mice (Ross, Stewart et al. 2013) were obtained from Dr J 

Stewart and Prof N Larsson at The Max Planck Institute for Biology of Ageing, Cologne, 

Germany. These mice contain a mutation in the exonuclease domain of POLG that results in 

exonuclease deficiency (Figure 7.1). These mice were crossed with two C57Bl/6 wt females 

to generate initial breeding pairs (Figure 7.2). In parallel, two male C57Bl/6 tg(PDGFB-
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SNCA) mice (Masliah, Rockenstein et al. 2000) (Figure 7.1) were purchased from QPS labs 

(Austria) and were also crossed with C57Bl/6 wt females to generate initial breeding pairs of 

that arm of the breeding programme. Subsequent offspring were bred as outlined in Figure 

7.2.
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Figure 7.1. Gene constructs of both the mutant α-synuclein gene and mitochondrial DNA polymerase gamma (POLG).   (A) A 1480 
base pair fragment of human PDGF-b chain gene is situated upstream of a Not I-Sal I fragment sonsisting from 5’ to 3’ of an SV40 splice, 423bp of human 
cDNA encoding full length wild-type a-synuclein and SV40 sequence from the pCEP4 vector providing a polyadenylate signal as previously 
described(Masliah, Rockenstein et al. 2000). (B) A mutation within the gDNA of the murine POLG gene causing an amino acid change from aspartate to 
alanine within the exonuclease domain is present, flanked by loxp flanking sites either side of the exonuclease domain. 
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Figure 7.2. The mouse breeding programme.   Initial breeding pairs of male POLG mutant and a-synuclein mutant mice were bred with female 
C57/bl6 littermates. Offspring with heterozygous mutations in the POLG and synuclein genes were then bred together in generation F1 to generate the final 
four genotypes of mice (F2) that inherit mtDNA mutations (left two genotypes) and those that do not inherit mtDNA mutations (right two genotypes)
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7.3.2 DNA extraction and genotyping  

DNA extraction: Mice were ear notched at 6 weeks of age, and DNA was extracted from ear 

clippings via a rapid lysis protocol consisting of mixing tissue with 100 µl of lysis buffer for 

30 minutes at 95°C, before adding a further 100 µl of 40mmol 

tris(hydroxymethyl)aminomethane (TRIS, ThermoFisher Scientific, UK ). 

POLG genotyping: Was adapted from the method previously published by Ross et al (Ross, 

Stewart et al. 2013) and Trifunovic et al (Trifunovic, Wredenberg et al. 2004); Genotyping 

was performed in a 50 µl total volume reaction; 2µl of extracted DNA was mixed with 10µl of 

GoTaq buffer (Promega Ltd, UK), 5µl of PCR nucleotide mix, 1.26µl of forward and reverse 

primers (10pmol/µl) [F: CTTCGGAAGAGCAGTCGGGTG, R: 

GGGCTGCAAAGACTCCGAAGG], 0.35µl of GoTaq (DNA polymerase) (Promega Ltd, 

UK), 30ul H2O. PCR protocol: 1x 94°C for 60 sec, 30 cycles of [94°C for 30 sec, 60°C for 30 

sec, 72°C for 60 sec], 72°C for 3 minutes. 10µl of PCR product loaded onto a 2% agarose gel; 

65V for 25 minutes. Genotype was determined by PCR fragment length; wt/wt: 520bp, wt/mt: 

720 + 520bp, mt/mt: 720bp (Figure 7.3). 
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Figure 7.3.       Agarose gel electrophoresis results for POLG genotyping.    Results for four 
mice are shown together with positive and negative controls. Wild type mice (+/+) have a 
single ~ 520bp band whereas heterozygous POLG mutant mice (+/d) have a 520bp band plus 
at 700bp. An established POLG heterozygous founder male provided by Dr James Stewart 
(Max-Planck Institute, Germany) was used as a positive control. 

 

SNCA genotyping: Was adapted from that published by Masliah et al (Masliah, Rockenstein 

et al. 2000). Genotyping was performed in a 50µl total volume reaction; 2ul of extracted DNA 

was mixed with 10µl of GoTaq buffer (Promega Ltd, UK), 5µl of PCR nucleotide mix, 1.26µl 

of forward and reverse primers (10pmol/µl) [F:CCAGCGGGGCCGCTCTAGAACTAGTG, 

R: CCAAGGTTGTTAACTTGTTTATTGCAGC], 0.35µl of GoTaq (DNA polymerase) 

(Promega Ltd, UK), 30µl H2O. PCR protocol: 1x 94°C for 60 sec, 30 cycles of [94°C for 30 

sec, 55°C for 30 sec, 72°C for 30 sec], 72°C for 5 minutes.  

10µl of PCR product loaded onto a 2% agarose gel; 65V for 25 minutes. Genotype was 

determined by PCR fragment of 800nt (Figure 7.4). 
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Figure 7.4. Agarose gel electrophoresis results for SNCA genotyping.    Results for five 
mice are shown together with positive and negative controls. Mice containing the human 
SNCA gene are indicated by the presence of a band at ~800bp (+/-), and those that only 
contain the native mouse synuclein gene by the absence of any band (-/-). An established 
SNCA mutant founder male from the initial breeding pair was used as a positive control. 

 

7.3.3 Phenotypic assessment of mice 

7.3.3.1 Mouse handling and housing 

Mice were handled and housed in accordance with the Home Office Code of Practice in 

290x180x160mm cages in a 12hr:12hr  light/dark cycle (active phase 08:00-20:00). The room 

was kept at a temperature range of 19-23°C with humidity at 50% (+/-10%). Both filtered 

water and CRM(P) feed (SDS, UK) were available to all mice at all times. 

7.3.3.2 Weight 

Mice were weighed every month from the age of three months onward using an animal 

weighing scale (Kent scientific, USA). 

7.3.3.3 Rotarod 

Animals were pre-trained on an automated 4-lane rotarod unit (Columbus Inst; Columbus, 

+/-+/--/--/- +/- POS NEG+/-
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Ohio) prior to the first assessment at 3 months of age. Pre-training involved one day of 

habituation with the equipment (10 minutes per mouse), followed by three days of practice 

runs on the rotarod (outlined subsequently). Motor coordination testing was performed using 

an accelerating rotarod protocol by measuring the latency to fall for each animal (Sedelis, 

Schwarting et al. 2001). Briefly, mice were transferred in their home cages to the testing 

room, and acclimatised for 30 minutes. Each mouse undertook 3 trials on the rotarod 

separated by 15 minute inter-trial intervals. The rotarod unit was set on an accelerating 

protocol from 4 to 40rpm in 300 seconds. The time taken for the mouse to fall was measured 

for each animal on each assessment. Mean latency times (seconds) and speed at time of fall 

(rpm) were recorded for each animal (Figure 7.5). This was performed every month from 3 to 

14 months of age for each animal. Subsequent analysis was performed between age and 

genotype matched animals. 

 

Figure 7.5.        An image of mice being tested on the rotarod.    The speed of the rod 
gradually increases until the mice are unable to continue to balance on the rod. They 
subsequently fall, automatically triggering the end of the timing period. 
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7.3.3.4 Mousetrapp 

At 9,12 and 14 months of age, assessment of spontaneous fine motor behaviour was 

performed. Mice were placed for 5 minutes within an acrylic chamber (21cm (I) x 14 cm (w) 

x 15 cm (h)), with the base of chamber being the touch-screen sensitive portion of a Samsung 

Galaxy Tab E Quad Core tablet (Samsung, Suwon, South Korea). MouseTrapp software 

(Neurolytical, Ann Arbor, MI, USA) recording was commenced as the mouse is placed into 

the chamber (Mabrouk, Dripps et al. 2014). The relative position of the contact between the 

mouse paw and screen were recorded in a two dimensional X-Y grid format. These co-

ordinates were converted to the number of steps, stride length, total distance, and position in 

the field at each time point either automatically or manually using R from X-Y coordinate 

data (Mabrouk, Dripps et al. 2014). 

7.3.3.5 Open field test (OFT) 

Were conducted in a 19cm x 35cm x 54cm open field plexiglass chamber at the same 

temperature and humidity as the standard housing conditions of the mice. A camera (Logitech 

HD Webcam C270, Logitech, USA) was suspended 85cm above the centre of the field, and 

data was recorded using QuickTime Player 7 on an Apple Macintosh OSX operating system 

at 25 frames per second (FPS). On day one to three of the experiment, mice were habituated 

to the open field for 10 minutes every 12 hours. On day four, the experiment was conducted, 

and prior to testing, mice were again acclimatized to the testing room for 10 minutes within 

their home cages.  

For testing, mice were transferred from their home cages into the open field and recorded for 

5 minutes. Afterwards the open field was cleaned with 70% ethanol and allowed to dry for 5 

minutes. Subsequently, Tracker Video Analysis and Modelling Tool software 

(https://physlets.org/tracker/) was utilized to track the centre position of each mouse within 
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the field with an automated scaling factor relative to the size of the field. Mouse tracking was 

manually performed when automated tracking failed, with the centre position of each mouse 

recorded at 0.3 second intervals for 5 minutes. Subsequently, an X-Y plot of each mouse 

within the field was utilized to calculate both (a) total distance moved, and (b) centre-time (as 

determined by the proportion of time that each mouse spent within the X-Y co-ordinates of X: 

13.5-40.5cm and Y: 8.75-26.25cm) (Figure 7.6).   

 

Figure 7.6.       Open field testing apparatus and set-up.    Results A: Side view, illustrating 
the camera placed centrally over the open field. B: Aerial schematic illustrating the size of 
both the total field and central field.  

 

A

B
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7.3.3.6 Novel object recognition test (NORT) 

Were again conducted in a 19cm x 35cm x 54cm open field plexiglass chamber at the same 

temperature and humidity as the standard housing conditions of the mice. A camera (Logitech 

HD Webcam C270, Logitech, USA), was suspended 85cm above the centre of the field, and 

data was recorded using QuickTime Player 7 on an Apple Macintosh OSX operating system 

at 25 frames per second (FPS). On day one to three of the experiment, mice were habituated 

to the open field for 10 minutes every 12 hours.  

On day four, mice were acclimatized to the testing room for 30 minutes within their home 

cages before 10 minutes of object exploration time was performed. The objects utilized in this 

exploration phase were two sand filled flasks (which have appropriate features as described 

by Ennaceur et al to act as objects of recognition (Ennaceur 2010) (Leger, Quiedeville et al. 

2013)) (Figure 7.7) and were situated 5cm in from the walls of opposing corners of the cage. 

All experiments were conducted between 08:00am and 12:00pm (Walf and Frye 2007). A 

Perspex sheet was placed under each object with a 2cm radius around each object marked. 

Following the exploration phase, the field and objects were cleaned with 70% ethanol and 

allowed to dry for at least 5 minutes, before the mouse was placed back into it’s home cage. 

Four hours later, one of the objects utilised in the familiarization phase was replaced with a 

different object (Figure 7.7), with the position of the novel object randomized between the 

two corners each time. Again a Perspex sheet was placed under each object with an 

appropriate 2cm margin around each object. Mice were recorded for 5 minutes and viewed at 

a later time. During playback, mice were considered to have ‘explored’ the object whenever 

the mouse sniffed or touched the object (and in which the nose-object distance was less than 2 

centimetres). Climbing onto the object, and chewing the object, together with standing within 

2 centimetres with the nose pointed away from the object were not considered as exploratory 
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behaviour (Leger, Quiedeville et al. 2013). In addition, mice that spent less than 10 seconds 

exploring either object were a removed from the analysis. The total time spent exploring 

either the novel and old object were recorded manually using a stopwatch, and the 

discrimination index (DI) was subsequently calculated. This measure allows discrimination 

between the novel and familiar objects, i.e., it uses the difference in exploration time for 

familiar object, but then dividing this value by the total amount of exploration of the novel 

and familiar objects [DI = (TN  − TF)/(TN + TF)], where TN is the time spent exploring the 

novel object and TF the time exploring the familiar object. This result can range between +1 

and −1, where a positive score indicates more time spent with the novel object, a negative 

score indicates more time spent with the familiar object, and a zero score indicates a null 

preference (Aggleton, Albasser et al. 2010, Antunes and Biala 2012).  

 

Figure 7.7.       Novel object recognition test apparatus and set-up.    The ‘old’ object (top left 
– sand filled container) is shown along with a 2cm margin to define the exploratory field, and bottom 
right the novel object (lego tower), also with a 2cm margin is shown. The position of the novel and old 
object were varied with each run. 
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7.3.3.7 Spectrophotometric assessment 

These assessments performed after culling using a handheld R300 Minolta spectrophotometer 

(Konica, Singapore) which measures the Commission International d’Eclairage (CIE) L*a*b* 

system of colour which was established in 1976, with L* representing the lightness-darkness 

axis, a* the red-green axis, and b* the blue-yellow axis. Prior to the assessment of mice, the 

spectrophotometer was calibrated against a pure white background to ensure that L* values 

were greater than 95.  

Subsequently, 4 mice from each genotype within the study were analysed with triplicate 

measurements from the hind-limb (Figure 7.8) using the spectrophotometer, with the L*, a* 

and b* average taken for each mouse, and ΔL*, Δa*, Δb* determined by subtracting a 

standard matt-black sample. Cohort differences were then determined by the ΔL*, Δa*, Δb* 

between groups together with the total colour difference between groups (ΔE*) as determined 

by the mean ΔE* = [ΔL*2 + Δa*2 + Δb*2]1/2. 
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Figure 7.8.         The areas on mice in which spectrophotometric readings of fur colour 
were taken.     The lower half of the right lower limb was measured using a Minolta 
Spectrophotometer, with the mean of 3 readings taken and utilised for each measurement. 

 

7.3.3.8 Photographic assessment 

At death, mice were photographed to further analyse coat colour. Mice were positioned so 

that the back, side and abdomen could be photographed separately (Figure 7.8), and light was 

standardised and recorded by a light meter (Whitegoods, Light Meter App, USA), with 

photographs taken at both 682 and 982 lux using a Canon 1000D camera (Canon, Toyko, 

Japan). All photographs were taken using lens (Canon 18-55mm lens), with fixed manual 

settings; F5.6, ISO 400, 0.1 seconds), and at a standardised height of 1m above the bench 

(Figure 7.9). 

Photographs were subsequently analysed with ImageJ, with the same areas of the body 

analysed as with the spectrophotometer (Figure 7.9). 

Back

Side



 197 

 

Figure 7.9.      The photographic assessment of mice.    Top – side view illustrating the 
consistent lighting source and position of the camera. Bottom – an aerial schematic of the relative 
positions of the light, lux meter and camera to the mice. 

 

 

7.3.3.9 Culling 

All mice were culled in accordance with home office guidelines (UK, Scientific Procedures 

Act, 1986), and under the study project licence, using isoflurane anaesthesia followed by 

100
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cervical dislocation. Mice were placed within a sealed Perspex box with 50% isoflurane air 

supply for ~ 2 minutes until the mice were rendered unconscious. Mice were then removed, 

and manual cervical dislocation was performed. Death was confirmed by a lack of 

spontaneous breathing or movement. 

7.3.4 Molecular analysis  

7.3.4.1 Post-mortem dissection 

Following death, ~ 1ml of whole blood was extracted directly from a cardiac stab, and the 

heart, ovaries/testes, together with a sample of hindlimb striated muscle were all snap frozen 

in liquid nitrogen. The brain was also removed hemisected immediately, with the following 

structures from one hemisphere sub-dissected; cortex, cerebellum, striatum, hippocampus, 

substantia nigra, and remaining tissue, which were all also snap frozen in liquid nitrogen 

before freezing at -80°C.  

7.3.4.2 Fixing tissue 

The remaining cerebral hemisphere (whole) was placed into 0.4% buffered formalin for 48hrs 

before embedding in wax for histological examination. Brain tissue was subsequently 

sectioned coronally to enable sections of the hippocampus, substantia nigra and cortex to be 

identified. 

7.3.4.3 DNA extraction 

DNA from the cerebral cortex and hippocampus was extracted from frozen tissue using 

Qiagen’s QIAamp DNA Mini Kit as per the manufacturers protocol (Qiagen, USA). Briefly, 

tissue was placed into a 1.5ml epindorf tube and 180µl of ATL buffer (Qiagen, USA) was 

added together with 20µl of proteinase K (Qiagen, USA), which were then mixed thoroughly 

by vortexing, and incubated using a heat block at 56°C for 3-6 hours until completely lysed. 
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Subsequently, 200µl of Buffer AL (Qiagen, USA) and 200ul of 100% ethanol were added and 

vortexed thoroughly. The solution was then pipetted into the DNeasy Mini Spin column n a 

2ml collection tube and centrifuged at 8000rpm for one minute. The flowthrough was 

discarded and the column placed into a new collection tube and 500µl of buffer AW1 

(Qiagen, USA) added before centrifugation at 8000rpm for one minute. This step was 

repeated, with the spin column again placed into a new collection tube, but with buffer AW2 

(Qiagen, USA) added and centrifuged at 14000rpm for 3 minutes. Finally, 100µl of Buffer AE 

(Qiagen, USA) was added to the column, incubated at room temperature for 1 minute before 

centrifuging at 8000rpm for one minute.  

7.3.4.4 DNA quantification 

DNA quantity was determined using the Qubit DNA Standard Assay Kit (Thermo Fisher 

Scientific, USA) as per manufacturers instructions. Briefly, standard concentrations to 

generate a standard curve were performed by mixing Qubit dsDNA HS reagent 1:200 in Qubit 

dsDNA HS Buffer. Subsequently 10µl of Qubit Standard 1 and 2 were added to 190µl of the 

solution, left to mix for 5 minutes, and then read with a QuBit 3.0 Flurometer. Subsequently, 

1µl of each DNA extraction was mixed with 199µl of the Qubit solution and the DNA 

concentration together with A260/280 ratio determined. 

7.3.4.5 Long-range PCR 

Whole mtDNA genome long-range PCR was performed in a 25µl total volume reaction; 1µl 

of extracted DNA was mixed with 5ul of Takara PrimeSTAR GXL buffer (Takara Bio Inc, 

Japan), 5µl of dNTPs, 0.5ul of forward and reverse primers (10pmol/µl) 

[F:CCCAGCTACTACCATCATTCAAGT, R:GAGAGTTTTATGGGTGTAATGCGG], 

0.5µl of Takara PrimeSTAR (DNA polymerase) (Takara, Bio Inc, Japan) 8.5µl  of H2O. PCR 

protocol: 1x 94 °C for 60 sec, 30 cycles of [98 °C for 10 sec, 68 °C for 13 mins, 72 °C for 
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10min]. 10µl of PCR product loaded onto a 0.6% agarose gel; 65V for 40 minutes. The 

presence of deletions was determined by products shorter than 16.5kb in length (Figure 7.18). 

7.3.4.6 Protein extraction 

10-20mg of frozen tissue from each brain region (as indicated) were mechanically 

homogenized using a glass tissue homogenizer (Cole-Palmer, UK) in 100µl of 1 x Phosphate-

buffered saline (PBS) (NaCl 137mmol/L, KCl 2.7 mmol/L, Na2HPO4 10 mmol/L, KH2PO4 

1.8 mmol/L) at pH 7.4. To prevent excessive disruption of synuclein aggregates mechanical 

homogenization was performed gently for ~ 20 seconds. Subsequently the lysed tissue was 

centrifuged at 14000g for 15 minutes at 4°C, and the lysate pipetted out into a fresh epindorf 

and the pellet frozen.  

Subsequently, protein concentration was determined using a Bradford Protein Assay. One part 

Bradford Dye Reagent (Bio-Rad Protein Assay Dye Reagent Concentrate, California USA) 

was diluted with 4 parts sterile water. Each protein lysate was diluted 1 in 10 and 1 in 30 with 

water, and then one microliter of each dilution was mixed with 199µl of the diluted dye 

reagent in triplicate. The results were compared against a standard curve that was generated 

by proportional dilutions of stock 1mg/µl of Bovine Serum Albumin (A6003, Sigma-Aldrich, 

USA) with sterile water to generate 0.05mg/µl – 1mg/µl of protein (Figure 7.10). Ten 

microliters of each of these standard solutions was mixed with 190µl of the diluted dye 

reagent and placed along with the experimental samples into a 96 well plate (Thermo Fisher 

Scientific) and left in the dark for 10 minutes. Subsequently the plate was placed in a UV 

spectrophotometer (Multiskan Ascent Plate Reader (MTX Lab Systems, FL, USA)), with the 

absorbance of each well determined at 595nm.  

To determine protein concentrations from absorbance data, a standard curve as generated 

from the diluted BSA samples (Figure 7.10), and then this was compared against the result 
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from each sample from each original tissue sample. Subsequently, 100µg of total protein was 

normalised at 2-5µg/µl for each brain region, and then these samples utilized for further 

Western blotting and aggregation assays. 

 

Figure 7.10.        The Bradford reagent standard curves for Bovine Serum Albumin 
(BSA).    Top – A regression trendline of normalised data was drawn and it’s equation used to 
calculate protein concentration in tissue homogenates.    
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sterile water. The samples were then boiled at 70°C for 5 minutes in a dry bath incubator. 

Samples were then vortexed for 10 seconds and centrifuged at 8000g for one minute.  

Transfer to a polyvinylidene difluoride (PVDF) membrane was undertaken using the iBlot 2 

Semi Dry Transfer System (Thermo Fisher Scientific).  Each gel was removed from its case 

using a spatula, followed by soaking in Tris Buffer Saline with Tween 20 ® (TBST buffer, 

consisting of 20mM Tris hydrochloride pH 7 (Sigma-Aldrich), 0.5mM NaCl (VWR, 

Lutterworth, UK) and 0.1% Tween 20 (Sigma-Aldrich)) for 1 minute.  IBlot 2 Transfer Stacks 

were used as instructed by the manufacturer. The supplied filter paper was soaked in dH2O 

and the stack assembled as follows; stack-membrane-gel-filter paper-stack.  The P0 protocol 

for mixed molecular weight was used for 7 minutes at a constant 1.3 A. 

Initially following transfer, the membrane was directly soaked in 100ml of 4% 

paraformaldehyde (Sigma Aldrich, UK) with 0.01% glutaraldehyde (Sigma Aldrich, UK) in 

dH20 for 30 minutes to induce cross-linking and improve detection of endogenous α-

synuclein(Lee and Kamitani 2011). The membrane was then washed with TBST buffer and 

then blocked with 5% (w/v) milk in TBST. Following this, the membrane was incubated with 

the relevant primary antibody at 4oC under the conditions indicated in Table 7.1.   The 

membrane was then washed three times for 5 minutes in TBST and then incubated with 

secondary antibody at a 1:2000 concentration for 2 hours at room temperature.  After washing 

three times for 5 minutes in TBST, protein signal was detected by developing with Clarity 

Western ECL Western Blotting substrate (Bio-Rad) for 5 minutes in the dark.  The membrane 

was then imaged using the Amersham Imager 600 (GE Healthcare). Densitometric analysis 

was performed using ImageQuant TL 8.1 software (GE Healthcare). Betactin, a constitutively 

expressed protein, was used to normalize the results and the protein of interest/Betactin ratio 

was calculated.   
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One antibody (mouse monoclonal α-synuclein antibody (Clone 42), BD Biosciences, UK) 

required the utilization of a fluorescent secondary antibody (Goat anti-mouse 800CW, Li-Cor) 

which was incubated in darkness for one hour at room temperature (1:10,000). Subsequently, 

this was analysed on the Odyssey CLx (Li-Cor), using Image Studio 4.0 (Li-Cor), and relative 

intensities of the protein of interest / Betactin ratio calculated.  

7.3.4.8 α-synuclein  aggregation assay 

50µg of normalised protein lysate from each brain region was also utilized to look for the 

presence of protein aggregates. Each protein sample was diluted with 5mg/µl DNAse I 

(Sigma-Aldrich, UK), 1 MTRIS (tris(hydroxymethyl)aminomethane) (pH 8.0) and 100 mmol 

MgCl2 to make a final concentration of the 50µg of extracted protein in 50µg/ml DNAse I, 

50mmol TRIS, and 10mmol MgCl2. This solution was then heated in a dry bath incubator at 

37°C for one hour, before 10% SDS (Sodium dodecyl sulfate solution, Sigma-Aldrich) was 

added in a 1:1 volumetric ratio to the protein solution.  

Each sample was then added to an individual well within a Minifold I manifold 96-well 

filtration/incubation unit. A 0.2micrometer cellular acetate membrane was placed below the 

wells together with filter paper and in sequential layers. Suction was applied using a vacuum 

pump until all of the lysate was drawn through. 

The membrane was subsequently washed five times with TBST before blocking with 5% milk 

for one hour. Thereafter the membrane was incubated overnight with a mouse monoclonal α-

synuclein antibody ((Clone 42), BD Biosciences, UK) at 1:500 concentration, before further 

washing 5 times with TBST for 5 minutes per wash. Thereafter, the membrane was incubated 

with a fluorescent secondary antibody (Goat anti-mouse 800CW, Li-Cor) which was 

incubated in darkness for one hour at room temperature (1:10,000). Subsequently, this was 

analysed on the Odyssey CLx (Li-Cor), using Image Studio 4.0 (Li-Cor).   
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Table 7.1. All antibodies used within the study. Variant All primary and relevant secondary antibodies are shown together with their 
manufacturer details and concentrations.  

Primary antibody Epitope Manufacturer Concentration Secondary antibody Manufacturer Concentration 
Clone 42 / α-synuclein IgG 
(610787) 

All forms of 
synuclein 

DB Biosciences, 
UK 

1 in 2000 IRDye 800CW Goat 
anti-Mouse IgG (H+L) 

LI-COR 1 in 10000 

LB509 Synuclein IgG 
(ab27766) 

Human synuclein Abcam, UK 1 in 1000 P026002-2 Rabbit Anti-
mouse HRP 

 Agilent  1 in 2000 

Actin (a1978) Actin Sigma, UK 1 in 1000 IRDye 800CW Goat 
anti-Mouse IgG (H+L) 

LI-COR 1 in 10000 

P026002-2 Rabbit Anti-
mouse  

 Agilent 1 in 2000 
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7.3.4.9 MRI image acquisition 

MRI images were taken immediately post mortem. Scans were collected on a 7T preclinical 

MRI system (Agilent, DirectDrive system).  Animals were positioned in a cradle, and the 

head placed in a transmit-receive birdcage head coil (inner diameter 39mm, Rapid Biomedical 

GmbH) which was used for all imaging studies. Following scout image collection to confirm 

animal positioning in the scanner, magnet shimming to maximise field homogeneity over the 

brain and power calibration steps, the main series of axial and coronal T2 weighted imaging 

datasets were acquired.  All scans were collected with the same scanning parameters (apart 

from slice orientation) as described below: 

• TR/TE=4000/46ms, 

• Fast spin echo (FSE) sequence, with 8 echoes and 11.5ms inter-echo spacing, 

• Field of view 25.6x25.6mm, 

• Matrix size 256x256 delivering a nominal in-plane resolution of 0.1mm, 

• Slice thickness=1.0 mm, with 20 contiguous slices,  

• Number of averages = 6 

• Sweep width of 60kHz, 

• Total scan time 12mins 56s per orientation. 

7.3.4.10 MRI image analysis 

 

MRI image analysis: Voxel Based Morphometric analysis was performed by Dr Steve 

Sewiak at the University of Cambridge using his own custom scripts. Comparisons were 

made between all combinations of all three genotypes imaged (POLGwt/wt, POLGwt/wt + 
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heteroplasmy, and POLGwt/mt+heteroplasmy) at the Familywise error correction (p<0.05) and 

at the uncorrected thresholds as stated. 

7.4 Results 

7.4.1 Phenotypic data 

7.4.1.1 Morphological outcomes 

 

In total, 58 mice were culled at 14 months of age: (1) POLGwt/mt SNCAwt/mt + inherited 

heteroplasmy: n=12 (M:6, F:6), (2) POLGwt/wt SNCAwt/mt + inherited heteroplasmy n=12 

(M:7, F:6), POLGwt/mt SNCAwt/mt n=9 (M:7, F:2), POLGwt/wt SNCAwt/mt n=9 (M:4, F:5), Wild-

type mice; n=11, (m=2, F=9). Given that all cohorts other than WT mice contained the SNCA 

mutant allele, the groups are subsequently referred to by their POLG genotype and 

susceptibility to having inherited heteroplasmy (Figure 7.2a, 7.11a). 

We observed no premature deaths in any cohort, with all mice living to 14 months of age at 

which point they were culled according to home office guidelines. There was no difference in 

weight between any genotype of mice at any time point (Figure 7.11b), nor any difference in 

the mean rotarod speed or time between any genotype at any age (Fig 7.11c and d). There 

were no gross morphological abnormalities with any individual mice, and the only unexpected 

phenotypic feature was that of fur colour changes in isolated mice ranging from gross sections 

of white fur (n=2 mice) (Figure 7.12), to grey speckling of fur beyond that which would be 

expected in WT mice of an equivalent age (personal communication, animal husbandry 

technicians) (Figure 7.12). We also observed some evidence of over grooming of some 

animals (n=4), within 3 different genotypes (not shown). 
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Figure 7.11. Breeding  outcomes and the results of the rotarod assessments.   IA: The number of mice from each genotype is shown. B: The 
mean and standard error of the mean (SEM) for the weight of each genotype of mice is shown. C: The mean speed and SEM from each genotype on the 
rotarod is shown. D: The mean time and SEM from each genotype are shown.   
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Figure 7.12. Fur colour of different genotypes of mice.   Four male mice are shown. A: a WT C57bl6 male mouse with no mutant POLG or 
inherited heteroplasmy and no mutant SNCA allele (POLGwt/wt, SNCAwt/wt). B: Mutant SNCA allele only (POLGwt/wt/ SNCAwt/mt), C: Mutant POLG 
and mutant SNCA with no inherited heteroplasmy (POLGwt/mt, SNCAwt/mt). D: Mutant POLG and inherited heteroplasmy plus mutant SNCA 
(POLGwt/mt, SNCAwt/mt + heteroplasmy). 
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7.4.1.2 MouseTrapp data 

All POLG genotypes carrying the SNCA transgene showed a reduction in total distance 

travelled, total number of touches and stride length compared to controls at 14 months of age 

(Total P<0.05, ANOVA and post-hoc testing) (Figure 7.13). However, we observed no 

difference between any POLG genotype in any of those parameters at any age (Figure 7.13). 
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Figure 7.13. Results of the MouseTrapp experiments.   Box-whisker plots show the median and inter quartile range (IQR) of teach genotype of 
mice at 9, 12 and 14 months of age for A: Total distance travelled (left panel), B: The total number of touches on the glass in 5 minutes, and C: the stride 
length (cm). Wild-type mice were only tested at 14 months of age. Significant differences between groups in a one-way ANOVA are shown at 14 months of 
age for all measures (#: p<0.01, *: p<0.05), with post-hoc testing results as shown in the text.
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7.4.1.3 Open Field Testing and Novel Object Recognition 

Open field testing showed significant differences between all four POLG genotypes and 

controls in both the total distance moved (p=0.013, ANOVA) and in central field times 

(p=0.002, ANOVA) at 14 months of age (Figure 7.14), with post-hoc testing revealing that 

both POLGwt/mt and POLGwt/wt with a susceptibility to have inherited heteroplasmy had 

significantly reduced total movement within the open field compared to controls (p=0.001, 

and p=0.024, post-hoc LSD). In addition, all SNCA mutant mice with any corresponsing 

POLG genotype or inherited heteroplasmy (POLGwt/mt + het, POLGwt/wt + het, and POLGwt/mt) 

showed significantly reduced central field times compared to both controls (p < 0.05, post-hoc 

testing), and the POLGwt/wt genotype which had no inherited heteroplasmy (p<0.05, post-hoc 

testing) (Figure 7.14). Novel Object Recognition Testing (NORT) however showed no 

difference between any POLG genotype and controls (p=0.172, ANOVA). 
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Figure 7.14. Results of open field testing (OFT).   Panel A shows the mean and standard error of the mean (SEM) for the total distance travelled 
across the entire field for each genotype. Significant differences revealed with post-hoc least squared difference (LSD) testing after one-way ANOVA are 
shown (*; p=<0.05). B. The mean and standard error of the mean (SEM) for the total time in the centre of the open field are shown for each genotype. 
Significant differences revealed with post-hoc least squared difference (LSD) testing after one-way ANOVA are shown (*; p=<0.05). C: A box-whisker plot 
of the discrimination index of each genotype of mice in the novel object discrimination test. No significant differences were observed between groups. 
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7.4.1.4 Fur signal intensity 

To try and determine any additional objective phenotypic features indicative of aging, we 

performed greyscale analysis of the fur colour of each genotype of mouse. This showed no 

difference in the mean signal intensity of fur on either the back or side of any POLG genotype 

compared to controls at both 629 and 982 lux (Figure 7.15 and 7.16). Some differences in the 

minimum and maximum signal intensities were observed between differing POLG genotypes 

at 982 lux, though any genotype rarely differed compared to controls (Figure 7.15). The same 

changes in minimum and maximum signal intensity were not reflected in the data at 629 lux. 

We also did not observe any differences using the spectrophotometer in the colour of fur 

between groups (Figure 7.17). 
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Figure 7.15. Results of fur colour image intensity at 982 lux.   The mean, minimum and maximum signal intensity at 982 lux for all mice at death 
(14 months of age) are shown together with the standard error of the mean (SEM).  A: shows the mean signal intensity from aerial photos, B: the minimum 
signal intensity from aerial photos and C the maximum intensity from aerial photos. D shows the mean intensity from side photos, E the minimum intensity 
of side photos and F the maximum intensity of side photos. Significant differences with post-hoc least squared difference (LSD) testing are shown when 
significant differences (P<0.05) were observed between groups with a one-way ANOVA. (*=p<0.05).  
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Figure 7.16. Results of fur colour image intensity at 629 lux.   Panel A shows the mean and standard error of the mean (SEM) for the total distance 
travelled across the entire field for each genotype. Significant differences revealed with post-hoc least squared difference (LSD) testing after one-way 
ANOVA are shown (*; p=<0.05). B. The mean and standard error of the mean (SEM) for the total time in the centre of the open field are shown for each 
genotype. Significant differences revealed with post-hoc least squared difference (LSD) testing after one-way ANOVA are shown (*; p=<0.05). C: A box-
whisker plot of the discrimination index of each genotype of mice in the novel object discrimination test. No significant differences were observed between 
groups. 

WT
POLGwt/wt

POLGwt/mt
POLGwt/wt+ HET

POLGwt/mt+HET

200

150

100

50

0
WT

POLGwt/wt
POLGwt/mt

POLGwt/wt+ HET
POLGwt/mt+HET

15

10

5

0WT
POLGwt/mt

POLGwt/wt
POLGwt/wt+HET

POLGwt/mt+HET

60

50

40

30

20

10

0

WT
POLGwt/wt

POLGwt/mt
POLGwt/wt+HET

POLGwt/mt+HET

250

200

150

100

50

0WT
POLGwt/mtPOLGwt/mt

POLGwt/wt+HET
POLG wt/mt+HET

80

60

40

20

0
WT

POLGwt/wt
POLGwt/mt

POLGwt/wt+HET
POLGwt/mt+HET

25

20

15

10

5

0

* *

A B C

D E F



 216 

 

Figure 7.17. Results of spectrophotometric analysis.   Each panel shows a box-plot of the values for each parameter of colour assessment (L, A, B 
and E) for each genotype. A one-way ANOVA for each of these 4 assessments was conducted etween all 5 genotypes and revealed no difference between 
them in each instance.
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7.4.1.5 MRI Imaging 

Three genotypes of mice (POLGwt/mt + heteroplasmy, POLGwt/wt + heteroplasmy, and 

POLGwt/wt ) were analysed using Voxel Based Morphometry (VBM) of segmented grey 

matter and white matter images. Using unpaired two-tailed t-tests and controlling for global 

differences in voxel intensity by including the overall mean of voxel intensity as a 

confounding covariate in the design matrix, together with gender and total brain volume, we 

observed significant differences in the POLGwt/wt cohort compared to the other two cohorts 

at the uncorrected level of P < 0.001. Increased T2 signal intensity was observed within 

both the primary motor cortex (Figure 7.17), and within both the anterior aspects of the 

dentate gyrus together with the subiculum and dorsal hippocampal commissures (Figure 

7.17). There were no differences between the two genotypes with inherited heteroplasmy 

(POLGwt/mt + het and POLGwt/wt + het). The analysis of VBM images was performed by Dr 

Steve Sewiak (University of Cambridge). 
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Figure 7.18. Results of voxel based morphometry (VBM).   Panel A Three genotypes of mice were imaged: (1) POLGwt/wt, SNCAwt/mt, (2) 
POLGwt/mt, SNCAwt/mt, and (3) POLGwt/mt+heteroplasmy, SNCAwt/mt. Significant differences between the cohorts are shown using an uncorrected p-
value of <0.001.  
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7.4.2 Molecular and histopathological data 

7.4.2.1 Long-range PCR 

We observed no evidence of mtDNA deletions within either the cortex or hippocampus in any 

POLG genotype (n=4 mice per cohort) or in control mice (n=6), with full-length 16.5kb PCR 

products seen in all samples (Figure 7.19). 

 

Figure 7.19.        Results of long-range PCR of mitochondrial DNA.    The five different 
genotypes of mice are shown, with six control samples and four from each other genotype. No bands 
smaller than 16.5kb were observed. Note that no positive control is shown due to the absence of 
available positive control samples in the lab from murine samples at the time of the experiment. 
Subsequent experiments by others in the group since the above experiment was performed have shown 
that the primers and protocol can detect multiple mtDNA deletions. 
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7.4.2.2 Western blotting 

Across the entire cohort (22 animals; n=4 in each POLG genotype and n=6 controls), total α-

synuclein expression was significantly higher in the hippocampus than the cortex (mean 

cortex: 0.40 (SD=0.14), mean hippocampus: 0.97 (SD=0.17) (p=6.2x10-11, paired t-test)). 

These experiments were performed singularly for each of the 22 samples across those 

genotypes. 

There was no difference in total α-synuclein expression levels between any POLG genotype 

and wild-type controls in the cortex (POLGwt/mt + heteroplasmy; mean = 0.54, SD = 0.22, 

POLGwt/wt + heteroplasmy; mean = 0.41, SD=0.032, POLGwt/mt; mean = 0.36, SD = 0.057, 

POLGwt/wt ; mean = 0.41, SD = 0.10, WT; mean = 0.34, SD = 0.14) (p=0.236, ANOVA) 

(Figure 7.20).  

In the hippocampus there was a strong trend towards differing levels of total α-synuclein 

expression between all genotypes and controls, though this just failed to reach statistical 

significance (p=0.052, ANOVA) (POLGwt/mt + heteroplasmy; mean = 0.89, SD = 0.35, 

POLGwt/wt + heteroplasmy; mean = 1.00, SD=0.282, POLGwt/mt; mean = 1.08, SD = 0.11, 

POLGwt/wt ; mean = 1.16, SD = 0.055, WT; mean = 0.83, SD = 0.13) (Figure 7.20). 

Human α-synuclein was only expressed within the mice carrying the PDGFB-SNCA mutation 

with no expression observed in control mice as expected (Figure 7.19), and within mice 

expressing human α-synuclein gene, the same trend was observed as with total synuclein, 

with significantly increased levels of expression within the hippocampus compared to the 

cortex (cortex: mean = 0.46 (SD=0.12), hippocampus, mean=0.75 (SD=0.18) p=4.57x10-7, 

paired t-test). 
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Again there was no difference in the level of expression between all four POLG genotypes 

that possessed the α-synuclein mutations in either the cortex (p=0.11, ANOVA), or 

hippocampus (p=0.306, ANOVA) (Figure 7.20).  

 

Figure 7.20.         Western blots of both total a-synuclein  (A) and human  α -synuclein 
(B).    The five different genotypes of mice are shown, with six control samples and four from each 
other genotype. A: The top band shows the beta actin control (42Kda), and total α-synuclein (17Kda). 
B:  The top band again shows the loading control of beta actin, and the bottom band human a-
synuclein. No expression of human a-synuclein could be seen in WT control mice (as expected)
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Figure 7.21. Results of α-synuclein expression between genotypes.   All panels show the mean and standard error of the mean (SEM) of either 
human or total α-synuclein expression (as indicated) normalised against beta-actin expression. A: shows total α-synuclein expression in the cortex, B: shows 
human α-synuclein expression in the cortex (note that WT mice showed no expression and are thus not represented). C: shows total α -synuclein expression 
in the hippocampus, D: shows human α-synuclein expression in the hippocampus. No significant differences were observed. All experiments were single 
assessments of individual samples.
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We subsequently grouped mice into those that have a predisposition to generate somatic 

mutations (heterozygous POLG mice (POLGwt/mt) (n=8)) and mice that do not have a 

predisposition to generate somatic mtDNA mutations (homozygous wild-type POLG mice 

(POLGwt/wt) (n=8), and compared these two groups against controls. This revealed a strong 

trend towards a significant difference in total α-synuclein expression within the hippocampus 

(p=0.051, ANOVA), with the highest levels observed in mice that do not generate somatic 

mutations (POLGwt/wt; mean = 1.40 (SD= 0.20), POLGwt/mt mice; mean = 1.24 (SD= 0.12), 

WT mice; mean = 0.83 (SD= 0.13)), though there was no trend towards significance within 

the cortex (p=0.339, ANOVA).   

When comparing only human α-synuclein expression between those that have a 

predisposition to generate somatic mutations and those that do not, we observed no difference 

in expression between cohorts within the hippocampus (p=0.12, unpaired t-test), but did see 

increased expression in the cortex of mice that do not generate somatic mitochondrial DNA 

mutations (p=0.018, un-paired t-test) (POLGwt/wt; mean = 0.53 (SD= 0.11), POLGwt/mt mice; 

mean = 0.39 (SD= 0.09).  This difference in expression may have been mediated by a shift 

towards lower expression of human α-synuclein compared to native mouse synuclein in the 

cortex of mice generating somatic mutations (p=0.086, unpaired t-test) (Figure 7.21).  
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Figure 7.22. Results of α-synuclein expression between mice that generate heteroplasmy and those that do not.   All panels show the mean 
and standard error of the mean (SEM) of either human or total α-synuclein expression (as indicated) normalised against beta-actin expression. A: shows total 
α-synuclein expression in the hippocampus (blue) and cortex (green), B: shows human α-synuclein expression in the cortex and hippocampus. C: shows the 
ratio of total α-synuclein expression to human α-synuclein expression in the hippocampus and cortex. Significant differences (unpaired t-test, p<0.05) are 
indicated by a *).
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We also performed bivariate linear regression analysis to look for correlates between both 

human and total α-synuclein expression in the cortex and hippocampus with phenotypic 

metadata (OFT total distance, OFT central time, Novel Object Recognition Time and rotarod 

speed at 14 months of age). The only correlation that survived multiple testing (corrected p 

value = 0.0125) was the correlation between novel object exploration time and human α-

synuclein expression in the hippocampus in mice that did not have any mitochondrial DNA 

heteroplasmy (POLGwt/wt (p=0.007, Pearson’s product moment correlation coefficient, R2 = 

0.986) (Figure 7.22 and 7.23). 

7.4.2.3 Aggregation assay 

Given that clinical synucleinopathies occur in the presence of synuclein aggregates 

(Spillantini, Schmidt et al. 1997), we aimed to determine whether we could detect evidence of 

any synuclein aggregates in any genotype of SNCA mutant mouse or in controls. Other than 

the positive control, we observed no evidence of α-synuclein aggregation within the cortex of 

any animal (Figure 7.24). 
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Figure 7.23. The correlation between total α-synuclein expression and clinical phenotypic measures of individual mice.   All panels show 
the relevant phenotypic measure for individual mice on the x-axis and the expression of total expression on the Y-axis. The genotype of each mouse is 
indicated by a coloured symbol. Linear regression modelling was performed for each genotype for each measure and significant results (Pearson’s product 
moment p-value < 0.05 at the corrected threshold) shown where appropriate.  
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Figure 7.24. The correlation between human α-synuclein expression and clinical phenotypic measures of individual mice.   All panels 
show the relevant phenotypic measure for individual mice on the x-axis and the expression of total expression on the Y-axis. The genotype of each mouse is 
indicated by a coloured symbol. Linear regression modelling was performed for each genotype for each measure and significant results (Pearson’s product 
moment p-value < 0.05 at the corrected threshold) shown where appropriate.  
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Figure 7.25. The results of α-synuclein aggregation assay.   Each well (circle) represents protein extracted from the cortex of a single mouse, which 
are then clustered by genotype (indicated by boxes). A positive control shows the presence of α-synuclein on the membrane. No other samples showed 
evidence of any aggregated α-synuclein.   
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7.5 Discussion 

7.5.1 Breeding programme 

To try and model the interaction between low-level inherited mtDNA mutations and/or 

acquired somatic mutagenesis of mtDNA consistent with the potential paradigms of human 

aging, we decided to use the POLG D257 mutant mouse in the heterozygous state rather than 

in the homozygous state (which is otherwise known as the ‘mutator mouse’) (Trifunovic, 

Wredenberg et al. 2004). We utilized these genotypes for several reasons. Firstly, the lifespan 

of the mutator mouse is approximately 9 months of age (Trifunovic, Wredenberg et al. 2004, 

Kujoth, Hiona et al. 2005), and this is prior to the expected onset of phenotypic changes and 

neuropathology within the PDGFB-SNCA mouse (Rockenstein, Mallory et al. 2002, 

Chesselet and Richter 2011). Secondly, we used both the offspring of heterozygous females 

and heterozygous male mice as both the ‘inherited’ and ‘acquired’ genotypes respectively 

given that work from the Larsson lab revealed them to have a somatic mutation rate roughly 

equivalent to twice that of wild-type mice (Ameur, Stewart et al. 2011), which is more 

analogous to the relatively low level rises in heteroplasmy observed in the brain of humans 

with age (Wei, Keogh et al. 2017). Thirdly, working with homozygous POLG mutant 

‘mutator’ mice often show less than Mendelian inheritance and poor fecundicity (personal 

correspondence), and in-keeping with the 3 Rs of animal testing 

(http://www.nc3rs.org.uk/ARRIVE) we wished to minimise the number of mice utilised in 

this study and ergo worked with heterozygous mice. Fourthly, we wished to utilize a mouse 

strain that expressed a native form of human α-synuclein that recapitulates the wild-type 

human protein conformation seen in adult humans with Parkinson’s disease. Finally, our 

initial primary motor end point was that of a change in rotarod speed or time, and for which 

we had an 80% power to see a 20% difference in speed by that age based on previous data 

using the same SNCA mutant mouse model (Masliah, Rockenstein et al. 2000).  
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7.5.2 Phenotypic data 

We observed no difference in the weight of mice between with POLG genotype or inherited 

heteroplasmy status. There did however appear to be a subjective trend towards a more 

similar weight within cohorts that inherited their POLG and SNCA alleles from the same 

maternal or paternal lineages (Figure 7.11), with mice born to POLG heterozygous mothers 

appearing to be lighter than those born to POLG heterozygous fathers.  This difference was 

not statistically different at any age (un-paired t-test) (Figure 7.11), and in-keeping with 

general observations over the 14 month breeding programme, we conclude that there were 

no gross morphological or physical differences between any genotypes of mice with 

carrying the SNCA transgene.  

The observation of highly atypical patches of white fur on two mice with inherited 

heteroplasmy (one POLGwt/wt and one POLGwt/mt (not shown)) prompted the investigation of 

whether there were significant differences in fur colour between cohorts. We did observe 

some differences in the maximum and minimum signal intensities at one level of 

illumination (982 Lux), detecting that mice with inherited heteroplasmy had both lower 

minimum signal intensities (in-keeping with a lighter colour), and higher maximum signal 

intensities (in-keeping with a darker colour). The possibility that fur colour may be a 

biomarker of genotype, and potentially therefore reflect the severity of the underlying 

neuropathology is intriguing, as lighter human hair colour is strongly associated with the 

risk of developing PD (Gao, Simon et al. 2009). In addition, skin melanoma risk is strongly 

associated with the development of Parkinson’s disease and vice-versa (Liu, Gao et al. 

2011). Whilst the mechanism between this association is unclear, there is putative biological 

rational to associate the two conditions given that dopamine, like melanin, is synthesized 

from the amino-acid tyrosine, and that impairment of this synthesis pathway may result in 

both impaired melanin in the skin and hair and also within the substantia nigra which are 
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strongly enriched with neuromelanin (Good, Olanow et al. 1992). However, the findings in 

our mice must be interpreted with caution given the lack of replication at 682 lux and the 

lack of significant difference to controls mean that these changes that suggest that the 

presence of inherited heteroplasmy may predispose to changes in fur pigmentation can only 

be considered preliminary, but further studies addressing the level of melanin within the fur 

from transgenic mice may be an interesting avenue of further exploration. 

Our primary motor end-point for the study was a difference in speed and time spent on the 

rotarod, and we calculated that we had an 80% power to detect a 20% change in rotarod 

performance prior to the commencement of the study. Whilst we observed a general 

decrease in maximal speed and total time with age (as is expected) there was no difference 

in speed or time between any POLG genotype at any age. Whilst we therefore must 

conclude that there was no difference in rotarod ability between genotypes, several factors 

must be acknowledged with regard to this result. Firstly, the rotarod test is established as a 

measure of co-ordination, being most sensitive to detect cerebellar dysfunction rather than 

changes in strength or other motor features (Shiotsuki, Yoshimi et al. 2010), and cerebellar 

pathology is not a feature of the PDGFB-SNCA mouse (Chesselet and Richter 2011). In 

addition, the sensitivity of rotarod performance to detect motor deficits is strongly 

dependent on the individual task and protocol used (Pallier, Drew et al. 2009). 

Speculatively, the frequent testing of rotarod performance employed in this study (monthly) 

may have functioned as inadvertent ‘training’ thus improving improve rotarod performance 

(Scholz, Niibori et al. 2015), retaining functional capacity despite the presence of increased 

α-synuclein deposition (Scholz, Niibori et al. 2015).  

Activity level in the open field test (OFT) (measured by total distance travelled) revealed 

that mice with a susceptibility to inherit heteroplasmy (irrespective of their POLG genotype) 
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travelled less far during the 5 minute period than control mice. The OFT is an extremely 

useful modality to assess locomotive impairment and general exploratory behaviour in 

mouse models of neuromuscular disorders (Raben, Nagaraju et al. 2000, Tatem, Quinn et al. 

2014). It is also a reasonable surrogate of the six-minute walk test in humans (Grounds, 

Radley et al. 2008, Kobayashi, Rader et al. 2012) which has shown some correlation with 

the clinical severity of PD in humans (Falvo and Earhart 2009). Taken together, our data 

suggest that the inheritance of some baseline heteroplasmy exacerbates this locomotor 

impairment. Central field time also revealed that mice with inherited heteroplasmy and 

those that generate somatic heteroplasmy show reduced central field time compared to 

controls and PDGFB-SNCA mice without heteroplasmy. Central field time in the open field 

test is a reliable marker of anxiolysis (Prut and Belzung 2003), with reduced central field 

time indicative of increased levels of anxiety (Gould 2009). Taken together our data suggest 

that the presence of either inherited or acquired heteorplasmy exacerbate anxiolysis in 

PDGFB-SNCA transgenic mice. 

Given that the OFT can be confounded by several factors such as circadian rhythm of the 

mice, intercurrent illness, and genetic background (Walsh 1976), we carefully controlled for 

these factors by performing all assessments at a standardised time of the day, and by 

ensuring that all POLG genotypes were created from both the maternal and paternal 

inheritance of each mutant allele and the same background C57bl/6 strain (Tatem, Quinn et 

al. 2014). Our results also suggest that unlike the human A53T mutant mouse model of PD 

in which mice showed less anxiety related behaviour compared to controls (Giasson, Duda 

et al. 2002), mtDNA mutations in combination with wild-type human α-synuclein may be a 

better model of PD related anxiety.  
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We did not observe any difference in the novel object recognition test (NORT) performance 

between the genotypes suggesting no difference in the short-term memory abilities of the 

different genotypes of mice (Antunes and Biala 2012). This task is highly dependent upon 

the performance of the perhinal cortex and to a lesser extent the hippocampus (Reger, 

Hovda et al. 2009, Goulart, de Lima et al. 2010, Warburton and Brown 2015). Whilst we 

detected a trend towards significant differences in both total and human α-synuclein 

expression within the hippocampus between genotypes (see below), these pathological 

changes were not reflected in the performance in the novel object recognition test, 

suggesting that α-synuclein deposition may not proportionally impair working memory in 

mice. However, it should be noted that whilst the OFT is a commonly used assessment to 

detect anxiety, previous studies of different transgenic α-synuclein mice have observed that 

the behavioural phenotype can only be captured in an elevated maze test and not an open 

field test (George, Mok et al. 2010), and other models have shown that significant 

hippocampal impairment only results in the presence of the aggregated form of protein 

(Hall, Yang et al. 2015), which was not present in our study (see below). In addition, our 

observation that in the absence of mtDNA mutations a strong negative correlation between 

novel object exploration time and hippocampal human α-synuclein expression was observed 

may also suggest that human α-synuclein deposition only impairs hippocampal function in 

the absence of mtDNA mutations. Therefore, mtDNA mutations may promote phenotypic 

heterogeneity in memory performance via an as yet unknown mechanism. This however is 

largely speculative and further work would be required to support such a hypothesis. 

7.5.3 MRI imaging 

The PDGFB-SNCA transgenic model of Parkinson’s disease (Masliah, Rockenstein et al. 

2000) is known to exhibit the highest level of expression of α-synuclein within the 

hippocampus, followed by the neocortex and olfactory cortex (Rockenstein, Mallory et al. 
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2002), with low levels in the cerebellum, substantia nigra and brainstem compared to other 

overexpression models of synuclein (Rockenstein, Mallory et al. 2002). The model is also 

known to reduce TH+ terminals in the striatum (Masliah, Rockenstein et al. 2000, Clark, 

Clore et al. 2010). VBM revealed a significant difference in signal in the hippocampus and 

primary motor area suggestive of increased volume in the POLGwt/wt group with no 

inherited heteroplasmy compared to the two cohorts with inherited heteroplasmy (POLGwt/mt  

and POLGwt/wt). The suggestion that mice that are not exposed to mtDNA heteroplasmy 

have increased volumes of their hippocampi and primary motor cortex may suggest the 

mechanism by which the POLGwt/wt mice without inherited mtDNA mutations perform 

better in the open field test compared to other genotypes, although the relative importance 

and role of this region of the brain in the performance in such task is unknown.  

However whilst most common interpretation of VBM results is the inference of volumetric 

changes, several factors that affect T2 signal intensity can be erroneously interpreted as 

changes in volume (given that they alter signal intensity) such as iron deposition, oedema, 

inflammation, necrosis and protein deposition (Schenck 1995, Deoni 2010). Additional 

factors such as subtle changes in the orientation and local field changes in image acquisition 

in the MRI scanner together with the segmentation and registering process can also create 

artefactual differences with VBM (Ashburner and Friston 2000, Jubault, Brambati et al. 

2009), although we tried to mitigate against this by performing standardized scans using the 

same protocol in the same scanner. 

Finally, VBM also suffers from a problem of multiple comparisons. To assess statistical 

significance, we used an adjusted p-value of 10-3 which is similar to approaches in human 

subjects (Rohrer, Ridgway et al. 2010). Our threshold is likely to limit the number of false 

negative results, but may increase the rate of false positive discovery (Ashburner and 
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Friston 2000). However, the clear anatomical correlation with the most prominent area of 

established neuropathology within the PDGFB-SNCA mouse model (Masliah, Rockenstein 

et al. 2000, Rockenstein, Mallory et al. 2002) and the absence of any significant differences 

between groups using opposite contrasts suggest that we can have a high degree of 

confidence in the results. 

7.5.4 Molecular and pathological analysis 

Long-range PCR observed no evidence of deletion formation within the brain. This is in 

contrast to previous studies which showed evidence of multiple mtDNA deletions within the 

neocortex and hippocampus but not in the cerebellum using both an overexposed southern 

blotting technique and LR-PCR in heterozygous POLG D257 mutant mice (Fuke, Kametani 

et al. 2014). These authors however also observed low level deletions within control mice, 

and the differences between our studies may be due to differences in the sensitivity of the 

techniques used to detect deletions, or due to the lox-p flanked D257 POLG mutation in our 

model compared to that used Fuke et al (Fuke, Kametani et al. 2014). 

Surprisingly we found no difference in the absolute level of total α-synuclein expression in 

the cortex or hippocampus of any SNCA genotype compared to controls. However, as 

expected, human α-synuclein was only observed in the PDGFB-SNCA transgenic mice. 

Given that the PDGFB-SNCA retains it’s native mouse α-synucelin gene (Masliah, 

Rockenstein et al. 2000), these data suggest that the expression of human α-synuclein 

significantly represses the expression of native mouse α-synuclein within the hippocampus 

and cortex, ostensibly replacing it with human α-synuclein. Further work will aim to 

determine the exact quantity of mouse α-synuclein expression that remains which is of 

interest given the propensity of a mix of α-synuclein from two species to reduce the 
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likelihood of aggregation (Fares, Maco et al. 2016, Luk, Covell et al. 2016) and the degree 

of pathology in mice (Cabin, Gispert-Sanchez et al. 2005). 

Whilst we did not observe any difference in human α-synuclein or total α-synuclein levels 

between any of the 4 genotypes, we did observe significant differences when grouping mice 

by the presence or absence of the heterozygous mutant POLG allele. This revealed that mice 

with a heterozygous POLG mutation (and thus mice that have a predisposition to produce 

somatic heteroplasmy) showed a reduction in human α-synuclein expression in the cortex, 

with a trend towards increased expression in the hippocampus. These data are compelling 

given that the SNCA and POLG alleles within these cohorts were inherited from both 

parents, reducing the risk that background strains could be modifying this effect 

(Doetschman 2009). At present, our data is insufficient to explain this observation, but they 

suggest that impairment of mtDNA replication (rather than the presence of mtDNA burden 

per se) may reduce human alpha-synuclein expression in the cortex and therefore the 

acquisition of somatic mtDNA mutations may be protective within that brain region. 

The mechanism mediating this is however unclear and warrants further study. However, a  

hypothesis may be generated from existing published data. For example, impairment of 

POLG activity in the mouse brain of homozygous POLG D257 carriers showed that of the 

top 20 differentially expressed proteins compared to WT mice, 15 were in the mitochondrial 

respiratory chain as perhaps may be expected (Hauser, Dillman et al. 2014). However, the 

top three non-respiratory chain proteins with differential expression were AP2A1, CRYM 

and GSTM1, and all three have been associated with α-synuclein metabolism or transport, 

or dopaminergic cellular impairment: AP2A1 (Adaptor-related protein complex 2, alpha 1) 

is a critical protein present in the wall of clathrin vesicles, and impairment triggers 

dystrophic changes in domapinergic axons (Cao, Wu et al. 2017). CRYM (crystalline) is 
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one of the most up-regulated genes induced by viral-vector mediated α-synuclein expression 

in the brain of rats (Qin, Buckley et al. 2016), and genetic variants in GSTM1 (Glutathione 

S-Transferase Mu1) have been associated with the development of PD (Ahmadi, Fredrikson 

et al. 2000), together with the common feature of reduced glutathione concentration in the 

post-mortem brain of patients (Sofic, Riederer et al. 1987). Whether dysregulation of the 

expression of these genes occurs in the context of a heterozygous POLG mutation too 

remains unclear and will be determined by future experiments, but may explain potentially 

differing levels of α-synuclein expression between genotypes. 

Finally, we observed no aggregates of α-synuclein in any genotype or controls using our 

aggregation assay. Whilst small aggregates can be seen histologically in the brain of 

PDGFB-SNCA mice, whether either a sufficient amount, or large enough aggregates 

(Poehler, Xiang et al. 2014) are able to be detected by our assay is unknown. Further 

histological examination should help prove informative, and further mouse-crosses using the 

PDGFB-SNCA allele on a background strain that has removed the mouse endogenous 

murine α-synuclein gene may also provide valuable information given the ability of 

different strains of α-synuclein to reduce aggregation ability (Fares, Maco et al. 2016, Luk, 

Covell et al. 2016). 
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Chapter 8 

Final discussion 

Whilst the data derived in each chapter was discussed in turn, herein I provide an over-

arching discussion of the whole body of work and it’s relevance to the field of 

neurodegenerative disease research. 

Chapter 2: The central dataset of this study was derived from tissue samples contained 

within four centres of the MRC Brain Bank (The University of Oxford, Kings College 

London, Newcastle University and Edinburgh University). Brain Bank donations nationally 

number only a few hundred per year but offer a unique resource for the study of 

neurological disorders and the central processes of neurodevelopment and degeneration. 

Whilst in-vitro studies and animal studies can recapitulate some components of disease 

phenotypes and pathology, the ability to observe and study neurological disorders within 

human tissue offers the unique possibility to study cellular specific responses to disease 

within their native tissue. 

To date, the MRC Brain Bank curates clinical data together with relevant neuropathological 

data at all sites. While extensive data is collected, much is largely historical, with several 

clinical and pathological diagnoses and assessments having been made several decades ago, 

often having not been revisited to challenge or investigate a particular putative diagnosis. 

This means that several more recent neuropathological molecular techniques which may 

suggest a specific genetic aetiology have often not been undertaken. In addition, the life 

expectancy of the parents and grand parents of elderly individuals who died 10-20 years ago 

(and who are therefore present within the brain bank) was significantly shorter than the 
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current life expectancy of adults. This means that familial cases within the MRC brain bank 

may not have been able to be identified from a family history due to death prior to the onset 

of symptoms. They may therefore have been erroneously considered as sporadic in nature 

further reducing the putative rationale to look for genetically mediated forms of disease.  

The work in Chapter 2 of this thesis used a multi-modal sequencing approach in order to 

detect single nucleotide variants, small exonic insertions, deletions, small and large copy 

number variations, the C9orf72 hexanucleotide repeat expansion and the APOE genotype of 

1511 cases within the MRC Brain Bank. This data is now available to download and is 

becoming incorporated and cross-referenced with the MRC Brain Bank metadata within 

their archive. This will result in the first genetically stratified brain tissue resource in the 

world (to our knowledge), and it is an extremely satisfying achievement to have produced 

this. 

The data in Chapter 2 also identified at least 61 cases of monogenic disease, and 349 with 

risk factors across case and control cases. The thorough clinical assessment of variant 

pathogenicity and the curation of previously calculated statistical associations with disease 

for over 400 variants in 1500 individuals was a huge challenge, but now provides a 

framework for variant interpretation both within the brain bank and as a reference resource 

for the greater community. As new genes are identified as causing or contributing to 

neurodegenerative disorders, the variant interpretation data can be re-interrogated and added 

to at regular intervals. Such a resource has not to our knowledge been provided before. In 

particular, the identification of a spectrum of ages of control individuals carrying risk factor 

alleles is likely to help facilitate our understanding of the interaction of these risk variants 

with the process of aging, which remains the biggest risk factor for almost all 

neurodegenerative diseases. 
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To organize and co-ordinate sample selection and shipment, finalize appropriate metadata, 

liaise with all sites to ensure data homogeneity, ensure that all data storage was 

appropriately coded and anonymised, and ensure that all tissue and data was stored and 

accessed in accordance with all relevant guidelines was a huge challenge. This study also 

involved a lot of additional work that isn’t directly reflected in the thesis, for example, 

organizing upgrades to the computational infrastructure and storage (involving procuring 

additional nodes for the computer cluster, data storage and programme licences). The co-

ordination of vast quantities of resulting data from exome sequencing, SNP genotyping and 

APOE genotyping together with the C9orf72 data was a huge logistical and technical 

challenge. Subsequent data quality control was extensive, and variant interpretation and 

cross-referencing was complex, together with the incorporation of this data into statistical 

models and tests to understand genotype-phenotype correlations and interactions.  

This resource will however now enable tissue selection to be stratified by genetic 

background. This offers the possibility both to select individuals with rare variants and also 

exclude cases carrying rare variants from studies of ostensibly sporadic disease. In addition, 

the dataset also offers the possibility for researchers to cross-reference novel alleles to either 

confirm or refute pathogenicity in clinical cases; something often not possible from large 

control datasets of young individuals such as the Exome Aggregation Consortium (Lek, 

Karczewski et al. 2016). I have also received personal communication from at least two 

brain banks that they are now going to begin to collect additional non-CNS tissues (such as 

blood, muscle, skin, and possibly hair) in order to facilitate the ability to investigate the 

transcriptomic and metabolomic changes that result within the CNS and peripheral tissues 

as a consequence of the genetic variation we have now captured. This should significantly 

improve the utility of brain banks for the scientific community in the future. 
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Chapter 3: Following careful curation of variants in order to determine pathogenicity in 

Chapter 2, we proceeded to investigate whether combinations of variants may increase the 

risk of developing neurodegenerative disorders. However, it immediately became apparent 

when re-examining the data to identify individuals with two or more variants in an unbiased 

manner, that the majority of cases identified were those in whom we had already identified a 

monogenic case of disease. This observation led to the development of the work in Chapter 

3. We firstly observed that the presence of two variants conferred a high sensitivity and 

specificity to detect individuals with a monogenic case of disease or a disease risk factor. 

Given that the majority of genes that cause neurological disorders are highly conserved 

(Samocha, Robinson et al. 2014, Lek, Karczewski et al. 2016), i.e. that they show little 

genetic variation within the population due to their propensity to cause disease and therefore 

are selected against by natural selection, it perhaps stands to reason that the presence of 

more than one variant therefore increases the chances that at least one of these variants 

causes or contributes to disease. Conversely, thinking of the problem from the alternative 

perspective (as presented in Chapter 3), monogenic individuals must have at least one 

variant that causes disease, and if they also have the same background rate of benign 

polymorphic variation as the rest of the population, then a reasonable proportion of 

monogenic individuals will have at least two variants. The odds of this scenario are 

significantly higher than of an individual having two benign variants. Through Chapter 3 we 

showed that this was indeed the case, with almost all oligogenic individuals having a single 

established pathogenic allele alongside a benign variant or variants. We are therefore not 

only the first to highlight this systematic bias that may have taken place in previous studies 

of oligogenic disease mechanisms, but we also confirmed this hypothesis by re-examining 

the data by Cady et al (Cady, Allred et al. 2015). In addition, we defined the sensitivity and 

specificity for an oligogenic status to suggest the presence of a genetically mediated case of 
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disease across a spectrum of neurodegenerative disorders and gene panels, which is entirely 

novel data.  

Whilst not discussed extensively within the chapter, we are also aware of the potential for 

these findings to facilitate clinical diagnostics. For example, the presence of more than one 

variant within the panels we have used should immediately alert the clinician to the 

potential that said individual may have a monogenic case of disease or disease risk factor. 

Larger scale sequencing studies (such as Genomics England’s 100,000 Genomes Project), 

will be able to further define the accuracy of this approach as they develop robust well 

phenotyped cohorts of common disorders. It is however important to bear in mind that gene 

panels that are extremely large and encompass multiple genes including those with a high 

degree of natural benign polymorphic variation (lower conservation) will be unlikely to 

observe the same enrichment of monogenic variants within oligogenic individuals. In such 

large panels, almost all individuals within the population will carry at least two variants, 

thus meaning that the sensitivity would be 100%, but the specificity extremely low. 

Therefore, the positive predictive and negative predictive values are important to define at 

the panel level within case and control individuals in order to determine their ability to 

suggest the presence of a highly penetrant allele or risk factor.  

Chapter 4: During the course of my research Fellowship, the hypothesis that somatic 

variation could contribute to causing non-cancerous disorders began to gather significant 

momentum (Poduri, Evrony et al. 2012, Poduri, Evrony et al. 2013, Cai, Evrony et al. 

2015). Next-generation sequencing paradigms employed to call somatic variants almost 

invariably involve a paired tissue of interest (normally cancer / tumour) and normal tissue 

(either macroscopically healthy tissue from the same organ, or blood). Our central study of 

brains from the MRC Brain Bank only utilized a single sample from each individual, which 
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was in most instances extracted from brain. This meant that detecting somatic mutations 

was extremely technically challenging from a single sample with no comparative ‘normal 

tissue’ to compare to. We therefore developed a novel strategy that built upon previous 

studies that arose during the course of my Fellowship (Genovese, Kahler et al. 2014). The 

first step involved the re-alignment and calling of the FASTQ files from the MRC dataset 

using a GATK pipeline as this was suggested to have the best ability to detect somatic 

alleles (as determined by those of intermediate allele frequencies inconsistent with either 

homozygous or heterozygous mutations) (Genovese, Kahler et al. 2014). This involved 

utilizing GATK Perl scripts that I had used during previous projects (Keogh, Pyle et al. 

2015, Keogh, Steele et al. 2015) (but was performed by Dr Wei Wei) in order to generate 

new BAM files. Thereafter, we collated both reference BED files of known structural 

variation and incorporated those from our SNP genotyping data as performed in Chapter 2.  

Thereafter, we required a method to decipher between alleles at established positions of 

mis-mapping (in which variable variant allele frequencies are common) and true somatic 

mutations. To do this we used a programme that ostensibly tested the observed VAF against 

the distribution of variant allele frequencies from > 300 other individuals within the dataset 

(DeepSNV) (programming performed by Dr Wei Wei). Following this we confirmed the 

accuracy of this approach by performing validation using both amplicon and 

pyrosequencing. 

The development of this pipeline was a significant undertaking, and led to the detection of 

22 validated alleles. Given that these alleles were at a relatively high variant allele 

frequency, we suggest that they were likely to have arisen during early embryogenesis, 

especially given the distribution of allele frequencies observed consistent with their 

acquisition during the first or second cell divisions (12.5% and 25% VAF). The frequency 

of these mutations were also closely consistent with those recently described in a similar 



 244 

experiment using whole-genome sequencing, giving us high confidence in our findings (Ju, 

Martincorena et al. 2017). However, with only single samples from each individual, we 

cannot confirm that these mutations were not focal, and present in only the region of the 

brain from which the DNA was extracted. None the less, our data still show that at last 1% 

of individuals have a high frequency protein coding mutation in at least one region within 

the brain, and this significantly changes our understanding of the genetic architecture of the 

human brain and the potential for somatic mutations to cause or contribute to disease 

susceptibility. 

Whilst we did not observe any mutations in genes that are known to cause neurological 

disorders, the profile of the variants, irrespective of their aetiology, was consistent with a 

lack of the same selection pressures that are present within the germline which limit the 

development of de novo mutations in highly conserved genes (Samocha, Robinson et al. 

2014, Lek, Karczewski et al. 2016). This suggests that somatic mutations in highly 

conserved genes are more likely to arise somatically within the brain than within the 

germline, and therefore, somatic mutations offer the potential to be an underappreciated 

cause of neurological disorders. 

Further studies are of course required to adapt and improve the calling algorithm that we 

developed. Secondly, additional work should aim to confirm the potential utility of our 

approach to detect somatic variants in whole genome sequencing (WGS) which is likely to 

be the most frequently employed sequencing methodology in clinical practice for the next 

decade. In addition, determining the ability of peripheral blood samples to detect somatic 

mutations that are also present in the brain is of vital importance in order to define both the 

diagnostic utility of blood samples to determine neurological mosaicism, and also to 

confirm the origins of the somatic mutations during embryogenesis. An additional important 
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area that requires further investigation is the development of assays or experimental 

processes that can help model somatic mutations. Whilst we can suggest through either 

clinical, bioinformatic or in vitro work that mutations in the hetero or homozygous state 

may cause disease, the thresholds for the proportions of cells required containing these 

mutations to influence disease pathogenesis are unknown. Further models are required in 

order to test the likely effect of somatic mutations within the brain and warrant additional 

focus. 

Chapter 5: In the fifth chapter of this thesis we investigated the potential that copy number 

variants within the genome may be associated with particular forms of neurodegenerative 

disorders. Previous experimental platforms have used SNP genotyping arrays with SNPs 

relatively evenly distributed across the genome, with the majority of SNPs present within 

non-coding regions. This has offered the ability to accurately detect large copy number 

gains with relatively high accuracy leading to the association of large CNVs with childhood 

developmental disorders and autism for example (Cook and Scherer 2008, Glessner, Wang 

et al. 2009, Coe, Witherspoon et al. 2014).  

CNVs in neurodegenerative disorders have only been observed in genes in which coding 

regional SNVs also lead to disease (such as APP, SNCA, and PARK2). In Chapter 5, we 

utilized a SNP genotyping array that has the majority of SNPs within the exome, offering us 

a unique ability to detect small coding region CNVs in individuals with neurodegenerative 

disorders. We were also able to confirm the accuracy of this approach using comparative 

data derived from exome sequencing depth-based programmes. Remarkably we observed 3 

copy number gains that were associated with CJD, and primarily sCJD. CNVs in LAMA5 

were most frequently observed, and CNVs in EXD3 and TRPM2 were also observed in a 

subset of these individuals. Remarkably none of these CNVs were observed in any other 
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individual in the study (either with any other neurodegenerative disease or as a control). 

This finding remains difficult to entirely explain. It appears statistically unlikely that several 

unrelated individuals (which was confirmed by identity by descent analysis) would all 

develop the same rare CNV combinations independently. We therefore suggest that a 

common large CNV encompassing all 3 genes arose somewhere in their distant common 

ancestry and over time this has been ‘pruned’ within some branches of that ostensibly large 

pedigree. The disease risk is likely to be mediated by the LAMA5 gain (given that it is 

ubiquitously present in all individuals carrying the EXD3 or TRPM2 gain), but we observed 

no evidence that it promotes the development of any particular form of CJD, or modulates 

any parameter of disease phenotype. Further work is vital to determine the mechanism by 

which this gain may contribute to increasing disease risk, and whether whole genome 

sequencing (the primary genetic investigation for the next decade) can detect these CNVs 

accurately, thus offering the possibility to screen and identify patients.  

Chapter 6: Following the observation of high variant allele frequency somatic mutations in 

Chapter 4, we performed additional experiments on new tissue samples designed to 

determine whether lower VAF somatic mutations (<10%) are present within the brain. In 

addition, we aimed to determine their spatiotemporal distribution, and whether mutational 

profiles may differ between diseased individuals and controls. Given the heterogeneity of 

data across the exome and the difficulty of calling even high variant allele frequency 

mutations (Chapter 4), together with the cost and likely methodological challenges of a pan-

exome approach in multiple brain regions at very high depth, we discounted this approach. 

We therefore focused on sequencing established genes that cause neurodegenerative 

diseases to investigate the hypothesis that they may accumulate in regions of the brain in 

which high levels of neuropathology may occur, choosing to focusing our attention on Lewy 
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Body disorders and Alzheimer’s disease for which we had access to high quality 

neuropathological data and samples available. 

We first carefully designed spiked in control samples, performed in duplicate, to enable 

accurate data pertaining to the sensitivity and specificity of calling approaches. We 

subsequently performed a variety of calling approaches using both paired and un-paired 

callers to detect our relevant calling thresholds. These experiments were carefully designed 

and conducted providing high-quality data on detection thresholds that we had observed was 

often lacking in many deep-sequencing studies. By virtue of this considered approach, we 

subsequently were able to detect and validate 39 somatic variants within at least one brain 

region. Such high depth sequencing with such high fidelity calling has never been 

performed in any study of neurodegenerative disorders before and provides significant 

methodological advances together with biological findings to the field. Whilst it could 

perhaps be argued that the number of focal somatic mutations could have been estimated 

from DNA polymerase error rates, we confirm that somatic mutations at relatively high 

variant allele frequencies not only occur, but we can accurately define the levels to which 

they rise, their spatial distribution, and the profile of the mutations. In conjunction with 

Juvid Aryaman and Dr Nick Jones (mathematicians at Imperial College London) we were 

able to estimate the origin and likely prevalence throughout the brain, which, although based 

on crude models, provide a framework to understand the prevalence of such mutations 

within the brain.  

Perhaps the most remarkable finding of this chapter was the frequent observation of 

mutations that are associated with clonal haematopoesis. The development of age-related 

clonal haematopoesis is an area of exciting research, and during the course of this thesis, 

several studies have both defined the prevalence and nature of these mutations in the blood 
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of the aging population, and were beginning to link them to age-related disorders such as 

stroke and myocardial infarction (Jaiswal, Fontanillas et al. 2014, Jaiswal, Natarajan et al. 

2017). In addition, in vivo studies in mice have shown that transgenic mice with a deficiency 

of some of the genes that most commonly acquire somatic mutations in the blood exacerbate 

atherosclerosis (Fuster, MacLauchlan et al. 2017), suggesting that murine models may offer 

a robust experimental paradigm to understand the interaction between the central nervous 

system and age-related clonal haematopoetic variants. 

Despite these recent studies, we are the first to our knowledge to describe the association 

between somatic variants seen commonly with clonal haematopoesis and Lewy body 

disorders. In addition, we are also the first to show that there may be a well conserved 

spatial profile of the accumulation of these somatic variants within the brain, with a 

predilection for higher levels to accrue within the medulla and to a lesser extent entorhinal 

cortex and frontal cortex.  

Further work is however required to further understand the mechanism by which these age-

related clonal variants may influence the aging brain. For example, are the detected 

mutations present in leukocytes that have translocated across the blood-brain barrier? Or, 

are they present only in microglia? If the latter is true, then at what stage of development did 

these mutations arise, and can it help clarify key questions about the development and 

turnover of glia within the brain (Reu, Khosravi et al. 2017)?  To clarify the specific cell 

types in which these mutations are present will offer significant methodological challenges 

for the future, and will require significant improvements in our ability to purify different cell 

types from frozen tissue homogenate, for example using flow cytometry. Secondly, if these 

experiments were indeed to show that the mutations were present in translocated leukocytes, 

then trying to identify the physical location of cells carrying the mutation/s and their 
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proximity with respect to cells containing aberrant neuropathology would require even more 

advanced methodological techniques based most likely on sequencing in-situ technologies. 

However, the recent success of transgenic mouse models that showed that knock-down of 

commonly mutated genes within the aging blood can exacerbate atherosclerosis suggests 

that murine modelling may be an efficacious paradigm in the first instance or in parallel 

with such studies to determine the role of clonal haemaotpoetic variants in Lewy body 

pathology. 

Chapter 7: The final chapter of the thesis also aimed to study the interaction between age-

related clonal variants and Lewy Body disorders, though in this experiment it was the clonal 

acquisition of mitochondrial DNA mutations rather than haematopoetic variants in nuclear 

genes. Following a plethora of studies measuring mitochondrial DNA burden in individuals 

with a variety of neurodegenerative disorders (though primarily Lewy Body disorders) over 

the past 10 years (Keogh and Chinnery 2015), no experimental evidence has robustly 

determined whether their development is a cause of, or effect of, the deposition of Lewy 

bodies within the brain. We initially considered whether in-vitro cell studies could help 

address this question, however, the marked cell-type specific accumulation of both 

mitochondrial DNA mutations and α-synuclein meant that the heterogeneity of the 

propensity of cells to develop each of these pathologies was difficult to recapitulate in vitro. 

In addition, we were also keen to explore the behaviour of inherited low-level variants 

(occurring as a result of having a POLG mutant mother in our experimental paradigm) over 

a prolonged period of time (~14 months), which would have been impossible to conduct in 

cellular models in vitro. This model we felt is most analogous to human inheritance of 

mitochondrial DNA heteroplasmic variants, with a small number of low-level variants being 

transmitted between individuals, thereafter either clonally expanding or being removed from 
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different tissues and cell types (Elson, Samuels et al. 2001, Taylor, Barron et al. 2003, 

Payne, Wilson et al. 2013).  

The crosses between these mice, and the work in Chapter 7, has enabled us to make several 

novel but preliminary observations about the role that mitochondrial DNA mutations may 

play in Lewy Body disorders. Firstly, we did not see any evidence that mitochondrial DNA 

mutations (either inherited or acquired) exacerbate rotarod performance, which was our 

primary motor endpoint. However, we did observe that mice without any mitochondrial 

DNA mutations showed much lower levels of anxiety (by virtue of the results of central 

field time), and also increased total activity levels within the open field. These data suggest 

that the presence of mitochondrial DNA mutations (whether inherited or acquired) may 

exacerbate some behavioural traits, in particular those associated with hippocampal 

function. These data are also supported by MRI volumetric data that revealed that mice with 

no mitochondrial DNA mutations had apparently greater hippocampal volumes than mice 

with heteroplasmic variants, suggesting that mitochondrial DNA mutations may promote 

cell loss or atrophy within this region of the brain. 

In contrast to the behavioural and volumetric changes, the results of protein expression 

studies actually revealed a trend towards lower levels of α-synuclein expression in the 

cortex of mice that somatically produce mitochondrial DNA mutations. Taken together, one 

possible hypothesis resulting from this study is that mitochondrial DNA mutations in the 

presence of Lewy Body deposition result in cells becoming more susceptible to cell death or 

to the loss of their dendritic connections, worsening anxiety-like behaviour and mobility, 

and resulting in the apparent ‘shrinking’ of certain brain regions. Conversely, the 

accumulation of mtDNA mutations may also paradoxically slow the expression of α-

synuclein, or improve it’s degradation and metabolism.  
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Several further lines of study are required to further clarify the potential mechanisms 

underlying these observations. Firstly, a larger sample size of each genotype should have 

Western blotting performed for α-synuclein (human, mouse and all forms) in order to clarify 

potential sub-threshold associations seen in the data. Secondly, stereological analysis will 

determine whether indeed mitochondrial DNA mutations potentiate cell-death, thus 

explaining the poor performance in phenotypic testing and volumetric loss within brain 

regions. These findings would be of vital importance and would suggest that reducing the 

accumulation of these mutations with age may offer therapeutic utility in patients. Thirdly, 

further studies of the unfolded protein response (UPR) and the pathways involved in protein 

aggregation and degradation are vital in order to confirm whether mice with mtDNA 

mutations up regulate degradation pathways. This would enable us to clarify whether the 

reduction in observable α-synuclein could be due to an increased ability to clear the protein, 

or whether it is likely to simply reduce it’s relative expression. Further work by future 

students should bring clarity to this area, and determine the exact role that mitochondrial 

DNA mutations may have in Lewy Body pathology. 
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Appendices 

Appendix 1 All 80 cases included in the ‘other’ category within the study. 

All 80 cases included in the ‘other’ category within the study. Number of cases together with age of onset, death, sex and family history of 
disease are recorded 

 N Age of onset 
(years) 

Age of death 
(years) 

Female Male FH of disease 

  Mean SD Mean SD N N Y % 
AD and FTD 1   73  0 1 0 0.0% 
Adult onset gangliosidosis 1 65  71  0 1 0 0.0% 
Agyrophilic Grain Disease 4 78  87.5 1.9 2 2 0 0.0% 
Amyloid angiopathy 1   84  1 0 0 0.0% 
Ataxia 

 

 

 

 

 

 

1 85  85  1 0 1 100.0% 
Atypical dementia not consistent with major classifications 3 55  77.3 11 1 2 0 0.0% 
Atypical Substantia Nigra degeneration 2 79  83.5 2.1 1 1 0 0.0% 
Atypical tauopathy 3 75 13.1 85.3 12.5 1 2 0 0.0% 
Atypical TDP-43 deposition 1 76  83  1 0 0 0.0% 
CADASIL 1 40  62  0 1 1 100.0% 
Corticobasal Degeneration and concomitant AD 1   84  1 0 0 0.0% 
Cerebello-olivary atrophy 1   75  1 0 0 0.0% 
Cerebello-olivary degeneration 1 12  58  1 0 1 100.0% 
Chorea-acanthocytosis 1   40  0 1 0 0.0% 
Chronic encephalopathy  1   71  0 1 0 0.0% 
Central Pontine Myelinolysis 1 64  67  0 1 0 0.0% 
Chronic Traumatic Encephalopathy 1   69  0 1 0 0.0% 
Demyelinating disorders 2   43.5 13.4 1 1 0 0.0% 
Epilepsy 1   24  1 0 0 0.0% 
Huntington Disease phenocopy 1 40  62  1 0 1 100.0% 
Hepatic encephalopathy 1   52  1 0 0 0.0% 
Kuf's disease 1 43  58  0 1 0 0.0% 
Lewy Body Disease – no clinical features 2   90 0 2 0 0 0.0% 
Learning difficulty and Epilepsy 1 10  54  0 1 0 0.0% 
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 N Age of onset 
(years) 

Age of death 
(years) 

Female Male FH of disease 

Mild Cognitive Impairment 1   85  0 1 0 0.0% 
MELAS 1 13  49  0 1 0 0.0% 
Mitochondrial disease 1 0  3  0 1 0 0.0% 
Mixed Alzheimer Disease and Lewy Body Disease 1 63  75  1 0 0 0.0% 

Mixed Corticobasal degeneration and Dementia with Lewy 
Bodies 

1 79  77  0 1 0 0.0% 

Multiple Sclerosis 3 34.3 16.7 61.7 11.9 1 2 1 33.3% 
Neocortical Lewy Body Disease – no clinical features 1   73  0 1 0 0.0% 
Neuroaxonal dystrophy 1 14  16  1 0 0 0.0% 
Neurofibribrillary tangle only dementia 3 80.3 8 87.7 9.1 0 3 0 0.0% 
Normal Pressure Hydrocephalus 1 64  65  0 1 1 100.0% 
Paraneoplastic encephalopathy 1   66  0 1 0 0.0% 
Parkinson’s Disease and Motor Neuron Disease 1     0 1 0 0.0% 
Parkinson’s disease related changes 2   84.5 3.5 0 2 0 0.0% 
Primary Familial Basal Ganglia Calcification 2 75  76 2.8 2 0 0 0.0% 
Possible Alzheimer Disease – clinical history unclear 1 62  82  1 0 1 100.0% 
Possible paraneoplastic dementia 1 52  64  0 1 0 0.0% 
Pre-clinical tauopathy 1   68  0 1 0 0.0% 
Pre-symptomatic Dementia with Lewy Bodies 2 67  86.5 13.4 1 1 0 0.0% 
Pre-symptomatic Frontotemporal dementia 1   79  1 0 0 0.0% 
Probable Alzheimer Disease 4 84  86.3 6.1 2 2 0 0.0% 
Spinocerebellar ataxia (SCA) 1   50  0 1 0 0.0% 
SCA1 1   76  0 1 0 0.0% 
SCA14 1   103  0 1 1 100.0% 
SCA2 2   68 18.4 1 1 1 50.0% 
SCA7 1   58  1 0 0 0.0% 
Spinal muscular atrophy 1     1 0 0 0.0% 
Superficial Siderosis 1 63  72  1 0 0 0.0% 
Tauopathy 5 63 1.4 72.8 11.2 2 3 0 0.0% 
Uncategorized dementia 1   95  1 0 0 0.0% 
Unusual tauopathy 1   67  0 1 0 0.0% 
Vascular disease / DLB 1 90  91  1 0 0 0.0% 
          
Total 80 57.4 25.3 72.4 18.3 35 45 9 11.3% 
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Appendix 2 Stratification of CJD cases within the cohort 

Numbers identify the number of cases of each sub-type of CJD across the entire cohort of CJD cases. 
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Appendix 3 Genes and inheritance patterns causing their 
relevant neurodegenerative disease. 

Disease category; PD – Parkinson’s disease, AD – Alzheimer’s disease, FTD – 
Frontotemporal dementia, ALS – Amyotrophic lateral sclerosis. Inheritance; AD – Autosomal 
dominant, AR – Autosomal recessive, XLD – X-linked dominant, RF- Risk factor (dominant). 

 
Gene Disease Inheritance 

SNCA PD AD/RF 
PARK2 PD AR 
PINK1 PD AR 
EIF4G1 PD AD 
GIGYF2  PD AD/RF 
HTRA2  PD AD 
UCHL  PD AD 
SPG11 PD AR 
VPS35 PD AD 
FBX07 PD AR 
APP AD AD 
PSEN1 AD AD 
PSEN2 AD AD 
c9orf72 FTD / ALS AD 
GRN FTD/AD AD 
CHCHD10 FTD AD 
TARDBP FTD AD 
SOD1 ALS AD/AR 
FUS ALS AD 
PFN1 ALS AD 
hnRNPA2B1 ALS AD 
hnRNPA1 ALS AD 
SETX ALS AR 
VAPB ALS AD 
OPTN ALS AR 
VCP ALS AD 
DAO ALS AD 
ANG ALS AD 
DCTN1 ALS AD 
PARK7 PD AR 
CHMP2B FTD/ALS AD 
SQSTM1 FTD/ALS AD/RF 
PRPH ALS AD 
DPP6 ALS AR 
MATR3 ALS AD 
MAPT FTD AD 
ALS2 ALS AR 
SIGMAR1 ALS AD 
UBQLN2 FTD XLD 
NOTCH3 CADASIL AD 
PRNP fCJD AD 
COQ2 MSA AD/AR 
GBA DLB RF 
LRRK2 PD/DLB RF 
TREM2 AD RF 
SCARB2 DLB RF 
PON1 ALS RF 
PON3 ALS RF 
APOE AD RF 



 

256 

Appendix 4 Genes analysed for rare presentations within the cohort. 

Heterozygous and homozygous rare variants (as described in methods) in all genes within the table were assessed, together with homozygous 
variants only for the patient with infantile mitochondrial disease. 

Disease Genes analysed by phenotype 

Neurodegeneration 
with Brain Iron 
Accumulation 
(NBIA) C19orf12 FA2H PANK2 PLA2G6 WDR45 PLA2 ATP13A2 COASY CP DCAF17 SCP FTL 

             Infantile onset 
Mitochondrial 
disease BCS1L CLEC4GP1 CLEC4M COX10 COX15 ECHS1 FBN3 FOXRED1 GYG2 IARS2 LRPPRC NDUFA10 

 
NDUFA12 NDUFA2 NDUFA9 NDUFAF2 NDUFAF5 NDUFAF6 NDUFS2 NDUFS3 NDUFS4 NDUFS7 NDUFS8 PDHA1 

 
PDHB PET100 PRR36 SDHA SURF1 TACO1 TRAP1 TRAPPC5 TTC19 AARS2 ACAD8 ACAD9 

 
ACO1 ACO2 AGK AGTR1 AIFM1 AMACR ANGEL2 APOPT1 ATP5A1 ATP5E ATPAF2 BCS1L 

 
BOLA3 C10orf2 C12orf65 CHKB CHRNA4 CHRNA7 CHRNB2 CLEC4GP1 CLEC4M COA5 COA6 COX10 

 
COX14 COX15 COX20 COX6B1 CPS1 CPT1A CYC1 DGUOK DLAT DLD DNA2 DNAH8 

 
DNM1L EARS2 ECHS1 ECI1 ECSIT ELAC2 EPHX1 FARS2 FASTKD2 FBN3 FOXRED1 FXN 

 
GAD1 GALNS GFER GFM1 GNPAT GOLPH3 GPAM GYG2 HFE HMGCS2 HNF1A HOGA1 

 
IARS2 IBA57 IVD LARS2 LIPT1 LRPPRC LYRM4 MCCC2 MFF MGST3 MPC1 MPV17 

 
MRPL3 MRPL44 MRPS16 MRPS22 MRRF NARS2 NDUFA1 NDUFA10 NDUFA11 NDUFA12 NDUFA13 NDUFA2 

 
NDUFA3 NDUFA4 NDUFA4L2 NDUFA5 NDUFA6 NDUFA7 NDUFA8 NDUFA9 NDUFAB1 NDUFAF1 NDUFAF2 NDUFAF3 

 
NDUFAF4 NDUFAF5 NDUFAF6 NDUFAF7 NDUFB1 NDUFB10 NDUFB11 NDUFB2 NDUFB3 NDUFB4 NDUFB5 NDUFB6 

 
NDUFB7 NDUFB8 NDUFB9 NDUFS1 NDUFS2 NDUFS3 NDUFS4 NDUFS5 NDUFS6 NDUFS7 NDUFS8 NDUFV1 

 
NDUFV2 NDUFV3 NFU1 NIPSNAP1 NIPSNAP3A NPL NUBPL OPA1 OPA3 OXCT1 PARS2 PC 

 
PCK2 PDHA1 PDHB PDHX PET100 PHYH PNPT1 POLG POLG2 PPARG PRR36 PTCD1 

 
PUS1 RMND1 RRM2B SCO1 SCO2 SDHA SDHAF1 SDHD SFXN4 SLC25A4 SLC35G2 SUGCT 

 
SURF1 TACO1 TK2 TMEM70 TP53 TRAP1 TRAPPC2 TRAPPC5 TRMU TSFM TTC19 TTPA 

 
TUFM TYMP UQCC2 UQCC3 UQCR10 UQCR11 UQCRB UQCRC1 UQCRC2 UQCRFS1 UQCRH UQCRQ 
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Disease Genes analysed by phenotype 

 
WFS1 YARS2 

           

 
            Primary Familial 

Basal Ganglia 
Calcification 
(PFBGC) PDGFB PDGFRB SLC20A2 XPR1 SLC20A2 

       

             Spinal Muscular 
Atrophy (SMA) AARS AR ASAH1 ATP7A BICD2 BSCL2 C1QB CHMP2B CKB CKM CKMT1A/CKMT1B CKMT2 

 
DCTN1 DNAJB2 DYNC1H1 DYSF ETV1 FBLN5 FBXO38 GARS GOT1 GOT1L1 GOT2 GPT 

 
GPT2 HINT1 HSPB1 HSPB2 HSPB3 HSPB7 HSPB8 IGHMBP2 LMNA MFN2 PLEKHG5 POLG 

 
REEP1 RRM1 RRM2 RRM2B SETX SLC52A3 SLC5A7 SMAD2 SMAD3 SMN1/SMN2 TARDBP TRPV4 

 
UBA1 VAPB 

          

             Huntington’s 
disease phenocopy  JPH3 PRNP TBP XK PARK2 VPS13A 

             
      Chorea-

acanthocytosis XK PARK2 JPH3 VPS13A   

           

        Adult onset 
Gangliosidosis CFTR GLB1 GM2A HEXA HEXB PSAP S1PR3 SPHK1 UGCG 

   

             Kuf’s disease CLN5 CLN6 CTSF DNAJC5 GRN PPT1 
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Appendix 5 Mean coverage of CCDS regions within genes. 

Mean coverage of CCDS regions within genes implicated as risk factors or causing 
familial forms of neurodegenerative disease 

Gene Mean sequencing depth of each 
gene (n=1461 samples) 

Standard deviation of 
sequencing depth 

Percentage of samples 
with < 10 fold mean 
sequencing depth 

ALS2 38.8 9.9 0 
ANG 27.7 8.9 0.1 
APOE 39.6 12.8 0 
APP 44.1 11.4 0 
C9orf72 38 9.9 0 
CHCHD10 19.8 7.6 2.4 
CHMP2B 50.3 16.4 0 
COQ2 54.1 13.8 0 
DAO 51.1 14.1 0 
DCTN1 67.4 17 0 
DPP6 60.2 15.1 0 
EIF4G1 59 14.8 0 
FBXO7 42.9 10.8 0 
FUS 43.6 11.1 0 
GIGYF2 49.8 12.8 0 
GBA 42.4 11.5 0 
GRN 73.6 20.8 0 
HNRNPA1 31.6 8.3 0.1 
HNRNPA2B1 72.3 19.4 0 
HTRA2 39.9 10.8 0 
LRRK2 43.7 12.5 0 
MAPT 32.2 12 1.3 
MATR3 44.4 12.2 0 
Notch3 43.2 13.6 0 
OPTN 65.1 16.7 0 
PARK2 59.1 15 0 
PARK7 35.1 9.9 0 
PFN1 44.5 12.1 0 
PINK1 52.3 13.9 0 
PON1 44.1 11.9 0 
PON3 42.5 11.5 0 
PRNP 68.2 18.4 0 
PRPH 73.2 20.2 0 
PSEN1 48.7 12.9 0 
PSEN2 57.9 15.9 0 
SETX 43.4 10.9 0 
SIGMAR1 44.4 12.4 0 
SCARB2 47 10.9 0 
SNCA 63.5 18.7 0 
SOD1 54.3 14.2 0 
SPG11 39.4 10.3 0 
VAPB 50 7.4 0 
SQSTM1 59.6 16.7 0 
TARDBP 39 10.6 0 
TREM2 55 16.3 0 
UBQLN2 25.9 11.1 0.9 
UCHL1 46 12.6 0 
VCP 52.2 13.5 0 
VPS35 38.1 10.8 0 
Mean sequencing depth 49.1   0.1 
Standard deviation 13.8      
Total percentage of samples 
in which mean was below 10 
fold in any gene 

    4.8 
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Appendix 6 A Venn diagram of all the sequencing modalities 
utilized in this study 

The total case cohort was 1511 cases. Overlapping ovals represent the number of samples 
covered by each of those modalities. In total, 1241 samples were sequenced on all 4 
platforms. 
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Appendix 7 Pathogenic heterozygous mutations – MacArthur criteria. 

All relevant data and references are provided to support pathogenicity. Minor Allele Frequencies (MAF) from the 1000Genomes (1000G), NHLBI 6500 ESP 
and ExAC databases are provided. Key: MND – Motor Neuron Disease, CJD – Creutzfelt-Jakob Disease, AD – Alzheimer’s disease, CADASIL – Cerebral 
Autosomal-Dominant Arteriopathy with Subcortical Infarcts and Leukoencephalopathy. U – Unknown. 

Variant Genetic 
 

Informatic Experimental Study cases 

G
ene 

Protein alteration 

A
ssociation (cases vs 

controls) 

Segregation 

1000G
 M

A
F (%

) 

6500 E
SP M

A
F (%

) 

E
xA

C
 M

A
F (%

) 

C
onservation 

L
ocation 

(appropriate) 

G
ene disruption 

Phenotype 

recapitulation 

R
escue 

N
um

ber of cases 

N
um

ber of controls 

SOD1 p.I114T Described within in 
several families with 
MND (Rosen, 
Siddique et al. 1993) 

 

Segregation 
full (Rosen, 
Siddique et 
al. 1993) 

NS NS NS 0.000033
34 

Located in exon 4. 
Pathogenic variants can lie 
throughout the polypeptide 
(Cleveland and Rothstein 
2001)  

Reduced axonal outgrowth 
and reduced cell survival 
(Karumbayaram, Kelly et 
al. 2009) and moderate 
aggregate formation 
(Prudencio, Hart et al. 
2009) 

Moderate degrees 
of protein 
aggregation seen 
in cell culture 
(Prudencio, Hart 
et al. 2009) 

U 3 0 

SOD1 p.D102N Seen in several 
families with MND 
(Prudencio, Hart et 
al. 2009) 

Segregates 
with disease 
(Prudencio, 
Hart et al. 
2009) 

NS NS NS 0.000002
818 

Located in exon 4. 
Pathogenic variants can lie 
throughout the polypeptide 
(Cleveland and Rothstein 
2001) 

Able to rapidly induce 
protein aggregates in 
comparison to WT or other 
mutant SOD1 variants 
(Ayers, Lelie et al. 2014) 

Induces 
intracellular 
aggregates in vitro 
(Ayers, Lelie et al. 
2014) 

U 2 0 

SOD1 p.E101G Seen in several 
families with MND 
(Rosen et al. 1993) 

Segregates 
with disease 
(Rosen et al. 
1993) 

NS NS NS   Located in exon 4. 
Pathogenic variants can lie 
throughout the polypeptide 
(Cleveland and Rothstein 
2001)  

Induces protein 
aggregation in vitro 
(Prudencio, Hart et al. 
2009), and is also 
recognized by a 
monoclonal antibody to 
pathogenic variants 
(Fujisawa, Homma et al. 
2012) 

Induces 
intracellular 
aggregates in vitro 
(Ayers, Lelie et al. 
2014) 

U 1 0 
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Variant Genetic 
 

Informatic Experimental Study cases 

G
ene 

Protein alteration 

A
ssociation (cases vs 

controls) 

Segregation 

1000G
 M

A
F (%

) 

6500 E
SP M

A
F (%

) 

E
xA

C
 M

A
F (%

) 

C
onservation 

L
ocation 

(appropriate) 

G
ene disruption 

Phenotype 

recapitulation 

R
escue 

N
um

ber of cases 

N
um

ber of controls 

PSEN1 p.R265H; 
p.R269H 

Described in several 
families with AD 
(Gomez-Isla et al. 
1997; Larner et al. 
2007) 

(Gomez-Isla, Wasco 
et al. 1997, Larner, 
Ray et al. 2007) 

Segregates 
with disease 
(Gomez-Isla, 
Wasco et al. 
1997) 

NS NS 0 0.000025
12 

Situated within TM-V 
domain in which pathogenic 
mutations are known to 
reside 

Alters interaction with 
actin-binding proteins    
(Zhang, Han et al. 1998) 
and enhances deposition of 
A-bet x-42/43 (Gomez-
Isla, Growdon et al. 1999) 

Unknown U 1 0 

PSEN1 p.A246E; 
p.A242E 

Described in several 
cases and families 
with AD 
(Sherrington, 
Rogaev et al. 1995) 

Segregates 
with disease 

NS NS NS 0.000034
51 

Situated within TM-IV Abolishes ER calcium 
leak(Nelson, Tu et al. 
2007), increases BACE1 
activity (Giliberto, Borghi 
et al. 2009) and elevates 
levels if the 42 residue 
beta-amyloid protein 
(Jankowsky, Fadale et al. 
2004) 

Transgenic mouse 
with the develops 
AD pathology 
(Borchelt, 
Ratovitski et al. 
1997) 

U 1 0 

PSEN1 p.F237L; 
p.F233L 

Seen in one sporadic 
case  and one family 
previously 
(Sodeyama, Iwata et 
al. 2001, Janssen, 
Beck et al. 2003)  

Segregated 
across 2 
generations 
and 3 patients 
(Janssen, 
Beck et al. 
2003) 

NS NS NS 0.000007
762 

Situated in TM-V domain in 
which several pathogenic 
mutations previously 
described 

Unknown Unknown U 1 0 

PSEN1 p.G202D; 
p.G206D 

Seen in previous 
families segregating 
with disease (Wu, 
Cheng et al. 2011) 

Segregates 
with disease 
(Wu, Cheng 
et al. 2011) 

NS NS NS 7.30E-07 Situated in TM-IV domain in 
which several pathogenic 
mutations previously 
described 

Increases AB42 production 
(Chen, Hsieh et al. 2014) 

Unknown U 1 0 
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Variant Genetic 
 

Informatic Experimental Study cases 

G
ene 

Protein alteration 

A
ssociation (cases vs 

controls) 

Segregation 

1000G
 M

A
F (%

) 

6500 E
SP M

A
F (%

) 

E
xA

C
 M

A
F (%

) 

C
onservation 

L
ocation 

(appropriate) 

G
ene disruption 

Phenotype 

recapitulation 

R
escue 

N
um

ber of cases 

N
um

ber of controls 

PSEN1 p.S170F; 
p.S166F 

Seen in several 
previous families 
with AD (Piccini, 
Zanusso et al. 2007) 
Piccini et al. 2007) 
and DLB (Snider, 
Norton et al. 2005) 

Segregates 
with disease 
(Snider, 
Norton et al. 
2005) 

NS NS NS 0.000597 Within the TM-III domain Increase AB42/40 ratio 
(Giliberto, Borghi et al. 
2009) 

Increase AB42/40 
ratio (Giliberto, 
Borghi et al. 
2009) 

U 1 0 

PSEN1 p.L153V; 
p.L149V 

Seen previously in 
several cases and no 
controls (Raux, 
Gantier et al. 2000, 
Cornejo-Olivas, Yu 
et al. 2014) 

Segregates 
with disease 
(Raux, 
Gantier et al. 
2000) 

NS NS NS 0.006138 Situated in TM-II domain in 
which several pathogenic 
mutations previously 
described 

Unknown Unknown U 1 0 

PSEN1 p.M135I; 
p.M139I 

Seen previously in 
one family (Kim, 
Kim et al. 2010) 

No data for 
segregation 

NS NS NS 0.000110
9 

Situated in TM-II domain in 
which several pathogenic 
mutations previously 
described 

Increases AB42 levels in 
vitro (Murayama, Tomita 
et al. 1999) 

Unknown U 1 0 

PSEN1 p.P436S; 
p.P432S 

Seen in previously 
in cases (Palmer, 
Beck et al. 1999) 

Segregated 
with disease 
(Palmer, Beck 
et al. 1999) 

NS NS NS 4.19E-07 Situated in TM-IX domain Significant reduction in 
gamma secretase activity 
(Heilig, Xia et al. 2010)  

Unknown U 1 0 

PRNP p.E211Q Previously seen in at 
least one family of 
gCJD (Peoc'h, 
Manivet et al. 2000) 

Fully 
penetrant and 
segregates 
(Peoc'h, 
Manivet et al. 
2000) 

NS NS NS 0.000530
9 

Located within the third 
alpha-helix of PrP 

Significantly alters primary 
structure and stability and 
aggregation propensity 
(Peoc'h, Levavasseur et al. 
2012) 

Yes U 1 0 
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Variant Genetic 
 

Informatic Experimental Study cases 

G
ene 

Protein alteration 

A
ssociation (cases vs 

controls) 

Segregation 

1000G
 M

A
F (%

) 

6500 E
SP M

A
F (%

) 

E
xA

C
 M

A
F (%

) 

C
onservation 

L
ocation 

(appropriate) 

G
ene disruption 

Phenotype 

recapitulation 

R
escue 

N
um

ber of cases 

N
um

ber of controls 

PRNP p.E200K Fully penetrant 
cause of gCJD 
(Spudich, 
Mastrianni et al. 
1995) 

Fully 
penetrant 
(Spudich, 
Mastrianni et 
al. 1995) 

NS NS NS 0.000703
1 

Sits within known region of 
pathogenicity and results in a 
deamination of a CpG 
dinucleotide 

Significantly alters protein 
confirmation consistently 
(Peoc'h, Levavasseur et al. 
2012) 

Fatal phenotype 
and recapitulation 
in mice 
(Friedman-Levi, 
Meiner et al. 
2011) 

U 7 0 

NOTCH
3 

p.R153C Described 
previously in several 
families (Mandellos, 
Limbitaki et al. 
2005) 

Segregates 
with disease 
(Mandellos, 
Limbitaki et 
al. 2005) 

NS NS NS 0.000488
7 

Present in EGF domain and 
affects cysteine residue 

Alters protein folding of 
NOTCH3 (Dichgans, 
Ludwig et al. 2000) 

Unknown U 1 0 

HEXA p.R499C Previously described 
in several cases 
(Mules, Hayflick et 
al. 1992)((Tanaka, 
Hoang et al. 2003) 

Segregated in 
previous 
studies 
(Mules, 
Hayflick et al. 
1992) 

NS NS NS 8.97E-03 Located in the α-subunit of 
the resulting in decreased 
solubility and aggregation 
(Paw, Moskowitz et al. 1990) 

Unknown Unknown U 1 0 

GRN p.C139R Seen in 2 cases and 
0 controls (n=200) 
(Bernardi, Tomaino 
et al. 2009) and 3 
cases and no 
controls (n=459) 
(Brouwers, Sleegers 
et al. 2008) 

No data for 
segregation 

NS NS NS 0.000182
8 

 Has a destabilizing effect on 
the granulin-fold by 
disrupting one of the cysteine 
disulfide bridges 

Reduced plasma granulin 
levels suggesting a partial 
loss of function (Finch, 
Baker et al. 2009) 

Unknown U 1 0 
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Variant Genetic 
 

Informatic Experimental Study cases 

G
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Protein alteration 

A
ssociation (cases vs 

controls) 

Segregation 

1000G
 M
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F (%
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6500 E
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A
F (%
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E
xA

C
 M

A
F (%

) 

C
onservation 

L
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(appropriate) 

G
ene disruption 

Phenotype 

recapitulation 

R
escue 

N
um

ber of cases 

N
um

ber of controls 

GRN p.Q130fs*1
25 

Cited in several 
papers (Baker, 
Mackenzie et al. 
2006, Le Ber, van 
der Zee et al. 2007, 
Yu, Bird et al. 2010)  

Segregates 
with disease 
in several 
reports 

NS NS NS   Located in exon 5 and GrafF 
domain 

Reduces plasma 
progranulin levels 
(Carecchio, Fenoglio et al. 
2009) 

Unknown U 1 0 

GRN p.C31fs*35 Seen in at least 4 
families (Beck, 
Rohrer et al. 2008) 

Segregates 
with families 
(Beck, Rohrer 
et al. 2008) 

NS NS NS 0.00134 Located in exon 2 and 
paraGran domain 

Reduces gross neural 
connectivity and results in 
similar synaptic vesicle 
phenotype tp that seen in 
vivo (Tapia, Milnerwood et 
al. 2011) 

Unknown U 1 0 

FUS p.R517C; 
p.R521C; 
p.R520C 

Variant at same 
position segregates 
with disease in 
several families 
(Yan, Deng et al. 
2010) 

Variant at 
same position 
segregates 
with disease 
in several 
families 
(Vance, 
Rogelj et al. 
2009, Yan, 
Deng et al. 
2010)  

NS NS NS   Located at the C-terminal 
region of the protein 

Alters ratio of soluble to 
insoluble FUS (Vance, 
Rogelj et al. 2009) 

Induces axonal 
defects in vitro 
(Groen, Fumoto et 
al. 2013) 

U 1 0 

DNAJC5 p.L115R Seen previously in 
numerous cases 
(Benitez, Alvarado 
et al. 2011, Cadieux-
Dion, Andermann et 
al. 2013) 

Has 
previously 
been shown 
to segregate 
in families 

NS NS NS 1.38E-05 Occurs in the cysteine-string 
domain; post-translationally 
modified by extensive 
palmitoylation (Greaves, 
Lemonidis et al. 2012) 

Occurs in the cysteine-
string domain; post-
translationally modified by 
extensive palmitoylation 
(Greaves, Lemonidis et al. 
2012) 

Forms mutant 
aggregates in vitro 
(Greaves, 
Lemonidis et al. 
2012) 

U 1 0 
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Appendix 8 Pathogenic heterozygous mutations – ACMG criteria. 

The gene and protein alteration are shown together with whether there is evidence to support strong pathogenicity (PS), moderate pathogenicity 
(PM) or supporting pathogenicity (PP) according to ACMG 2015 criteria (Richards, Aziz et al. 2015). In addition, evidence supporting a benign 
nature of the variant is also provided (BS and BP). Final ACMG classification based on both the pre-study and post-study data are shown.  

  
Pathogenic Benign ACMG classification 

Variant Very 
Strong Strong Moderate Supporting Strong Supporting Pre-assessment Post-assessment 

G
ene 

Protein 
alteration 

PSV
1 

PS1 

PS2 

PS3 

PS4 

PM
1 

PM
2 

PM
3 

PM
4 

PM
5 

PM
6 

PP1 

PP2 

PP3 

PP4 

PP5 

B
S1 

B
S2 

B
S3 

B
S4 

B
S5 

B
S6 

B
S7 

B
P1 

B
P2 

B
P3 

B
P4 

B
P5 

B
P6 

B
P7 

P 

L
P 

B
 

L
B

 

U
S 

P 

L
P 

B
 

L
B

 

U
S 

SOD1 p.I114T   1   1   1 1         1 1 1                                 1         1         

SOD1 p.D102N   1   1   1 1         1 1 1                                 1         1         

SOD1 p.E101G   1   1   1 1         1 1 1                                 1         1         

PSEN1 p.R265H; 
p.R269H 

  1   1   1 1                                               1         1         

PSEN1 p.A246E; 
p.A242E 

  1   1   1 1         1 1 1                                 1         1         

PSEN1 p.F237L; 
p.F233L 

  1       1 1 1                                             1         1         

PSEN1 p.G202D; 
p.G206D 

  1       1 1           1 1                                 1         1         

PSEN1 p.S170F; 
p.S166F 

  1   1   1 1         1 1 1                                 1         1         
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PSEN1 p.L153V; 
p.L149V 

  1       1 1         1 1 1                                 1         1         

PSEN1 p.M135I; 
p.M139I 

  1   1     1           1                                   1         1         

PSEN1 p.P436S; 
p.P432S 

  1   1   1 1                                               1         1         

PRNP p.E211Q   1   1   1 1         1 1 1                                 1         1         

PRNP p.E200K   1     1 1 1           1 1                                 1         1         

NOTCH
3 

p.R153C 1 1       1 1         1 1                                   1         1         

HEXA p.R499C   1   1   1           1 1   1                               1         1         

GRN p.C139R       1 1   1           1 1                                 1         1         

GRN p.Q130fs*1
25 

  1   1   1 1                                               1         1         

GRN p.C31fs*35   1       1 1           1 1                                 1         1         

FUS p.R517C; 
p.R521C; 
p.R520C 

  1   1 1 1 1         1                                     1         1         

DNAJC5 p.L115R   1   1   1           1 1   1                               1         1         
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Appendix 9 Clinical data - Pathogenic heterozygous mutations. 

 All relevant clinical data are shown for all variant ordered by ACMG pathogenicity category in addition to in-silico prediction by SIFT (Kumar, Henikoff 
et al. 2009) and PolyPhen2 (Adzhubei, Schmidt et al. 2010). Key: MND – Motor Neuron Disease, CJD – Creutzfelt-Jakob Disease, AD – Alzheimer’s 
disease, CADASIL – Cerebral Autosomal-Dominant Arteriopathy with Subcortical Infarcts and Leukoencephalopathy, U – Unknown, NS – Not 
significant. 

C
ase num

ber 
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ge onset 
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ge death 
(years) 
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istory 

C
linical 

D
iagnosis 

N
europath 

D
iagnosis 

C
hrom

osom
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Position 

G
ene 

T
ranscript 

Protein 
C

hange 

1000G
 M

A
F 

(%
) 

E
SP6500 M

A
F 

(%
) 

E
xA

C
 M

A
F 

(%
) 

SIFT
 

PolyPhen2 

1 Female   73 N MND MND 21 33039672 SOD1 c.341T>C p.I114T NS NS NS Damaging Probably 
Damaging 

2 Female   71 Y MND MND 21 33039672 SOD1 c.341T>C p.I114T NS NS NS Damaging Probably 
Damaging 

3 Unknown   78 N MND MND 21 33039672 SOD1 c.341T>C p.I114T NS NS NS Damaging Probably 
Damaging 

4 Female   43 N MND MND 21 33039635 SOD1 c.304G>A p.D102N NS NS NS Damaging Probably 
Damaging 

5 Female   42 Y MND MND 21 33039635 SOD1 c.304G>A p.D102N NS NS NS Damaging Probably 
Damaging 

6 Female 36 48 N MND MND 21 33039633 SOD1 c.302A>G p.E101G NS NS NS Tolerated Benign 
7 Female 60 72 N AD AD 14 73664775 PSEN1 c.806G>A; c.794G>A p.R265H; 

p.R269H 
NS NS 0 Damaging Probably 

Damaging 

8 Female 65 77 N AD AD 14 73659540 PSEN1 c.725C>A; c.737C>A p.A246E; 
p.A242E 

NS NS NS Damaging Possibly 
Damaging 

9 Male   38 N CJD AD 14 73653589 PSEN1 c.509C>T; c.497C>T p.S170F; 
p.S166F 

NS NS NS Damaging Probably 
Damaging 

10 Female   49 Y Dementia AD 14 73640392 PSEN1 c.457C>G; c.445C>G p.L153V; 
p.L149V 

NS NS NS Damaging Probably 
Damaging 

11 Male   47 Y Dementia AD 14 73640352 PSEN1 c.417G>T; c.405G>T p.M135I; 
p.M139I 

NS NS NS Tolerated Benign 

12 Male   52 Y Dementia AD 14 73685899 PSEN1 c.1294C>T; 
c.1306C>T 

p.P436S; 
p.P432S 

NS NS NS Damaging Probably 
Damaging 
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A
ge onset 
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1000G
 M
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E
SP6500 M
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E
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C
 M

A
F 

(%
) 

SIFT
 

PolyPhen2 

13 Female   49 N AD AD 14 73659512 PSEN1 c.697T>C; c.709T>C p.F237L; 
p.F233L 

NS NS NS Tolerated Possibly 
Damaging 

14 Male   43 N AD AD 14 73659420 PSEN1 c.605G>A; c.617G>A p.G202D; 
p.G206D 

NS NS NS Damaging Probably 
Damaging 

15 Male 53 53 N CJD CJD 20 4680497 PRNP c.631G>C; 
c.*320G>C 

p.E211Q NS NS NS Tolerated Possibly 
Damaging 

16 Female 53 53 N CJD CJD 20 4680464 PRNP c.598G>A; 
c.*287G>A 

p.E200K NS NS NS Damaging Probably 
Damaging 

17 Female 42 42 Y CJD CJD 20 4680464 PRNP c.598G>A; 
c.*287G>A 

p.E200K NS NS NS Damaging Probably 
Damaging 

18 Female 55 56 Y CJD CJD 20 4680464 PRNP c.598G>A; 
c.*287G>A 

p.E200K NS NS NS Damaging Probably 
Damaging 

19 Female 54 55 N CJD CJD 20 4680464 PRNP c.598G>A; 
c.*287G>A 

p.E200K NS NS NS Damaging Probably 
Damaging 

20 Male 66 66 N CJD CJD 20 4680464 PRNP c.598G>A; 
c.*287G>A 

p.E200K NS NS NS Damaging Probably 
Damaging 

21 Male 51 51 Y CJD CJD 20 4680464 PRNP c.598G>A; 
c.*287G>A 

p.E200K NS NS NS Damaging Probably 
Damaging 

22 Male 60 61 N CJD CJD 20 4680464 PRNP c.598G>A; 
c.*287G>A 

p.E200K NS NS NS Damaging Probably 
Damaging 

23 Male 40 62 Y CADASIL CADASIL 19 15302993 NOTCH3 c.457C>T p.R153C NS NS NS Damaging Possibly 
Damaging 

24 Male 65 71 N Psychiatric Adult onset 
gangliosidosis 

15 72637818 HEXA   p.R499C NS NS NS Damaging Probably 
Damaging 

25 Female 56 57 N CJD CJD 17 42427661 GRN c.415T>C p.C139R NS NS 0.02 Damaging Probably 
Damaging 

26 Female   72 N Dementia FTD 17 42427632 GRN c.386_389delGTCA p.Q130fs*125 NS NS NS     
27 Female 55 60 Y AD FTD 17 42426621 GRN c.86_89dupCCTG p.C31fs*35 NS NS NS     
28 Female   61 Y MND MND 16 31202739 FUS c.1561C>T; 

c.1558C>T; 
c.1549C>T 

p.R517C; 
p.R521C; 
p.R520C 

NS NS NS Damaging Benign 

29 Male 43 58 N Kuf's disease Kuf's disease 20 62562226 DNAJC5   p.L115R NS NS NS Tolerated Benign 
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Appendix 10 Likely Pathogenic heterozygous mutations – MacArthur criteria. 

All relevant data and references are provided to support pathogenicity. Minor Allele Frequencies (MAF) from the 1000Genomes (1000G), NHLBI 6500 
ESP and ExAC databases are provided. Key: MND – Motor Neuron Disease, CJD – Creutzfelt-Jakob Disease, AD – Alzheimer’s disease, CADASIL – 
Cerebral Autosomal-Dominant Arteriopathy with Subcortical Infarcts and Leukoencephalopathy. U – Unknown. 

Variant Genetic Informatic                               Experimental Number 
of cases 

G
ene 

Protein 
alteration 

A
ssociation 
(cases vs 
controls) 
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1000G
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C
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L
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G
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Phenotype 
recapitulation 

R
escue 

N
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ber of cases 

N
um

ber of 
controls 

SQSTM1 p.A427T; 
p.A343T 

Not previously 
reported 

Unknown NS NS 0 0.0001062 Situated within the UBA domain in 
which pathogenic mutations have 
previously been identified. 

Mutations at codon 
425 result in loss of 
polyubiquitin-binding 
and increased 
activation of NF-KB 
(Hocking, Lucas et al. 
2004) 

Unknown U 1 0 

PSEN2 p.G70W Novel Unknown NS NS NS 0.002951 Located in N-terminal domain Unknown Unknown U 1 0 

PSEN2 p.L204I Novel Unknown NS NS NS 0.005284 Located in the 4th TM domain Unknown Unknown U 1 0 

PSEN2 p.V101M Novel Unknown NS 0.01 NS 8.22E-07 Located in TM-I domain in which 
several pathogenic mutations 
described 

Unknown Unknown U 1 0 

PSEN2 p.D439A; 
p.D438A 

Described in several 
cases of disease, but 
also seen in low-
frequency in 
controls (Lleo, Blesa 
et al. 2002, Sassi, 
Guerreiro et al. 
2014) 

Possible 
incomplete 
penetrance 
(Sassi, 
Guerreiro et 
al. 2014)  

NS 0.02 0 0.000006053 Outside TM domain, but within the 
C-terminal region which is involved 
in X-terminal trafficking 

Unknown Doesn't alter 
Ab40/42 ratio 
(Walker, 
Martinez et 
al. 2005) 

U 2 0 
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Variant Genetic Informatic                               Experimental Number 
of cases 

G
ene 

Protein 
alteration 

A
ssociation 
(cases vs 
controls) 

Segregation 

1000G
 M
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F (%

) 

6500 E
SP M

A
F 

(%
) 

E
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C
 M

A
F (%

) 

C
onservation 

L
ocation 

(appropriate) 

G
ene disruption 

Phenotype 
recapitulation 

R
escue 

N
um

ber of cases 

N
um

ber of 
controls 

PSEN1 p.I110N  Novel Unknown NS NS NS 0.000025 Located in exon 4 - HL-I domain Unknown Unknown U 1 0 

HNRNPA1 p.G316R; 
p.G264R 

Novel Unknown NS NS NS 0.000008091 Situated 42 bases away from a 
previously described variant (Kim, 
Kim et al. 2013) 

Unknown Unknown U 1 0 

GRN P.V452Wfs
*39 

Described 
previously in a 
single case (Chen-
Plotkin, Martinez-
Lage et al. 2011) 

Unknown NS NS NS N/A Situated in exon 11, one amino acid 
away from another previously 
described possible pathogenic 
mutation (Brouwers, Sleegers et al. 
2008) 

Unknown Unknown U 1 0 

CHMP2B p.R69Q; 
p.R28Q 

Described 
previously in a case 
of PMA (van 
Blitterswijk, Vlam 
et al. 2012) 

Unknown NS 0.02 0 0.000003802 Located in well conserved N-
terminal region 

Unknown Unknown U 1 0 

APP p.M698I; 
p.M612I;  

Novel Unknown NS NS NS 0.000001854 Sits within TM-I region in which 
pathogenic variants have previously 
been described. 

Unknown Unknown U 1 0 
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Appendix 11 Likely Pathogenic heterozygous mutations – ACMG criteria. 

The gene and protein alteration are shown together with whether there is evidence to support strong pathogenicity (PS), moderate pathogenicity (PM) or 
supporting pathogenicity (PP) according to ACMG 2015 criteria (Richards, Aziz et al. 2015). In addition, evidence supporting a benign nature of the 
variant is also provided (BS and BP). Final ACMG classification based on both the pre-study and post-study data are shown.  

  
Pathogenic Benign ACMG classification 

Variant 
Very 

Strong 
Strong Moderate Supporting Strong Supporting Pre-assessment Post-assessment 

G
ene 

Protein 

alteration 

PSV
1 

PS1 

PS2 

PS3 

PS4 

PM
1 

PM
2 

PM
3 

PM
4 

PM
5 

PM
6 

PP1 

PP2 

PP3 

PP4 

PP5 

B
S1 

B
S2 

B
S3 

B
S4 

B
S5 

B
S6 

B
S7 

B
P1 

B
P2 

B
P3 

B
P4 

B
P5 

B
P6 

B
P7 

P 

L
P 

B
 

L
B

 

U
S 

P 

L
P 

B
 

L
B

 

U
S 

SQSTM1 p.A427T; 
p.A343T 

      1 1      1 1                1     1     

PSEN2 p.G70W        1      1 1                1     1     
PSEN2 p.L204I       1 1      1 1                1     1     
PSEN2 p.V101M      1 1       1 1 1               1     1     
PSEN2 p.D439A; 

p.D438A 
  1          1 1  1    1           1     1     

PSEN1 p.I110N      1 1      1 1                 1     1     
HNRNPA1 p.G316R; 

p.G264R 
      1 1      1 1                1     1     

GRN P.V452Wfs*39   1    1 1      1                 1     1     

CHMP2B p.R69Q; 
p.R28Q 

 1     1       1 1 1 1              1     1     

APP p.M698I; 
p.M612I; 

      1 1      1 1                1     1     
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Appendix 12 Clinical data – Likely Pathogenic heterozygous mutations. 

C
ase num

ber 

Sex 

A
ge onset 

A
ge death 

FH
 

C
linical D

x 

N
europath D

x 

C
hrom

osom
e 

Position 

G
ene 

T
ranscript 

Protein 
C

hange 

1000G
 M

A
F 

(%
) 

E
SP6500 M

A
F 

(%
) 

E
xA

C
 M

A
F 

(%
) 

SIFT
 

PolyPhen2 

30 Male 55 61 N MND MND 5 179263549 SQSTM1 c.1027G>A; 
c.1279G>A 

p.A427T; 
p.A343T 

NS NS 0 Damaging Probably 
Damaging 

31 Female 81 82 N Stroke 
with 
dementia 

Vascular 
disease / 
AD 

1 227071472 PSEN2 c.208G>T p.G70W NS NS NS Damaging Benign 

32 Female   70 N Dementia AD 1 227076573 PSEN2 c.610C>A p.L204I NS NS NS Tolerated Benign 

33 Female   93 N AD AD 1 227071565 PSEN2 c.301G>A p.V101M NS 0.01 NS Damaging Probably 
Damaging 

34 Female   81 N AD AD 1 227083249 PSEN2 c.1313A>C; 
c.1316A>C 

p.D439A; 
p.D438A 

NS 0.02 0 Damaging Possibly 
Damaging 

35 Male   86 N Control High 
BRAAK 
(3/4) 

1 227083249 PSEN2 c.1313A>C; 
c.1316A>C 

p.D439A; 
p.D438A 

NS 0.02 0 Damaging Possibly 
Damaging 

36 Female 38 44 Y AD AD 14 73640276 PSEN1 c.341T>A p.I110N NS NS NS Damaging Probably 
Damaging 

37 Male   62 N MND MND 12 54677634 HNRNPA1; c.790G>C; 
c.946G>C 

p.G316R; 
p.G264R 

NS NS NS Tolerated Probably 
Damaging 

38 Male 65 69 N Dementia FTD 17 42429557 GRN c.1354delG p.V452fs*39 NS NS NS     

39 Female 64 71 N Dementia FTD 3 87294943 CHMP2B c.206G>A; 
c.83G>A 

p.R69Q; 
p.R28Q 

NS 0.02 0 Damaging Probably 
Damaging 

40 Female 71 77 N AD AD 21 27264079 APP c.1773G>T; 
c.1836G>T; 

p.M698I; 
p.M612I; 

NS NS NS Damaging Possibly 
Damaging 
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Appendix 13 Likely Benign mutations – MacArthur criteria. 

 All relevant data and references are provided to support pathogenicity. Minor Allele Frequencies (MAF) from the 1000Genomes (1000G), NHLBI 6500 
ESP and ExAC databases are provided. Key: MND – Motor Neuron Disease, CJD – Creutzfelt-Jakob Disease, AD – Alzheimer’s disease, CADASIL – 
Cerebral Autosomal-Dominant Arteriopathy with Subcortical Infarcts and Leukoencephalopathy. U – Unknown. 

Variant Genetic Informatic Experimental Number of 
cases 

G
ene 

Protein 
alteration 

A
ssociation 
(cases vs 
controls) 

Segregation 

1000G
 M

A
F (%

) 

6500 E
SP M

A
F 

(%
) 

E
xA

C
 M

A
F (%

) 

C
onservation 

L
ocation 

(appropriate) 

G
ene disruption 

Phenotype 
recapitulation 

R
escue 

N
um

ber of cases 

N
um

ber of 
controls 

PSEN2 p.S30F Novel U NS NS 0 0.0003041 Located in N-terminal 
domain 

Unknown Unknown Unknown 1 0 

PSEN2 p.G37V Novel U NS NS NS   Located in N-terminal 
domain 

Unknown Unknown Unknown 1 2 

PSEN2 p.R62C Same amino acid change 
seen in 9% of Africans 
suggesting it is unlikely to be 
pathogenic (Guerreiro, 
Baquero et al. 2010), 
however they also have an 
earlier age of disease onset 
suggesting they may be 
disease modifiers (Cruchaga, 
Haller et al. 2012) 

U NS 0.01 0.02   Located in N-terminal 
domain 

Unknown Unknown Unknown 2 0 

PSEN2 p.V64F Novel U NS NS NS   Located in N-terminal 
domain 

Unknown Unknown Unknown 1 0 

PSEN2 p.C65F Novel U NS NS NS   Located in N-terminal 
domain 

Unknown Unknown Unknown 1 0 
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Variant Genetic Informatic Experimental Number of 
cases 

G
ene 

Protein 
alteration 

A
ssociation 
(cases vs 
controls) 

Segregation 

1000G
 M

A
F (%

) 

6500 E
SP M

A
F 

(%
) 

E
xA

C
 M

A
F (%

) 

C
onservation 

L
ocation 

(appropriate) 

G
ene disruption 

Phenotype 
recapitulation 

R
escue 

N
um

ber of cases 

N
um

ber of 
controls 

PSEN2 p.R110H Not previously associated 
with disease 

U NS NS 0 0.00005508 Located in the 
topological domain 
prior to a 
transmembrane region 

Unknown Unknown Unknown 1 0 

PSEN2 p.S130L Previously described in 
cases, but also seen in 
controls (Sassi, Guerreiro et 
al. 2014) 

U 0.1 0.1 0.06 0.00006714 Located in the 
topological domain 
prior to a 
transmembrane region 

Does not alter 
AB 40/42 levels 
(Walker, 
Martinez et al. 
2005) 

Unknown Unknown 5 1 

DCTN1 p.V1065I  Not previously seen U 0.06 NS 0.02   Outside major 
functional domains 

Unknown Unknown Unknown 1 0 

DCTN1 p.V1074M  Not previously associated 
with disease 

U NS NS 0   Outside major 
functional domains 

Unknown Unknown Unknown 2 0 

DCTN1 p.E1067*  Not previously associated 
with disease 

U NS 0.01 0   Within the second 
coiled coil domain 

Unknown Unknown See 
previous 

1 0 

DCTN1 p.R1029Q  Seen in relatively high 
frequency in international 
reference databases 

U 0.04 0.23 0.1 0.000001679 Within the second 
coiled coil domain 

Mutant protein 
is not 
ubiquitinated, 
but does alter 
cellular 
morphology 
causing thin 
dynatic 
filaments 
(Munch, 
Sedlmeier et al. 
2004) 

Mutant 
protein causes 
thin dynatic 
filaments 
(Munch, 
Sedlmeier et 
al. 2004) 

Unknown 9 2 
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Variant Genetic Informatic Experimental Number of 
cases 

G
ene 

Protein 
alteration 

A
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(cases vs 
controls) 

Segregation 

1000G
 M

A
F (%

) 

6500 E
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 M

A
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C
onservation 

L
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G
ene disruption 

Phenotype 
recapitulation 

R
escue 

N
um

ber of cases 

N
um

ber of 
controls 

DCTN1 p.E1026G  Not previously associated 
with disease 

U NS 0.02 0.01 0.00001702 Within the second 
coiled coil domain 

Unknown Unknown Unknown 1 0 

DCTN1 p.K851R  Not previously associated 
with disease 

U NS NS 0 0.00001884 Outside major 
functional domains 

Unknown Unknown Unknown 2 0 

DCTN1 p.A803G  Not previously associated 
with disease 

U NS 0.01 NS 0.00000171 Outside major 
functional domains 

Unknown Unknown Unknown 1 0 

DCTN1 p.R778W  Detected previously in cases 
of ALS (Liu, Li et al. 2014) 
however it has also been seen 
in affected and unaffected 
relatives  (Munch, Sedlmeier 
et al. 2004) with a high 
incidence in population 
databases 

N NS 0.08 0.02 0.0003228 Outside major 
functional domains 

Does not alter 
cellular 
morphology in 
vitro 
(Stockmann, 
Meyer-
Ohlendorf et al. 
2013) 

No 
(Stockmann, 
Meyer-
Ohlendorf et 
al. 2013) 

Unknown 1 1 

DCTN1 p.V697L  Novel U NS NS NS 0.000001449 Outside major 
functional domains 

Unknown Unknown Unknown 1 0 

DCTN1 p.S661F  Novel U NS NS NS 0.00005598 Outside major 
functional domains 

Unknown Unknown Unknown 1 0 

DCTN1 p.A653V  Novel U NS NS NS 0.000001832 Outside major 
functional domains 

Unknown Unknown Unknown 1 0 

DCTN1 p.K617N  Novel U NS NS NS 0.008128 Outside major 
functional domains 

Unknown Unknown Unknown 1 0 

DCTN1 p.V599I  Not previously associated 
with disease 

U NS 0 0   Outside major 
functional domains 

Unknown Unknown Unknown 1 0 
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Variant Genetic Informatic Experimental Number of 
cases 

G
ene 

Protein 
alteration 

A
ssociation 
(cases vs 
controls) 

Segregation 

1000G
 M

A
F (%

) 

6500 E
SP M
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E
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 M

A
F (%
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C
onservation 

L
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(appropriate) 

G
ene disruption 

Phenotype 
recapitulation 

R
escue 

N
um

ber of cases 

N
um

ber of 
controls 

DCTN1 p.P512S  Novel U NS NS NS 0.000113 Within the first coiled 
coil domain 

Unknown Unknown Unknown 1 0 

DCTN1 p.R465C  Not previously associated 
with disease 

U NS NS 0 0.0000618 Within the first coiled 
coil domain 

Unknown Unknown Unknown 0 1 

DCTN1 p.A354T  Novel U NS NS NS 0.00006745 Within the first coiled 
coil domain 

Unknown Unknown Unknown 1 0 

DCTN1 p.R218Q  Novel U NS NS NS 0.00000113 Within the first coiled 
coil domain 

Unknown Unknown Unknown 1 0 

HTRA2  p.R173H Novel  U NS NS NS   Within serine protease 
domain 

Unknown Unknown Unknown 1 0 

HTRA2  p.P120S Novel U NS NS NS 0.00887 Within transmembrane 
domain 

Unknown Unknown Unknown 1 0 

HTRA2  p.N106H Not previously associated 
with disease 

U NS NS 0 0.00004 Within transmembrane 
domain 

Unknown Unknown Unknown 1 0 

HTRA2  p.V60L Not previously associated 
with disease 

U 0.04 0.13 0.13   Between N-terminal 
mitochondrial 
targeting domain and 
transmembrane 
domain 

Unknown Unknown Unknown 2 2 

HTRA2  p.A32S Not previously associated 
with disease 

U NS 0.01 0   Within N-terminal 
mitochondrial 
targeting sequence 

Unknown Unknown Unknown 1 0 
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Variant Genetic Informatic Experimental Number of 
cases 

G
ene 

Protein 
alteration 

A
ssociation 
(cases vs 
controls) 

Segregation 

1000G
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6500 E
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L
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G
ene disruption 

Phenotype 
recapitulation 

R
escue 

N
um

ber of cases 

N
um

ber of 
controls 

HTRA2  p.L72P Seen previously in 2 cases of 
PD 

U 0.16 0.3 0.27   Between N-terminal 
mitochondrial 
targeting domain and 
transmembrane 
domain 

Unknown Unknown Unknown 2 1 

HTRA2  p.T76N Novel U NS NS NS   Between N-terminal 
mitochondrial 
targeting domain and 
transmembrane 
domain 

Unknown Unknown Unknown 0 1 

HTRA2  p.N98S Novel U NS NS NS   Between N-terminal 
mitochondrial 
targeting domain and 
transmembrane 
domain 

Unknown Unknown Unknown 1 0 

GIGYF2 p.R168C Not previously associated 
with disease 

U NS NS 0   Mis-sense variant. No 
convincing specific 
region for 
pathogenicity in 
literature 

Unknown Unknown Unknown 1 0 

GIGYF2 p.G208A  Not previously associated 
with disease 

U NS NS 0 0.001679 Mis-sense variant. No 
convincing specific 
region for 
pathogenicity in 
literature 

Unknown Unknown Unknown 1 0 

GIGYF2 p.I228M  Novel U NS NS NS   Mis-sense variant. No 
convincing specific 
region for 
pathogenicity in 

Unknown Unknown Unknown 1 0 
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Variant Genetic Informatic Experimental Number of 
cases 

G
ene 

Protein 
alteration 

A
ssociation 
(cases vs 
controls) 

Segregation 

1000G
 M

A
F (%

) 

6500 E
SP M

A
F 
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) 

E
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C
 M

A
F (%

) 

C
onservation 

L
ocation 

(appropriate) 

G
ene disruption 

Phenotype 
recapitulation 

R
escue 

N
um

ber of cases 

N
um

ber of 
controls 

literature 

GIGYF2 p.G239V  Novel U NS NS NS 0.000001225 Mis-sense variant. No 
convincing specific 
region for 
pathogenicity in 
literature 

Unknown Unknown Unknown 1 0 

GIGYF2 p.D257E  Novel U NS NS NS   Mis-sense variant. No 
convincing specific 
region for 
pathogenicity in 
literature 

Unknown Unknown Unknown 1 0 

GIGYF2 p.D371E  Not previously associated 
with disease 

U NS 0.13 0.05   Mis-sense variant. No 
convincing specific 
region for 
pathogenicity in 
literature 

Unknown Unknown Unknown 1 1 

GIGYF2 p.S396P  Novel U NS NS NS   Mis-sense variant. No 
convincing specific 
region for 
pathogenicity in 
literature 

Unknown Unknown Unknown 1 0 

GIGYF2 p.Q439H  Not previously associated 
with disease 

U NS 0.02 0.01 0.0008433 Mis-sense variant. No 
convincing specific 
region for 
pathogenicity in 
literature 

Unknown Unknown Unknown 2 0 
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Variant Genetic Informatic Experimental Number of 
cases 

G
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Protein 
alteration 

A
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(cases vs 
controls) 

Segregation 

1000G
 M

A
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) 

6500 E
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C
onservation 

L
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(appropriate) 

G
ene disruption 

Phenotype 
recapitulation 

R
escue 

N
um

ber of cases 

N
um

ber of 
controls 

GIGYF2 p.N451T  Seen in 3/498 of cases of PD 
(Lautier, Goldwurm et al. 
2008), but 0 of 727 in 
another together with one 
control  (Bras, Simon-
Sanchez et al. 2009). 

U 0.02 0.14 0.04   Mis-sense variant. No 
convincing specific 
region for 
pathogenicity in 
literature 

Does not cause 
dopaminergic 
cell loss in 
Zebra fish 
(Guella, 
Pistocchi et al. 
2011) 

Unknown Unknown 1 0 

GIGYF2 p.T702K  Novel U NS NS NS 0.000009863 Mis-sense variant. No 
convincing specific 
region for 
pathogenicity in 
literature 

Unknown Unknown Unknown 1 0 

GIGYF2 p.R816C  Not previously associated 
with disease 

U NS NS 0   Mis-sense variant. No 
convincing specific 
region for 
pathogenicity in 
literature 

Unknown Unknown Unknown 1 0 

GIGYF2 p.R852Q  Not previously associated 
with disease 

U NS 0.01 0.04 0.0008147 Mis-sense variant. No 
convincing specific 
region for 
pathogenicity in 
literature 

Unknown Unknown Unknown 1 0 

GIGYF2 p.R912Q  Not previously associated 
with disease 

U NS 0.01 0 0.0003565 Mis-sense variant. No 
convincing specific 
region for 
pathogenicity in 
literature 

Unknown Unknown Unknown 0 1 
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G
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R
escue 

N
um

ber of cases 

N
um

ber of 
controls 

GIGYF2 p.R982Q  Not previously associated 
with disease 

U 0.06 0.14 0.06 0.007834 Mis-sense variant. No 
convincing specific 
region for 
pathogenicity in 
literature 

Unknown Unknown Unknown 1 0 

GIGYF2 p.S1056C  Not previously associated 
with disease 

U NS 0.19 0.08 0.00001469 Mis-sense variant. No 
convincing specific 
region for 
pathogenicity in 
literature 

Unknown Unknown Unknown 4 0 

GIGYF2 p.E1169D  Novel U NS NS NS   Mis-sense variant. No 
convincing specific 
region for 
pathogenicity in 
literature 

Unknown Unknown Unknown 1 0 

GIGYF2 p.H1171R  Previously seen in a young 
onset PD case (Ghani, Lang 
et al. 2015), but also seen 
frequently in controls. 

U 0.08 0.22 0.16 0.00002178 Mis-sense variant. No 
convincing specific 
region for 
pathogenicity in 
literature 

Unknown Unknown Unknown 4 0 

GIGYF2 p.K1210M  Novel U NS NS NS 0.00001901 Mis-sense variant. No 
convincing specific 
region for 
pathogenicity in 
literature 

Unknown Unknown Unknown 1 0 

GIGYF2 p.L1230P  Not previously associated 
with disease 

U NS NS 0.02   Mis-sense variant. No 
convincing specific 
region for 
pathogenicity in 

Does not cause 
dopaminergic 
cell loss in 
Zebra fish 
(Guella, 

Unknown Unknown 54 6 
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Variant Genetic Informatic Experimental Number of 
cases 

G
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Protein 
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A
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(cases vs 
controls) 

Segregation 
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 M

A
F (%

) 

6500 E
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C
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L
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(appropriate) 

G
ene disruption 

Phenotype 
recapitulation 

R
escue 

N
um

ber of cases 

N
um

ber of 
controls 

literature Pistocchi et al. 
2011) 

GIGYF2 p.Q1207P  Novel U NS NS NS   Mis-sense variant. No 
convincing specific 
region for 
pathogenicity in 
literature 

Unknown Unknown Unknown 3 2 

GIGYF2 p.Q1223_
Q1226del  

Novel U NS NS NS   Mis-sense variant. No 
convincing specific 
region for 
pathogenicity in 
literature 

Unknown Unknown Unknown 28 1 

CHMP2B p.R19Q Not previously associated 
with disease 

U 0.02 NS 0.01 0.006152 In N-terminal domain Unknown Unknown Unknown 1 0 

CHMP2B p.R32Q Not previously associated 
with disease 

U NS 0.01 0 0.0001837 Mis-sense variant in 
well conserved region 

Unknown Unknown Unknown 1 0 

CHMP2B p.A33V Novel U NS NS NS 0.00000456 Mis-sense variant in 
well conserved region 

Unknown Unknown Unknown 1 0 

EIF4G1 Splice-site 
alteration 
(1) 

Novel U NS NS NS   Results in splice site 
loss 

Unknown Unknown Unknown 1 0 

EIF4G1 p.A63D  Novel U NS NS NS   Mis-sense variant. 
Functional effects 
unknown 

Unknown Unknown Unknown 1 0 
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Variant Genetic Informatic Experimental Number of 
cases 

G
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Protein 
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A
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(cases vs 
controls) 
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L
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G
ene disruption 

Phenotype 
recapitulation 

R
escue 

N
um

ber of cases 

N
um

ber of 
controls 

EIF4G1 Splice-site 
alteration 
(2) 

Not previously associated 
with disease 

U NS 0.01 0   Causes alternate 
splicing 

Unknown Unknown Unknown 0 1 

EIF4G1 p.P100L  Not previously associated 
with disease 

U NS NS 0   Mis-sense variant. 
Functional effects 
unknown 

Unknown Unknown Unknown 1 0 

EIF4G1 p.I293T  Novel U NS NS NS   Mis-sense variant. 
Functional effects 
unknown 

Unknown Unknown Unknown 1 0 

EIF4G1 p.A265S  Not previously associated 
with disease 

U NS 0.02 0.01   Mis-sense variant. 
Functional effects 
unknown 

Unknown Unknown Unknown 1 0 

EIF4G1 p.G276_A
278del  

Novel U NS NS NS   Mis-sense variant. 
Functional effects 
unknown 

Unknown Unknown Unknown 67 10 

EIF4G1 p.P399S  Not previously associated 
with disease 

U 0.02 0.06 0.08   Mis-sense variant. 
Functional effects 
unknown 

Unknown Unknown Unknown 4 0 

EIF4G1 p.P539L  Not previously associated 
with disease 

U 0.04 NS 0.01   Mis-sense variant. 
Functional effects 
unknown 

Unknown Unknown Unknown 0 1 

EIF4G1 p.A510P  Not previously associated 
with disease 

U 0.12 0.19 0.1 0.004416 Mis-sense variant. 
Functional effects 
unknown 

Unknown Unknown Unknown 1 1 
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N
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EIF4G1 p.S489L  Novel U NS NS NS 0.004074 Mis-sense variant. 
Functional effects 
unknown 

Unknown Unknown Unknown 1 0 

EIF4G1 p.G490C  Seen in 2 of 251 cases and 
0/231 controls (Lesage, 
Condroyer et al. 2012) and in 
2 patients and 0/4000 
controls (Chartier-Harlin, 
Dachsel et al. 2011) 

U NS NS 0.01 0.001901 Mis-sense variant. 
Functional effects 
unknown 

Unknown Unknown Unknown 2 0 

EIF4G1 p.P703T  Novel U NS NS NS 0.0004786 Some transcripts alter 
EIF4E binding site 

Unknown Unknown Unknown 1 0 

EIF4G1 p.G534A  Seen in 1 of 975 cases and 0 
of 1014 controls (Schulte, 
Mollenhauer et al. 2012) 

U NS 0.01 0 0.000005572 Mis-sense variant. 
Functional effects 
unknown. May alter 
eIF3/EIF4A binding 

Unknown Unknown Unknown 2 0 

EIF4G1 p.A553P  Not previously associated 
with disease 

U NS 0.15 0.07   Mis-sense variant. 
Functional effects 
unknown. May alter 
eIF3/EIF4A binding 

Unknown Unknown Unknown 1 1 

EIF4G1 p.I642V  Not previously associated 
with disease 

U 0.02 0.05 0.04 0.000006295 Mis-sense variant. 
Functional effects 
unknown. May alter 
eIF3/EIF4A binding 

Unknown Unknown Unknown 2 1 

EIF4G1 p.T634S  Not previously associated 
with disease 

U NS 0.02 0 0.0002178 Mis-sense variant. 
Functional effects 
unknown. May alter 
eIF3/EIF4A binding 

Unknown Unknown Unknown 1 0 
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EIF4G1 p.E936*  Novel U NS NS NS 6.82E-07 Stop-codon insertion Unknown Unknown Unknown 1 0 

EIF4G1 p.R1074C  Not previously associated 
with disease  

U NS 0 0 0.000003873 Mis-sense variant. 
Functional effects 
unknown. May alter 
eIF3/EIF4A binding 

Unknown Unknown Unknown 1 0 

EIF4G1 p.R1099C  Novel U NS NS 0.01 0.0004064 Mis-sense variant in 
well conserved region 

Unknown Unknown Unknown 2 0 

EIF4G1 p.L1312V  Novel U NS NS 0   Mis-sense variant in 
well conserved region 

Unknown Unknown Unknown 1 0 

EIF4G1 p.M1336V  Not previously associated 
with disease 

U 0.1 0.02 0.02 0.00001702 Mis-sense variant in 
well conserved region 

Unknown Unknown Unknown 2 0 

EIF4G1 p.I1493V  Novel U NS NS NS   Mis-sense variant in 
well conserved region 

Unknown Unknown Unknown 1 0 

EIF4G1 Splice-site 
alteration 
(3) 

Novel U 0 0 0 0.002133 Causes alternate 
splicing 

Unknown Unknown Unknown 1 0 

EIF4G1 p.A1549S  Novel U NS NS NS   Mis-sense variant in 
well conserved region 

Unknown Unknown Unknown 1 0 

COQ2 p.N417S Novel U NS NS 0.01   Mis-sense variant in 
well conserved region 

Unknown Unknown Unknown 0 1 

COQ2 p.Y353C Novel U NS NS 0 0.0005848 Mis-sense variant in 
well conserved region 

Unknown Unknown Unknown 0 1 
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COQ2 p.A201T Not previously associated 
with disease 

U NS 0 0 0.0001995 Situated in the 
(PT_UbiA_1) domain. 

Unknown Unknown Unknown 1 0 

COQ2 p.R197H Only previously seen in 
childhood onset q10 
deficiency (Lopez, Quinzii et 
al. 2010)and CoQ2 
nephropathy (Diomedi-
Camassei, Di Giandomenico 
et al. 2007) 

N NS NS 0 0.000001175 Located in a critical 
and well-established 
functional domain 
(PT_UbiA_1) 

Unknown Unknown Unknown 1 0 

COQ2 p.S107T Not previously associated 
with disease 

U 0.02 NS 0.12 0.00007907 Mis-sense variant. No 
convincing specific 
region for 
pathogenicity in 
literature for 
heterozygous cases 

Unknown Unknown Unknown 2 1 

COQ2 p.Q105H Not previously associated 
with disease 

U NS NS 0.05   Mis-sense variant. No 
convincing specific 
region for 
pathogenicity in 
literature for 
heterozygous cases 

Unknown Unknown Unknown 0 1 

COQ2 p.P96S Not previously associated 
with disease 

U NS NS 0   Mis-sense variant. No 
convincing specific 
region for 
pathogenicity in 
literature for 
heterozygous cases 

Unknown Unknown Unknown 3 1 
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COQ2 p.S54W Not previously associated 
with disease 

U NS 0.01 0.14   Mis-sense variant. No 
convincing specific 
region for 
pathogenicity in 
literature for 
heterozygous cases 

Unknown Unknown Unknown 1 0 

COQ2 p.G53R Novel U NS NS NS   Well conserved region Unknown Unknown Unknown 1 0 

MATR3 p.Y214C Novel U NS NS NS   Mis-sense variant. No 
convincing specific 
region for 
pathogenicity in 
literature 

Unknown Unknown Unknown 0 1 

MATR3 p.E262* Novel U NS NS NS 0.0001377 Mis-sense variant. No 
convincing specific 
region for 
pathogenicity in 
literature 

Unknown Unknown Unknown 1 0 

MATR3 p.V159M  Novel U NS NS NS 0.00005321 Mis-sense variant. No 
convincing specific 
region for 
pathogenicity in 
literature 

Unknown Unknown Unknown 1 0 

MATR3 p.A762T  Not previously associated 
with disease 

U NS 0.06 0.02   Mis-sense variant. No 
convincing specific 
region for 
pathogenicity in 
literature 

Unknown Unknown Unknown 1 0 
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MATR3 p.R503C  Not previously associated 
with disease 

U NS NS 0.01   Mis-sense variant. No 
convincing specific 
region for 
pathogenicity in 
literature 

Unknown Unknown Unknown 3 1 

SQSTM1 p.S24G Novel U NS NS NS   Mis-sense variant in 
PB1 domain 

Unknown Unknown Unknown 0 1 

SQSTM1 p.A33V Not previously associated 
with disease 

U NS 0.08 0.12   Mis-sense variant in 
PB1 domain 

Unknown Unknown Unknown 2 2 

SQSTM1 p.P111L  Not previously associated 
with disease 

U NS 0.01 0   Mis-sense variant in 
PB1 domain 

Unknown Unknown Unknown 1 0 

SQSTM1 p.A33V  Previously described in 1 
case of FALS and 2 cases of 
SALS (Fecto, Yan et al. 
2011) but also seen in 
controls in relatively high 
frequency 

U 0.08 0.12 0.15   Mis-sense variant in 
SH2 binding domain 

Unknown Unknown Unknown 2 1 

SQSTM1 p.P118S  Not previously associated 
with disease 

U NS 0.01 0.02 0.00006531 Mis-sense variant in 
PB1 domain 

Unknown Unknown Unknown 4 0 

SQSTM1 p.P50L  Not previously associated 
with disease 

U NS 0.01 0 0.000001426 Mis-sense variant in 
PB1 domain 

Unknown Unknown Unknown 1 0 

SQSTM1 p.V150G  Novel U NS NS NS 0.001365 Sits in TRAF6 binding 
domain 

Unknown Unknown Unknown 1 0 

SQSTM1 p.K238E  Seen in both cases of ALS 
and controls in equal 
measure (van der Zee, Van 

U 0.24 0.35 0.24   Sits in TRAF6 binding 
domain 

Unknown Unknown Unknown 17 1 
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Langenhove et al. 2014) 

SQSTM1 p.G168V  Novel U NS NS NS 0.000005383 Sits in TRAF6 binding 
domain 

Unknown Unknown Unknown 0 1 

SQSTM1 p.P392L  Seen in 1 of 187 cases of 
FTD and 0 of 539 controls   
(Le Ber, Camuzat et al. 
2013).Also detected in 0.97% 
of cases of ALS (Kwok, 
Morris et al. 2013), Known 
RF for Paget’s disease of 
bone. 

Y – single 
study (van 
der Zee, 
Van 
Langenhov
e et al. 
2014) 

0.24 0.21 0.09 0.000001854 Located in the 
Ubiquitin-associated 
domain 

Osteoclasts 
harbouring this 
mutation show 
sensitivity to 
NF-kb 
(Kurihara, 
Hiruma et al. 
2007) 

Unknown Unknown 9 0 

HNRNPA
2B1 

p.G323del  Novel U NS NS NS 0.000001191 This sits within the 
nuclear targeting 
sequence! No previous 
pathogenic mutations 
described in this 
region 

Unknown Unknown Unknown 1 0 

C9orf72 p.M332V Not previously associated 
with disease 

U NS 0 0 0.00001549 Unknown functional 
domain 

Unknown Unknown Unknown 2 1 

C9orf72 p.M318V Novel U NS NS 0 0.00001549 Unknown functional 
domain 

Unknown Unknown Unknown 1 0 

C9orf72 p.I138V Novel U NS NS NS 0.0004102 Unknown functional 
domain 

Unknown Unknown Unknown 1 0 

C9orf72 p.T49R Seen previously in a single 
case of MND (Couthouis, 
Raphael et al. 2014) but also 

U 0.02 0.02 0.02 0.005458 Unknown functional 
domain 

Unknown Unknown Unknown 3 0 
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seen in control databases. 

VCP p.N616fs*
12 

Novel U NS NS NS   Contained within the 
D2 a/b region of which 
impaired function is 
unknown 

Unknown Unknown Unknown 27 4 

VCP p.N616fs*
63 

Novel U NS NS NS   Contained within the 
D2 a/b region of which 
impaired function is 
unknown 

Unknown Unknown Unknown 3 0 

VCP p.D501E Novel U NS NS NS 0.006902 Contained with the 
ATPase binding 
cassette region 

Unknown Unknown Unknown 1 0 

VCP p.R453Q Novel U NS NS NS 0.00008551 Contained within the 
helical structural 
domain of the protein 

Unknown Unknown Unknown 0 2 

VCP p.R323L Novel U NS NS NS 3.77E-07 Contained within the 
AAA2 region 

Unknown Unknown Unknown 1 0 

VCP p.I27V Previously reported in 2 
cases of IBMPFD(Mehta, 
Khare et al. 2013).  Also seen 
in 1/768 cases of PD and 2 of 
716 controls (aged in their 5th 
and 8th decades) (Majounie, 
Traynor et al. 2012) 

U 0.1 0.03 0.05 0.0004227 well-established 
functional domain 
(MopB_CT_1) 

Unknown Unknown Unknown 1 0 
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VCP p.G9V Novel U NS NS NS   Contained within the 
N-terminal region 

Unknown Unknown Unknown 1 0 

HNRNPA1  p.F216L Novel U NS NS NS   Situated in close 
proximity to 
previously described 
pathogenic mutations 

Unknown Unknown Unknown 1 0 

DAO p.R2S Novel U NS NS NS   Situated in nucleotide 
binding domain. 
Functional impairment 
unclear 

Unknown Unknown Unknown 1 1 

DAO p.A8E Novel U NS NS NS 0.000004853 Situated in nucleotide 
binding domain. 
Functional impairment 
unclear 

Unknown Unknown Unknown 1 0 

DAO p.Q63E Not previously associated 
with disease 

U NS 0.02 0.01   Functional impairment 
unclear 

Unknown Unknown Unknown 1 1 

DAO p.P103P Not previously associated 
with disease 

U NS 0.02 0.01   Alters splicing Unknown Unknown Unknown 1 0 

DAO p.R115W Not previously associated 
with disease 

U NS 0.01 0.01   Situated in well 
conserved region 

Unknown Unknown Unknown 1 0 

DAO p.Y144H Not previously associated 
with disease 

U 0.3 0 0.08 0.00003133 Situated in well 
conserved region 

Unknown Unknown Unknown 2 0 

DAO p.W260* Novel U NS NS NS 0.00002851 Involved in enzymatic 
activity (amino-acids 
Tyr228-His307) 

Unknown Unknown Unknown 1 0 
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ANG  p.G17V Novel U NS NS NS   Situated in n-terminal 
region 

Unknown Unknown Unknown 1 0 

ANG  p.I70V Seen in equal numbers of 
cases and controls (Gellera, 
Colombrita et al. 2008) 

U 0.02 0.06 0.06   Located in a critical 
and well-established 
functional domain 
(RNase_A_canonical) 

Reduces 
ribonucleolytic 
activity 
(Crabtree, 
Thiyagarajan et 
al. 2007) 

Unknown Unknown 2 1 

ANG  p.K78E Previously described in 
isolated sporadic cases 
(Fernandez-Santiago, Hoenig 
et al. 2009, Kirby, Highley et 
al. 2013) but also seen in 
reference databases. 

U NS 0.01 0.02 0.004477 Located in the second 
helix of the mature 
ANG protein 

Predicted to 
lose nuclear-
translocational 
activity (Padhi, 
Vasaikar et al. 
2013) 

Unknown Unknown 0 1 

ANG  p.N83K Novel U NS NS NS   Located in the second 
helix of the mature 
ANG protein 

Unknown Unknown Unknown 1 0 

FUS p.S57del Seen in 1 of 200 patients and 
none of 475 controls (Belzil, 
Daoud et al. 2011) 

U NS NS NS 0.0002742 Located in the QGSY-
Region. Additional 
variants in these 
region are unlikely to 
be pathogenic (Cruts, 
Theuns et al. 2012) 

Unknown Unknown Does 
rescue the 
phenotype 
(Kabashi, 
Bercier et 
al. 2011) 

3 0 

FUS p.R379H  Not previously associated 
with disease 

U NS NS 0 0.0004592 Located in the RRM 
region 

Unknown Unknown Unknown 1 0 

FUS p.R483H  Not previously associated 
with disease 

U 0.02 NS 0   Located in the RRM 
region 

Unknown Unknown Unknown 0 1 
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VPS35 p.V476A Not previously associated 
with disease 

U NS 0.01 0 0.001374 Located in region 
which interacts with 
SLC11A2 

Unknown Unknown Unknown 1 0 

VPS35 p.K296E Novel U NS NS NS 0.000009795 Located in a critical 
and well-established 
functional domain 

Unknown Unknown Unknown 1 0 

VPS35 p.M57L Not previously associated 
with disease 

U NS NS 0 0.00001406 Located in region 
which interacts with 
SLC11A2 

Unknown Unknown Unknown 1 0 

VPS35 p.M30K Unknown U NS 0 0.01 0.00001687 Unknown Unknown Unknown Unknown 1 0 

PFN1 p.V103F Novel U NS NS NS   Located in a region 
which involved in a 
beta strand in the 
secondary protein 

Unknown Unknown Unknown 1 0 

PFN1 Splice site 
alteration 

Novel U NS NS NS 0.002735 Splice site altering 
variant. This is highly 
likely to result in a 
frameshift mutation 
(MaxEntScore 
decrease 100%) 

Unknown Unknown Unknown 1 0 

PFN1 p.P29L Novel U NS NS 0 0.003573 Mis-sense variant 
between two beta-
strands in the 
secondary structure 

Unknown Unknown Unknown 1 0 
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GRN p.T18M Not previously associated 
with disease 

U 0.02 0.02 0   Situated in exon 2 - 
ParaGran region. 
Mutation at codon 19 
is non-pathogenic 
(Gass, Cannon et al. 
2006) 

Unknown Unknown Unknown 2 0 

GRN p.P50T Novel U NS NS NS   Sits between 
Paragranulin and 
Granulin-1 domains 

Unknown Unknown Unknown 1 0 

GRN p.M286T Novel U NS NS NS   Mis-sense variant in 
the Granulin-4 domain 

Unknown Unknown Unknown 1 0 

GRN p.E287D Seen previously in a single 
patient (Gass, Cannon et al. 
2006) 

U NS 0.01 0   Mis-sense variant in 
the Granulin-4 domain 

Unknown Unknown Unknown 1 0 

GRN p.C404F Not seen previously U NS NS NS 0.000005176 Located in GranC 
region. Unclear 
whether mutations in 
this region are 
pathogenic 

Unknown Unknown Unknown 1 0 

GRN p.R418Q Seen in control databases and 
also seen in controls (Gass, 
Cannon et al. 2006) (Le Ber, 
van der Zee et al. 2007)  

U NS 0.02 0.02   Located in Exon 11 - 
InterCD region 

Unknown Unknown Unknown 2 0 

GRN p.V514M Seen previously in a familial 
AD case (Cruchaga, Haller et 
al. 2012) 

U NS 0.05 0   Sits between Granulin-
6 and Granulin-7 
domains 

Unknown Unknown Unknown 2 0 
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GRN p.A588S Not previously associated 
with disease 

U NS NS 0.05   Located after 
Granulin-7 domain 

Unknown Unknown Unknown 30 7 

MAPT p.S501I  Novel U NS NS NS 0.000236 Located outside the 
tubulin binding 
domain 

Unknown Unknown Unknown 0 1 

MAPT p.A210T  Previously described in a 
patient with FTLD (King, Al-
Sarraj et al. 2013), but also 
seen in control databases. 

U 0.02 0.14 0.08   Located outside the 
tubulin binding 
domain 

Unknown Unknown Unknown 4 2 

NOTCH3 p.T2270M Not previously associated 
with disease 

U NS 0 0.01 0.00003214 Located outside an 
EGF domain and 
doesn't affect cysteine 
residue 

Unknown Unknown Unknown 1 0 

NOTCH3 p.P2222L Novel U NS NS NS 0.000415 Located outside an 
EGF domain and 
doesn't affect cysteine 
residue 

Unknown Unknown Unknown 1 0 

NOTCH3 p.P2209L Not previously associated 
with disease 

U 0.04 NS 0.07   Located outside an 
EGF domain and 
doesn't affect cysteine 
residue 

Unknown Unknown Unknown 1 0 

NOTCH3 p.A2190V Not previously associated 
with disease 

U 0.02 NS 0.02   Located outside an 
EGF domain and 
doesn't affect cysteine 
residue 

Unknown Unknown Unknown 1 0 
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NOTCH3 p.R2150S Novel U NS NS NS 0.0004178 Located outside an 
EGF domain and 
doesn't affect cysteine 
residue 

Unknown Unknown Unknown 1 0 

NOTCH3 p.P2115L Novel U NS NS NS 0.0005559 Located outside an 
EGF domain and 
doesn't affect cysteine 
residue 

Unknown Unknown Unknown 1 0 

NOTCH3 p.V2021M Not previously associated 
with disease 

U 0.04 NS 0.02 0.000006808 Not present in EGF 
and doesn't alter 
cysteine residue 

Unknown Unknown Unknown 2 0 

NOTCH3 p.A1947V Not previously associated 
with disease 

U NS NS 0.01 0.000003381 Located outside an 
EGF domain and 
doesn't affect cysteine 
residue 

Unknown Unknown Unknown 0 1 

NOTCH3 p.V1762M Described in a single case 
with a CADASIL like 
phenotype (Bersano, Ranieri 
et al. 2012) 

U NS NS 0.02   Not present in EGF 
and doesn't alter 
cysteine residue 

Unknown Unknown Unknown 1 0 

NOTCH3 p.S1420R Novel U NS NS NS   Located outside an 
EGF domain and 
doesn't affect cysteine 
residue 

Unknown Unknown Unknown 1 0 

NOTCH3 p.P1408S Novel U NS NS NS   Located outside an 
EGF domain and 
doesn't affect cysteine 
residue 

Unknown Unknown Unknown 0 1 
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NOTCH3 p.C1405F Novel U NS NS NS 0.00000471 Not present in EGF 
but does alter cysteine 
residue 

      0 1 

NOTCH3 p.E1404D Novel U NS NS NS   Located outside an 
EGF domain and 
doesn't affect cysteine 
residue 

Unknown Unknown Unknown 0 1 

NOTCH3 p.D1398Y Novel U NS NS NS 0.001803 Situated outside an 
EGF domain and 
doesn't affect a 
cysteine residue 

Unknown Unknown Unknown 1 0 

NOTCH3 p.R1285P Novel U NS NS NS   Located within an 
EGF domain but 
doesn't affect cysteine 
residue 

Unknown Unknown Unknown 1 0 

NOTCH3 p.G1269V Novel U NS NS 0   Located within an 
EGF domain but 
doesn't affect cysteine 
residue 

Unknown Unknown Unknown 1 0 

NOTCH3 p.Q1253P Novel U NS NS 0.01   Located within an 
EGF domain but 
doesn't affect cysteine 
residue 

Unknown Unknown Unknown 1 0 

NOTCH3 p.R1242H Not previously associated 
with disease 

U 0.04 0.02 0   Located within an 
EGF domain but 
doesn't affect cysteine 
residue 

Unknown Unknown Unknown 0 1 
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NOTCH3 p.C1222G Not previously associated 
with disease 

U NS 0.05 0.01 0.001972 Situated in EGF and 
affects cysteine but not 
seen in association 
with vascular disease 
in this cohort 

Unknown Unknown Unknown 1 0 

NOTCH3 p.A1213D Novel U NS NS NS   Located within an 
EGF domain but 
doesn't affect cysteine 
residue 

Unknown Unknown Unknown 1 0 

NOTCH3 p.M1107I Not previously associated 
with disease 

U 0.02 NS 0   Located within an 
EGF domain but 
doesn't affect cysteine 
residue 

Unknown Unknown Unknown 1 0 

NOTCH3 p.C997* Novel U NS NS NS   Situated in EGF and 
affects cysteine but not 
seen in association 
with vascular disease 
in this cohort 

Unknown Unknown Unknown 1 0 

NOTCH3 p.S991R Novel U NS NS NS   Located within an 
EGF domain but 
doesn't affect cysteine 
residue 

Unknown Unknown Unknown 2 0 

NOTCH3 p.H981Y Previously seen in healthy 
cases (Ross, Soto-Ortolaza et 
al. 2013) 

U NS NS 0   Located within an 
EGF domain but 
doesn't affect cysteine 
residue 

Unknown Unknown Unknown 1 0 

NOTCH3 p.S947R Novel U NS NS NS   In EGF domain but 
doesn't affect cysteine 

Unknown Unknown Unknown 1 0 
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N
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N
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residue 

NOTCH3 p.P913L Not previously associated 
with disease 

U NS 0.01 0   Located within an 
EGF domain but 
doesn't affect cysteine 
residue 

Unknown Unknown Unknown 1 0 

NOTCH3 p.S893N Novel U NS NS NS 0.000001622 In EGF domain but 
doesn't affect cysteine 
residue 

Unknown Unknown Unknown 1 0 

NOTCH3 p.G878R Novel U NS NS NS 0.000001622 Located within an 
EGF domain but 
doesn't affect cysteine 
residue 

Unknown Unknown Unknown 0 1 

NOTCH3 p.G869A Not previously associated 
with disease 

U NS NS 0   Located within an 
EGF domain but 
doesn't affect cysteine 
residue 

Unknown Unknown Unknown 1 0 

NOTCH3 p.A815D Novel U NS NS NS   Located within an 
EGF domain but 
doesn't affect cysteine 
residue 

Unknown Unknown Unknown 1 0 

NOTCH3 p.P761L Not previously associated 
with disease  

U NS 0 0   Located within an 
EGF domain but 
doesn't affect cysteine 
residue 

Unknown Unknown Unknown 0 1 
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N
um

ber of cases 

N
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controls 

NOTCH3 p.V644D Not previously associated 
with disease 

U 0.02 0.09 0.07 0.00003396 Located within an 
EGF domain but 
doesn't affect cysteine 
residue 

Unknown Unknown Unknown 3 1 

NOTCH3 p.R544H Novel U NS NS 0   Located within an 
EGF domain but 
doesn't affect cysteine 
residue 

Unknown Unknown Unknown 1 1 

NOTCH3 p.A534S Novel U NS NS NS 0.001 Located within an 
EGF domain but 
doesn't affect cysteine 
residue 

Unknown Unknown Unknown 1 1 

NOTCH3 p.R532L Novel U NS NS NS 0.005888 Located within an 
EGF domain but 
doesn't affect cysteine 
residue 

Unknown Unknown Unknown 1 0 

NOTCH3 p.G490A Not previously associated 
with disease 

U NS 0.01 0 0.000002547 Located within an 
EGF domain but 
doesn't affect cysteine 
residue 

Unknown Unknown Unknown 1 0 

NOTCH3 p.P426L Not previously associated 
with disease 

U NS NS 0 0.0002198 In EGF domain but 
doesn't affect cysteine 
residue 

Unknown Unknown Unknown 1 0 

NOTCH3 p.E403D Novel U NS NS NS   In EGF domain but 
doesn't affect cysteine 
residue 

Unknown Unknown Unknown 1 0 
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N
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NOTCH3 p.L295R Not previously associated 
with disease 

U 0.02 0.07 0.02   Located within an 
EGF domain but 
doesn't affect cysteine 
residue 

Unknown Unknown Unknown 2 0 

NOTCH3 p.G248A Not previously associated 
with disease 

U 0.02 NS 0.01 0.0007345 In EGF domain but 
doesn't affect cysteine 
residue 

Unknown Unknown Unknown 1 0 

NOTCH3 p.H170R Not previously associated 
with disease 

U 0.14 0.15 0.19 0.00002818 Located within an 
EGF domain but 
doesn't affect cysteine 
residue 

Unknown Unknown Unknown 7 3 

NOTCH3 p.R169H Not previously associated 
with disease 

U NS NS 0   Present in EGF 
domain but does not 
affect cysteine residue 

Unknown Unknown Unknown 1 0 

NOTCH3 p.R113Q Not previously associated 
with disease 

U NS 0.07 0.08   Located within an 
EGF domain but 
doesn't affect cysteine 
residue 

Unknown Unknown Unknown 1 1 

NOTCH3 p.A102V Novel U NS NS NS 0.004592 Located within an 
EGF domain but 
doesn't affect cysteine 
residue 

Unknown Unknown Unknown 1 0 

NOTCH3 p.V97A Novel U NS NS NS 0.0009817 Located within an 
EGF domain but 
doesn't affect cysteine 
residue 

Unknown Unknown Unknown 1 0 
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N
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N
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NOTCH3 p.S95R Not previously associated 
with disease 

U NS NS 0 0.00004688 Located within an 
EGF domain but 
doesn't affect cysteine 
residue 

Unknown Unknown Unknown 0 1 

PRNP p.R48H  Novel U NS NS NS 0.0009016 Sits in N-terminal 
region, no pathogenic 
mutations have been 
seen in this region 
before (Mead 2006, 
Beck, Poulter et al. 
2010) 

Unknown Unknown Unknown 1 0 

PRNP p.G54S  Seen in healthy controls 
(Beck, Poulter et al. 2010, 
Forbes, Goodwin et al. 2014) 

U NS NS 0.07 0.0009016 Sits in N-terminal 
region, no pathogenic 
mutations have been 
seen in this region 
before (Mead 2006, 
Beck, Poulter et al. 
2010) 

Unknown Unknown Unknown 0 1 

PRNP p.W26L  No point mutations within 
this region have been 
described as being 
pathogenic (Mead 2006) 

U NS NS NS   Present in N-terminal 
domain 

Unknown Unknown Unknown 1 0 

PRNP p.R164M Novel U NS NS NS   Present in major 
coding region 

Unknown Unknown Unknown 1 0 

PRNP p.K194R Novel U NS NS NS 0.002223 Present in major 
coding region 

Unknown Unknown Unknown 0 1 
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VAPB p.S160del Seen in equal frequency 
between cases and 
controls(Landers, Leclerc et 
al. 2008), but seen in one 
fALS case and none of > 300 
controls (Kabashi, El Oussini 
et al. 2013) 

U NS NS NS   Sits within exon 5, but 
lies outside the MSP 
domain 

Alters the 
structure of the 
protein but 
retains normal 
subcellular 
localisation 
(Landers, 
Leclerc et al. 
2008) 

Mutant 
protein does 
not rescue the 
phenotype 
(Landers, 
Leclerc et al. 
2008) 

No 11 0 

VAPB p.M170I High frequency in population 
databases 

U 0.1 0.16 0.14 6.75E-07 Located near MSP 
domain 

Unknown Unknown Unknown 5 1 

VAPB p.F231L Novel U NS NS NS 0.0000271 Located in the 
transmembrane 
domain 

Unknown Unknown Unknown 0 1 

APP p.I665V  Not previously associated 
with disease 

U NS NS 0 0.0006095 Sits within TM-I Unknown Unknown Unknown 1 1 

APP p.T553M  Not previously associated 
with disease 

U NS NS 0 0.002723 Not within TM 
domain 

Unknown Unknown Unknown 0 1 

APP p.T525M  Not previously associated 
with disease 

U NS NS 0.01 0.0001466 Not within TM 
domain 

Unknown Unknown Unknown 0 1 

APP p.E489K  Not previously associated 
with disease 

U 0.06 0.1 0.13 0.0001466 Not within TM 
domain 

Unknown Unknown Unknown 1 0 

APP p.C285F  Novel U NS NS NS 0.000004207 Not within TM 
domain 

Unknown Unknown Unknown 1 0 

APP p.M338V  Not previously associated U 0 0.01 0   Not within TM Unknown Unknown Unknown 1 0 
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N
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APP p.R328W  Not previously associated 
with disease 

U NS NS 0.02 0.004592 Not within TM 
domain 

Unknown Unknown Unknown 1 0 

APP p.R250L  Not previously associated 
with disease 

U 0 0.01 0 0.000003899 Not within TM 
domain 

Unknown Unknown Unknown 1 0 

APP p.A295S  Novel U NS NS NS 0.000003899 Not within TM 
domain 

Unknown Unknown Unknown 1 0 

APP p.S198P  Not previously associated 
with disease 

U NS 0.07 0.05 0.001042 Not within TM 
domain 

Unknown Unknown Unknown 0 1 

SOD1 p.Q16R Novel U NS NS NS   Sits in N-terminal 
region and in which 
several pathogenic 
mutations have been 
described 

Unknown Unknown Unknown 1 0 

CHCHD10 p.Y135H  Not previously associated 
with disease 

U NS 0.08 0.03   Sits distal to the 
CHCH domain 

Unknown Unknown Unknown 2 0 

CHCHD10 p.P80L Not previously associated 
with disease 

U NS NS 0.03 0.00001442 Sits within the non-
structured domain 
between the 
hydrophobic helix ad 
CHCH domain 

Unknown Unknown Unknown 1 0 

CHCHD10 p.M48K Novel U NS NS NS 0.00317 Sits within the 
hydrophobic helix in 
which previous 
pathogenic mutations 

Unknown Unknown Unknown 0 1 
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CHCHD10 p.P34S Described previously in 2 
cases of FTD-ALS 
(Chaussenot, Le Ber et al. 
2014) 

U 0.04 NS 0.11   Sits within the 
nonstructured N-
terminal region, and 
the biological 
relevance is unknown 

Unknown Unknown Unknown 12 2 

UBQLN2 p.A28P Novel U NS NS NS   Sits within a 
nonstructured domain  

Unknown Unknown Unknown 1 0 

UBQLN2 p.S140R Novel U NS NS NS   Sits within a 
nonstructured domain  

Unknown Unknown Unknown 1 0 

UBQLN2 p.S301P Novel U NS NS NS   Sits within a 
nonstructured domain  

Unknown Unknown Unknown 1 0 

UBQLN2 p.M563I Novel U NS NS NS 0.00005875 Sits within a 
nonstructured domain  

Unknown Unknown Unknown 1 0 
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Appendix 14 Likely Benign mutations – ACMG criteria. 

 The gene and protein alteration are shown together with whether there is evidence to support strong pathogenicity (PS), moderate pathogenicity (PM) or 
supporting pathogenicity (PP) according to ACMG 2015 criteria (Richards, Aziz et al. 2015). In addition, evidence supporting a benign nature of the 
variant is also provided (BS and BP). Final ACMG classification based on both the pre-study and post-study data are shown.  

  
 Pathogenic Benign ACMG classification 

Variant  Very 
Strong  Strong Moderate  Supporting  Strong  Supporting Pre-assessment Post-assessment 
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U
S 

P 

L
P 

B
 

L
B

 

U
S 

PSEN2 p.S30F             1           1 1                                         1       1   
PSEN2 p.G37V             1           1 1                                       1         1   
PSEN2 p.R62C                                   1                     1         1         1   
PSEN2 p.V64F             1                                                       1       1   
PSEN2 p.C65F             1           1 1                                         1       1   
PSEN2 p.R110H             1           1 1                                         1       1   
PSEN2 p.S130L             1           1                                           1       1   
DCTN1 p.V1065I              1                                       1               1       1   
DCTN1 p.V1074M              1                                       1               1       1   
DCTN1 p.E1067*                            1                                         1       1   
DCTN1 p.R1029Q                            1                                         1       1   
DCTN1 p.E1026G                                                                      1       1   
DCTN1 p.K851R              1                                                       1       1   
DCTN1 p.A803G                                                                      1       1   
DCTN1 p.R778W                                    1 1                             1         1   
DCTN1 p.V697L              1                                                       1       1   
DCTN1 p.S661F              1                                                       1       1   
DCTN1 p.A653V              1                                                       1       1   
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 Pathogenic Benign ACMG classification 

Variant  Very 
Strong  Strong Moderate  Supporting  Strong  Supporting Pre-assessment Post-assessment 
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DCTN1 p.K617N              1                                                       1       1   
DCTN1 p.V599I                                                                      1       1   
DCTN1 p.P512S              1                                                       1       1   
DCTN1 p.R465C              1             1                                         1       1   
DCTN1 p.A354T              1             1                                         1       1   
DCTN1 p.R218Q              1             1                                         1       1   
HTRA2  p.R173H                                                                     1       1   
HTRA2  p.P120S                             1                                       1       1   
HTRA2  p.N106H                             1                                       1       1   
HTRA2  p.V60L                                   1                               1         1   
HTRA2  p.A32S                                                                     1       1   
HTRA2  p.L72P                                   1                               1         1   
HTRA2  p.T76N               1                                                     1       1   
HTRA2  p.N98S               1                                                     1       1   
GIGYF2 p.R168C             1             1                                         1       1   
GIGYF2 p.G208A              1             1                                         1       1   
GIGYF2 p.I228M              1             1                                         1       1   
GIGYF2 p.G239V              1             1                                         1       1   
GIGYF2 p.D257E              1                                                       1       1   
GIGYF2 p.D371E                                    1                 1             1         1   
GIGYF2 p.S396P              1                                       1               1       1   
GIGYF2 p.Q439H                                                                      1       1   
GIGYF2 p.N451T                                                                    1         1   
GIGYF2 p.T702K              1                                                       1       1   
GIGYF2 p.R816C              1             1                                         1       1   
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 Pathogenic Benign ACMG classification 

Variant  Very 
Strong  Strong Moderate  Supporting  Strong  Supporting Pre-assessment Post-assessment 
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GIGYF2 p.R852Q                                                      1               1       1   
GIGYF2 p.R912Q                                                      1                

1 
      1   

GIGYF2 p.R982Q                                    1                 1             1         1   
GIGYF2 p.S1056C                                    1                 1             1         1   
GIGYF2 p.E1169D              1                                                       1       1   
GIGYF2 p.H1171R                                    1                 1             1         1   
GIGYF2 p.K1210M              1             1                                         1       1   
GIGYF2 p.L1230P                                                      1               1       1   
GIGYF2 p.Q1207P                                                      1               1       1   
GIGYF2 p.Q1223_Q

1226del  
                                                                    1       1   

CHMP2B p.R19Q             1             1                                         1       1   
CHMP2B p.R32Q                           1                                         1       1   
CHMP2B p.A33V             1                                       1               1       1   
EIF4G1 Splice-site 

alteration 
(1) 

            1                                                       1       1   

EIF4G1 p.A63D              1                                                       1       1   
EIF4G1 Splice-site 

alteration 
(2) 

                                                                    1       1   

EIF4G1 p.P100L              1                                                       1       1   
EIF4G1 p.I293T              1                                       1               1       1   
EIF4G1 p.A265S                                                      1               1       1   
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 Pathogenic Benign ACMG classification 

Variant  Very 
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EIF4G1 p.G276_A2
78del  

            1                                                       1       1   

EIF4G1 p.P399S                                    1                 1             1         1   
EIF4G1 p.P539L                                                      1               1       1   
EIF4G1 p.A510P                                    1                 1             1         1   
EIF4G1 p.S489L              1                                       1               1       1   
EIF4G1 p.G490C              1           1 1                         1               1       1   
EIF4G1 p.P703T              1                                       1               1       1   
EIF4G1 p.G534A                          1 1                                         1       1   
EIF4G1 p.A553P                                    1                 1             1         1   
EIF4G1 p.I642V                                    1                 1             1         1   
EIF4G1 p.T634S                                                      1               1       1   
EIF4G1 p.E936*              1   1       1 1                                         1       1   
EIF4G1 p.R1074C                          1 1                                         1       1   
EIF4G1 p.R1099C              1           1 1                                         1       1   
EIF4G1 p.L1312V              1                                                        

1 
      1   

EIF4G1 p.M1336V                          1 1                                         1       1   
EIF4G1 p.I1493V              1                                       1               1       1   
EIF4G1 Splice-site 

alteration 
(3) 

            1                                                       1       1   

EIF4G1 p.A1549S              1           1 1                                         1       1   
COQ2 p.N417S             1                                                       1       1   
COQ2 p.Y353C             1                                                       1       1   
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 Pathogenic Benign ACMG classification 
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COQ2 p.A201T                         1 1                                         1       1   
COQ2 p.R197H                         1 1                                         1       1   
COQ2 p.S107T             1                                                       1       1   
COQ2 p.Q105H             1                                                       1       1   
COQ2 p.P96S             1                                                       1       1   
COQ2 p.S54W                         1 1                                         1       1   
COQ2 p.G53R                         1 1                                         1       1   
MATR3 p.Y214C             1                                                       1       1   
MATR3 p.E262*             1   1         1                                         1       1   
MATR3 p.V159M              1                                                       1       1   
MATR3 p.A762T                                    1                 1             1         1   
MATR3 p.R503C                                                                      1       1   
SQSTM1 p.S24G                                                                     1       1   
SQSTM1 p.A33V                                   1                 1             1         1   
SQSTM1 p.P111L                                                      1               1       1   
SQSTM1 p.A33V                                    1                 1             1         1   
SQSTM1 p.P118S                                                                      1       1   
SQSTM1 p.P50L                                                                      1       1   
SQSTM1 p.V150G              1           1                                           1       1   
SQSTM1 p.K238E                                    1                               1         1   
SQSTM1 p.G168V              1             1                                         1       1   
SQSTM1 p.P392L            1   1       1 1                                           1       1   
HNRNPA2B1 p.G323del              1   1         1                                         1       1   
C9orf72 p.M332V                                                                     1       1   
C9orf72 p.M318V             1                                                       1       1   
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 Pathogenic Benign ACMG classification 
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C9orf72 p.I138V             1                                                       1       1   
C9orf72 p.T49R                                                                     1       1   
VCP p.N616fs*1

2 
            1   1       1 1                                         1       1   

VCP p.N616fs*6
3 

            1   1       1 1                                          
1 

      1   

VCP p.D501E             1                                       1             1         1   
VCP p.R453Q             1                                       1             1         1   
VCP p.R323L             1                                                       1       1   
VCP p.I27V                           1                                         1       1   
VCP p.G9V             1                                       1             1         1   
HNRNPA1  p.F216L           1 1           1                                           1       1   
DAO p.R2S       1                                                             1       1   
DAO p.A8E             1           1 1                                         1       1   
DAO p.Q63E                                                     1             1         1   
DAO p.P103P                                                                     1       1   
DAO p.R115W                         1 1                                         1       1   
DAO p.Y144H                         1 1                                         1       1   
DAO p.W260*           1             1 1                                         1       1   
ANG  p.G17V             1                                       1               1       1   
ANG  p.I70V                                                     1               1       1   
ANG  p.K78E                                                                     1       1   
ANG  p.N83K             1                                       1               1       1   
FUS p.S57del             1                       1                             1         1   
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 Pathogenic Benign ACMG classification 
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PP5 

B
S1 

B
S2 

B
S3 

B
S4 

B
S5 

B
S6 

B
S7 

B
P1 

B
P2 

B
P3 

B
P4 

B
P5 

B
P6 

B
P7 

P 

L
P 

B
 

L
B

 

U
S 

P 

L
P 

B
 

L
B

 

U
S 

FUS p.R379H                          1                           1               1       1   
FUS p.R483H                                                      1               1       1   
VPS35 p.V476A                                                     1               1       1   
VPS35 p.K296E             1           1                                           1       1   
VPS35 p.M57L             1                                       1               1       1   
VPS35 p.M30K                         1                                           1       1   
PFN1 p.V103F             1           1                                           1       1  
PFN1 Splice site 

alteration 
            1   1                                                   1       1   

PFN1 p.P29L             1                                                       1       1   
GRN p.T18M             1                                                       1       1   
GRN p.P50T             1                                                       1       1   
GRN p.M286T             1                                       1             1         1   
GRN p.E287D                                                                     1       1   
GRN p.C404F             1           1 1                                         1       1   
GRN p.R418Q                                 1                                   1       1   
GRN p.V514M                                 1                   1             1         1   
GRN p.A588S             1                                                       1       1   
MAPT p.S501I              1                                       1               1       1   
MAPT p.A210T                                  1 1                 1              

1 
        1   

NOTCH3 p.T2270M             1                                       1             1         1   
NOTCH3 p.P2222L             1                                       1              

1 
        1   

NOTCH3 p.P2209L             1                                       1              
1 

        1   
NOTCH3 p.A2190V             1                   1                   1             1         1   
NOTCH3 p.R2150S             1                                       1              

1 
        1   
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L
P 
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U
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NOTCH3 p.P2115L             1                                       1              
1 

        1   
NOTCH3 p.V2021M             1                   1                   1             1         1   
NOTCH3 p.A1947V             1                                       1              

1 
        1   

NOTCH3 p.V1762M             1                   1                   1             1         1   
NOTCH3 p.S1420R             1                                       1              

1 
        1   

NOTCH3 p.P1408S             1                                       1              
1 

        1   
NOTCH3 p.C1405F             1                                       1               1

  
      1   

NOTCH3 p.E1404D             1                                       1              
1 

        1   
NOTCH3 p.D1398Y             1                                       1             1         1   
NOTCH3 p.R1285P             1                                       1              

1 
        1   

NOTCH3 p.G1269V             1                                       1              
1 

        1   
NOTCH3 p.Q1253P             1                   1                   1             1         1   
NOTCH3 p.R1242H                                                     1              

1 
        1   

NOTCH3 p.C1222G           1 1           1                           1               1       1   
NOTCH3 p.A1213D             1                                       1              

1 
        1   

NOTCH3 p.M1107I             1                                       1              
1 

        1   
NOTCH3 p.C997* 1         1 1           1                                           1

  
      1   

NOTCH3 p.S991R             1                                       1              
1 

        1   
NOTCH3 p.H981Y             1                                       1              

1 
        1   

NOTCH3 p.S947R             1                                       1             1         1   
NOTCH3 p.P913L                                                     1              

1 
        1   

NOTCH3 p.S893N             1                                       1             1         1   
NOTCH3 p.G878R             1                                       1              

1 
        1   

NOTCH3 p.G869A             1                                       1             1         1   
NOTCH3 p.A815D             1                                       1              

1 
        1   
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 Pathogenic Benign ACMG classification 

Variant  Very 
Strong  Strong Moderate  Supporting  Strong  Supporting Pre-assessment Post-assessment 
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alteration 

PSV
1 

PS1 

PS2 

PS3 

PS4 

PM
1 

PM
2 

PM
3 

PM
4 

PM
5 

PM
6 

PP1 

PP2 

PP3 

PP4 

PP5 

B
S1 

B
S2 
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U
S 

P 

L
P 

B
 

L
B

 

U
S 

NOTCH3 p.P761L                                                     1              
1 

        1   
NOTCH3 p.V644D                                 1                   1              

1 
        1   

NOTCH3 p.R544H             1                                       1              
1 

        1   
NOTCH3 p.A534S             1                                       1              

1 
        1   

NOTCH3 p.R532L             1                                       1              
1 

        1   
NOTCH3 p.G490A                                                     1              

1 
        1   

NOTCH3 p.P426L             1           1                           1             1         1   
NOTCH3 p.E403D             1                                       1             1         1   
NOTCH3 p.L295R                                 1                   1              

1 
        1   

NOTCH3 p.G248A             1                                       1             1         1   
NOTCH3 p.H170R                                 1                   1              

1 
        1   

NOTCH3 p.R169H             1                                       1               1       1   
NOTCH3 p.R113Q                                  

1 
1                               1         1   

NOTCH3 p.A102V                                                                    
1 

        1   
NOTCH3 p.V97A                                                                    

1 
        1   

NOTCH3 p.S95R                                                                    
1 

        1   
PRNP p.R48H              1           1 1                                         1       1   
PRNP p.G54S              1                                                     1         1   
PRNP p.W26L              1           1 1                                         1       1   
PRNP p.R164M             1           1 1                                         1       1   
PRNP p.K194R             1                                                       1       1   
VAPB p.S160del                                 1   1                             1         1   
VAPB p.M170I                                 1 1                               1         1   
VAPB p.F231L             1             1                                         1       1   
APP p.I665V            1 1                                                       1       1   
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 Pathogenic Benign ACMG classification 

Variant  Very 
Strong  Strong Moderate  Supporting  Strong  Supporting Pre-assessment Post-assessment 

G
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L
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U
S 

P 

L
P 

B
 

L
B

 

U
S 

APP p.T553M              1                                       1               1       1   
APP p.T525M              1                                                       1       1   
APP p.E489K                                  1 1                 1             1         1   
APP p.C285F              1                                                       1       1   
APP p.M338V                                                      1               1       1   
APP p.R328W              1           1 1                                         1       1   
APP p.R250L              1           1 1                                         1       1   
APP p.A295S                                                                      1       1   
APP p.S198P                                                                      1

  
      1   

SOD1 p.Q16R             1           1                                           1       1   
CHCHD10 p.Y135H                                  1 1                 1             1         1   
CHCHD10 p.P80L             1                                       1               1       1   
CHCHD10 p.M48K             1                                                       1       1   
CHCHD10 p.P34S             1                                       1               1       1   
UBQLN2 p.A28P             1                                       1               1       1   
UBQLN2 p.S140R             1                                       1               1       1   
UBQLN2 p.S301P             1                                                       1       1   
UBQLN2 p.M563I             1                                                       1        

1 
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Appendix 15 Clinical data – Likely Benign variants. 

G
ene 

Protein alteration 

C
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osom
e 

Position 

1000G
 M
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) 

E
SP6500 M

A
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E
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L
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FT
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H
D
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O
ther 

PD
 

PSP 

V
D

 

V
D

/A
D

 

V
D

/control 

 

C
ontrol 

C
ontrol (H

igh B
raak) 

Y
oung control 

PSEN2 p.S30F 1 227069697 NS NS 0 D B Likely Benign 1 0       1                             

PSEN2 p.G37V 1 227069718 NS NS NS T B Likely Benign 1 2     1                         2     
PSEN2 p.R62C 1 227071448 NS 0.01 0.02 T PoD Likely Benign 2 0           2                         
PSEN2 p.V64F 1 227071454 NS NS NS T B Likely Benign 1 0                                   1 
PSEN2 p.C65F 1 227071458 NS NS NS D B Likely Benign 1 0                   1                 
PSEN2 p.R110H 1 227071593 NS NS 0 D B Likely Benign 1 0                       1             
PSEN2 p.S130L 1 227073271 0.1 0.1 0.06 D PoD Likely Benign 5 1   2   2           1           1     
DCTN1 p.V1065I 2 74589791 0.06 NS 0.02 T B Likely Benign 1 0   1                                 
DCTN1 p.V1074M 2 74590525 NS NS 0 T B Likely Benign 2 0           1     1                   
DCTN1 p.E1067* 2 74590753 NS 0.01 0     Likely Benign 1 0   1                                 
DCTN1 p.R1029Q 2 74592252 0.04 0.23 0.1 T PoD Likely Benign 9 2   3   2   1     1     2       2     
DCTN1 p.E1026G 2 74592261 NS 0.02 0.01 T B Likely Benign 1 0       1                             
DCTN1 p.K851R 2 74592717 NS NS 0 T B Likely Benign 2 0       1                         1   
DCTN1 p.A803G 2 74593947 NS 0.01 NS T B Likely Benign 1 0                     1               
DCTN1 p.R778W 2 74594023 NS 0.08 0.02 D PoD Likely Benign 1 1   1                           1     
DCTN1 p.V697L 2 74594858 NS NS NS T B Likely Benign 1 0   1                                 
DCTN1 p.S661F 2 74594914 NS NS NS D B Likely Benign 1 0                 1                   
DCTN1 p.A653V 2 74595155 NS NS NS T B Likely Benign 1 0   1                                 
DCTN1 p.K617N 2 74595241 NS NS NS T B Likely Benign 1 0         1                           
DCTN1 p.V599I 2 74595893 NS 0 0   B Likely Benign 1 0                           1         
DCTN1 p.P512S 2 74596281 NS NS NS T B Likely Benign 1 0   1                                 
DCTN1 p.R465C 2 74596507 NS NS 0 D PoD Likely Benign 0 1                               1     
DCTN1 p.A354T 2 74597660 NS NS NS D B Likely Benign 1 0   1                                 
DCTN1 p.R218Q 2 74598236 NS NS NS D PrD Likely Benign 1 0   1                                 
HTRA2 p.R173H 2 74755884 NS NS NS T B Likely Benign 1 0           1                         
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C
ontrol 

C
ontrol (H

igh B
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Y
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HTRA2 p.P120S 2 74756044 NS NS NS D PoD Likely Benign 1 0   1                                 
HTRA2 p.N106H 2 74756282 NS NS 0 D PrD Likely Benign 1 0                                 1   
HTRA2 p.V60L 2 74756499 0.04 0.13 0.13 T B Likely Benign 2 2       1         1             2     
HTRA2 p.A32S 2 74756583 NS 0.01 0 T B Likely Benign 1 0   1                                 
HTRA2 p.L72P 2 74757348 0.16 0.3 0.27 D B Likely Benign 2 1   1   1                       1     
HTRA2 p.T76N 2 74757360 NS NS NS T B Likely Benign 0 1                               1     
HTRA2 p.N98S 2 74757426 NS NS NS T B Likely Benign 1 0       1                             
GIGYF2 p.R168C 2 233626116 NS NS 0 D B Likely Benign 1 0                                 1   
GIGYF2 p.G208A 2 233651884 NS NS 0 T B Likely Benign 1 0     1                               
GIGYF2 p.I228M 2 233651945 NS NS NS D PoD Likely Benign 1 0           1                         
GIGYF2 p.G239V 2 233655411 NS NS NS D PoD Likely Benign 1 0   1                                 
GIGYF2 p.D257E 2 233655484 NS NS NS   B Likely Benign 1 0   1                                 
GIGYF2 p.D371E 2 233655834 NS 0.13 0.05 T B Likely Benign 1 1                       1       1     
GIGYF2 p.S396P 2 233655997 NS 0 NS T B Likely Benign 1 0       1                             
GIGYF2 p.Q439H 2 233659492 NS 0.02 0.01 T PoD Likely Benign 2 0           1     1                   
GIGYF2 p.N451T 2 233659545 0.02 0.14 0.04 T B Likely Benign 1 0       1                             
GIGYF2 p.T702K 2 233677199 NS NS NS D B Likely Benign 1 0   1                                 
GIGYF2 p.R816C 2 233684549 NS NS 0 D PoD Likely Benign 1 0                       1             
GIGYF2 p.R852Q 2 233697592 NS 0.01 0.04 T B Likely Benign 1 0           1                         
GIGYF2 p.R912Q 2 233697709 NS 0.01 0 T B Likely Benign 0 1                               1     
GIGYF2 p.R982Q; 2 233704674 0.06 0.14 0.06 T B Likely Benign 1 0           1                         
GIGYF2 p.S1056C 2 233709083 NS 0.19 0.08 T PoD Likely Benign 4 0   1   1   2                         
GIGYF2 p.E1169D 2 233712104 NS NS NS T PrD Likely Benign 1 0   1                                 
GIGYF2 p.H1171R 2 233712109 0.08 0.22 0.16 T PrD Likely Benign 4 0   3             1                   
GIGYF2 p.K1210M 2 233712163 NS NS NS D PrD Likely Benign 1 0                                 1   
GIGYF2 p.L1230P 2 233712223 NS NS 0.02 T B Likely Benign 54 6   1

7 
2 6 2 1

1 
    6 1   3   1   6   5 

GIGYF2 p.Q1207P 2 233712235 NS NS NS T B Likely Benign 3 2           1           1   1   2     
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C
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GIGYF2 p.Q1223_Q12
26del 

2 233712264 NS NS NS     Likely Benign 28 1   8   5 2 6     1     2 2     1 1 1 

CHMP2B p.R19Q 3 87289870 0.02 NS 0.01 D B Likely Benign 1 0                           1         
CHMP2B p.R32Q 3 87289909 NS 0.01 0 D B Likely Benign 1 0       1                             
CHMP2B p.A33V 3 87289912 NS NS NS T B Likely Benign 1 0                                 1   
EIF4G1 Splice-site 

alteration (1) 
3 184033272 NS NS NS     Likely Benign 1 0   1                                 

EIF4G1 p.A63D 3 184035149 NS NS NS T PrD Likely Benign 1 0               1                     
EIF4G1 Splice-site 

alteration (2) 
3 184038412 NS 0.01 0     Likely Benign 0 1                               1     

EIF4G1 p.P100L 3 184039163 NS NS 0 T PrD Likely Benign 1 0           1                         
EIF4G1 p.I293T 3 184039250 NS NS NS   B Likely Benign 1 0             1                       
EIF4G1 p.A265S 3 184039426 NS 0.02 0.01 T B Likely Benign 1 0                 1                   
EIF4G1 p.G276_A278

del 
3 184039785 NS NS NS     Likely Benign 67 10   1

5 
  7 7 1

1 
1   4 2   3 1 3   1

0 
1 1

2 

EIF4G1 p.P399S 3 184039828 0.02 0.06 0.08   B Likely Benign 4 0   1   1 1 1                         
EIF4G1 p.P539L 3 184040339 0.04 NS 0.01 T B Likely Benign 0 1                               1     
EIF4G1 p.A510P 3 184040371 0.12 0.19 0.1 T B Likely Benign 1 1                       1       1     
EIF4G1 p.S489L 3 184040450 NS NS NS T B Likely Benign 1 0       1                             
EIF4G1 p.G490C 3 184040997 NS NS 0.01 T PoD Likely Benign 2 0       2                             
EIF4G1 p.P703T 3 184041027 NS NS NS T B Likely Benign 1 0       1                             
EIF4G1 p.G534A 3 184041200 NS 0.01 0 T PoD Likely Benign 2 0   1   1                             
EIF4G1 p.A553P 3 184041256 NS 0.15 0.07 T B Likely Benign 1 1                   1           1     
EIF4G1 p.I642V 3 184041709 0.02 0.05 0.04 D B Likely Benign 2 1                 1             1   1 
EIF4G1 p.T634S 3 184042001 NS 0.02 0 T B Likely Benign 1 0                       1             
EIF4G1 p.E936* 3 184042831 NS NS NS     Likely Benign 1 0   1                                 
EIF4G1 p.R1074C 3 184044683 NS 0 0 D PrD Likely Benign 1 0                 1                   
EIF4G1 p.R1099C 3 184044758 NS NS 0.01 D PrD Likely Benign 2 0   1       1                         
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EIF4G1 p.L1312V 3 184045750 NS NS 0 T B Likely Benign 1 0   1                                 
EIF4G1 p.M1336V 3 184046450 0.1 0.02 0.02 D PoD Likely Benign 2 0         1 1                         
EIF4G1 p.I1493V 3 184049594 NS NS NS T B Likely Benign 1 0                 1                   
EIF4G1 Splice-site 

alteration (3) 
3 184052513 0 0 0     Likely Benign 1 0           1                         

EIF4G1 p.A1549S 3 184052538 NS NS NS D PoD Likely Benign 1 0       1                             
COQ2 p.N417S 4 84185368 NS NS 0.01     Likely Benign 0 1                               1     
COQ2 p.Y353C 4 84188782 NS NS 0     Likely Benign 0 1                               1     
COQ2 p.A201T 4 84194740 NS 0 0     Likely Benign 1 0           1                         
COQ2 p.R197H 4 84194751 NS NS 0     Likely Benign 1 0       1                             
COQ2 p.S107T 4 84205748 0.02 NS 0.12 T   Likely Benign 2 1   1                   1       1     
COQ2 p.Q105H 4 84205753 NS NS 0.05 T   Likely Benign 0 1                               1     
COQ2 p.P96S 4 84205782 NS NS 0 T   Likely Benign 3 1   1   1           1           1     
COQ2 p.S54W 4 84205907 NS 0.01 0.14     Likely Benign 1 0       1                             
COQ2 p.G53R 4 84205911 NS NS NS     Likely Benign 1 0           1                         
MATR3 p.Y214C 5 138643745 NS NS NS D PrD Likely Benign 0 1                               1     
MATR3 p.E262* 5 138643888 NS NS NS     Likely Benign 1 0   1                                 
MATR3 p.V159M 5 138655077 NS NS NS T PrD Likely Benign 1 0       1                             
MATR3 p.A762T 5 138661264 NS 0.06 0.02 T B Likely Benign 1 0   1                                 
MATR3 p.R503C 5 138665061 NS NS 0.01 D B Likely Benign 3 1   1   1   1                   1     
SQSTM1 p.S24G 5 179248006 NS NS NS D B Likely Benign 0 1                               1     
SQSTM1 p.A33V 5 179248034 NS 0.08 0.12   B Likely Benign 2 2   1                           2   1 
SQSTM1 p.P111L 5 179250888 NS 0.01 0 T B Likely Benign 1 0         1                           
SQSTM1 p.A33V 5 179250906 0.08 0.12 0.15 T B Likely Benign 2 1       1               1       1     
SQSTM1 p.P118S 5 179250908 NS 0.01 0.02 D B Likely Benign 4 0       2   1                       1 
SQSTM1 p.P50L 5 179250957 NS 0.01 0 D B Likely Benign 1 0   1                                 
SQSTM1 p.V150G 5 179252173 NS NS NS D PrD Likely Benign 1 0   1                                 
SQSTM1 p.K238E 5 179252184 0.24 0.35 0.24 D B Likely Benign 17 1   4   1   7         2 1       1 1 1 
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SQSTM1 p.G168V 5 179260032 0 0 NS D PoD Likely Benign 0 1                                     
SQSTM1 p.P392L 5 179263445 0.24 0.21 0.09 T B Likely Benign 9 0   1       4           1         1 2 
HNRNPA2
B1 

p.G323del 7 26232906 NS NS NS     Likely Benign 1 0   1                                 

C9orf72 p.M332V 9 27556656 NS 0 0 D B Likely Benign 2 1                 1             1   1 
C9orf72 p.M318V 9 27556698 NS NS 0 T B Likely Benign 1 0                       1             
C9orf72 p.I138V 9 27566707 NS NS NS T B Likely Benign 1 0                 1                   
C9orf72 p.T49R 9 27566973 0.02 0.02 0.02 T B Likely Benign 3 0   1     1 1                         
VCP p.N616fs*12 9 35059655 NS NS NS     Likely Benign 27 4   9   4 1 2     2 1 1 2 2 1   4 2   
VCP p.N616fs*63 9 35059655 NS NS NS     Likely Benign 3 0       3                             
VCP p.D501E 9 35060502 NS NS NS   B Likely Benign 1 0   1                                 
VCP p.R453Q 9 35061013 NS NS NS   B Likely Benign 0 2                               2     
VCP p.R323L 9 35062113 NS NS NS   PoD Likely Benign 1 0                                   1 
VCP p.I27V 9 35068298 0.1 0.03 0.05   B Likely Benign 1 0       1                             
VCP p.G9V 9 35068351 NS NS NS   B Likely Benign 1 0       1                             
HNRNPA1 p.F216L 12 54676421 NS NS NS T B Likely Benign 1 0   1                                 
DAO p.R2S 12 109278786 NS NS NS D B Likely Benign 1 1                               1     
DAO p.A8E 12 109278805 NS NS NS D PrD Likely Benign 1 0                           1         
DAO p.Q63E 12 109278969 NS 0.02 0.01 T B Likely Benign 1 1       1                       1     
DAO p.P103P 12 109281340 NS 0.02 0.01     Likely Benign 1 0       1                             
DAO p.R115W 12 109283278 NS 0.01 0.01 D PrD Likely Benign 1 0                     1               
DAO p.Y144H 12 109284027 0.3 0 0.08 D PrD Likely Benign 2 0   1       1                         
DAO p.W260* 12 109292538 NS NS NS     Likely Benign 1 0                   1                 
ANG p.G17V 14 21161773 NS NS NS T B Likely Benign 1 0                       1             
ANG p.I70V 14 21161931 0.02 0.06 0.06 T B Likely Benign 2 1   1       1                   1     
ANG p.K78E 14 21161955 NS 0.01 0.02 T B Likely Benign 0 1                               1     
ANG p.N83K 14 21161972 NS NS NS T B Likely Benign 1 0         1                           
FUS p.S57del 16 31193964 NS NS NS     Likely Benign 3 0       1               1           1 
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FUS p.R379H; 
p.R382H; 
p.R383H 

16 31201442 NS NS 0 T B Likely Benign 1 0       1                             

FUS p.R483H; 
p.R486H; 
p.R487H 

16 31202350 0.02 NS 0 T B Likely Benign 0 1                               1     

VPS35 p.V476A 16 46705714 NS 0.01 0 T B Likely Benign 1 0   1                                 
VPS35 p.K296E 16 46710523 NS NS NS D PrD Likely Benign 1 0           1                         
VPS35 p.M57L 16 46716021 NS NS 0 T B Likely Benign 1 0   1                                 
VPS35 p.M30K 16 46717433 NS 0 0.01 D PoD Likely Benign 1 0   1                                 
PFN1 p.V103F 17 4849941 NS NS NS D PrD Likely Benign 1 0                 1                   

PFN1 Splice site 
alteration 

17 4850116 NS NS NS     Likely Benign 1 0       1                             

PFN1 p.P29L 17 4851604 NS NS NS D PoD Likely Benign 1 0       1                             
GRN p.T18M 17 42426585 0.02 0.02 0 D PoD Likely Benign 2 0         1                         1 
GRN p.P50T 17 42426803 NS NS NS D B Likely Benign 1 0         1                           
GRN p.M286T 17 42428752 NS NS NS T B Likely Benign 1 0                       1             
GRN p.E287D 17 42428756 NS 0.01 0 T PoD Likely Benign 1 0         1                           
GRN p.C404F 17 42429414 NS NS NS D PrD Likely Benign 1 0           1                         
GRN p.R418Q 17 42429456 NS 0.02 0.02 T B Likely Benign 2 0       1               1             
GRN p.V514M 17 42429835 NS 0.05 0 T B Likely Benign 2 0       2                             
GRN p.A588S 17 42430146 NS NS 0.05 D B Likely Benign 30 7   1

1 
1   1 1

1 
  2 3             7 1   

MAPT p.S501I 17 44068947 NS NS NS T B Likely Benign 0 1                               1     
MAPT p.A210T 17 44073923 0.02 0.14 0.08 T B Likely Benign 4 2   2 1     1                   2     
NOTCH3 p.T2270M 19 15271630 NS 0 0.01 T PoD Likely Benign 1 0                       1             
NOTCH3 p.P2222L 19 15271774 NS NS NS T B Likely Benign 1 0   1                                 
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NOTCH3 p.P2209L 19 15271813 0.04 NS 0.07 T B Likely Benign 1 0                                   1 
NOTCH3 p.A2190V 19 15271870 0.02 NS 0.02 T B Likely Benign 1 0                                   1 
NOTCH3 p.R2150S 19 15271991 NS NS NS T B Likely Benign 1 0           1                         
NOTCH3 p.P2115L 19 15272095 NS NS NS T B Likely Benign 1 0           1                         
NOTCH3 p.V2021M 19 15272378 0.04 NS 0.02 D PrD Likely Benign 2 0       2                             
NOTCH3 p.A1947V 19 15273349 NS NS 0.01 D PrD Likely Benign 0 1                               1     
NOTCH3 p.V1762M 19 15278138 NS NS 0.02 T B Likely Benign 1 0       1                             
NOTCH3 p.S1420R 19 15288479 NS NS NS   B Likely Benign 1 0                   1                 
NOTCH3 p.P1408S 19 15288517 NS NS NS   B Likely Benign 0 1                               1     
NOTCH3 p.C1405F 19 15288525 NS NS NS D PrD Likely Benign 0 1                               1     
NOTCH3 p.E1404D 19 15288527 NS NS NS   B Likely Benign 0 1                               1     
NOTCH3 p.D1398Y 19 15288547 NS NS NS   PrD Likely Benign 1 0                   1                 
NOTCH3 p.R1285P 19 15288885 NS NS NS T B Likely Benign 1 0           1                         
NOTCH3 p.G1269V 19 15289665 NS NS 0 T B Likely Benign 1 0               1                     
NOTCH3 p.Q1253P 19 15289713 NS NS 0.01   PoD Likely Benign 1 0           1                         
NOTCH3 p.R1242H 19 15289746 0.04 0.02 0   B Likely Benign 0 1                               1     
NOTCH3 p.C1222G 19 15289890 NS 0.05 0.01   PrD Likely Benign 1 0         1                           
NOTCH3 p.A1213D 19 15289916 NS NS NS   B Likely Benign 1 0       1                             
NOTCH3 p.M1107I 19 15290889 0.02 NS 0   B Likely Benign 1 0   1                                 
NOTCH3 p.C997* 19 15291775 NS NS NS   N/A Likely Benign 1 0                   1                 
NOTCH3 p.S991R 19 15291793 NS NS NS   B Likely Benign 2 0                 1                 1 
NOTCH3 p.H981Y 19 15291825 NS NS 0   B Likely Benign 1 0                                   1 
NOTCH3 p.S947R 19 15291925 NS NS NS   PoD Likely Benign 1 0       1                             
NOTCH3 p.P913L 19 15292441 NS 0.01 0   B Likely Benign 1 0           1                         
NOTCH3 p.S893N 19 15292501 NS NS NS   PoD Likely Benign 1 0                                   1 
NOTCH3 p.G878R 19 15292547 NS NS NS   PrD Likely Benign 0 1                               1     
NOTCH3 p.G869A 19 15292573 NS NS 0   PoD Likely Benign 1 0   1                                 
NOTCH3 p.A815D 19 15295228 NS NS NS D B Likely Benign 1 0   1                                 



 322 

G
ene 

Protein alteration 

C
hrom

osom
e 

Position 

1000G
 M

A
F (%

) 

E
SP6500 M

A
F (%

) 

E
xac M

A
F (%

) 

SIFT
 

PolyPhen2 

A
C

M
G

 

C
ases w

ith variant 

C
ontrols w

ith variant 
 

A
D

 

C
B

D
 

C
JD

 

D
L

B
 

FT
D

-A
L

S 

H
D

 

M
SA

 

O
ther 

PD
 

PSP 

V
D

 

V
D

/A
D

 

V
D

/control 

 

C
ontrol 

C
ontrol (H

igh B
raak) 

Y
oung control 

NOTCH3 p.P761L 19 15296082 NS 0 0 T B Likely Benign 0 1                               1     
NOTCH3 p.V644D 19 15297709 0.02 0.09 0.07 T PrD Likely Benign 3 1       2 1                     1     
NOTCH3 p.R544H 19 15298125 NS NS 0 T B Likely Benign 1 1           1                   1     
NOTCH3 p.A534S 19 15298698 NS NS NS T PrD Likely Benign 1 1                           1   1     
NOTCH3 p.R532L 19 15298703 NS NS NS T B Likely Benign 1 0       1                             
NOTCH3 p.G490A 19 15299069 NS 0.01 0 T PoD Likely Benign 1 0         1                           
NOTCH3 p.P426L 19 15299901 NS NS 0 D PrD Likely Benign 1 0       1                             
NOTCH3 p.E403D 19 15299969 NS NS NS D PrD Likely Benign 1 0               1                     
NOTCH3 p.L295R 19 15302387 0.02 0.07 0.02 T B Likely Benign 2 0       1                         1   
NOTCH3 p.G248A 19 15302615 0.02 NS 0.01 D PrD Likely Benign 1 0                                   1 
NOTCH3 p.H170R 19 15302941 0.14 0.15 0.19 D PoD Likely Benign 7 3     1 1   3     1             3   1 
NOTCH3 p.R169H 19 15302944 NS NS 0 T B Likely Benign 1 0                       1             
NOTCH3 p.R113Q 19 15303190 NS 0.07 0.08 T B Likely Benign 1 1       1                       1     
NOTCH3 p.A102V 19 15303223 NS NS NS T B Likely Benign 1 0                                   1 
NOTCH3 p.V97A 19 15303238 NS NS NS T B Likely Benign 1 0                 1                   
NOTCH3 p.S95R 19 15303245 NS NS 0 T PrD Likely Benign 0 1                               1     
PRNP p.R48H 20 4680009 NS NS NS D PoD Likely Benign 1 0   1                                 
PRNP p.G54S 20 4680026 NS NS 0.07 T B Likely Benign 0 1                               1     
PRNP p.W26L 20 4680032 NS NS NS D PoD Likely Benign 1 0   1                                 
PRNP p.R164M 20 4680357 NS NS NS D PrD Likely Benign 1 0           1                         
PRNP p.K194R 20 4680447 NS NS NS T PrD Likely Benign 0 1                               1     
VAPB p.S160del 20 57016044 NS NS NS     Likely Benign 11 0   3   1 1 3     1   1 1             
VAPB p.M170I 20 57016076 0.1 0.16 0.14 T B Likely Benign 5 1   3       2                   1     
VAPB p.F231L 20 57019250 NS NS NS   PrD Likely Benign 0 1                                     
APP p.I665V 21 27264141 NS NS 0 T B Likely Benign 1 1                 1             1     
APP p.T553M 21 27269961 NS NS 0 T B Likely Benign 0 1                               1     
APP p.T525M 21 27284163 NS NS 0.01 T PrD Likely Benign 0 1                               1     
APP p.E489K 21 27284167 0.06 0.1 0.13 T PoD Likely Benign 1 0           1                         
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APP p.C285F;  21 27372341 NS NS NS T PrD Likley Benign 1 0                       1             
APP p.M338V 21 27372351 0 0.01 0 T B Likley Benign 1 0               1                     
APP p.R328W 21 27372381 NS NS 0.02 D PrD Likley Benign 1 0       1                             
APP p.R250L 21 27372446 0 0.01 0 D PrD Likley Benign 1 0           1                         
APP p.A295S 21 27372480 NS NS NS T PrD Likley Benign 1 0           1                         
APP p.S198P 21 27423386 NS 0.07 0.05 T PoD Likley Benign 0 1                               1     
SOD1 p.Q16R 21 33032129 NS NS NS T B Likley Benign 1 0                       1             
CHCHD10 p.Y135H 22 24108321 NS 0.08 0.03 T B Likley Benign 2 0       1           1                 
CHCHD10 p.P80L 22 24109583 NS NS 0.03 T B Likley Benign 1 0       1                             
CHCHD10 p.M48K 22 24109679 NS NS NS D PrD Likley Benign 0 1                               1     
CHCHD10 p.P34S 22 24109722 0.04 NS 0.11 T B Likley Benign 12 2   3       5         1 2       2   1 
UBQLN2 p.A28P X 56590388 NS NS NS T B Likley Benign 1 0                 1                   
UBQLN2 p.S140R X 56590726 NS NS NS T B Likley Benign 1 0             1                       
UBQLN2 p.S301P X 56591207 NS NS NS T PoD Likley Benign 1 0   1                                 
UBQLN2 p.M563I X 56591995 NS NS NS T PoD Likley Benign 1 0         1                           
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Appendix 16 Benign variants – MacArthur criteria. 

All relevant data and references are provided to support pathogenicity. Minor Allele Frequencies (MAF) from the 1000Genomes (1000G), NHLBI 6500 
ESP and ExAC databases are provided. Key: MND – Motor Neuron Disease, CJD – Creutzfelt-Jakob Disease, AD – Alzheimer’s disease, CADASIL – 
Cerebral Autosomal-Dominant Arteriopathy with Subcortical Infarcts and Leukoencephalopathy. U – Unknown. 

Variant Genetic Informatic Experimental Number of 
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N
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N
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controls 

PSEN2 p.R71W Seen in both cases and 
controls, but does confer 
and earlier disease onset 
(Cruchaga et al. 2012) 

U 0.14 0.37 0.34   Located in N-
terminal domain 

Unknown Unknown Unknown 8 3 

DCTN1 p.T1224I  Previously associated 
with a single case of ALS 
(Munch et al. 2004) 
However, the MAF has 
subsequently been shown 
to be high in population 
databases 

U 0.1 0.45 0.3 0.0003436 Located within 
the coiled coil 
domain 

Does not result in 
abnormal cellular 
morphology in 
vitro (Stockmann 
et al. 2013) 

Does not result in 
abnormal cellular 
morphology in vitro 
(Stockmann et al. 
2013) 

Unknown 18 4 

GIGYF2 p.L1230Q  Not previously associated 
with disease 

U NS NS 0   Mis-sense 
variant. No 
convincing 
specific region 
for pathogenicity 
in literature 

Unknown Unknown Unknown 38 5 

GRN p.A324T Seen in several cases in 
healthy subjects. No 
evidence acts as a risk 
factor (Cruchaga et al. 
2012) 

U 0.1 0.14 0.08   Mis-sense variant 
in the Granulin-4 
domain 

Unknown Unknown Unknown 4 1 
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GRN p.R433W Seen relatively 
commonly in control 
databases 

U 0.16 0.28 0.43   Mis-sense variant 
between Granulin 
5 and Granulin-6 
domain 

Does not alter 
GRN plasma levels 
(Finch et al. 2009) 

Unknown Unknown 11 1 

MAPT p.S427F Seen in 1 of 436 familial 
cases of AD, and none of 
1346 controls (Cruchaga 
et al. 2012) 

U 0.1 0.21 0.15 0.001259 Present in the 
inter CD region 
of the gene 

Unknown Unknown Unknown 3 0 

VAPB p.D130E Seen in cases and 
controls and is also 
present in reference 
databases (Landers et al. 
2008) 

U 0.1 0.1 0.14   Located in the 
topological 
domain 

Unknown Unknown Unknown 1 0 
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Appendix 17 Benign variants – ACMG criteria. 

The gene and protein alteration are shown together with whether there is evidence to support strong pathogenicity (PS), moderate pathogenicity (PM) or 
supporting pathogenicity (PP) according to ACMG 2015 criteria (Richards, Aziz et al. 2015). In addition, evidence supporting a benign nature of the 
variant is also provided (BS and BP). Final ACMG classification based on both the pre-study and post-study data are shown.  

  
 Pathogenic  Benign ACMG classification 

Variant  Very 
Strong  Strong  Moderate  Supporting Strong  Supporting Pre-assessment Post-assessment 

G
ene 

Protein alteration 
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PSEN2 p.R71W                                 1 1                               1       1     

DCTN1 p.T1224I                                  1 1                             1         1     

GIGYF2 p.L1230Q                                                    1 1           1         1     

GRN p.A324T                                 1 1                             1         1     

GRN p.R433W                                 1 1 1                           1         1     

MAPT p.S427F                                 1 1                             1         1     

VAPB p.D130E                                 1 1                             1         1     
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Appendix 18 Clinical data – Benign variants. 
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PSEN2 p.R71W 1 227071475 0.14 0.37 0.34 D B Benign 8 3   2   2         1     1       3   

DCTN1 p.T1224I 2 74588717 0.1 0.45 0.3 T B Benign 18 4   6 1 3 2 1 1   1   1         4   

GIGYF2 p.L1230Q; 2 233712223 NS NS 0 T B Benign 38 5   9   11 3 8       2 1 2       5   

GRN p.A324T 17 42428954 0.1 0.14 0.08 T B Benign 4 1         2       1       1     1   

GRN p.R433W 17 42429500 0.16 0.28 0.43 D B Benign 11 1   5   2   1     1 1 1         1   

MAPT p.S427F 17 44067341 0.1 0.21 0.15 D PrD Benign 3 0       1   1                       

VAPB p.D130E 20 57014075 0.1 0.1 0.14 T B Benign 1 0               1                   
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Appendix 19 Pathogenicity questioned – MacArthur criteria. 

 All relevant data and references are provided to support pathogenicity. Minor Allele Frequencies (MAF) from the 1000Genomes (1000G), NHLBI 6500 
ESP and ExAC databases are provided. Key: MND – Motor Neuron Disease, CJD – Creutzfelt-Jakob Disease, AD – Alzheimer’s disease, CADASIL – 
Cerebral Autosomal-Dominant Arteriopathy with Subcortical Infarcts and Leukoencephalopathy. U – Unknown. 

Variant Genetic Informatic Experimental Number 
of cases 

G
ene 

Protein 
alteration 

A
ssociation 
(cases vs 
controls) 
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N
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N
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controls 

SNCA p.H50Q Previously described 
in several cases of 
PD  (Appel-
Cresswell, Vilarino-
Guell et al. 2013) 
(Proukakis, Dudzik 
et al. 2013) 

Unknown NS 0 0   Disrupts the protein's 
amphipathic helix; and 
located between other 
pathogenic point 
mutations (Appel-
Cresswell, Vilarino-
Guell et al. 2013) 

Unknown Unknown U 1 1 

NOTCH3 p.C835fs*25 Not previously seen No data for 
segregation 

NS NS NS 0.000002158 In EGF domain and 
affects cysteine residue 

Unknown Unknown U 1   

CHMP2B p.I29V Seen previously in 
ALS and FTD, but 
also in a control 
(Cox, Ferraiuolo et 
al. 2010) 

Unknown NS 0.02 0.01   Positioned within two 
conserved regions, the 
snf-7 and coiled coil 
domain 

Significantly 
increases 
vacuolation (Cox, 
Ferraiuolo et al. 
2010) 

Unknown U 0 1 

SOD1 p.D91A Incomplete 
penetrance well 
described (Al-
Chalabi, Andersen 
et al. 1998, Khoris, 
Moulard et al. 2000)  

Incomplete 
dominant 
inheritance 
(Al-Chalabi, 
Andersen et 
al. 1998) 

0.04 0.08 0.11   The mutation destabilise 
the apoSOD1 monomer 
(Bystrom, Andersen et 
al. 2010)Pathogenic 
mutations in SOD1 exist 
throughout the gene. 

Neurons 
harboring the 
variant are more 
susceptibility to 
oxidative stress 
(An, Lee et al. 
2008) 

Mild 
phenotype in 
mice (Jonsson, 
Graffmo et al. 
2006) 

U 2 2 
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SNCA p.P117T Not previously 
reported 

Unknown NS 0.01 0 0.004436 Located in the C-
terminal acidic tail.  

Unknown Unknown  U 1 0 

PSEN2 p.P123T Novel Unknown NS NS NS 0.000001321 Located in HL-I domain, 
but one amino acid away 
from a known 
pathogenic variant 
(Finckh, Muller-
Thomsen et al. 2000) 

Variant 
p.Thr122Pro alters 
Ab40/42 ratio 
(Walker, Martinez 
et al. 2005) 

Unknown U 1 0 

PSEN1 p.D40del; 
p.D36del 

Seen in a single case 
previously 
(Nygaard, Lippa et 
al. 2014) 

Unknown NS NS NS   Located in N-terminal 
region 

Unknown Unknown U 1 0 

FUS p.H513N; 
p.H516N; 
p.H517N 

Novel Unknown NS NS NS 0.00006792 Located in the C-
terminal region. Several 
other pathogenic 
mutations located within 
the region (Vance, 
Rogelj et al. 2009) 

A variant in the 
same region 
(R521H) 
significantly alters 
function through a 
toxic gain of 
function (Kabashi, 
Bercier et al. 
2011) 

Variants at 
codon 521 
cause 
phenotype 
(Kabashi, 
Bercier et al. 
2011) 

The variants 
at codon 521 
do not rescue 
the 
phenotype 
(Kabashi, 
Bercier et al. 
2011) 

0 1 

DAO p.R199W Segregated with 
ALS in a single 
family (Mitchell, 
Paul et al. 2010) 

Segregated 
within 
family 
(Mitchell, 
Paul et al. 
2010) 

NS 0.06 0.03 0.002432 The mutation lies close 
to the FAD binding site 
and a region controlling 
enzymatic activity 
(Mitchell, Paul et al. 
2010) 

Co-cultured 
neurons with 
astrocytes 
expressing 
R199W induced 
cell death and 
neuronal cell lines 
decreased cell 
viability 
(Mitchell, Paul et 

Ubiquitinated 
cell aggregates 
seen (Mitchell, 
Paul et al. 
2010) 

U 3 0 
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al. 2010) 

ANG; 
RNASE4 

p.K41I Seen in 5 of 1037 
ALS cases (van 
Blitterswijk, van Es 
et al. 2012) 

Segregated 
in one case 
report (van 
Es, Diekstra 
et al. 2009) 

0.04 0.26 0.14   Located in a critical and 
well-established 
functional domain 
(RNase_A_canonical) 

Induces a 
complete loss of 
ANG function 
(Wu, Yu et al. 
2007) 

Alters neuron 
morphology 
(Thiyagarajan, 
Ferguson et al. 
2012) 

U 2 1 

ANG; 
RNASE4 

p.P136L Seen in a single case 
previously (Wu, Yu 
et al. 2007) 

Unknown NS 0.01 0   Located in a critical and 
well-established 
functional domain 
(RNase_A_canonical)  

Almost entirely 
abolishes ANG 
function and 
reduces nuclear 
translocation (Wu, 
Yu et al. 2007, 
Padhi, Kumar et 
al. 2012) 

Unknown U 1 0 
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Appendix 20 Pathogenicity questioned – ACMG criteria. 

The gene and protein alteration are shown together with whether there is evidence to support strong pathogenicity (PS), moderate pathogenicity (PM) or 
supporting pathogenicity (PP) according to ACMG 2015 criteria (Richards, Aziz et al. 2015). In addition, evidence supporting a benign nature of the 
variant is also provided (BS and BP). Final ACMG classification based on both the pre-study and post-study data are shown.  

  
Pathogenic Benign ACMG classification 

Variant Very 
Strong Strong Moderate Supporting Strong Supporting Pre-assessment Post-assessment 

G
ene 

Protein 
alteration 

PSV
1 

PS1 

PS2 

PS3 

PS4 

PM
1 

PM
2 

PM
3 

PM
4 

PM
5 

PM
6 

PP1 

PP2 

PP3 

PP4 

PP5 

B
S1 

B
S2 

B
S3 

B
S4 

B
S5 

B
S6 

B
S7 

B
P1 

B
P2 

B
P3 

B
P4 

B
P5 

B
P6 

B
P7 

P 

L
P 

B
 

L
B

 

U
S 

P 

L
P 

B
 

L
B

 

U
S 

SNCA p.H50Q   1   1   1                                                 1                 1 
NOTCH3 p.C835fs*25 1         1 1                                               1                 1 
CHMP2B p.I29V   1   1   1                                                 1                 1 
SOD1 p.D91A       1   1             1 1 1                               1                 1 
SNCA p.P117T         1   1             1                                   1               1 
PSEN2 p.P123T               1 1         1 1 1                               1               1 
PSEN1 p.D40del; 

p.D36del 
              1           1 1 1                               1               1 

FUS p.H513N; 
p.H516N; 
p.H517N 

              1     1     1 1                                 1               1 

DAO p.R199W         1               1 1 1                                 1               1 

ANG; 
RNASE4 

p.K41I     1   1                                                     1               1 

ANG; 
RNASE4 

p.P136L         1     1             1                                 1               1 
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Appendix 21 Clinical data – Pathogenicity questioned. 

C
ase num

ber 

Sex 

A
ge onset 

A
ge death 

FH
 

C
linical D

x 

N
europath D

x 

C
hrom

osom
e 

Position 

G
ene 

T
ranscript 

Protein 
C

hange 

1000G
 M

A
F 

(%
) 

E
SP6500 M

A
F 

(%
) 

E
xA

C
 M

A
F 

(%
) 

SIFT
 

PolyPhen2 

47 Female 54 58 N AD AD 4 90749307 SNCA c.150T>G p.H50Q NS 0 0 Tolerated Benign 

48 Male  65 N Control Consistent with 
aging 

4 90749307 SNCA c.150T>G p.H50Q NS 0 0 Tolerated Benign 

49 Male 59 65 N MND MND 19 15295168 NOTCH3 c.2504delG p.C835fs*25 NS NS NS     

50 Female  100 N Control Vascular 
disease 

3 87289899 CHMP2B c.85A>G; c.4-
4965A>G 

p.I29V NS 0.02 0.01 Tolerated Benign 

51 Male  39 N Control Consistent with 
aging 

21 33039603 SOD1 c.272A>C p.D91A 0.04 0.08 0.11 Tolerated Benign 

52 Unknown 15 52 N MS MS 21 33039603 SOD1 c.272A>C p.D91A 0.04 0.08 0.11 Tolerated Benign 

53 Male  87 N Control Possible early 
PD changes 

21 33039603 SOD1 c.272A>C p.D91A 0.04 0.08 0.11 Tolerated Benign 

54 Female 61 75 N PD PDD 21 33039603 SOD1 c.272A>C p.D91A 0.04 0.08 0.11 Tolerated Benign 

55 Female  47 N MND MND 4 90650386 SNCA c.349C>A; c.307-
2575C>A 

p.P117T NS 0.01 0   Benign 

56 Female 58 65 N Dementia FTD 1 227073249 PSEN2 c.367C>A p.P123T NS NS NS Damaging Possibly 
Damaging 

57 Female  55 N MND MND 14 73637534 PSEN1 c.105_107delCGA; 
c.117_119delCGA 

p.D40del; 
p.D36del 

NS NS NS     

58 Male 59 65 N MND MND 12 109288126 DAO c.595C>T p.R199W NS 0.06 0.03 Damaging Probably 
Damaging 

59 Female 87 93 N Dementia AD 12 109288126 DAO c.595C>T p.R199W NS 0.06 0.03 Damaging Probably 
Damaging 

60 Male 58 63 N PD PD 12 109288126 DAO c.595C>T p.R199W NS 0.06 0.03 Damaging Probably 
Damaging 

61 Male 41 41 N CJD CJD 14 21161845 ANG; 
RNASE4 

c.122A>T p.K41I 0.04 0.26 0.14 Tolerated Benign 



 333 

C
ase num

ber 

Sex 

A
ge onset 

A
ge death 

FH
 

C
linical D

x 

N
europath D

x 

C
hrom

osom
e 

Position 

G
ene 

T
ranscript 

Protein 
C

hange 

1000G
 M

A
F 

(%
) 

E
SP6500 M

A
F 

(%
) 

E
xA

C
 M

A
F 

(%
) 

SIFT
 

PolyPhen2 

62 Male  32 N Control Consistent with 
aging 

14 21161845 ANG; 
RNASE4 

c.122A>T p.K41I 0.04 0.26 0.14 Tolerated Benign 

63 Male  74 N DLB DLB 14 21161845 ANG; 
RNASE4 

c.122A>T p.K41I 0.04 0.26 0.14 Tolerated Benign 

64 Female  88 N Control High BRAAK 14 21162130 ANG; 
RNASE4 

c.122A>T p.P136L NS 0.01 0 Damaging Probably 
Damaging 

65 Female  46 N Control Consistent with 
aging 

16 31202727 FUS c.1546C>A; 
c.1549C>A; 
c.1537C>A 

p.H513N; 
p.H516N; 
p.H517N 

NS NS NS Damaging Probably 
Damaging 
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Appendix 22 Uncertain Significance – MacArthur criteria. 

All relevant data and references are provided to support pathogenicity. Minor Allele Frequencies (MAF) from the 1000Genomes (1000G), NHLBI 6500 
ESP and ExAC databases are provided. Key: MND – Motor Neuron Disease, CJD – Creutzfelt-Jakob Disease, AD – Alzheimer’s disease, CADASIL – 
Cerebral Autosomal-Dominant Arteriopathy with Subcortical Infarcts and Leukoencephalopathy. U – Unknown. 

Variant Genetic Informatic Experimental Number of 
cases 

G
ene 

Protein 
alteration 

A
ssociation 
(cases vs 
controls) 

Segregation 

1000G
 M

A
F (%

) 

6500 E
SP M

A
F 

(%
) 

E
xA

C
 M

A
F (%

) 

C
onservation 

L
ocation 

(appropriate) 

G
ene disruption 

Phenotype 
recapitulation 

R
escue 

N
um

ber of cases 

N
um

ber of 
controls 

PSEN2 p.L192I Novel U NS NS NS   Located in the topological 
domain prior to the third 
transmembrane region 

Unknown Unknown Unknown 2 0 

PSEN2 p.R435Q  Not previously described U NS 0.01 0 0.002972 Outside TM domain, but within 
the C-terminal region which is 
involved in X-terminal 
trafficking 

Unknown Unknown Unknown 1 0 

DCTN1 p.E895D  Novel U NS NS NS   Outside major functional 
domains 

Unknown Unknown Unknown 1 0 

DCTN1 p.T502M  Novel U NS NS NS 0.00004375 Within the first coiled coil 
domain 

Unknown Unknown Unknown 1 0 

DCTN1 p.T138I  Novel U NS NS NS 0.0006577 Outside major functional 
domains 

Unknown Unknown Unknown 1 0 

HTRA2  p.L43V Novel U NS NS NS   Between N-terminal 
mitochondrial targeting domain 
and transmembrane domain 

Unknown Unknown Unknown 1 0 
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Variant Genetic Informatic Experimental Number of 
cases 

G
ene 

Protein 
alteration 

A
ssociation 
(cases vs 
controls) 

Segregation 

1000G
 M

A
F (%

) 

6500 E
SP M

A
F 

(%
) 

E
xA

C
 M

A
F (%

) 

C
onservation 

L
ocation 

(appropriate) 

G
ene disruption 

Phenotype 
recapitulation 

R
escue 

N
um

ber of cases 

N
um

ber of 
controls 

HTRA2  p.S15W Not previously 
associated with disease 

U NS NS 0.02 0.00042 Within N-terminal mitochondrial 
targeting sequence 

Unknown Unknown Unknown 1 0 

GIGYF2 p.Q922P  Novel U NS NS NS 0.00007178 Mis-sense variant. No convincing 
specific region for pathogenicity 
in literature 

Unknown Unknown Unknown 1 0 

CHMP2B p.S153L  Seen in a single case of 
FTD (Ghanim, Guillot-
Noel et al. 2010) and 
also seen in 1  of  750 
controls (van 
Blitterswijk, Vlam et al. 
2012) 

U NS 0.02 0 0.000005272 Located in the c-terminal domain, 
and alters protein stability (van 
Blitterswijk, Vlam et al. 2012) 

Located in the 
c-terminal 
domain, and 
alters protein 
stability (van 
Blitterswijk, 
Vlam et al. 
2012) 

Unknown Unknown 1 0 

EIF4G1 p.R945Q  Novel U NS NS NS 0.001589 Mis-sense variant. Functional 
effects unknown. May alter 
eIF3/EIF4A binding 

Unknown Unknown Unknown 1 0 

EIF4G1 p.P1075L  Novel U NS NS NS 0.000003873 Mis-sense variant in well 
conserved region 

Unknown Unknown Unknown 1 0 

EIF4G1 p.M1356T  Not previously 
associated with disease 

U NS 0.08 0.04 0.0005649 Mis-sense variant in well 
conserved region 

Unknown Unknown Unknown 1 1 

MATR3 p.D187E Not previously 
associated with disease 

U NS 0.01 0 0.007112 Mis-sense variant. No convincing 
specific region for pathogenicity 
in literature 

Unknown Unknown Unknown 1 0 
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Variant Genetic Informatic Experimental Number of 
cases 

G
ene 

Protein 
alteration 

A
ssociation 
(cases vs 
controls) 

Segregation 

1000G
 M

A
F (%

) 

6500 E
SP M

A
F 

(%
) 

E
xA

C
 M

A
F (%

) 

C
onservation 

L
ocation 

(appropriate) 

G
ene disruption 

Phenotype 
recapitulation 

R
escue 

N
um

ber of cases 

N
um

ber of 
controls 

MATR3 p.A745V  Not previously 
associated with disease 

U NS NS 0   Mis-sense variant. No convincing 
specific region for pathogenicity 
in literature 

Unknown Unknown Unknown 1 0 

SQSTM1 p.P29S Not previously 
associated with disease 

U NS NS 0.02   Mis-sense variant in PB1 domain Unknown Unknown Unknown 1 0 

SQSTM1 p.R55C  Not previously 
associated with disease 

U NS NS 0 0.006209 Situated in the ZZ_ADA2 
domain 

Unknown Unknown Unknown 1 0 

SQSTM1 p.R161W  Not previously 
associated with disease 

U NS NS 0   Located in a critical and well-
established functional domain 
(ZZ_ADA2) 

Unknown Unknown Unknown 1 0 

SQSTM1 p.R209C  Novel U NS NS NS   Mis-sense variant in no specific 
domain 

Unknown Unknown Unknown 1 0 

SQSTM1 p.P228L  Seen in 1/546 cases and 
0/724 controls (Fecto, 
Yan et al. 2011) 

U NS 0.05 0.01 0.008017 Sits in TRAF6 binding domain Unknown Unknown Unknown 1 0 

C9orf72 p.D419N Novel U NS NS NS 0.000004325 Unknown functional domain Unknown Unknown Unknown 1 0 

C9orf72 p.I413M Not previously 
associated with disease 

U NS NS 0   Unknown functional domain Unknown Unknown Unknown 1 0 

C9orf72 p.D347Y Novel U NS NS NS 0.000001552 Unknown functional domain Unknown Unknown Unknown 1 0 

C9orf72 p.N207del Not previously 
associated with disease 

U NS NS 0   Amino acid 207 is known to have 
a polymorphism p.N207S  

Unknown Unknown Unknown 1 0 
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Variant Genetic Informatic Experimental Number of 
cases 

G
ene 

Protein 
alteration 

A
ssociation 
(cases vs 
controls) 

Segregation 

1000G
 M

A
F (%

) 

6500 E
SP M

A
F 

(%
) 

E
xA

C
 M

A
F (%

) 

C
onservation 

L
ocation 

(appropriate) 

G
ene disruption 

Phenotype 
recapitulation 

R
escue 

N
um

ber of cases 

N
um

ber of 
controls 

C9orf72 p.I17M Novel U NS NS NS   Unknown Unknown Unknown Unknown 1 0 

VCP p.R113S Novel U NS NS NS 0.00006839 Contained within the AAA2 
region and exon 4 in which 
pathogenic mutations previously 
described 

Unknown Unknown Unknown 1 0 

DAO p.R2H Not previously 
associated with disease 

U 0 0.02 0.01   Situated in nucleotide binding 
domain. Functional impairment 
unclear 

Unknown Unknown Unknown 1 0 

DAO p.F90V Not previously 
associated with disease 

U NS 0.03 0.03   Functional impairment unclear Unknown Unknown Unknown 1 0 

DAO p.P103L Not previously 
associated with disease 

U 0.06 0 0.04 0.000006281 Functional impairment unclear Unknown Unknown Unknown 1 1 

DAO p.R274G Novel U NS NS NS   Situated in well conserved region Unknown Unknown Unknown 1 0 

PSEN1 p.R27R Novel U NS NS NS   Splice-site altering variant. 
Predicted by MaxEntScan to 
result in an in-frame insertion 

Unknown Unknown Unknown 1 0 

FUS p.P18S Seen in 2 of 454 cases 
and 0 of 450 
controls(Belzil, Daoud et 
al. 2011), however has a 
relatively high freq in 
international databases. 

U NS 0.02 0 0.005662 Located in well conserved N-
terminal region 

Unknown Unknown Unknown 1 0 
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Variant Genetic Informatic Experimental Number of 
cases 

G
ene 

Protein 
alteration 

A
ssociation 
(cases vs 
controls) 

Segregation 

1000G
 M

A
F (%

) 

6500 E
SP M

A
F 

(%
) 

E
xA

C
 M

A
F (%

) 

C
onservation 

L
ocation 

(appropriate) 

G
ene disruption 

Phenotype 
recapitulation 

R
escue 

N
um

ber of cases 

N
um

ber of 
controls 

FUS p.S135N  Seen in 1 of 168 SALS 
patients (Rademakers, 
Stewart et al. 2010) 

U 0.2 0.01 0.03 0.00002265 Located in the QGSY-Region. 
Additional variants in these 
region are not pathogenic (Cruts, 
Theuns et al. 2012) 

Unknown Unknown Unknown 1 0 

FUS Splice-site 
alteration  

Novel U NS NS NS 0.006966 Splice site altering variant. This 
is highly likely to result in exon 
skipping (MaxEntScore decrease 
100%) 

Unknown Unknown Unknown 1 0 

VPS35 p.N384S Not previously 
associated with disease 

U NS NS 0 0.000007962 Mis-sense variant. Regional 
function unclear 

Unknown Unknown Unknown 1 0 

PFN1 p.E117G Seen in 3/1090 patients 
with ALS and 3/7560 
controls (p=0.03)  (Wu, 
Fallini et al. 2012).This 
variant was also seen in 
0.11% of 13089 controls 
and 0.25% of 5188 cases 
(p=0.036) with an odds 
ratio of 2.44 for ALS 
(Fratta, Charnock et al. 
2014) 

U NS NS NS 0.003724 Located close to actin binding 
domain 

Doesn't reduce 
bound actin 
(Wu, Fallini et 
al. 2012) 

Moderate 
levels of 
protein 
aggregation 
(Wu, 
Fallini et al. 
2012) 

Partly 
reduces 
axonal 
outgrowth 
in vitro 
(Wu, 
Fallini et al. 
2012) 

5 0 

GRN p.V8M Novel U NS NS 0   Mis-sense variant. Regional 
function unclear 

Unknown Unknown Unknown 1 0 
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Variant Genetic Informatic Experimental Number of 
cases 

G
ene 

Protein 
alteration 

A
ssociation 
(cases vs 
controls) 

Segregation 

1000G
 M

A
F (%

) 

6500 E
SP M

A
F 

(%
) 

E
xA

C
 M

A
F (%

) 

C
onservation 

L
ocation 

(appropriate) 

G
ene disruption 

Phenotype 
recapitulation 

R
escue 

N
um

ber of cases 

N
um

ber of 
controls 

GRN Splice site 
alteration 

Seen in one previous 
case causing a 
corticobasal syndrome 
(Masellis, Momeni et al. 
2006)  ,also seen in very 
low freq in controls 

U NS 0.01 0 0.0002594 Alters splicing Induces 
haploinsufficien
cy (Masellis, 
Momeni et al. 
2006) 

Unknown Unknown 1 0 

GRN p.R298H Seen previously in a 
single case of FTLD-U 
(Yu, Bird et al. 2010) 

U NS NS 0.01   Mis-sense variant in the 
Granulin-4 domain 

Unknown Unknown Unknown 1 0 

MAPT p.A2S Novel U NS NS NS   Located after Granulin-7 domain Unknown Unknown Unknown 1 0 

MAPT p.P184L  Novel U NS NS NS   Located outside the tubulin 
binding domain 

Unknown Unknown Unknown 1 0 

PRNP p.D167G Seen in 1 case of CJD 
before (Bishop, 
Pennington et al. 2009) 

U NS NS NS   Any disruption in coding domain 
may affect function 

Unknown Unknown Unknown 1 0 

APP p.V173F  Novel U NS NS NS 0.000002056 Not within TM domain Unknown Unknown Unknown 1 0 

APP p.V97I  Not previously 
associated with disease 

U NS NS 0 0.00002864 Not within TM domain Unknown Unknown Unknown 1 0 

CHCHD10 p.A13T Novel U NS NS NS 0.001633 Sits within the N-terminal 
domain 

Unknown Unknown Unknown 1 0 

UBQLN2 p.S222G Novel U NS NS NS   Sits within a nonstructured 
domain  

Unknown Unknown Unknown 1 0 
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Appendix 23 Uncertain significance – ACMG criteria. 

The gene and protein alteration are shown together with whether there is evidence to support strong pathogenicity (PS), moderate pathogenicity (PM) or 
supporting pathogenicity (PP) according to ACMG 2015 criteria (Richards, Aziz et al. 2015). In addition, evidence supporting a benign nature of the 
variant is also provided (BS and BP). Final ACMG classification based on both the pre-study and post-study data are shown.  

  
Pathogenic Benign ACMG classification 

Variant 
Very 

Strong 
Strong Moderate Supporting Strong Supporting 

Pre-assessment Post-assessment 

G
ene 

Protein 

alteration 

PSV
1 

PS1 

PS2 

PS3 

PS4 

PM
1 

PM
2 

PM
3 

PM
4 

PM
5 

PM
6 

PP1 

PP2 

PP3 

PP4 

PP5 

B
S1 

B
S2 

B
S3 

B
S4 

B
S5 

B
S6 

B
S7 

B
P1 

B
P2 

B
P3 

B
P4 

B
P5 

B
P6 

B
P7 

P 

L
P 

B
 

L
B

 

U
S 

P 

L
P 

B
 

L
B

 

U
S 

PSEN2 p.L192I             1           1 1                                         1         1 
PSEN2 p.R435Q                          1                                           1         1 
DCTN1 p.E895D              1                                                       1         1 
DCTN1 p.T502M              1                                                       1         1 
DCTN1 p.T138I                                                                      1         1 
HTRA2  p.L43V               1                                                     1         1 
HTRA2  p.S15W               1             1                                       1         1 
GIGYF2 p.Q922P              1                                                       1         1 
CHMP2B p.S153L            1             1                                           1         1 
EIF4G1 p.R945Q              1                                                        

1 
        1 

EIF4G1 p.P1075L              1                                                        
1 

        1 
EIF4G1 p.M1356T                                    1                                 1         1 
MATR3 p.D187E                                                                     1         1 
MATR3 p.A745V              1                                                       1         1 
SQSTM1 p.P29S             1                                       1               1         1 
SQSTM1 p.R55C              1           1                                           1         1 
SQSTM1 p.R161W              1           1                                           1         1 
SQSTM1 p.R209C                          1                                           1         1 
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Pathogenic Benign ACMG classification 

Variant 
Very 

Strong 
Strong Moderate Supporting Strong Supporting 

Pre-assessment Post-assessment 

G
ene 

Protein 

alteration 

PSV
1 

PS1 

PS2 

PS3 

PS4 

PM
1 

PM
2 

PM
3 

PM
4 

PM
5 

PM
6 

PP1 

PP2 

PP3 

PP4 

PP5 

B
S1 

B
S2 

B
S3 

B
S4 

B
S5 

B
S6 

B
S7 

B
P1 

B
P2 

B
P3 

B
P4 

B
P5 

B
P6 

B
P7 

P 

L
P 

B
 

L
B

 

U
S 

P 

L
P 

B
 

L
B

 

U
S 

SQSTM1 p.P228L              1           1                                           1         1 
C9orf72 p.D419N             1                                                       1         1 
C9orf72 p.I413M             1                                                       1         1 
C9orf72 p.D347Y             1                                                       1         1 
C9orf72 p.N207del             1                                                       1         1 
C9orf72 p.I17M             1             1                                         1         1 
VCP p.R113S           1 1           1 1                                         1         1 
DAO p.R2H                                                                     1         1 
DAO p.F90V                                  

1 
                                  1         1 

DAO p.P103L                                                                     1         1 
DAO p.R274G             1                                       1               1         1 
PSEN1 p.R27R                                                                     1         1 
FUS p.P18S                         1                           1               1         1 
FUS p.S135N                          1                           1               1         1 
FUS Splice-site 

alteration  
                        1                           1               1         1 

VPS35 p.N384S             1                                       1               1         1 
PFN1 p.E117G         1 1             1                                           1         1 
GRN p.V8M             1                                                       1         1 
GRN Splice site 

alteration 
            1           1                                           1         1 

GRN p.R298H             1                                                       1         1 
MAPT p.A2S             1                                       1               1         1 
MAPT p.P184L              1             1                                         1         1 
PRNP p.D167G             1           1 1                                         1         1 
APP p.V173F                                                                      1         1 
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Pathogenic Benign ACMG classification 

Variant 
Very 

Strong 
Strong Moderate Supporting Strong Supporting 

Pre-assessment Post-assessment 

G
ene 

Protein 

alteration 

PSV
1 

PS1 

PS2 

PS3 

PS4 

PM
1 
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2 
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3 
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4 
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5 
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6 

PP1 
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S6 
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S7 

B
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B
P4 

B
P5 

B
P6 

B
P7 

P 

L
P 

B
 

L
B

 

U
S 

P 

L
P 

B
 

L
B

 

U
S 

APP p.V97I                                                                      1
  

        1 
CHCHD10 p.A13T             1                                       1               1         1 
UBQLN2 p.S222G             1                                       1               1         1 
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Appendix 24 Clinical data – variants of uncertain significance. 

G
ene 

Protein alteration 

C
hrom

osom
e 

Position 

1000G
 M

A
F (%

) 

E
SP6500 M

A
F (%

) 

E
xac M

A
F (%

) 

SIFT
 

PolyPhen2 

A
C

M
G

 

C
ases w

ith variant 

C
ontrols w

ith variant 

 

A
D

 

C
B

D
 

C
JD

 

D
L

B
 

FT
D

-A
L

S 

H
D

 

M
SA

 

O
ther 

PD
 

PSP 

V
D

 

V
D

/A
D

 

V
D

/control 
 

C
ontrol 

C
ontrol (H

igh B
raak) 

Y
oung control 

PSEN2 p.L192I 1 227076537 NS NS NS D B Uncertain 
Significance 

2 0         1                       1   

PSEN2 p.R435Q 1 227083237 NS 0.01 0 T B Uncertain 
Significance 

1 0                                   1 

DCTN1 p.E895D 2 74593386 NS NS NS T B Uncertain 
Significance 

1 0                                   1 

DCTN1 p.T502M 2 74596485 NS NS NS T B Uncertain 
Significance 

1 0           1                         

DCTN1 p.T138I; 
p.T11I; 
p.T145I 

2 74600074 NS NS NS T B Uncertain 
Significance 

1 0           1                         

HTRA2 p.L43V 2 74756550 NS NS NS T B Uncertain 
Significance 

1 0                   1                 

HTRA2 p.S15W 2 74756713 NS NS 0.02 T PrD Uncertain 
Significance 

1 0                   1                 

GIGYF2 p.Q922P 2 233697739 0 0 NS T PrD Uncertain 
Significance 

1 0         1                           

CHMP2B p.S153L 3 87302911 NS 0.02 0 T B Uncertain 
Significance 

1 0           1                         

EIF4G1 p.R945Q 3 184043401 NS NS NS T B Uncertain 
Significance 

1 0         1                           
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V
D
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C
ontrol 

C
ontrol (H

igh B
raak) 

Y
oung control 

EIF4G1 p.P1075L 3 184044687 NS NS NS T B Uncertain 
Significance 

1 0         1                           

EIF4G1 p.M1356T 3 184046529 NS 0.08 0.04 D PrD Uncertain 
Significance 

1 1                   1           1     

MATR3 p.D187E 5 138643665 NS 0.01 0 T PoD Uncertain 
Significance 

1 0                                   1 

MATR3 p.A745V 5 138661214 NS NS 0 T B Uncertain 
Significance 

1 0           1                         

SQSTM1 p.P29S 5 179248021 NS NS 0.02   B Uncertain 
Significance 

1 0           1                         

SQSTM1 p.R55C 5 179250971 NS NS 0 D PrD Uncertain 
Significance 

1 0           1                         

SQSTM1 p.R161W 5 179251037 NS NS 0 D PoD Uncertain 
Significance 

1 0                                   1 

SQSTM1 p.R209C 5 179251275 NS NS NS D B Uncertain 
Significance 

1 0           1                         

SQSTM1 p.P228L 5 179252155 NS 0.05 0.01 D B Uncertain 
Significance 

1 0           1                         

C9orf72 p.D419N 9 27548559 NS NS NS D B Uncertain 
Significance 

1 0                                   1 

C9orf72 p.I413M 9 27548575 NS NS 0 D B Uncertain 
Significance 

1 0           1                         
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C
ontrol 

C
ontrol (H
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Y
oung control 

C9orf72 p.D347Y 9 27556611 NS NS NS   B Uncertain 
Significance 

1 0           1                         

C9orf72 p.N207del 9 27561627 NS NS 0     Uncertain 
Significance 

1 0           1                         

C9orf72 p.I17M 9 27567068 NS NS NS   PoD Uncertain 
Significance 

1 0           1                         

VCP p.R113S 9 35066780 NS NS NS   PoD Uncertain 
Significance 

1 0                                   1 

DAO p.R2H 12 109278787 0 0.02 0.01 D B Uncertain 
Significance 

1 0           1                         

DAO p.F90V 12 109281299 NS 0.03 0.03 T PoD Uncertain 
Significance 

1 0           1                         

DAO p.P103L 12 109281339 0.06 0 0.04 T PoD Uncertain 
Significance 

1 1           1                   1     

DAO p.R274G 12 109293159 NS NS NS T B Uncertain 
Significance 

1 0           1                         

PSEN1 p.R27R 14 73614808 NS NS NS     Uncertain 
Significance 

1 0                                   1 

FUS p.P18S 16 31193847 NS 0.02 0   B Uncertain 
Significance 

1 0           1                         

FUS p.S135N; 
p.S134N 

16 31195598 0.2 0.01 0.03 T B Uncertain 
Significance 

1 0           1                         
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Y
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FUS Splice-site 
alteration  

16 31195718 NS NS NS     Uncertain 
Significance 

1 0           1                         

VPS35 p.N384S 16 46708235 NS NS 0 T B Uncertain 
Significance 

1 0                                   1 

PFN1 p.E117G 17 4849267 NS NS NS D B Uncertain 
Significance 

5 0   1   1   1     1                 1 

GRN p.V8M 17 42426554 NS NS 0 T B Uncertain 
Significance 

1 0                     1               

GRN Splice site 
alteration 

17 42428169 NS 0.01 0     Uncertain 
Significance 

1 0   1                                 

GRN p.R298H 17 42428788 NS NS 0.01 T PrD Uncertain 
Significance 

1 0                                   1 

MAPT p.A2S 17 44039707 NS NS NS   B Uncertain 
Significance 

1 0                                 1   

MAPT p.P184L 17 44073846 NS NS NS D PrD Uncertain 
Significance 

1 0   1                                 

PRNP p.D167G 20 4680366 NS NS NS D PoD Uncertain 
Significance 

1 0       1                             

APP p.V173F 21 27423356 NS NS NS T PrD Uncertain 
Significance 

1 0                                 1   

APP p.V97I 21 27425563 NS NS 0 T B Uncertain 
Significance 

1 0   1                                 
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CHCHD10 p.A13T 22 24110025 NS NS NS T B Uncertain 
Significance 

1 0           1                         

UBQLN2 p.S222G X 56590970 NS NS NS T B Uncertain 
Significance 

1 0                     1               
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Appendix 25 Pathogenic recessive mutations - MacArthur criteria. 

All relevant data and references are provided to support pathogenicity. Minor Allele Frequencies (MAF) from the 1000Genomes (1000G), NHLBI 6500 
ESP and ExAC databases are provided. Key: MND – Motor Neuron Disease, CJD – Creutzfelt-Jakob Disease, AD – Alzheimer’s disease, CADASIL – 
Cerebral Autosomal-Dominant Arteriopathy with Subcortical Infarcts and Leukoencephalopathy. U – Unknown. 

Variant Genetic Informatic Experimental Study 
cases 

G
ene 

Protein 
alteration 

A
ssociation 
(cases vs 
controls) 

Segregation 

1000G
 M

A
F 

(%
) 

6500 E
SP M

A
F 

(%
) 

E
xA

C
 M

A
F (%

) 

C
onservation 

L
ocation 

(appropriate) 

G
ene disruption 

Phenotype 
recapitulation 

R
escue 

N
um

ber of cases 

N
um

ber of 
controls 

PARK2 p.P437L; 
p.P409L; 
p.P288L 

Previously 
described in an 
early onset case of 
PD (Mellick, 
Siebert et al. 
2009) 

N/A 0.04 0.24 0.15 1.13E-04 Situated in the RING 2 domain of 
the protein. RING2 forms a 
hydrophobic interface with the 
UPD, burying the catalytic Cys431, 
which is part of a conserved 
catalytic triad (Sriram, Li et al. 
2005) 

Almost completely 
abolishes the binding 
ability of Parkin (Sriram, 
Li et al. 2005) 

Unknown U 1 0 

OPTN p.R217* Novel N/A NS NS NS N/A Premature stop codon. This is prior 
to the coiled coil 2 domain 
necessary for the binding to 
ubiquitin and ubiquitin receptor-
interacting protein (Maruyama, 
Morino et al. 2010) 

The previously described 
homozygous nonsense 
mutation (p.Q398X) 
showed no ability to 
inhibit NF-kB 
(Maruyama, Morino et 
al. 2010) 

Unknown U 1 0 

SOD1 p.D91A Seen in several 
pedigrees in the 
homozygous state 
(Andersen, 
Nilsson et al. 
1995) 

Fully 
penetra
nt  

0.04 0.05 0.11   The mutation destabilises the 
apoSOD1 monomer (Bystrom, 
Andersen et al. 2010). Pathogenic 
mutations in SOD1 exist throughout 
the gene. 

Increases susceptibility 
to oxidative stress and 
impairment of 
respiratory complexes 
(Ferri, Cozzolino et al. 
2006) 

Mild similar 
phenotype in 
mice (Jonsson, 
Graffmo et al. 
2006) 

U 1 0 
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Variant Genetic Informatic Experimental Study 
cases 

G
ene 

Protein 
alteration 

A
ssociation 
(cases vs 
controls) 

Segregation 

1000G
 M

A
F 

(%
) 

6500 E
SP M

A
F 

(%
) 

E
xA

C
 M

A
F (%

) 

C
onservation 

L
ocation 

(appropriate) 

G
ene disruption 

Phenotype 
recapitulation 

R
escue 

N
um

ber of cases 

N
um

ber of 
controls 

VPS13A p.L1841*; 
p.L1802* 

Novel Unkno
wn 

NS NS NS 1.53E-05 No specific functional domain 
known in association with disease 

Unknown Unknown U 1 0 

VPS13A p.W2347fs
*36; 
p.W2308fs
*36 

Novel Unkno
wn 

NS NS NS 2.17E-06 No specific functional domain 
known in association with disease 

Unknown Unknown U 

PARK2 p.G430D; 
p.G281D; 
p.G402D 

Pathogenic in 
homozygous state 
(Mellick, Siebert 
et al. 2009) 

N/A 0 0.02 0.01 1.13E-04 Located in exon 12 of the PARK2 
gene 

NF-kB activation are 
reduced by PD-linked 
parkin pathogenic 
mutations(Henn, 
Bouman et al. 2007), and 
alters mitochondrial 
translocation and 
clearance (Geisler, 
Holmstrom et al. 2010) 

Unknown U 1 0 

PARK2 p.R275W; 
p.R126W; 
p.R247W 

Pathogenic in 
compound 
heterozygous 
cases (Klein, 
Djarmati et al. 
2005) 

N/A 0.04 0.2 0.21 6.41E-03 Located in exon 7 Alters mitochondrial 
translocation and 
clearance (Geisler, 
Holmstrom et al. 
2010)and alters parkin 
localization (Cookson, 
Lockhart et al. 2003) 

Causes 
cytoplasmic 
inclusions 
(Cookson, 
Lockhart et al. 
2003) 

U 
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Appendix 26 Pathogenic recessive mutations – ACMG criteria. 

The gene and protein alteration are shown together with whether there is evidence to support strong pathogenicity (PS), moderate pathogenicity (PM) or 
supporting pathogenicity (PP) according to ACMG 2015 criteria (Richards, Aziz et al. 2015). In addition, evidence supporting a benign nature of the 
variant is also provided (BS and BP). Final ACMG classification based on both the pre-study and post-study data are shown.  

  
Pathogenic Benign ACMG classification 

Variant Very 
strong Strong Moderate Supporting Strong Supporting Pre-assessment Post-assessment 

G
ene 

Protein 
alteration 

PSV
1 

PS1 

PS2 

PS3 

PS4 

PM
1 

PM
2 

PM
3 

PM
4 

PM
5 

PM
6 

PP1 

PP2 

PP3 

PP4 

PP5 

B
S1 

B
S2 

B
S3 

B
S4 

B
S5 

B
S6 

B
S7 

B
P1 

B
P2 

B
P3 

B
P4 

B
P5 

B
P6 

B
P7 

P 

L
P 

B
 

L
B

 

U
S 

P 

L
P 

B
 

L
B

 

U
S 

PARK2 p.P437L; 
p.P409L; 
p.P288L 

  1   1                   1                                 1         1         

OPTN p.R217* 1           1   1                                           1         1         

SOD1 p.D91A     1   1   1         1 1 1                                 1         1         

VPS13A p.L1841*; 
p.L1802* 

1         1               1 1                               1         1         

VPS13A p.W2347fs*36; 
p.W2308fs*36 

1         1     1         1 1                               1         1         

PARK2 p.G430D; 
p.G281D; 
p.G402D 

  1   1   1                                                 1         1         

PARK2 p.R275W; 
p.R126W; 
p.R247W 

  1   1   1                                                 1         1         
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Appendix 27 Clinical data – Pathogenic recessive mutations. 

C
ase num

ber 

Sex 

A
ge onset 

A
ge death 

Fam
ily H

istory 

C
linical D

x 

N
europath D

x 

C
hrom

osom
e 

Position 

G
ene 

T
ranscript 

Protein C
hange 

1000G
 M

A
F (%

) 

E
SP6500 M

A
F 

(%
) 

E
xA

C
 M

A
F (%

) 

SIFT
 

PolyPhen2 

41 Female   32 N Control Appearances 
consistent with 
aging 

6 161771219 PARK2 c.1310C>T; 
c.863C>T; 
c.1226C>T 

p.P437L; 
p.P409L; 
p.P288L 

0.04 0.24 0.15 Damaging Probably 
Damaging 

42 Male   54 N MND FTD-ALS 10 13160910 OPTN c.649A>T p.R217* NS NS NS Stop-gain Stop-gain 

43 Male 55 65 N MSA Unclear: Atypical 
Multisystem 
degeneration 

21 33039603 SOD1 c.272A>C p.D91A 0.04 0.05 0.11 Tolerated Benign 

44 Male   40 N Chorea-
acanthocytosis 

Chorea-
acanthocytosis 

9 79936191 VPS13A   p.L1841*; 
p.L1802* 

NS NS NS Stop-gain Stop-gain 

              9 79959075 VPS13A   p.W2347fs*36; 
p.W2308fs*36 

NS NS NS Frameshift Stop-gain 

45 Female   69 N PD PD 6 161771240 PARK2 c.842G>A; 
c.1289G>A; 
c.1205G>A 

p.G430D; 
p.G281D; 
p.G402D 

0 0.02 0.01 Damaging Probably 
Damaging 

              6 162206852 PARK2 c.823C>T; 
c.376C>T; 
c.739C>T 

p.R275W; 
p.R126W; 
p.R247W 

0.04 0.2 0.21 Probably 
Damaging 

Probably 
Damaging 
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Appendix 28 Cases testing positive for the C9orf72 hexanucleotide repeat expansion. 

Key; FH – Family History. MND – Motor Neuron Disease, FTD – Frontotemporal Dementia, FTD-ALS – Frontotemporal dementia and 
Amyotrophic Lateral Sclerosis. 

 

Case number Sex Age onset 
(years/SD) 

Age death 
(years/SD) 

FH of disease Clinical Diagnosis Neuropathological diagnosis 

46 Female  63 N MND MND 
47 Female  43 N MND MND 
48 Male  71 N MND FTD-ALS 
49 Female 73 75 N Vascular dementia FTD 
50 Male  63 N Parkinsonism FTD 
51 Female 52 56 N Dementia - unspecified FTD 
52 Male 63 64 N MND MND 
53 Male  56 N Dementia - unspecified FTD 
54 Male 57 60 N FTD-ALS FTD-ALS 
55 Female 49 50 Y MND MND 
56 Male  67 N MND MND 
57 Male  60 Y FTD-ALS FTD-ALS 
58 Male  55 Y MND FTD-ALS 
59 Male  62 Y FTD-ALS FTD-ALS 
60 Male 54 57 N MND MND 
       
Mean (SD) Male (75%) 58 (8.8) 60.1 (7.9) Y (40%)  
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Appendix 29 Identity by descent analysis for the entire cohort. 

Subfigure (left) shows cases with cryptic ancestry suggesting between 1st-4th degree relatedness. Right shows PiHAT scores of 0.625, 0.125, 0.25 
and 0.5 were considered as 4th, 3rd, 2nd and 1st degree relatives respectively. A description of the 9 pairs with cryptic ancestry can be seen in 
Supplemental Table X 
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Appendix 30 Clinical and pathological features of inter-related individuals. 

A summary of the clinical and pathological diagnosis is provided for each case together with the Pi-Hat score (see methods), and the subsequent 
inferred degree of relatedness based on that score. The results of the diagnostic outcome in relation to this information is provided in the results 
column. 

Case 1:   Case 2:   PI-HAT Inferred relatedness Results 

Age of onset 
(years) 

Age 
death 
(years) 

Diagnosis Age onset 
(years) 

Age death 
(years) 

Diagnosis    

N/A 58 SCA7 N/A 50 SCA - molecular diagnosis 
unknown 

0.5637 1st degree relative SCA7 expansion confirmed in case 2 

N/A 43 MND N/A 42 MND 0.4797 1st degree relative SOD1 variant  (p.D102N) confirmed in both 

N/A 68 AD N/A 64 AD 0.2234 2nd degree Relationship confirmed through clinical note review. 
No familial allele or RF identified 

N/A 89 Control (High 
Braak) – Braak  
stage 4 

N/A 90 Other; Lewy body disease 
(extensive neocortical 
Lewy bodies and 
parenchymal amyloid) 

0.4827 1st degree relative No risk factor or familial cause identified 

N/A 82 Control (BNE-stage 
1) 

N/A 83 DLB 0.4689 1st degree relative No risk factor or familial cause identified 

N/A 24 Other: Epilepsy  N/A 45 Sporadic CJD 0.2395 2nd degree No risk factor or familial cause identified 

N/A 85 Control (Braak < 2) N/A 39 MND 0.0823 3-4th degree No risk factor or familial cause identified 

N/A 89 PSP N/A 77 Sporadic CJD 0.0673 4th degree No risk factor or familial cause identified 

N/A 83 AD N/A 50 MND 0.0659 4th degree No risk factor or familial cause identified 
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Appendix 31 Cases with rare copy number variants in established disease-associated genes. 

Rare copy number variants (CNVs, present in <1% of reference databases) and spanning all genes previously associated with neurodegenerative 
disorders are shown. Clinical details (diagnosis, age of disease onset, age of death) of each patient together with the start and end positions of the 
CNV, copy number change, and associated disease gene within the CNV 

Case Diagnosis 
Age 
onset 

Age 
death Gene Chromosome 

Start 
position  

End 
position 

width 
(bases) 

Copy 
number 
change 

Case 61 Alzheimer’s disease  59 APP 21 26982980 28168090 1185111 3 
Case 62 Alzheimer’s disease - 79 PRPH 12 49676010 49689404 13395 3 
Case 63 Alzheimer’s disease - 85 PRPH 12 49676010 49689404 13395 3 
Case 64 Alzheimer’s disease 58 69 PRPH 12 49676010 49689404 13395 3 
Case 65 Alzheimer’s disease - 77 PRPH 12 49676010 49689404 13395 3 
Case 66 Alzheimer’s disease 83 92 PRPH 12 49676010 49689404 13395 3 
Case 67 Alzheimer’s disease - 92 PRPH 12 49676010 49691567 15558 3 
Case 68 Control - 60 PRPH 12 49676010 49689404 13395 3 
Case 69 Atypical tauopathy with AD 

features 
64 80 PRPH 12 49676010 49689404 13395 3 

Case 70 Motor Neuron Disease - 83 PRPH 12 49676010 49691225 15216 3 
Case 71 Alzheimer’s disease - 82 DAO 12 109294301 109309971 15671 3 
Case 72 Control (Braak 1)  74 APOE 19 45412040 45414451 2412 3 
Case 73 Sporadic CJD 73 73 SPG11 15 44890903 44967847 76944 3 
Case 74 Alzheimer’s disease - 72 SCARB2 4 77033590 77105700 72110 3 
Case 75 Psychiatric disorder 

(possible NBIA at post-
mortem) 

18 85 PARK2 6 161815583 161859655 44073 1 

Case 76 Motor Neuron Disease - 53 PARK2 6 161815583 161859655 44073 1 
Case 77 Sporadic CJD 72 73 PARK2 6 161817168 161980513 163346 1 
Case 78 Frontotemporal Dementia - 65 PARK2 6 162426517 162447612 21096 1 
Case 79 Alzheimer’s disease - 58 LRRK2 12 40745181 40757533 12353 1 
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Appendix 32 Genetic variants in established disease risk-factor genes. 

 Variants with a MAF <3% in either the 1000G or ESP6500 were selected. Statistical association through a case-burden test was performed at 
the gene level using SKAT-O for genes known to act as risk factors for each disease. Subsequent analysis at the variant level was performed 
using Chi-squared testing. Odds ratios were calculated where Chi-squared were p-values were significant (p<0.05). Variants were defined as 
risk factors where either previous large cohort sequencing studies or metanalysis provided statistical evidence of an association with disease, 
or where it was present within this study (identified by ‘Y’ in final column). 

D
isease 

G
ene 

(SK
A

T
-0) 

C
ases (%

) 

C
ont (%

) 

cD
N

A
 pos 

A
A

 change 

1000G
 

(M
A

F) %
 

E
SP 6500 

(M
A

F) %
 

C
ase (n) 

C
ont (n) 

X
2 

O
R

 

95%
 C

I 

A
ssociation 

Study 

R
F 

AD TREM2 
p=0.01
7 

20 
(7%) 8 (3%) c.668C>T p.T223I 0.14 0.05 0 1 0.48  - 

Seen in a single AD case 
previously 

(Cuyvers, Bettens et 
al. 2014)  

           0 1 0 1.0 - - None   

       c.407G>A p.R136W  0.02 0 1 0.48 - - 
Seen in a single case 
previously  

(Jin, Benitez et al. 
2014)  

       c.292C>T p.R98W 0.02 0.01 1 0 1.0 - - 

Strong association with 
AD ([CI], 2.77 - 9.16); P = 
9.0×10−9] 

(Guerreiro, Wojtas et 
al. 2013) Y 

       c.259G>A p.D87N 0.06 0.09 0 1 0.48 - - Not reported   

       c.185G>A p.R62H 0.5 0.78 12 5 0.14 2.2 
0.72-
8.3 

Confers a significantly 
increased risk of disease (P 
= 2.36 × 10−4, OR = 2.36 
(1.47–3.80) in 2082 cases 
and 1648 controls. 

(Jin, Benitez et al. 
2014) Y 

       c.140G>A p.R47H 0.2 0.18 7 0 0.015 - - 
Strong association with 
AD (p = 2.93×10(-17)) 

(Cuyvers, Bettens et 
al. 2014) Y 

 APOE p=0.17 5 (1%) 2 (0%) c.137T>C p.L46P 0.08 0.12 3 1 0.63 2.7 
0.2- Significant risk of AD (Kamboh, Aston et al. 

Y 
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95%
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A
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Study 

R
F 

145 (13.2 (3.12-55.9) 1999) 

       c.761T>A p.V254E  0.08 1 0 1.0 - - Not reported   

       c.805C>G p.R269G   0 1 0.48 - - Novel   

       c.895G>C p.E299Q  0 1 0 1.0 - - Novel   

                 

DLB GBA 0.0075 
8 
(13%) 

10 
(4%) c.1301T>C;  p.L483P;  0.34 0.03 3 0 0.0068 - - 

Significant risk factor for 
PD (11.68 (5.23,26.06) (Chen, Li et al. 2014) Y 

     c.962C>T;  p.T321M 0.18 0.52 3 2 0.05 6.6 
0.73-
80 

Seen in 9% of PD patients 
and only 0.5% of controls 
previously, with an OR . 
6.97, 

95% CI 0.93–52.02; (P . 
0.03) 

(Seto-Salvia, 
Pagonabarraga et al. 
2012) (Lesage, 
Condroyer et al. 2011) Y 

     c.946G>A;  p.E365K; 0.5 0.89 1 7 1 0.61 
0.01-
4.8 

OR, 2.97; 95% CI: 1.3-6.4 
for PD 

(Duran, Mencacci et 
al. 2013) Y 

     c.665C>A;  p.A271D 0 0 1 0 0.19 - - 

Novel variant 

   

     
c.-146-
596C>G p.S24R 0 0 0 1 1 - -- 

Novel variant 

   

 APOE 0.759 0 (0%) 2 (0%) c.137T>C;  p.L46P;  0.08 0.12 0 1 1 - - 
Significant risk of AD (OR 
3.2 (CI; 3.12-55.9) 

(Kamboh, Aston et al. 
1999) Y 
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R
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     c.883C>G p.R295G 0 0 0 1 1 - - Not reported   

 TREM2 0.0084 
7 
(12%) 8 (3%) 

c.483-
101C>T p.T223I 0.14 0.05 0 1 1 - - 

Seen in a single AD case 
previously 

(Cuyvers, Bettens et 
al. 2014)  

     c.407G>A p.R136Q 0 0.02 0 1 1 - - 
Seen in a single case 
previously   

(Jin, Benitez et al. 
2014)  

     c.259G>A p.D87N 0.06 0.09 0 1 1 - - Not reported   

     c.185G>A p.R62H 0.5 0.78 7 5 0.0024 3.2 
1.7-
27 

Not reported in association 
with DLB, but reported 
with AD (see above) 

(Jin, Benitez et al. 
2014) Y 

 LRRK2 0.821 
8 
(13%) 

46 
(19%) c.368C>G p.T123R 0 0 1 0 0.19 - - Novel variant   

     c.518A>G p.N173S 0 0 0 1 1 - - Seen in 1 PD case  
(Pihlstrom, Rengmark 
et al. 2014)  

     c.1000G>A p.E334K 0.14 0.07 0 1 1 - - Significance unknown 
(Ross, Soto-Ortolaza 
et al. 2011)  

     c.1095C>A p.H365Q 0 0 0 1 1 - - Novel variant   

     c.2189T>C p.L730P 0 0 0 1 1 - - Novel variant   

     c.2611A>G p.K871E 0 0 0 1 1 - - Significance unknown 
(Ross, Soto-Ortolaza 
et al. 2011)  

     c.4165G>A p.V1389I 0 0.02 0 1 1 - - Not reported   

     c.4541G>A 
p.R1514
Q 0.16 0.52 0 2 1 - - OR 1.13 (0.85, 1.49) 

(Ross, Soto-Ortolaza 
et al. 2011)  
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     c.4624C>T p.P1542S 1.32 2.34 2 17 0.55 0.5 
0.05-
2.1 OR 0.90 (0.77, 1.06) 

(Ross, Soto-Ortolaza 
et al. 2011)  

     c.4894G>C 
p.E1632
Q 0 0 1 0 0.20 - - Novel    

     c.4937T>C 
p.M1646
T 0.48 1.13 2 8 1 1.06 

0.11-
5.5 

OR 1.43 (1.15, 1.78) 
(p=0.0012) 

(Ross, Soto-Ortolaza 
et al. 2011) Y 

     c.5183G>T 
p.R1728
L 0 0.01 0 1 1 - - Not reported   

     

c.6185_618
9delTACT
C p.L2063* 0 0 0 1 1 - - Novel   

     c.6241A>G 
p.N2081
D 0.98 1.35 2 10 1 0.86 

0.09-
4.1    

     c.6902T>C 
p.M2301
T 0 0 0 1 1 - - Novel   

     c.7151G>T 
p.C2384
F 0 0 0 1 1 - - Novel   

     c.7430G>A 
p.R2477
Q 0.02 0.02 0 1 1 - - Novel   

 SNCA 0.58 1 (0%) 1 (0%) c.150T>G p.H50Q 0 0.01 0 1 1 - - 
Previously described as 
familial cause of disease   

 SCARB2 0.077 2 (0%) 4 (1%) c.475A>G; p.M159V 0.38 0.86 0 3 1 - - Not reported   

     ; c.445G>A p.V149M 0.1 0.25 0 1 1 - - Not reported   
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FTD-
ALS SQSTM1 0.0076 

29 
(13%) 

16 
(7%) c.70A>G p.S24G 0 0 0 1 1.00 - 

- Novel   

       c.85C>T p.P29S 0 0 1 0 0.47 - - Novel   

       c.98C>T p.A33V 0 0.05 0 2 0.50 - 

- Seen in equal proportion of 
cases and controls  

(van der Zee, Van 
Langenhove et al. 
2014) 

 

       c.350C>T;  p.A117V 0.08 0.08 0 1 1.00 - 

- Seen in equal proportion of 
cases and controls 

(van der Zee, Van 
Langenhove et al. 
2014) 

 

       c.100C>T;  p.P34S 0 0.01 1 0 0.47 - 

- Seen in equal proportion of 
cases and controls 

(van der Zee, Van 
Langenhove et al. 
2014) 

 

       c.163C>T p.R55C 0 0 1 0 0.47 - - Novel   

       c.373C>T p.R125C 0 0 1 0 0.47 - - Novel   

       c.431C>T p.P144L 0 0.04 1 0 0.47 - 

- Previously reported in 2 
cases  

(van der Zee, Van 
Langenhove et al. 
2014) 

 

       c.460A>G p.K154E 0.24 0.26 6 1 0.06 6.84 

0.81-
314 

Seen in 23 of 2203 patients 
and 14 of 3899 cases  

(van der Zee, Van 
Langenhove et al. 
2014) 

 

       c.503G>T;  p.G168V 0 0 0 1 1.00 - - Novel   

       c.570G>C p.E190D 0.9 1.87 12 8 0.26 1.76 

0.62-
4.9 

Seen in 131 of 2203 cases 
and 79 of 3899 controls 

(van der Zee, Van 
Langenhove et al. 
2014) 
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       c.709C>T p.R237C 0.9 1.1 1 2 1.00 0.56 

0.01-
10.7 

Seen in 4 of 2203 cases 
and 1 of 3899 controls 

(van der Zee, Van 
Langenhove et al. 
2014) 

 

       c.1175C>T;  p.P392L  0.24 0.15 4 0 0.05 - 

- Seen in 18 of 2203 cases 
and 11 of 3899 controls 

(van der Zee, Van 
Langenhove et al. 
2014) 

 

       c.1279G>A p.A427T 0 0 1 0 0.47 - 
- Novel – considered likely 

pathogenic in this study 
  

 
CHMP2
B 0.1136 2(0) 0(0) c.83G>A p.R28Q 0 0.02 1 0 

0.47 - - Seen previously in one 
PLS case  

[83]  

       c.458C>T p.S153L 0 0.02 1 0 
0.47 - - Seen in cases and controls 

previously 
[83]  

 PON1 0.41 5 (2%) 5 (2%) c.977C>G p.T326R 0 0 1 0 0.47 - - Novel   

       c.602C>T p.A201V 0.08 0.2 2 3 1.00 
0.75 0.06-

6.5 
Seen in 7 of 1444 cases 
and 3 of 1159 controls  

(Ticozzi, LeClerc et al. 
2010) 

 

       c.55A>G p.N19D 0.1 0.16 2 2 1.00 
1.1 0.08-

15 
Seen in 8 of 1444 cases 
and 3/1159 controls 

[142]  

 PON2 0.23 4 (1%) 4 (1%) c.896C>A p.P299H 0 0 0 1 1.00 - - Novel   

      c.304A>G p.I102V 0 0 1 0 0.47 - - Novel   

       c.286delA 
p.R96fs*
5 0 0 2 1 0.61 

2.24 0.12-
132 

Seen in 7 of 1444 cases 
and 4/1159 controls 

(Ticozzi, LeClerc et al. 
2010) 

 

       c.248G>A p.G83E 0.02 0 1 0 0.47 - - Novel   

 PON3 0.4 3 (1%) 3 (1%) c.971G>A p.G324D 0.16 0.23 2 0 0.22 - - Seen in 3 of 1444 cases 142]  
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       c.436G>A p.E146K 0.28 0.35 0 1 1.00 - - Not previously reported   

       c.94C>T p.R32* 0.12 0.17 1 2 1.00 
0.56 0.01-

11 
Not previously reported   

 GRN 0.19 13 (5) 
10 
(4%) c.970G>A p.A324T 0.1 0.14 0 1 1.00 

- - Not associated with AD (Sassi, Guerreiro et al. 
2014) 

 

     c.1211G>T p.C404F 0 0 1 0 0.47 - - Possibly pathogenic   

     c.1297C>T p.R433W 0.16 0.22 1 1 1.00 
1.11 0.01-

87 
Previously reported in a 
single patient 

(Guerreiro, Washecka 
et al. 2010) 

 

     c.1354delG 
p.V452fs
*39 0 0 1 0 0.47 

- - Considered to be a likely 
pathogenic variant  

  

     c.1544G>C p.G515A 0.54 1.01 0 1 1.00 
- - Suggested previously to be 

pathogenic  
(Cruchaga, Haller et 
al. 2012) 

 

     c.1762G>T p.A588S 0 0 10 7 0.46 
1.66 0.54-

5.8 
   

 PFN1 0.24 1 (0) 0 (0) 
c.350_351d
elAAinsGT p.E117G 0 0 1 0 

0.47 - - Confers an Odds ratio of 
disease of 2.44 

(Fratta, Charnock et al. 
2014) 

Y 
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Appendix 33 APOE genotypes of all cohorts. 

 Genotype was inferred from rs729358 and rs7412 SNVs. In total 1451 cases were successfully genotyped. The total number of cases for 
each genotype in each disease group and the percentage of that disease group are given (n,%). Associations between disease cohort and 
APOE genotype were performed for AD, FTD-ALS, and DLB vs controls (Chi-squared testing). **p<0.0001, *P<0.001 
Disease Cohort 2/2  

(n (%)) 

2/3 

(n (%)) 

2/4 

(n (%)) 

3/3 

(n (%)) 

3/4 

(n (%)) 

4/4  

(n (%)) 

Total cohort 
in study 

Total with 
APOE 
genotyping 

AD 0 (0.0) 11 (4.0) 9 (3.3) 85 (31.3) 120 (44.1) ** 47 (17.3) 

** 

289 272 
CBD 0 (0.0) 1 (7.1) 0 (0) 9 (64.3) 4 (28.6) 0 (0) 14 14 
CJD 3 (1.3) 28 (12.2) 2 (0.9) 130 (56.5) 64 (27.8) 3 (1.3) 239 230 
Control 3 (0.8) 42 (11.7) 12 (3.3) 213 (59.3) 83 (23.1) 6 (1.7) 369 359 
Control (High Braak) 0 (0.0) 3 (8.3) 0 (0) 24 (66.7) 9 (25) 0 (0) 38 36 
DLB 0 (0.0) 1 (1.8) 1 (1.8) 24 (43.6) 25 (45.5) * 4 (7.3) * 58 55 
FTD-ALS 2 (0.8) 18 (7.3) 10 (4.1) 140 (57.1) 68 (27.8) 7 (2.9) 251 245 
HD 0 (0.0) 3 (42.9) 1 (14.3) 3 (42.9) 0 (0) 0 (0) 7 7 
MSA 0 (0.0) 0 (0.0) 0 (0) 5 (50) 5 (50) 0 (0) 10 10 
Other 1 (1.4) 13 (17.8) 2 (2.7) 35 (47.9) 18 (24.7) 4 (5.5) 80 73 
PD 0 (0.0) 4 (10.5) 0 (0) 17 (44.7) 16 (42.1) 1 (2.6) 39 38 
PSP 0 (0.0) 2 (11.8) 0 (0) 15 (88.2) 0 (0) 0 (0) 17 17 
Vascular disease 1 (1.6) 10 (15.9) 1 (1.6) 31 (49.2) 20 (31.7) 0 (0) 65 63 
Vascular disease / AD 0 (0.0) 0 (0.0) 0 (0) 5 (35.7) 7 (50) 2 (14.3) 17 14 
Vascular disease / Control 0 (0.0) 2 (11.1) 1 (5.6) 14 (77.8) 1 (5.6) 0 (0) 18 18 
Total 10 138 39 750 440 74 1511 1451 
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Appendix 34 Case-burden test results for all risk factor genes across all diseases compared to all 
controls (n=380). 

Number of variants (V) together with the number (n) and percentage of each cohort possessing a variant in each gene are shown for each disease 
cohort. Associations significant at the uncorrected threshold are shaded grey. Key – AD; Alzheimer’s disease, FTD-ALS; Frontotemporal 
dementia – Amyotrophic Lateral Sclerosis, CJD; Creutzfeldt-Jakob Disease, DLB; Dementia with Lewy Bodies. 

 

 AD vs All controls FTD-ALS vs All controls CJD vs All controls DLB vs All controls 

 V  Cases 
(n) 

% 
case 

Cont 
(n) 

% 
cont 

SKAT
0 (p-
value) 

V  Cases 
(n) 

% 
case 

Cont 
(n) 

% 
cont 

SKAT0 
(p-
value) 

V     Cases 
(n) 

% 
case 

Cont 
(n) 

% 
cont 

SKAT
0 (p-
value) 

V  Cases 
(n) 

% 
case 

Cont 
(n) 

% 
cont 

SKAT
0 (p-
value) 

GBA 7 14 5.2 15 3.9 0.1678 9 12 5.5 15 3.9 0.2475 7 5 2.3 6 1.6 0.1621 7 8 13.8 15 3.9 0.0047 
GRN 8 16 6.0 12 3.2 0.0329 8 13 5.9 12 3.2 0.0624 8 6 2.7 11 2.9 0.4927 8 7 12.1 12 3.2 0.0050 
LRRK2 32 44 16.5 75 19.7 0.8938 30 43 19.5 77 20.3 0.6196 20 18 8.2 36 9.5 0.6779 24 8 13.8 77 20.3 0.8559 
PFN1 1 1 0.4 1 0.3 0.3797 1 1 0.5 1 0.3 0.3686 3 3 1.4 1 0.3 0.0862 1 0 0.0 1 0.3 0.5430 
PON1 2 4 1.5 6 1.6 0.5260 3 5 2.3 6 1.6 0.2752 2 6 2.7 6 1.6 0.2070 2 0 0.0 6 1.6 0.7953 
PON2 4 2 0.7 2 0.5 0.4316 4 4 1.8 2 0.5 0.0788 2 0 0.0 2 0.5 0.7891 3 1 1.7 2 0.5 0.2040 
PON3 4 3 1.1 6 1.6 0.6645 5 4 1.8 6 1.6 0.4570 6 3 1.4 6 1.6 0.5489 4 1 1.7 6 1.6 0.4654 
SCARB
2 

5 7 2.6 8 2.1 0.3089 8 7 3.2 8 2.1 0.2254 4 6 2.7 8 2.1 0.2544 4 0 0.0 8 2.1 0.7891 
SNCA 1 0 0.0 1 0.3 0.6918 2 1 0.5 1 0.3 0.4226 1 0 0.0 1 0.3 0.6779 1 0 0.0 1 0.3 0.5674 
SQSTM
1 

12 19 7.1 24 6.3 0.3646 15 29 13.2 24 6.3 0.0055 8 4 1.8 11 2.9 0.8417 11 4 6.9 24 6.3 0.4856 
TREM2 9 18 6.7 13 3.4 0.0343 7 7 3.2 13 3.4 0.6474 8 5 2.3 7 1.8 0.4879 7 7 12.1 13 3.4 0.0114 
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Appendix 35 Genetic variants in GRN observed in DLB patients. 

All GRN variants (MAF < 3%) seen in DLB cases and controls. Variant position (GRCh37) together with the amino-acid change are 
provided and the number of cases and controls from each cohort (DLB n=58 and Controls n=380) are shown. In-silico predictions using 
SIFT and PolyPhen2 are shown together with Minor Allele frequency (MAF) in the 1000 Genomes database (1000G) and NHLBI ESP 6500 
database. P-values are calculated by Chi-squared test. 
Chromos
ome 

Position Reference 
allele 

Variant 
allele 

Protein 
alteration 

Cases 
(n) 

Controls 
(n) 

SIFT  PolyPhen-2  1000G 
MAF (%) 

NHLBI 
ESP 6500 
(%) 

P-value 

17 42426585 C T p.T18M 1 1 Damaging Possibly 
Damaging 

0.02 0.02 0.25 

17 42426803 C A p.P50T 1 0 Damaging Benign  0 0.13 

17 42428756 G C p.E287D 1 0 Tolerated Possibly 

Damaging 

  0.01 0.13 

17 42428788 G A p.R298H 0 1 Tolerated Damaging  0 1.00 

17 42428954 G A p.A324T 2 1 Tolerated Benign 0.1 0.14 0.05 

17 42429500 C T p.R433W 0 1 Damaging Benign 0.16 0.28 1.00 

17 42429839 G C p.G515A 1 1 Tolerated Benign 0.54 0.01 0.25 

17 42430146 G T p.A588S 1 7 Damaging Benign  0 1.00 
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Appendix 36 Genotype-clinical and genotype-pathological correlates of disease. 

A Kaplan Meier curve of time to death for Alzheimer disease cases with TREM2 variants (green line) and no TREM2 vari ant (blue line) 
(p=0.024, Mantel-Cox test). 
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Appendix 37 Clinical and demographic data for all cohorts in the oligogenic study. 

Age of disease onset and death (years) together with the presence of a family history (FH) of disease are shown. Key: FTD-ALS – Frontotemporal 

dementia – amyotrophic lateral sclerosis, AD – Alzheimer’s disease, DLB – Dementia with Lewy Bodies, PD – Parkinson’s disease. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Phenotype 
Number of 
cases 

Male 
(number) 

Female 
(number) 

Mean age 
onset 

Mean age 
death 

Number 
with FH 

Control 362 232 (64.1) 130 (35.9) N/A 63.3 (18.8) N/A 

AD 277 131 (47.3) 146 (52.7) 65.4 (10.2) 77.7 (11.7) 11 

FTD-ALS 244 143 (58.6) 101 (41.4) 59.4 (11.8) 64.6 (11.7) 14 

DLB 58 36 (62.1) 22 (37.9) 66.7 (8.4) 76.7 (7.0) 2 

PD 39 28 (71.8) 11 (28.2) 59.9 (10.9) 72.3 (9.2) 0 
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Appendix 38 Genes included in relevant disease gene panels. 

Genes in which variants were assessed for pathogenicity are shown within each relevant 
cohort. ‘Y’ indicates that variants within the gene were included within the relevant panel. 
Key (inheritance): AD – autosomal dominant, AR – autosomal recessive, RF – risk factor. 

Gene Disease Inheritance 
AD 

panel 

PD-DLB 

panel 

Full FTD- ALS 

panel (n=28 

genes) 

Medium FTD-

ALS panel 

(n=12 genes) 

Small  FTD-

ALS panel 

(n=5 genes 

SNCA PD AD/RF  Y 

Y 

 

   
PARK2 PD AR  Y    
PINK1 PD AR  Y    
EIF4G1 PD AD  Y    
GIGYF2  PD AD/RF  Y    
HTRA2  PD/AD AD Y Y    
UCHL  PD AD  Y    
SPG11 PD AR  Y    
VPS35 PD AD  Y    
FBX07 PD AR  Y    
APP AD AD Y Y    
PSEN1 AD AD Y Y    
PSEN2 AD AD Y Y    
c9orf72 FTD / ALS AD   Y  Y 
GRN FTD/AD AD Y Y Y   
CHCHD10 FTD AD   Y   
TARDBP FTD AD   Y Y Y 
SOD1 ALS AD/AR   Y Y Y 
FUS ALS AD   Y Y Y 
PFN1 ALS AD   Y Y  
hnRNPA2B1 ALS AD   Y   
hnRNPA1 ALS AD   Y   
SETX ALS AR   Y Y  
VAPB ALS AD   Y Y  
OPTN ALS AR   Y Y  
VCP ALS AD   Y Y  
DAO ALS AD   Y Y  
ANG ALS AD   Y Y Y 
DCTN1 ALS AD   Y Y  
PARK7 PD AR      
CHMP2B FTD/ALS AD   Y   
SQSTM1 FTD/ALS AD/RF   Y Y  
PRPH ALS AR   Y   
DPP6 ALS AR   Y   
MATR3 ALS AD   Y   
MAPT FTD/AD AD Y Y Y   
ALS2 ALS AR   Y   
SIGMAR1 ALS AD   Y   
UBQLN2 FTD XLD   Y   
NOTCH3 CADASIL AD      
PRNP fCJD AD      
COQ2 MSA AD/AR   Y   
GBA DLB RF  Y    
LRRK2 PD/DLB RF  Y    
TREM2 AD RF Y Y    
SCARB2 DLB RF  Y    
PON1 ALS RF   Y   
PON3 ALS RF   Y   
APOE AD RF Y Y    
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Appendix 39 Frequency of oligogenic variation by disease cohort and gene panel. 

A table of the number and frequency of cases with >1 variant in each cohort and in each panel in the study. The proportion of cases with >1 variant in cases 
compared to controls were first tested before re-testing was performed after the removal of cases that harbour pathogenic variants, likely pathogenic variants, 
or known disease risk factors. 

Panel Total 
disease 
cohort 

Disease 
cases 
with >1 
variant 

% of cases 
>1 variant 

Control 
cohort size 

Control 
cases with 
>1 variant 

Percentage 
of controls 
with >1 
variant 

Fisher's test 
(cases with >1 
variant vs 
controls) 

Fisher's test (cases with >1 variant vs 
controls) after monogenic or RG cases 
removed 

>1 variant: full FTD-ALS panel (MAF 5%)  244 48 19.67 362 48 13.26 0.04 0.45 
>1 variant: full FTD-ALS panel (MAF 5%) 244 43 17.62 362 48 13.26 0.164 0.45 
>1 variant: full FTD-ALS panel (MAF 1%)  244 19 7.79 362 26 7.18 0.875 0.14 
>1 variant: full FTD-ALS panel (MAF 1%) 244 15 6.15 362 26 7.18 0.742 0.14 
>1 variant: medium FTD-ALS panel (MAF 5%)  244 15 6.15 362 15 4.14 0.258 0.50 
>1 variant: medium FTD-ALS panel (MAF 5%) 244 11 4.51 362 15 4.14 0.839 0.82 
>1 variant: medium FTD-ALS panel (MAF 1%)  244 7 2.87 362 8 2.21 0.61 0.34 
>1 variant: medium FTD-ALS panel (MAF 1%) 244 4 1.64 362 8 2.21 0.77 0.34 
>1 variant: AD panel (MAF 5%)  277 8 2.89 362 10 2.76 1 0.057 
>1 variant: AD panel (MAF 1%) 277 6 2.17 362 8 2.21 1 0.16 
>1 variant: PD-DLB panel (MAF 5%)  97 39 40.21 362 92 25.41 0.0002 0.70 
>1 variant: PD-DLB panel (MAF 1%) 97 23 23.71 362 37 10.22 0.0011 0.363 
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Appendix 40 All variants comprising oligogenic FTD-ALS cases at 1% MAF. 

All variants in FTD-ALS cases with >1 variant in the full gene panel (28 genes) at a threshold of 1% MAF. The age of onset, death and disease duration is 
shown where available, together with all variant data. Key – ACMG – American College of Medical Genetics, B- Benign, LB – Likely Benign, UC – 
Unclassified, US – Uncertain Significance, RF – Risk Factor, LP – Likely Pathogenic, P – Pathogenic, T – Tolerated, D - Deleterious. 
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71 
 

N Y 
7 94944735 A G SNV PON1 p.L90P UC missense D 0 PrD 29.6 0.00003258 0.028 
17 42430146 G T SNV GRN p.A588S LB missense D 0.04 B 13.92 

 
0.046 

9 C9orf72 P 
 2 

 
74 

 
N N 7 94928347 G C SNV PON1 p.T326R UC missense T 1 B 10.21 

 
0.001 

14 21161931 A G SNV ANG p.I70V LB missense T 0.3 B 
  

0.061 

3 
 

83 
 

N N 5 138665061 C T SNV MATR3 p.R553C; LB missense 
  

B 23.1 
 

0.011 
12 49689404 G T SNV PRPH p.D141Y UC missense D 0.01 PoD 27.4 0.0004159 0.247 

4 
 

87 
 

N N 

2 74598723 T C SNV DCTN1 p.I159V; UC missense T 1 B 
 

0.005445 0.799 
9 35059655 

 
T Ins VCP p.N616fs*12 LB frameshift 

      17 42429414 G T SNV GRN p.C404F LB missense D 0 PrD 32 0.00000517
6  17 44067341 C T SNV MAPT p.S427F B missense D 0.05 PrD 28.5 0.001259 0.146 

5 73 75 2 N Y 9 135224754 T C SNV SETX p.Y21C UC missense D 0 PrD 24 0.0004831 0.001 
9 C9orf72 P 

 6 41 77 36 N N 9 35059655 
 

T Ins VCP p.N616fs*12 LB frameshift 
      20 57016044 TCT 

 
Del VAPB p.S160del LB in-frame 

      7 52 56 4 N Y 7 94953733 T C SNV PON1 p.N19D UC missense T 0.51 B 
  

0.159 
9 C9orf72 

     
P 

       8 55 60 5 Y Y 7 95024007 G A SNV PON3 p.R32* UC stop gain 
   

36 
 

0.142 
17 42426621 

 
CCTG Ins GRN p.C31fs*35 P frameshift 

    
0.00134 

 
9 57 60 3 N Y 

20 57016044 TCT 

 

Del VAPB p.S160del LB in-frame 

      9 C9orf72 P 
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E
xA

C
 

Fr
eq

ue
nc

y 

10 53 63 10 N 0 5 179250971 C T SNV SQSTM1 p.R55C; US missense D 0 PrD 32 0.006209 0.003 
7 94937419 G A SNV PON1 p.A201V UC missense T 0.47 B 23.3 

 
0.158 

11 49 50 1 Y Y 9 135140020 A G SNV SETX p.I2547T UC missense T 0.66 B 
  

0.342 
9 C9orf72 P 

 12 74 82 8 N N 9 34635620 C A SNV SIGMAR
1 

p.A155S UC missense 
   

22.7 
  9 135140020 A G SNV SETX p.I2547T UC missense T 0.66 B 

  
0.342 

13 
 

71 
 

Y Y 2 202625862 C A SNV ALS2 p.R285S UC missense 
  

B 
   21 33039672 T C SNV SOD1 p.I114T P missense D 0.01 PrD 26.3 0.00003334 

  

14 

 

 
55 

 
Y Y 

5 179252184 A G SNV SQSTM1 p.K154E LB missense T 0.11 B 24.4 
 

0.242 
9 135224757 C T SNV SETX p.R20H UC missense T 0.15 B 

  
0.906 

9 C9orf72 P 
 15 

 
62 

 
N Y 7 95024007 G A SNV PON3 p.R32* UC stop gain 

   
36 

 
0.142 

9 135224757 C T SNV SETX p.R20H UC missense T 0.15 B 
  

0.906 

16 
 

78 
 

N Y 12 54677634 G C SNV HNRNPA
1 

p.G316R LP missense D 0.02 PrD 23.3 0.00000809
1  2 74592252 C T SNV DCTN1 p.R1042Q; LB missense T 0.31 PoD 26.3 0.00000167
9 

0.099 

17 
 

53 
 

N N 21 33039672 T C SNV SOD1 p.I114T P missense D 0.01 PrD 26.3 0.00003334 
 9 34635679 G A SNV SIGMAR

1 
p.R188W; UC missense D 0.01 PrD 34 

 
0.778 

18 
 

65 
 

Y N 9 135202325 A C SNV SETX p.C1554G UC missense D 0.03 PrD 21.6 0.000526 0.584 
7 94953733 T C SNV PON1 p.N19D UC missense T 0.51 B 

  
0.159 

19 
 

73 
 

N Y 17 42430146 G T SNV GRN p.A588S LB missense D 0.04 B 13.92 
 

0.046 
12 49689404 G T SNV PRPH p.D141Y P missense D 0.01 PoD 27.4 0.0004159 0.247 
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Appendix 41 All variants comprising oligogenic PD-DLB cases at 1% MAF. 

All variants in FTD-ALS cases with >1 variant in the full gene panel (14 genes) at a threshold of 1% MAF. The age of onset, death and 
disease duration is shown where available, together with all variant data. Key – ACMG – American College of Medical Genetics, B- Benign, 
LB – Likely Benign, UC – Unclassified, US – Uncertain Significance, RF – Risk Factor, LP – Likely Pathogenic, P – Pathogenic, T – 
Tolerated, D - Deleterious. 
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A

C
 F

re
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1 DLB 
 

79 
 

 Neo  3/3 3 184046450 A G SNV EIF4G1 p.M1336V LB missense D 0.01 PoD 26.3 0.00001702 0.022 
17 42430146 G T SNV GRN p.A588S LB missense D 0.04 B 13.92 

 
0.046 

2 DLB 
 

81 
 

 Limbic  3/4 15 44865000 T C SNV SPG11 p.N2075S UC missense T 0.65 B 
  

0.259 
17 42428756 G C SNV GRN p.E287D LB missense T 0.32 PoD 23.9 

 
0.003 

3 DLB 86 88 2  Neo  3/4 2 74759825 G A SNV HTRA2 p.G399S UC missense D 0.02 PrD 24.1 0.00052 0.437 
3 184044687 C T SNV EIF4G1 p.P1075L US missense T 0.14 B 26.6 0.000003873 

 4 PD 
 

80 
 

 
 

 3/3 3 184046529 T C SNV EIF4G1 p.M1355T US missense D 0 PrD 26.8 0.0005649 0.04 
15 44949354 C T SNV SPG11 p.V270I UC missense T 0.09 PoD 23.6 0.0001435 0.609 

5 DLB 73 78 5  
 

 4/4 2 233712223 T A SNV GIGYF2 p.L1230Q LB missense T 0.4 B 
  

0.002 
15 44907562 T C SNV SPG11 p.K1013E UC missense T 0.21 B 15.76 

 
0.993 

6 DLB 75 77 2  
 

 3/3 2 233712223 T A SNV GIGYF2 p.L1230Q LB missense T 0.4 B 
  

0.002 
6 41129207 C T SNV TREM2 p.R62H RF missense 

  
B 11.11 

 
0.826 

7 PD 60 75 15  Neo  3/4 
1 227073271 C T SNV PSEN2 p.S130L LB missense D 0.02 PoD 31 0.00006714 0.064 
3 184041256 G C SNV EIF4G1 p.A717P LB missense T 0.3 B 15.94 

 
0.074 

6 41129207 C T SNV TREM2 p.R62H RF missense 
  

B 11.11 
 

0.826 

8 PD 68 77 9  Neo  3/4 
1 155206167 C T SNV GBA p.E278K RF missense T 0.88 B 17.33 

 
0.979 

6 162683724 G T SNV PARK2 p.A82E UC missense T 1 B 
  

0.472 
19 45411110 T C SNV APOE p.L46P RF missense T 0.07 PoD 11.43 

 
0.242 

9 DLB 57 69 12  Limbic  3/3 12 40713856 G C SNV LRRK2 p.E1632Q UC missense 
  

PrD 24.3 0.000002056 
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22 32894483 G
T
C
G 

 
Del FBXO7 p.R399fs UC frameshif

t     
0.00003048 

 
10 DLB 65 70 5  

 
 3/3 

6 41129207 C T SNV TREM2 p.R62H RF missense 
  

B 11.11 
 

0.826 
6 161771219 G A SNV PARK2 p.P409L PR missense D 0.01 PrD 27.7 0.0001127 0.15 
12 40713899 T C SNV LRRK2 p.M1646T RF missense 

  
B 17.91 0.00001683 0.916 

11 DLB 52 68 16  Neo  3/4 3 184043401 G A SNV EIF4G1 p.R1039Q US missense T  0.24 B 24.1 0.001589 
 12 40713899 T C SNV LRRK2 p.M1646T RF missense 

  
B 17.91 0.00001683 0.916 

12 DLB 62 72 10 
 

Neo  3/3 

1 20960395 C A SNV PINK1 p.S118R UC missense T 0.32 B 16.26 
  1 155206037 G A SNV GBA p.T321M RF missense T 0.11 B 22.2 
 

0.657 

 2 233712223 T C SNV GIGYF2 p.L1230P LB missense T 0.23 B 
  

0.021 
15 44949354 C T SNV SPG11 p.V270I UC missense T 0.09 PoD 23.6 0.0001435 0.609 

13 PD 58 63 5  Limbic  3/4 6 41129252 C T SNV TREM2 p.R47H RF missense 
  

PrD 33 
 

0.206 
12 40745375 G T SNV LRRK2 p.C2139F UC missense 

  
PrD 33 0.000004074 

 14 DLB 62 75 13  Limbic  3/3 1 155206167 C T SNV GBA p.E278K RF missense T 0.88 B 17.33 
 

0.979 
17 42429839 G C SNV GRN p.G515A UC missense T 0.56 B 

  
0.268 

15 PD 
 

76 
 

 Bstem  3/4 6 161771219 G A SNV PARK2 p.P409L PR missense D 0.01 PrD 27.7 0.0001127 0.15 
12 40713899 T C SNV LRRK2 p.M1646T RF missense 

  
B 17.91 0.00001683 0.916 

16 DLB 65 66 1  
 

 3/4 1 155205043 A G SNV GBA p.L434P RF missense D 0.04 PoD 24.8 0.0002443 0.31 
17 42426585 C T SNV GRN p.T18M LB missense T 0.08 PoD 25.8 

 
0.003 

17 PD 66 69 3  Limbic  2/3 1 155205043 A G SNV GBA p.L434P RF missense D 0.04 PoD 24.8 0.0002443 0.31 
12 40677726 G T SNV LRRK2 p.S764I UC missense 

  
B 16.12 

  18 PD 63 70 7  Limbic  3/4 6 162206852 G A SNV PARK2 p.R275W PR missense D 0 PrD 34 0.006412 0.206 
19 45412358 C G SNV APOE p.R269G UC missense D 0.01 B 25.6 

 
0.042 

19 PD 40 69 29  Limbic  3/4 
6 41129100 G A SNV TREM2 p.R98W RF missense 

  
PoD 25.2 

 
0.007 

6 161771240 C T SNV PARK2 p.G430D PR missense D 0 PrD 33 0.0001127 0.011 
6 162206852 G A SNV PARK2 p.R275W PR missense D 0 PrD 34 0.006412 0.206 

20 PD 54 64 10  Neo  3/4 2 233712223 T C SNV GIGYF2 p.L1230P LB missense T 0.23 B 
  

0.021 
12 40713899 T C SNV LRRK2 p.M1646T RF missense 

  
B 17.91 0.00001683 0.916 

21 DLB 
 

94 
 

 Neo  3/4 1 227076537 C A SNV PSEN2 p.L192I US missense T 0.15 B 25.4 
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6 41129207 C T SNV TREM2 p.R62H RF missense 
  

B 11.11 
 

0.826 

22 DLB 
 

80 
 

 Neo  3/3 3 184039828 C T SNV EIF4G1 p.P399S LB missense T 1 B 
  

0.079 
6 41129207 C T SNV TREM2 p.R62H RF missense 

  
B 11.11 

 
0.826 

23 DLB  74   Neo  3/3 1 155205043 A G SNV GBA p.L434P RF missense D 0.04 PoD 24.8 0.0002443 0.31 
2 74759825 G A SNV HTRA2 p.G399S UC missense D 0.02 PrD 24.1 0.00052 0.437 
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Appendix 42 The enrichment of monogenic alleles within oligogenic cases. 

A table highlighting the enrichment of cases harbouring established monogenic or risk factor cases within cases that harbour >1 variant.  

 

Panel C9orf72 
(inc/ex) 

Cohort (n) Number of 
monogenic  or 
RF carriers 

Oligogenic 
cases (>1 
variant) 

Number of 
carriers within 
oligogenic cases 

Fisher's test (p-
value) 

>1 variant: full FTD-ALS panel (MAF 5%)  inc 244 33 48 17 0.0001 
>1 variant: full FTD-ALS panel (MAF 5%) ex 244 33 43 12 0.0054 
>1 variant: full FTD-ALS panel (MAF 1%)  inc 244 33 19 11 0.0001 
>1 variant: full FTD-ALS panel (MAF 1%) ex 244 33 15 7 0.0013 
>1 variant: medium FTD-ALS panel (MAF 5%)  inc 244 33 15 9 0.0001 
>1 variant: medium FTD-ALS panel (MAF 5%) ex 244 33 11 4 0.0461 
>1 variant: medium FTD-ALS panel (MAF 1%)  inc 244 33 7 5 0.0006 
>1 variant: medium FTD-ALS panel (MAF 1%) ex 244 33 4 2 0.0895 
>1 variant: AD panel (MAF 5%)   277 36 8 7 0.0001 
>1 variant: AD panel (MAF 1%)  277 36 6 6 0.0001 
>1 variant: PD-DLB panel (MAF 5%)   97 16 39 12 0.004 
>1 variant: PD-DLB panel (MAF 1%)  97 16 23 10 0.0003 
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Appendix 43 The ability of oligogenic variation to suggest a monogenic disorder. 

The sensitivity, specificity, Positive Likelihood Ratio (PLR), Negative Likelihood Ratio (NLR), Positive Predicative Value (PPV), and Negative Predicative 
Value (NPV) that an affected individual would have a highly penetrant allele, or risk factor for their disease upon the observation of >1 variant in the relevant 
panel at the relevant Minor Allele Frequency (MAF%) as indicated.   

  >1 variant: full FTD-ALS 
panel (5% MAF)  

>1 variant: full FTD-ALS 
panel (1% MAF) 

>1 variant: medium FTD-
ALS panel (5% MAF) 

>1 variant: medium FTD-
ALS panel (1% MAF) 

>1 variant 
in AD panel 
(5% MAF) 

>1 variant 
in AD panel 
(1% MAF) 

>1 variant 
in PD-DLB 
panel (5% 
MAF) 

>1 variant 
in PD-DLB 
panel (1% 
MAF) 

 inc C9orf72   ex C9orf72 inc C9orf72  ex C9orf72 inc C9orf72  ex C9orf72 inc C9orf72  ex 
C9orf72 

N/A 

Sensitivity 
(%) 

51.50 36.36 33.33 21.21 27.27 12.12 15.15 6.06 19.44 16.67 75.00 62.50 

95% 
Sensitivity 
CI 

33.50-69.20 20.40-54.88 17.96-51.83 8.98-38.91 13.30-45.52 3.40-28.20 5.11-31.90 0.74-20.23 8.19-36.02 6.37-32.81 47.62-92.73 35.43-84.80 

Specificity 
(%) 

85.30 86.64 96.21 96.21 97.16 96.68 99.05 99.05 99.59 100.00 66.67 83.95 

95% 
specificity 
CI 

79.80-89.80 81.57-90.74 92.67-98.35 92.67-98.35 93.91-98.95 93.28-98.66 96.62-99.89 96.62-
99.89 

97.71-99.99 98.48-100 55.32-76.76 74.12-91.17 

PLR 3.50 2.72 8.79 5.59 9.59 3.65 15.98 6.39 46.86   2.25 3.89 

95% PLR CI 2.2-5.6 1.56-4.75 3.82-20.23 2.17-14.40 3.65-25.19 1.13-11.80 3.23-79.04 0.93-43.85 5.94-369.83  1.48-3.42 2.08-7.28 

NLR 0.57 0.73 0.69 0.82 0.75 0.91 0.86 0.95 0.81 0.83 0.38 0.45 

95% NLR CI 0.40-0.81 0.56-0.96 0.54-0.88 0.68-0.98 0.61-0.92 0.80-1.03 0.74-0.99 0.87-1.04 0.69-0.95 0.72-0.96 0.16-0.89 0.24-0.87 

PPV (%) 35.42 27.91 57.89 46.67 60.00 36.36 71.34 50.00 87.50 100.00 30.77 43.48 

95% PPV CI 22.16-50.54 15.33-43.67 33.50-79.75 21.27-73.41 32.39-83.66 10.93-69.21 29.04-96.33 6.76-93.24 47.35-99.68 54.07-100 17.02-47.57 23.19-65.51 

NPV (%) 91.84 90.54 90.22 88.65 89.52 87.55 88.19 87.08 89.22 88.93 93.10 91.89 

95% NPV CI 87.08-95.26 85.90-94.05 85.57-93.77 83.81-92.45 84.81-93.17 82.62-91.50 83.38-92.00 82.17-
91.05 

84.89-92.66 84.57-92.41 83.27-98.09 83.18-96.67 
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Appendix 44 Enrichment of genetic variation in monogenic cases. 

Number of controls with any variant across the relevant disease panel at the relevant threshold. A Fisher’s test was performed to see if cases containing a 
known monogenic or risk factor variant within that panel were more likely that controls to also have an additional non-pathogenic variant.  

 

Panel Controls 
(n=362) 

Controls 
with >1 
variant. N 
(%) 

Total number 
of monogenic 
cases 

Monogenic 
cases with an 
extra non-
pathogenic 
variant 

Percentage of 
monogenic cases 
with a non-
pathogenic variant 

Fisher’s test  (p-
value) 

>1 variant: full FTD-ALS panel (MAF 5%) inc C9orf72 362 174 (48.07) 33 12 36.36 0.21 
>1 variant: full FTD-ALS panel (MAF 5%) 362 174 (48.07) 19 9 47.37 0.12 
>1 variant: full FTD-ALS panel (MAF 1%) inc C9orf72 362 117 (32.32) 33 9 27.27 0.68 
>1 variant: full FTD-ALS genes (MAF 1%) 362 117 (32.32) 19 7 36.84 0.80 
> 1 variant: AD panel (MAF 5%) 362 78 (21.55) 36 7 19.44 1.00 
> 1 variant: AD panel (MAF 1%) 362 50 (13.81) 36 6 16.67 0.62 
> 1 variant: PD-DLB genes (MAF 5%) 362 229 (63.26) 16 12 75.00 0.43 
> 1 variant:  PD-DLB genes (MAF 1%) 362 158 (43.64) 16 10 62.50 0.20 
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Appendix 45 Clinical data for oligogenic cases after the removal of monogenic cases. 

Mean (SD) age of disease onset, death and duration for all cases in their relevant cohort after the removal of individuals with known highly 
penetrant alleles or disease risk factors. A longer disease duration was observed in cases of FTD-ALS with >1 variant compared to those 
with < 1 variant. 

 
 Age of onset (years) Age of death (years) Disease duration (years) 

 >1 variant <1 variant p-value >1 variant <1 variant p-value >1 variant <1 variant p-value 
FTD-ALS (MAF 5%) (mean, SD)  55.40 (11.60)  61.2 (12.10) 0.17 65.5 (13.30)  65.32 (11.60) 0.94 10.70 (10.80)  5.90 (4.30) 0.020 
FTD-ALS (MAF 1%) (mean, SD)  56.00 (16.70)  60.5 (12.00) 0.54 73 (11.70) 65.04 (11.80) 0.062 18.00 (15.60)  6.30 (4.80) 0.00060 
PD-DLB (MAF 5%) (mean, SD)  62.97 (11.99)  64.18 (9.26) 0.989 73.77 (10.49) 75.05 (7.29)  0.54 7.87 (4.22) 9.62 (5.73) 0.282 
PD-DLB (MAF 1%) (mean, SD)  66.1 (9.92)  63.30 (10.22) 0.432 75.54 (7.18)  74.64 (7.75) 0.97 7.56 (4.30)  9.32 (5.49)  0.432 
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Appendix 46 Mean SIFT and CADD scores for FTD-ALS cases and controls. 

Mean SIFT and CADD in-silico pathogenicity scores for variants in FTD-ALS cases (n=211) and controls (n=362) who have >1 variant, and of which neither 
variant was deemed to be either a pathogenic, or likely pathogenic variant based on ACMG criteria, nor an established risk factor for disease. There were no 
significant differences between cases or controls in either criteria at the 5% MAF or 1% MAF threshold (p>0.05, un-paired t-test). Error bars indicate standard 
deviation from mean. 
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Appendix 47 The proportion of SIFT predicted damaging variants in FTD-ALS cases and controls. 

The proportion of predicted damaging and tolerant SIFT in-silico pathogenicity scores for variants in FTD-ALS cases (n=211) and controls (n=362) who have 
>1 variant, and of which neither variant was deemed to be either a pathogenic, or likely pathogenic variant based on ACMG criteria, nor an established risk 
factor for disease. There were no significant differences between cases or controls in either criteria at the 5% MAF or 1% MAF threshold (P.0.05, Fisher’s 
exact test). 
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Appendix 48 The proportion of PolyPhen2 predicted damaging variants for FTD-ALS and controls. 

The proportion of predicted benign, possibly damaging or damaging with PolyPhen2 for variants in FTD-ALS cases (n=211) and controls (n=362) who have 
>1 variant, and of which neither variant was deemed to be either a pathogenic, or likely pathogenic variant based on ACMG criteria, nor an established risk 
factor for disease. There were no significant differences between cases or controls in either criteria at the 5% MAF or 1% MAF threshold (P.0.05, Fisher’s 
exact test). 
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Appendix 49 Mean SIFT and CADD scores for PD-DLB cases and controls. 

Mean SIFT and CADD in-silico pathogenicity scores for variants in PD-DLB cases (n=97) and controls (n=362) who have >1 variant, and of which neither 
variant was deemed to be either a pathogenic, or likely pathogenic variant based on ACMG criteria, nor an established risk factor for disease. There were no 
significant differences between cases or controls in either criteria at the 5% MAF or 1% MAF threshold (p>0.05, un-paired t-test). Error bars indicate standard 
deviation from mean. 
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Appendix 50 The proportion of SIFT predicted damaging variants in PD-DLB cases and controls. 

The proportion of predicted damaging and tolerant SIFT in-silico pathogenicity scores for variants in PD-DLB (n=97) and controls (n=362) who have >1 
variant, and of which neither variant was deemed to be either a pathogenic, or likely pathogenic variant based on ACMG criteria, nor an established risk 
factor for disease. There were no significant differences between cases or controls in either criteria at the 5% MAF or 1% MAF threshold (P.0.05, Fisher’s 
exact test). 
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Appendix 51 The proportion of PolyPhen2 predicted damaging variants for PD-DLB and controls. 

The proportion of predicted benign, possibly damaging or damaging with PolyPhen2 for variants in PD-DLB cases (n=97) and controls (n=362) who have >1 
variant, and of which neither variant was deemed to be either a pathogenic, or likely pathogenic variant based on ACMG criteria, nor an established risk 
factor for disease. There were no significant differences between cases or controls in either criteria at the 5% MAF or 1% MAF threshold (P.0.05, Fisher’s 
exact test). 
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Appendix 52 Clinical data for oligogenic FTD-ALS cases. 

Mean age of disease onset (top panel), death (middle panel) and mean disease duration (bottom 

panel) for all cases that have either >2 variants in the FTD-ALS gene panel (n=28) at the defined 

MAF threshold, compared to those with <1 variant. There were no differences between cohorts for 

any criteria. Error bars indicate standard deviation from mean. 
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Appendix 53 Clinical data for oligogenic PD-DLB cases. 

The mean age of disease onset (top panel), death (middle panel) and mean disease duration 
(bottom panel) for all cases that have either >2 variants in the PD-DLB gene panel (n=20) at 
the defined MAF threshold, compared to those with <1 variant. There were no differences 
between cohorts for any criteria. Error bars indicate standard deviation from mean. 
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Appendix 54 Age of death for C9orf72 repeat expansion 
carriers. 

 The mean age of death for all cases (n=14) that carried the C9orf72 mutation against the 
number of additional non-synonymous variants they possessed within the full FTD-ALS panel 
at 1% MAF. The line of best fit together with 95% CI is shown. There was no association 
between the age of death and the number of variants (r2 = 0.0064). 
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Appendix 55 A table of the cases utilized within the somatic 
sequencing study. 

The total number of cases within each cohort together with the mean age of onset and 

death (years) are shown. Key: AD – Alzheimer’s disease, CJD - Creutzfeldt Jakob 

Disease; FTD-ALS, Frontotemporal dementia – Amyotrophic lateral sclerosis; PD-DLB, 

Parkinson’s disease – Dementia with Lewy Bodies 

Disease 
Group 

Total 
cohort 

Male (n) (%) Female (n) 
(%) 

Age onset (years) 
(SD) 

Age Death 
(years) (SD) 

Disease duration 
(years) 

AD 277 131 (47.3) 146 (52.7) 65.4 (10.2) 77.7 (11.7) 7.3 (4.7) 
CJD 228 123 (53.9) 105 (46.1) 52.0 (20.1) 53.0 (19.6) 1.0 (1.0) 
Control 362 232 (64.1) 130 (35.9) N/A 63.3 (18.9) N/A 
FTD-ALS 244 143 (58.6) 101 (41.4) 59.4 (11.8) 64.6 (11.7) 6.5 (5.6) 
Other 253 131 (51.8) 122 (48.2) 66.7 (20.2) 79.7 (14.3) 10.6 (15.8) 
PD-DLB 97 64 (66.0) 33 (34.0) 63.7 (10.1) 74.9 (8.2) 9.2 (5.8) 
Total 1461 824  637 59.3 (17.8) 68.2 (18.0) 5.6 (8.9) 
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Appendix 56 An overview of the pipeline to detect somatic 
variants within the dataset. 

Abbreviations: VCF, Variant Call Format; GATK, Genome Analysis Tool Kit; HEW, 
Hardy-Weinberg; CNV, Copy Number Variant; DP, Depth; GQ, Genotype Quality; AD, 
Allele Depth; ADF/ADR, Depth of bases supporting variant on forward/reverse strand; 
MAF, Minor Allele Frequency.   
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Appendix 57 All PCR primers for putative somatic variants. 

All forward and reverse primers spanning the position of putative somatic alleles (hg19) 
are shown. 

 

Chr Position Ref Var Forward Reverse 
chr1 17570577 T C CTTTTGCAGGTTAACATGGTGGT CAGGTGCAGATGCAAAGTCATTA 
chr1 24125194 G A GCAAAGTGGATGACCGCCATA CCATAATGCCTTCCGTGGTGA 
chr1 43166558 C T CATGGATACTAAAGGCCTGGGG TGAAGGGTGGCCAAATATGACT 
chr1 46872017 C T TACCTCCCTCACCTCTCTGC GCACCTTTGAAAGCCTGTGG 
chr1 108742671 T G CACTTCTGTTACCGGGGTCG CGATCTCCCGTGACTTCCTC 
chr1 248224344 C T TCCCTTCAGGAAAGAGCACAC GAGTCACCATTGCTGGGACA 
chr10 96535189 G C GTGCAAGTGCCTGTTTCAGC AGGGCCATTTCCACCATGTCC 
chr11 1258327 G A TCTCCTACAAGTTCACCAGGCA GGACATGGTCAGACCCTCCTTG 
chr11 1718844 T C GAAATGGCACAAACAGGAACCAG CCAAGAACCTGGAGTCATCACCT 
chr11 56344581 G T TTGTTACCCCACAGGCACTTAG TACGCTGGATGCTTCACACA 
chr11 64323727 C T CACTCCTGGACACAAGATAAGG GGCTGGCGAATGTCCAGAT 
chr11 104905100 T G CCTTGCACTCAGCAAAAATAAATCC CTTCAGGTCACTCCATGCACA 
chr12 6138596 C T TCCCCAACAAGATGAAGCAAGA TGTGCAGACATGTGAGGGATAG 
chr12 9243951 A G CTTTGACCATTCCCCCGGAT TGAGTGTTTTTAAGTCATGGCAGTA 
chr12 42512876 T G ACTTACAAGGGCAGTGTTACAGA TTTTTGAGCATGATGAAAGTACACA 
chr12 104376635 C T TGTTTACGTGTGAGGTGGTGG ACACTGCTATTCGTGGCTGAT 
chr13 21742240 C A CCTTTTAACAGAGCTGCTTACC CTAGTACACGAGCAAGAAGCC 
chr14 23844983 G A ACCTGCTACCCTCATTTACAGTG CTCCAGAAATGGGCAGAACTTTG 
chr16 4833750 A G GGGGTAGACGTCGATGCAG TCAACGAGCAATACGAGCAGT 
chr16 88712548 G A GTGGTGCGGGTTAATGAGGA AGAAGTACATGACCGCCGTG 
chr17 13400048 G C TTGAGGTTGAAAGGCCGGTAG ATCTCTGACATGCCTTTTTGCG 
chr17 39502849 T G TAGAGTTGAGGTGTGACTGATGC CTTGGAGCTTGTGAGTTCTTTGG 
chr17 39521517 C T GAGTATCGCTGTGGTGGGAAA GGCTTCAACTCATGTTTCCTAAG 
chr17 45234387 A G AAGAGCTGCTGGTCCTCCTAA TTGATTAGCAGAAGTGGACAGGAG 
chr17 48070896 C A TGTACACGTGCTAACGCAGA ATCAAGTCGCAGAGGGCTTG 
chr17 76499013 G A AAGTCAGGGCCACCTGAAAG AATCCTTGACCTGTCTGCCC 
chr19 1440103 C T GCCTTAGTTCTCTGTCCGCC GACACCAAGAGACCATCCACA 
chr19 1440165 C G GCCTTAGTTCTCTGTCCGCC GACACCAAGAGACCATCCACA 
chr19 1440171 G A TTTAGAGGCCTTTGGCCCGA CCCCGAACGTCCAACCTGA 
chr19 1440183 C T TTTAGAGGCCTTTGGCCCGA CCCCGAACGTCCAACCTGA 
chr19 1818772 G C GCCTGAAGAGGACACGAGG CCAAGACCAGCTTCTCGCTC 
chr19 8999476 G C CTCTCTCTGAAGAGACTTGGGC CCAAACCTAGCTCTTCACCTGT 
chr19 9006365 C A CACATACAGACGTGTCCTAGCC GCCCCATACAACCTACTGATGT 
chr19 9361855 G A CAAAAGGTGTCCGAGCTACA CAGGTGAGCTGTAACATAATCAAAT 
chr19 14877162 T C TGTGATCAGATGTTTGTGGGTCT TAAGAAGGGGAACCTCCACCATA 
chr19 36275201 G A TGGAGTTTCTGCTCACCCATGT GGGCTTCTTTCGAGGGACACT 
chr19 50170347 G A CAGTTTGAGGTCAGAGGTGTTG AGTGCAAAGAACGTCTTCCAGC 
chr2 26702178 C T TTCTGGAAAAATCAGGGAACCCA CCTGATTCAGAACGCAAGTGAT 
chr2 85991195 C T GTCCTGAGGGCACAGAGTAAAA GCATAGCCTCAGATAACCCACA 
chr20 60718900 C T GCGACTCTCAAAAGCGCAC GTAACGATGCCCCGCAAATG 
chr20 60888258 G A ATCTACAGGACCAGTGGGGG CTTCGTCTTCTACGTCGGGG 
chr22 50752254 G A ATCTGACGGCCGCTTCTTC TCAGAAGCCTCGTTGAGTGT 
chr3 45837911 T C CTTCGGACAAATCACGCTCG CCTGTCCTCTGCAATCTCGG 
chr3 122629742 T C GTACACATTGGTCTGCTGCAAT TACCTAGTCCTACGTCTGAGCG 
chr5 115177753 A G ATGCGCACACTCCAGTTAGG GGAAAGGATGGGAGTCGGC 
chr5 140242885 C G AGCTATGACGCCTGGTTGTC GCCGTAATGTTGACCTTGGG 
chr6 5004177 G A TGATTTGGGGAAAAAGCGAGGT AAATTGTGCTTTACCTTCCCGC 
chr6 26458871 T C AGAATCGTCGAGAACCAGCG AACTTGAGCCGTGCAATAGGA 
chr6 27114458 T A GGAAGTATCCATTTTCGCGCC AACCTCTGACGTCACCCTAAT 
chr6 27114534 G A GGTCGAGCGCTTGTTGTAAT TCTGACGTCACCCTAATAACCA 
chr6 54066945 A C TGTGTTGACCAAATGCACCAG ACCTGTTCAGAAAAGAGGTCG 
chr6 56497767 A C ATTCGTTGTTTGTCCAACCAGT GCATATACCACACGACCAGTTTG 
chr6 136590614 G A GCATTGAAGTCCAACCTCCTG GGCATGACATTGATCGCCG 
chr6 136590646 T C GCATTGAAGTCCAACCTCCTG GGCATGACATTGATCGCCG 
chr6 136594277 G A GTATTGGCTGCAACTACCCAGT TGGCAAGGTATTAGAGCATCCA 
chr6 136600993 G A GCTCTGCCATTTACTAGAGCTTG TAAGTGGGGCAGTCCGTAAA 
chr7 1535876 C T CCCATAATCAAACACCCGGACT ATCTCTGTTGACTGAACCTCCC 
chr7 150815676 C T TGAAGCGGTGCACCTACTATG CCAACCAATGTTTCCAAGCAAC 
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chr7 157178323 C T CCCAGAGTGTGAAGTAGAGGTT TTAACTTCACAGCAGGCCGAC 
chr8 144921555 T C CCCAAAGTCCGCACTTACCA CAGAGTACGTGTCATCAGGCA 
chr8 144940260 C T CCGATGGCATGATGGACTGA GGACGACCGCGTCAAGC 
chr9 95481489 C T CACGGATGATAGCGATCAGGT GGATGGGGACTACTACGAGGT 
chr9 125486851 T A AGGCTCCACACCCCTATGTA TTTGAATGCCATGTGGAAAAGGGTT 
chr9 125486893 G A CAGGCTCCACACCCCTATGT TGACACTCCCATAGAACAGGACCA 
chr9 125486925 C T AGGCTCCACACCCCTATGTA ACACTCCCATAGAACAGGACC 
chrX 135960166 G A ATACACCAAACCCGAGGTCC ATGCAGTGGGTTCACCTTATGT 
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Appendix 58 Pyrogram traces from a confirmed somatic 
variant and control patient. 

The pyrogram trace for both run one and run two for the same patient and control are 
shown. The mean variant allele frequency was 20% for the non-reference T allele. 
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Appendix 59 Expected and observed variants occurring 
within different cohorts of genes as grouped by 
established brain expression data. 

 
Binomial testing was performed between observed and expected variant proportions 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Brain proteome data 
Brain proteome gene set Observed variants 

(total validated) 
Expected mutation 
frequency 

binomial test 
(p-value) * 

Elevated in Brain (n=1224) 1 1.1 1.0 
Expressed in all (n=8588) 5 7.8 0.48 

Mixed expression pattern 
(n=4404) 

4 4 1.0 

Not detected in brain (n=1318) 2 1.2 0.36 

Not detected in any tissue 
(n=4157) 

5 3.8 0.56 
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Appendix 60 Average sequencing depth for each group within 
the study. 

Average sequencing depth for each group within the study. There were no significant 
differences (one-way ANOVA). Abbreviations: AD, Alzheimer’s disease; CJD, 
Creutzfeldt Jakob Disease; FTD-ALS, Frontotemporal dementia – Amyotrophic lateral 
sclerosis; PD-DLB, Parkinson’s disease – Dementia with Lewy Bodies. 
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Appendix 61 Genes and inheritance patterns causing their 
relevant neurodegenerative disease. 

The 56 putative somatic variants detected in this study. Chromosome, base position (with 

reference to hg19 build), reference and observed alternate allele, ratio of alternate to 

reference allele, gene name, and whether the mutation is synonymous or non-synonymous 

are shown. Finally, the results of the validation experiment are shown. Abbreviations: Chr 

- Chromosome, Pos-Position, Ref - Reference allele, Alt -Alternative allele, Var-Variant 

Allele Frequencies (VAF) 

No. Chr Pos Ref Alt VAF Gene name Nonsynonymous/ 
synonymous SNV Validation outcome 

1 chr1 17570577 T C 25.29% PADI1 nonsynonymous SNV Validated 
2 chr1 24125194 G A 21.67% GALE nonsynonymous SNV Validated 
3 chr1 43166558 C T 17.57% YBX1 nonsynonymous SNV Technical failure 
4 chr1 46872017 C T 19.67% FAAH nonsynonymous SNV Heterozygous 
5 chr1 108742671 T G 27.19% SLC25A24 synonymous SNV Heterozygous 
6 chr1 228447313 C G 28.26% OBSCN nonsynonymous SNV Technical failure 
7 chr1 248224344 C T 15.15% OR2L3 nonsynonymous SNV Validated 
8 chr10 96535189 G C 27.72% CYP2C19 nonsynonymous SNV Heterozygous 
9 chr11 1258327 G A 25.41% MUC5B nonsynonymous SNV Not present 
10 chr11 1718844 T C 14.86% KRTAP5-6 synonymous SNV Validated 
11 chr11 56344581 G T 13.04% OR5M10 nonsynonymous SNV Validated 
12 chr11 104905100 T G 16.90% CASP1 nonsynonymous SNV Validated 
13 chr12 6138596 C T 19.54% VWF nonsynonymous SNV Validated 
14 chr12 9243951 A G 14.71% A2M nonsynonymous SNV Not present 
15 chr12 42512876 T G 16.13% GXYLT1 nonsynonymous SNV Technical failure 
16 chr12 104376635 C T 18.52% TDG synonymous SNV Not present 
17 chr13 21742240 C A 22.95% SKA3 nonsynonymous SNV Heterozygous 
18 chr14 23844983 G A 27.34% IL25 nonsynonymous SNV Heterozygous 
19 chr16 4833750 A G 22.77% SETP12 nonsynonymous SNV Validated 
20 chr16 88712548 G A 23.53% CYBA synonymous SNV Validated 
21 chr17 13400048 G C 27.40% HS3ST3A1 nonsynonymous SNV Heterozygous 
22 chr17 39502849 T G 22.06% KRT33A nonsynonymous SNV Validated 
23 chr17 39521517 C T 29.93% KRT33B synonymous SNV Heterozygous 
24 chr17 45234387 A G 16.85% CDC27 nonsynonymous SNV Not present 
25 chr17 48070896 C A 30.25% DLX3 nonsynonymous SNV Technical failure 
26 chr17 76499013 G A 28.24% DNAH17 synonymous SNV Validated 
27 chr19 8999476 G C 20.21% MUC16 nonsynonymous SNV Heterozygous 
28 chr19 9006365 C A 17.24% MUC16 nonsynonymous SNV Not present 
29 chr19 9361855 G A 30.15% OR7E24 nonsynonymous SNV Validated 
30 chr19 14877162 T C 20.00% EMR2 synonymous SNV Technical failure 
31 chr19 36275201 G A 26.04% ARHGAP33 nonsynonymous SNV Validated 
32 chr19 50170347 G A 22.34% BCL2L12 nonsynonymous SNV Technical failure 
33 chr2 26702178 C T 28.11% OTOF nonsynonymous SNV Heterozygous 
34 chr2 85991195 C T 28.30% ATOH8 nonsynonymous SNV Validated 
35 chr20 60718900 C T 19.70% SS18L1 synonymous SNV Technical failure 
36 chr20 60888258 G A 22.95% LAMA5 synonymous SNV Validated 
37 chr21 44836731 C T 27.42% SIK1 nonsynonymous SNV Technical failure 
38 chr22 50752254 G A 20.16% DENND6B nonsynonymous SNV Validated 
39 chr3 45837911 T C 20.31% SLC6A20 start lost Validated 
40 chr3 122629742 T C 19.28% SEMA5B nonsynonymous SNV Validated 
41 chr5 115177753 A G 18.18% AP3S1 nonsynonymous SNV Technical failure 
42 chr5 140242885 C G 27.56% AX746964 nonsynonymous SNV Heterozygous 
43 chr6 5004177 G A 22.92% RPP40 synonymous SNV Validated 
44 chr6 26458871 T C 22.45% BTN2A1 nonsynonymous SNV Technical failure 
45 chr6 54066945 A C 18.18% MLIP nonsynonymous SNV Heterozygous 
46 chr6 56497767 A C 14.81% DST nonsynonymous SNV Technical failure 
47 chr6 136594277 G A 20.83% BCLAF1 nonsynonymous SNV Technical failure 
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No. Chr Pos Ref Alt VAF Gene name Nonsynonymous/ 
synonymous SNV Validation outcome 

48 chr7 1535876 C T 14.74% INTS1 nonsynonymous SNV Validated 
49 chr7 2617927 C A 15.35% IQCE nonsynonymous SNV Technical failure 
50 chr7 150815676 C T 22.32% AGAP3 nonsynonymous SNV Validated 
51 chr7 157178323 C T 26.15% DNAJB6 nonsynonymous SNV Technical failure 
52 chr8 144921555 T C 30.41% NRBP2 nonsynonymous SNV Validated 
53 chr8 144940260 C T 12.14% EPPK1 nonsynonymous SNV Technical failure 
54 chr9 95481489 C T 26.92% BICD2 nonsynonymous SNV Heterozygous 
55 chrX 135960166 G A 25.25% RBMX nonsynonymous SNV Heterozygous 
56 chrX 153416209 C T 21.17% OPN1LW nonsynonymous SNV Technical failure 
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Appendix 62 A histogram of the minor allele frequency of all 
putative somatic variants. 

A histogram showing the proportion of putative somatic variants (before further filtering) 
against their minor allele frequency (MAF) in the population within the ExAC database 
are shown. The frequency for both non-Finnish Europeans (NFE) and all individuals 
(ALL) are shown. 
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Appendix 63 A table of all cases included within the CNV study. 

A table of the clinicopathological diagnosis of all cases within the study. All individuals in each cohort had both clinical and pathological 
diagnosis of each disorder. The men age of onset (from clinical notes) and age of death is shown together with the number of cases for which 
this information was available. Cases included in the cohort statistical analysis are included above the grey row in the table. 

 
 

 

 

 

 

 

 

 

 

 

 

 

Disease cohort Total Gender Mean age of onset (SD) (number 
of cases) 

Mean age of death (SD) (number of 
cases) 

   Female Male     

AD 242 124 118 63.67 (10.48) (n=75) 77.01 (12.06) (n=241) 

CJD 213 92 121 51.58(19.85) (n=210) 52.50(19.43) (n=213) 

Control 349 122 227   63.08 (18.97) (n=349) 

PD-DLB 38 60 29 59.00 (9.98) (n=29) 71.74 (8.74) (n=38) 

FTD-ALS 238 100 138 59.08 (11.34) (n=74) 64.42 (11.62) (n=234) 

      

Control (High Braak) 36 24 12   87.97 (8.09) (n=36) 

CBD 12 3 9 60.07 (11.40) (n=7) 69.60 (12.35) (n=10) 

HD 7 3 4 59.80 (13.18) (n=5) 66.71 (10.25) (n=7) 

MSA 9 1 8 58.40 (6.50) (n=5) 66.44 (7.60) (n=9) 

Other neurological disorders 
(Supplementary table 2) 

68 29 39 54.19 (25.64) (n=31) 70.91 (19.17) (n=66) 

PSP 17 9 8 68.70 (12.13 (n=10) 77.12 (10.27) (n=17) 

Vascular disease 39 23 16 77.89 (9.36) (n=9) 85.69 (6.36) (n=39) 

Vascular disease / AD 5 3 2 80.33 (3.22 (n=3) 84.20 (7.73 (n=5) 

Vascular disease / Control 18 8 10 81.20 (13.66) (n=5) 89.83 (7.25 (n=18) 

Total 1342 570 772 57.82 (17.56) (n=501) 67.34 (18.08) (n=1331) 
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Appendix 64 A table of all cases that did not fulfil criteria for 
inclusion in a major disease cohort. 

A table of the clinicopathological diagnoses of cases within the cohort that did not 
fulfill the diagnostic criteria for any of the major cohorts. 

Number Gender Age of 
onset 

Age of 
death Clinicopathological diagnosis 

1 Female 90 91 Unspecified dementia - Vascular disease / Dementia with 
Lewy Bodies 2 Male  67 Atypical tauopathy 

3 Male  89 Atypical tauopathy 
4 Female  64 Atypical tauopathy 
5 Male 62 66 Atypical tauopathy 
6 Female  65 Atypical tauopathy 
7 Male 64 80 Atypical tauopathy 
8 Female 63 72 Superficial siderosis 
9 Female   Spino Muscular Atrophy 
10 Female  58 Spinocerebellar Ataxia Type 7 
11 Female  55 Spinocerebellar Ataxia (no molecular diagnosis) 
12 Male  81 Spinocerebellar Ataxia Type 2 
13 Male  103 Spinocerebellar Ataxia Type 14 
14 Male  76 Spinocerebellar Ataxia Type I 
15 Male  50 Spinocerebellar Ataxia 
16 Female  95 High Braak stage pathology – clinical history unknown 
17 Female  79 Frontotemporal dementia pathologically – no ante-mortem 

history 18 Male 67 77 Pathological DLB – no clinical history 
19 Female  96 Pathological DLB – no clinical history 
20 Male  68 Atypical tauopathy – no antemortem history 
21 Male 52 64 Uncategorized dementia 
22 Female 62 82 Probable AD – no clinical history 
23 Male  82 Possible pre-symptomatic Parkinson’s disease 
24 Male  87 Possible pre-symptomatic Parkinson’s disease 
25 Male   Mixed Parkinson’s disease and Motor Neuron Disease 
26 Male 64 65 Normal Pressure Hydrocephalus 
27 Male 81 89 Neurofibrillary tangle only dementia 
28 Male 88 96 Neurofibrillary tangle only dementia 
29 Male 72 78 Neurofibrillary tangle only dementia 
30 Female 14 16 Neuroaxonal Dystrophy 
31 Male  73 Neorcortical Lewy Body Deposition 
32 Male 44 58 Multiple Sclerosis 
33 Female 15 52 Multiple Sclerosis 
34 Male 44 75 Multiple Sclerosis 
35 Male 79 77 Mixed pathology 
36 Female 63 75 Alzheimer’s Disease and Dementia with Lewy Bodies 
37 Male 0 3 Mitochondrial disease 
38 Male 13 49 MELAS 
39 Male  85 Alzheimer’s disease pathology – mild cognitive impairment 

clinically 40 Male 10 54 Learning difficulties and epilepsy 
41 Female  90 Lewy body disease 
42 Female  90 Lewy body disease 
43 Male 43 58 Kuf's disease 
44 Female  52 Undiagnosed neurological disorder 
45 Female 40 62 Huntington’s disease phenocopy 
46 Female  24 Status epilepticus 
47 Male  34 Demyelinating disease (uncategorized) 
48 Female  53 Demyelinating disease (uncategorized) 
49 Male  69 Chronic Traumatic Encephalopathy 
50 Male  40 Chorea-acanthocytosis 
51 Female 12 58 Cerebello-olivary degeneration 
52 Female  75 Cerebello-olivary degeneration 
53 Female  84 Corticobasal degeneration and Alzheimer’s disease 
54 Male 40 62 CADASIL 
55 Female 76 83 Probable Alzheimer’s disease 
56 Male 60 73 Atypical substantia tauopathy – possible CBD 
57 Female 79 82 Atypical substantia nigral degeneration 
58 Male  85 Atypical nigral degeneration 
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Number Gender Age of 
onset 

Age of 
death Clinicopathological diagnosis 

59 Male  86 Atypical appearances 
60 Male 55 65 Mild cognitive impairment 
61 Female 85 85 Atypical neurodegenerative syndrome 
62 Female  84 Amyloid angiopathy 
63 Male  86 Argyrophilic Grain disease 
64 Male  86 Argyrophilic Grain disease 
65 Female 78 88 Argyrophilic Grain disease 
66 Female  90 Argyrophilic Grain disease 
67 Male 65 71 Adult onset gangliosidosis 
68 Male  73 Alzheimer’s disease and frontotemporal dementia 
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Appendix 65 Clinical demographics and characteristics of all CJD cases within the study. 

The total number of individuals, together with the age of onset and death (in years) for which clinical data were available is shown. 

  Total Gender 
  

Age of onset (SD)  Number of 
cases 

Age of death (SD)  (n=number of 
cases) 

    Female Male       

Familial CJD 15 6 9 56.92 (7.21) (n=13) 55.13 (9.36) (n=15) 
Iatrogenic CJD 21 6 15 31.52 (5.63) (n=21) 32.62 (5.41) (n=21) 

Sporadic CJD 108 52 57 66.31 (9.51) (n=107) 66.97 (9.19) (n=108) 

Sporadic CJD, panencephalopathic 8 5 4 54.25 (19.04 (n=8) 56.50 (18.37) (n=8) 
Variable Protease Sensitive Prionopathy 4 3 1 64.75 (10.72) (n=4) 67.00 (9.83) (n=4) 

Variant CJD 57 20 37 28.79 (10.54) (n=57) 30.14 (10.41) (n=57) 

Total 213 92 123 51.58 (19.85) (n=210) 52.50 (19.43) n=213 
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Appendix 66 The Prion Protein (PrP) isoforms of all cases within each subtype of CJD. 

The number of individuals with each clinical diagnosis (first column) are shown within the relevant PrP isoform column. 
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Total 18 5 64 2 1 2 4 41 12 1 3 1 57 2 2 215 
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Appendix 67 The PRNP codon 129 genotype of all CJD cases. 
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Familial CJD 0 0 4 1 1 1 4 1 0 0 3 0 0 15 
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Sporadic CJD, 
panencephalopathic 
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Sensitive Prionopathy 
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Variant CJD 57 0 0 0 0 0 0 0 0 0 0 0 0 57 

Total 141 1 4 1 1 1 4 1 28 2 3 24 1 213 
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Appendix 68 The overlap of CNVs called by SNP genotyping 
and validated by exome sequencing when stratified by 
calling parameters. 

A table showing the overlap of CNVs called by SNP genotyping by those called by exome 
sequencing. The proportion of cases overlapping at different thresholds of CNV calling 
confidence, length, and number of exons are shown.  

Percentage 
overlap of 

CNVs 

Minimu
m Bayes 
Factor 

Minimum 
CNV 

length 

Minimum 
exons 

Mean % 
of CNVs 

that 
overlap 

Number 
of calls 

Number of 
individual

s 

20 0 1 1 34 1980 89 
20 10 1 1 46 1039 89 
20 0 1 2 54 1005 89 
20 5 1 2 57 785 89 
20 0 1 3 57 738 89 
20 10 1 3 67 494 85 
20 10 1 5 75 369 84 
20 10 1 5 72 369 84 
40 0 1 1 30 1980 89 
40 10 1 1 40 1039 89 
40 0 1 2 48 1005 89 
40 5 1 2 51 785 89 
40 0 1 3 50 738 89 
40 10 1 3 50 494 85 
40 10 1 5 64 369 84 
40 10 1 5 61 369 84 
80 0 1 1 23 1980 89 
80 10 1 1 29 1039 89 
80 0 1 2 33 1005 89 
80 5 1 2 35 785 89 
80 0 1 3 35 738 89 
80 10 1 3 40 494 85 
80 10 1 5 43 369 84 
80 10 1 5 42 369 84 
20 0 3500 1 41 1177 89 
20 10 3500 2 61 570 88 
20 10 3500 3 67 471 85 
40  0 3500 1 36 1177 89 
40  10 3500 2 52 570 88 
40  10 3500 3 57 471 85 
80 0 3500 1 25 1177 89 
80 10 3500 2 36 570 88 
80 10 3500 3 39 471 85 
20 0 10000 1 42 811 89 
20 10 10000 1 48 565 89 
20 10 10000 3 67 384 85 
20 20 10000 5 86 234 77 
40  0 10000 1 35 811 89 
40  10 10000 1 41 565 89 
40  10 10000 3 56 384 85 
40  20 10000 5 70 234 77 
80 0 10000 1 24 811 89 
80 10 10000 1 21 565 89 
80 10 10000 3 38 384 85 
80 20 10000 5 46 234 77 
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Appendix 69 The overlap between CNVs called by SNP genotyping and validated by Exome 
sequencing. 

 The overlap between CNVs called by SNP genotyping and validated by Exome sequencing stratified by minimum exons (A), length (B) and 
Bayes factor (C). The minimum overlap was varied in each case. 
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Appendix 70 A table of CNVs that were significantly enriched within the CJD cohort compared to 
controls. 

A table of all individuals who possessed a CNV in any of the three genes that were associated with the development of CJD. Case data is shown 
together with the start and end position of the CNVs called by both SNP genotyping and exome sequencing together with the Bayes factor for 
each platform. 
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1 1 1 sCJD LAMA5 20 60885840 60899224 13385 136.758 3 89 60885722 60900602 35 14880 41.6 2418 332
6 

1.38 
2 1 1 sCJD LAMA5 20 60890155 60897748 7594 94.4411 3 43 60891005 60895946 10 4941 8.11 320 451 1.41 
3 1 1 sCJD LAMA5 20 60891045 60894806 3762 66.261 3 23 60891005 60892834 5 1829 7.52 255 368 1.44 
4 1 1 sCJD LAMA5 20 60890375 60897748 7374 35.6858 3 40 60888706 60895946 15 7240 10.8 633 885 1.4 
5 2 1 sCJD LAMA5 20 60890375 60897465 7091 85.4015 3 37 60891728 60897224 10 5496 10.6 481 668 1.39 

EXD3 9 14024256
4 

14024589
3 

3330 16.4247 3 16         
6 
  
  
  

3 
  
  
  

3 
  
  
  

sCJD 
  
  
  

LAMA5 20 60885840 60890262 4423 52.7717 3 40 60886219 60895946 25 9727 30 1216 175
4 

1.44 
LAMA5 20 60890375 60899525 9151 219.967 4 51 
TRPM2 21 45815307 45826588 11282 52.6353 3 26 45815298 45833957 9 18659 22 520 905 1.74 
EXD3 9 14024252

5 
14025081
8 

8294 129.969 3 39 140242524 140250820 10 8296 12 407 620 1.52 
7 2 1 sCJD 

(pan) 
LAMA5 20 60891045 60894806 3762 84.8535 3 23 60891939 60898912 13 6973 8.54 455 623 1.37 
EXD3 9 14024269

2 
14025081
8 

8127 50.1128 3 34         
8 1 1 sCJD LAMA5 20 60890564 60899224 8661 85.5617 3 48 60886671 60893706 19 7035 19.8 1388 187

3 
1.35 

9 3 1 sCJD LAMA5 20 60890808 60895688 4881 74.646 3 27 60891005 60894851 8 3846 7.39 370 508 1.37 
TRPM2 21 45825103 45826588 1486 18.3264 3 8         
EXD3 9 14023888

5 
14024921
1 

10327 17.942 3 34         
10 3 1 sCJD 

(pan) 
LAMA5 20 60890564 60894806 4243 118.71 4 25 60886977 60900602 30 13625 43.2 2292 321

1 
1.4 

LAMA5 20 60895620 60899525 3906 71.9482 3 25 
TRPM2 21 45819277 45826588 7312 23.4973 3 17         
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Case data CNVs called from SNP genotyping CNVs called from Exome Sequencing 
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EXD3 9 14024252
5 

14025761
0 

15086 31.0872 3 40         
11 3 3 iCJD LAMA5 20 60890564 60898905 8342 96.5046 3 42 60887230 60900602 29 13372 34.5 3072 406

7 
1.32 

TRPM2 21 45815307 45826588 11282 24.4188 3 26 45811156 45855100 18 43944 28.1 1930 270
6 

1.4 
EXD3 9 14021821

2 
14026750
3 

49292 75.3204 3 54 140243822 140250820 8 6998 14.7 793 113
9 

1.44 
12 1 1 fCJD LAMA5 20 60890375 60892813 2439 33.3155 3 17 60882653 60942301 84 59648 39.4 8526 112

12 
1.32 

13 2 1 vCJD LAMA5 20 60890155 60897748 7594 132.697 3 43 60886671 60897224 24 10553 32.9 1569 222
1 

1.42 
    EXD3 9 14024031

0 
14024921
1 

8902 15.2049 3 33         
14 1 0 sCJD LAMA5 20 60890155 60899206 9052 90.0849 3 50         
15 1 0 sCJD LAMA5 20 60890375 60892813 2439 15.5536 3 17         
16 3 2 sCJD LAMA5 20 60891045 60894806 3762 59.346 3 23         

TRPM2 21 45825103 45826588 1486 25.2829 3 8 45811156 45833957 10 22801 12.1 704 100
7 

1.43 
EXD3 9 14024252

5 
14026097
0 

18446 50.7445 3 41 140246519 140250820 5 4301 9.34 313 494 1.58 
17 1 0 sCJD LAMA5 20 60891783 60894806 3024 32.3525 3 22         
18 1 0 sCJD LAMA5 20 60891783 60897465 5683 19.1389 3 33         
19 1 0 sCJD LAMA5 20 60891801 60892813 1013 11.7545 3 12         
20 1 0 sCJD LAMA5 20 60892450 60893527 1078 17.5156 3 10         
21 1 0 sCJD LAMA5 20 60892450 60894806 2357 14.9806 3 18         
22 1 0 sCJD LAMA5 20 60892450 60895688 3239 41.3156 3 21         
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Appendix 71 A Q-Q plot of each cohort against all other cases 
for CNV gains. 

Q-Q plots of each cohort (as indicated) against all other cohorts. Copy number gains are 
shown on the left and losses on the right. All CNVs were filtered to include only those present 
in less than 1% of the population using DBVar . 
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Appendix 72 The number of sCJD individuals with LAMA5, EXD3 and TRPM2 copy number gains 
by PrP isoform. 

PpP 
Isoform 

LAMA5 
CN gains 

Non-
LAMA5 Chi-squared test  EXD3 CN 

gains Non-EXD3 Chi-squared 
test  TRPM2 

CN gains 
Non- 

TRPM2 
Chi-squared 

test 
1A 14 57 p=0.305  6 65 p=0.08  4 67 p=0.105 2A 5 40  0 45  0 45 

Total 20 98   7 111   5 113  
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Appendix 73 The number of sCJD individuals with LAMA5, EXD3 and TRPM2 copy number gains 
by PRNP codon 129 genotype. 

PRNP  
Genotype  

LAMA5 
CN gains 

Non-
LAMA5 Chi-squared test 

 
EXD3 CN 

gains Non-EXD3 
Chi-squared 

test 

 

TRPM2 

Non-
TRPM

2 Chi-squared test 
MM 15 66 

p=0.359 
 6 75 

p=0.255 
 4 77 

p=0.409 MV 1 18  0 19  0 19 
VV 3 13  0 16  0 16 
Total 19 97   7 111   5 113  
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Appendix 74 The mean age of onset and death of all sCJD cases by PRNP codon 129 genotype 
irrespective of CNV status. 

PRNP 
genotype 

Age onset (mean 
(SD)) 

Number of 
cases 

ANOVA Age death 
(mean (SD)) 

Number of 
cases 

ANOVA 

MM 65.80 (9.20) 80 
p=0.707 

66.48 (8.80) 81 
p=0.258 MV 64.63 (16.53) 19 65.89 (15.78) 19 

VV 64.81 (10.25) 16 65.50 (10.07) 16 
Total 65.44 (10.78) 115  66.22 (10.31) 116  
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Appendix 75 The age of onset and death for cases with and 
without the LAMA5, EXD3 or TRPM2 CNV by genotype. 

PRNP 
genotype Clinical history CNV N Mean Std. Deviation T-test 

LAMA5 

MM 
Age of onset N 65 66.20 8.78 P=0.422 Y 15 64.07 11.00 

Age of death N 66 66.92 8.344 P=0.345 Y 15 64.53 10.66 

MV 
Age of onset N 18 64.83 16.978 P=0.829 Y 1 61.00 . 

Age of death N 18 66.17 16.191 P=0.760 Y 1 61.00 . 

VV 
Age of onset N 13 65.77 9.748 P=0.456 Y 3 60.67 13.650 

Age of death N 13 66.38 9.544 P=0.482 Y 3 61.67 13.650 
EXD3 

MM 
Age of onset N 74 66.11 9.145 P=0.296 Y 6 62.00 9.90 

Age of death 
N 75 66.8 8.687 P=0.252 Y 6 62.50 10.03 

MV 
Age of onset N 19 64.63 16.523 N/A Y 0 . . 

Age of death 
N 19 65.89 15.779 N/A 
Y 0 . . 

VV 
Age of onset N 16 64.81 10.252 N/A 

Y 0 . . 

Age of death 
N 16 65.50 10.066 N/A 
Y 0 . . 

TRPM2 

MM 
Age of onset N 76 65.95 9.098 P=0.536 Y 4 63.00 12.19 

Age of death N 77 66.63 8.649 P=0.490 Y 4 63.50 12.48 

MV 
Age of onset N 19 64.63 16.523 N/A 

Y 0a . . 

Age of death N 19 65.89 15.779 N/A 
Y 0 . . 

VV 
Age of onset N 16 64.81 10.252 N/A 

Y 0 . . 

Age of death N 16 65.50 10.066 N/A 
Y 0 . . 
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Appendix 76 The age of onset and death for cases with and 
without the LAMA5, EXD3 or TRPM2 CNV by PrP 
isoform. 

 
PrP 

isoform Clinical history CNV N Mean Std. Deviation p-value 

 LAMA5  

1A 
Age of onset N 57 66.07 12.41 0.984 Y 14 66.00 8.37 

Age of death 
N 57 66.63 11.92 0.936 Y 14 66.36 8.28 

2A 
Age of onset N 39 65.62 7.91 0.211 Y 5 56.00 14.35 

Age of death 
N 40 66.83 7.37 0.192 Y 5 57.00 13.95 

 EXD3  

1A 
Age of onset N 65 66.43 11.82 0.377 Y 6 62.00 9.90 

Age of death N 65 66.95 11.35 0.357 Y 6 62.50 10.04 

2A 
Age of onset N 44 64.52 9.16 N/A Y 0  . 

Age of death N 45 65.73 8.69 N/A Y 0  . 
 TRPM2  

1A 
Age of onset 

N 67 66.24 11.71 0.593 Y 4 63.00 12.19 

Age of death N 67 66.76 11.25 0.577 Y 4 63.50 12.48 

2A 
Age of onset 

N 44 64.52 9.16 N/A Y 0  . 

Age of death 
N 45 65.73 8.69 

N/A 
Y 0  . 
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Appendix 77 The association between the age of disease onset 
and CNV length in CJD. 

Linear regression analysis of disease age of onset and death by CNV length in LAMA5 (top), 

EXD3 (middle) and TRPM2 (bottom). 95% CI (curved lines) are shown for each linear regression. 

(p>0.05, R2 0-0.2 in all cases. 
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Appendix 78 Neurodegenerative disease and cancer 
associated genes sequenced. 

The 102 Neurodegenerative disease and cancer genes sequenced. Both sets were included on the 
Accuracy and Content Enhanced (ACE) and HaloplexHS platforms. Left = neurodegenerative 
disease genes. Right = cancer genes. Key – AD: Alzheimer’s disease. DLB: Dementia with Lewy 
Bodies. FTD-ALS: Frontotemporal dementia – Amyotrophic lateral sclerosis. PD: Parkinson’s 
disease. CJD – Creutzfeldt Jakob Disease. 

Case Gene Disorder 

 Control 

Gene Associated disorder 

Associated with haematological 

malignancy 

ANG FTD-ALS  ALK Lymphoma Y (Stein, Foss et al. 2000) 

APOE AD / DLB  AR Prostate cancer  /  Androgen 
insensitivity 

N 

APP AD  CCND1 B-cell leukaemia Y (Aukema, Siebert et al. 2011) 
DAO FTD-ALS  BCL2 B-cell leukaemia Y(Aukema, Siebert et al. 2011) 
DCTN1 FTD-ALS  BRCA1 Breast cancer N 
EIF4G1 PD  BRCA2 Breast cancer N 
EWSR1 FTD-ALS  CCNE1 Breast cancer N 
FUS FTD-ALS  CDH1 Stomach cancer N 
GBA PD/DLB  CDK6 Leukaemia Y (Scheicher, Hoelbl-Kovacic et al. 2015) 
GRN FTD-ALS  CDKN2A Pancreatic cancer N 
HNRNPA1 FTD-ALS  CDKN2B Myelodysplastic syndrome Y (Kim, Kook et al. 2013) 
HNRNPA2B1 FTD-ALS  DNMT3A Acute Myeloid Leukaemia / 

Clonal haematopoesis 
Y (Genovese, Kahler et al. 2014) 

PON3 FTD-ALS  ERBB2 Lung cancer N 
SQSTM1 FTD-ALS  ERG Acute myeloid leukaemia Y (Martens 2011) 
NOTCH3 CADASIL  ESR1 Breast cancer N 
PINK1 PD  ETV4 Sarcoma N 
UBQLN2 FTD-ALS  ETV6 Acute myeloid leukaemia Y (Zhang, Churpek et al. 2015) 
GIGYF2 PD  EZH2 Myelodysplastic syndrome Y (Nikoloski, Langemeijer et al. 2010) 
DPP6 FTD-ALS  JAK2 Acute myeloid leukaemia Y (Baxter, Scott et al. 2005) 
C9orf72 FTD-ALS  JAK3 Severe Combined 

Immunodeficiency 
Y (Macchi, Villa et al. 1995) 

MAPT FTD-ALS  KDR Haemangioma N 
PARK2 PD  MEN1 Multiple Endocrine Neoplasia  N 
PFN1 FTD-ALS  MITF Melanoma N 
PON1 FTD-ALS  MPL Myeloproliferation Y (Ballmaier, Germeshausen et al. 2001) 
PON2 FTD-ALS  MYC Burkitt Lymphoma Y (Bhatia, Huppi et al. 1993) 
PRNP CJD  DDR2 No known cancer N 
PRPH FTD-ALS  PDGFRB Myofibromatosis / IBGC N 
PSEN1 AD  RARA Acute myeloid leukaemia Y (Borrow, Goddard et al. 1990) 
PSEN2 AD  RET Multiple Endocrine Neoplasia  N 
SMN1 FTD-ALS  ROS1 Myocardial infarction N 
SNCA PD  SMO Basal cell carcinoma N 
SOD1 FTD-ALS  AURKA Colon cancer N 
SORL1 AD  SYK No known cancer N 
SPR PD  NKX2-1 Medullary cancer N 
UCHL1 PD  TMPRSS2 Thyroid cancer N 
VCP FTD-ALS  TP53 Clonal haematopoesis Y (Wong, Ramsingh et al. 2015) 
TAF15 FTD-ALS  TET2 Myelodysplastic syndrome Y (Genovese, Kahler et al. 2014) 
UNC5C AD  NUTM1 Midline tumours N 
VAPB FTD-ALS  KMT2A Acute myeloid leukaemia Y (Cimino, Moir et al. 1991) 
MATR3 FTD-ALS  CEBPA Acute myeloid leukaemia Y (Smith, Cavenagh et al. 2004) 
FIG4 FTD-ALS  NOTCH2 Alagille Syndrome N 
OPTN FTD-ALS  RUNX1 Acute myeloid leukaemia Y (Michaud, Wu et al. 2002) 
SIGMAR1 FTD-ALS  NOTCH1 Adams-Oliver syndrome N 
PARK7 PD  WT1 Wilms tumour N 
SETX FTD-ALS  ARAF No known cancer N 
TARDBP FTD-ALS  EPHA3 No known cancer N 
FBXO7 PD        
CHMP2B FTD-ALS        
COQ2 FTD-ALS        
HTRA2 PD        
TREM2 PD/DLB        
VPS35 PD        
ALS2 FTD-ALS        
SPG11 PD        
CHCHD10 FTD-ALS        
 LRRK2 PD        
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Appendix 79 Additional data on sequencing depth and 
coverage. 

Mean coverage (+SD) for each neurodegenerative and cancer gene on both the ACE 

(Accuracy and Content Enhanced) and HaloplexHS platforms across all samples 
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Appendix 80 Genes Clinical and Neuropathological data for 
all cases and controls.   

Both ante mortem and post mortem diagnoses are given, together with the Braak 
tau(Braak and Braak 1991) , Thal phase(Thal, Rub et al. 2002), CERAD score(Mirra, 
Heyman et al. 1991), Braak Lewy body stage(Braak, Del Tredici et al. 2003), and the 
McKeith stage(McKeith 2006) for each brain. Key – AD: Alzheimer’s disease, PD: 
Parkinson’s disease, DLB: Dementia with Lewy Bodies, MCI: Mild Cognitive 
Impairment. 

Case  
 

Clinical 
diagnosis 

Neuro-
path 
diagnosis 

Age at death 
(years) 

Braak stage 
(tau) Thal Phase CERAD 

Braak Lewy 
Body Stage 

McKeith 
Stage 

1 Control Control 65 1 0 negative 0 negative 
2 Control Control 88 2 3 negative 0 negative 
3 Control Control 64 1 0 negative 0 negative 
4 Control Control 88 2 1 negative 0 negative 
5 Control Control 78 0 1 negative 0 negative 
6 Control Control 89 3 2 negative 0 negative 
7 Control Control 97 2 2 negative 0 negative 
8 Control Control 85 1 2 negative 0 negative 
9 Control Control 73 0 0 negative 0 negative 

10 Control Control 80 3 2 negative 0 negative 
11 Control Control 81 1 0 negative 0 negative 
12 Control Control 81 2 0 negative 0 negative 
13 Control Control 80 1 1 negative 0 negative 
14 Control Control 93 3 1 negative 0 negative 

         15 AD AD 68 6 5 frequent 0 negative 
16 AD AD 96 6 5 frequent 0 negative 
17 AD AD 91 6 5 frequent 0 negative 
18 AD AD 83 6 5 frequent 0 negative 
19 AD AD 78 6 5 frequent 0 negative 
20 AD AD 90 6 5 frequent 0 negative 
21 AD AD 89 6 5 frequent 0 negative 
22 AD AD 86 6 5 frequent 0 negative 
23 AD AD 92 6 5 frequent 0 negative 
24 AD AD 92 6 5 frequent 0 negative 
25 AD AD 81 6 5 frequent 0 negative 
26 AD AD 75 6 5 frequent 0 negative 
27 AD AD 84 6 5 frequent 0 negative 
28 AD AD 85 6 5 frequent 0 negative 
29 AD AD 93 6 5 frequent 0 negative 
30 AD AD 86 6 5 frequent 0 negative 
31 AD AD 84 6 5 frequent 0 negative 
32 AD AD 83 6 4 frequent 0 negative 
33 AD AD 77 6 5 frequent 0 negative 
34 AD AD 85 6 4 frequent 0 negative 

         35 PD PD 90 2 0 negative 4 limbic 
36 PD+MCI DLB 80 3 0 negative 6 neocortical 
37 DLB DLB 92 1 0 negative 5 limbic 
38 PDD DLB 86 1 3 negative 5 neocortical 
39 PD PD 70 2 0 negative 4 limbic 
40 DLB DLB 76 2 3 negative 4 limbic 
41 DLB DLB 78 3 4 moderate 6 neocortical 
42 DLB DLB+AD 79 6 5 frequent 6 neocortical 
43 PDD DLB+AD 77 6 5 frequent 6 neocortical 
44 DLB DLB+AD 78 6 5 frequent 4 limbic 
45 DLB DLB+AD 78 6 5 frequent 4 neocortical 
46 DLB DLB+AD 67 6 5 frequent 6 neocortical 
47 DLB DLB 81 3 4 moderate 6 neocortical 
48 DLB DLB 81 3 3 moderate 6 neocortical 
49 PDD DLB 76 3 1 negative 5 neocortical 
50 PDD DLB 83 4 5 moderate 6 neocortical 
51 DLB DLB 73 3 1 negative 6 neocortical 
52 DLB DLB+AD 78 5 4 frequent 6 neocortical 
53 DLB DLB 91 3 4 moderate 6 neocortical 
54 PD 

 
 
 
 
 

PD 83 3 3 negative 4 limbic 

 
 
 
 
 
 

 
 
 

      Cont: 
Mean (SD)  

  81.6 (9.58) 1.6 (1.0) 1.1 (1.0)  0.00 (0.00) 

 AD:  
Mean (SD) 

 
 

 84.9 (6.8) 6.0 (0.0) ** 4.9 (0.3)** 
 

 0.00 (0.00) 

 LB: Mean 
(SD) 

  79.9 (6.5) 3.6 (1.7) ** 3.00 (1.9)* 
 

 5.25 (0.9)** 
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Appendix 81 Cohort sample sizes following quality control. 

In total 173 brain samples and 6 paired blood samples from 54 individuals remained (Controls: n=14, Alzheimer’s disease: n=20, Lewy body 
disease: n=20).  

 

  Cerebellum Entorhinal cortex Frontal cortex Medulla Cingulate Blood Total within each 

disease cohort 

Controls 14 14 14 7 5 2 56 

Alzheimer disease 20 19 18 0 0 1 58 

Lewy body disease 20 20 0 17 5 3 65 

Total 54 53 32 24 10 6 179 
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Appendix 82 Sensitivity and specificity of each calling 
algorithm. 

Determined using HapMap CEPH cell lines NA12877 & NA12878 

VAF Caller Sensitivity Specificity 
0.2% Mutect 0.3158 0.9999 
0.5% Mutect 0.8070 1.0000 
1.0% Mutect 0.9737 1.0000 
2.0% Mutect 0.9825 1.0000 
5.0% Mutect 1.0000 1.0000 
0.2% Mutect and Varscan (concordant call) 0.2544 1.0000 
0.5% Mutect and Varscan (concordant call) 0.7807 1.0000 
1.0% Mutect and Varscan (concordant call) 0.9386 1.0000 
2.0% Mutect and Varscan (concordant call) 0.9474 1.0000 
5.0% Mutect and Varscan (concordant call) 1.0000 1.0000 
0.2% Mutect or Varscan 0.5614 0.9998 
0.5% Mutect or Varscan 0.9298 1.0000 
1.0% Mutect or Varscan 0.9825 1.0000 
2.0% Mutect or Varscan 1.0000 1.0000 
5.0% Mutect or Varscan 1.0000 1.0000 
0.2% Varscan 0.5000 0.9998 
0.5% Varscan 0.9035 1.0000 
1.0% Varscan 0.9474 1.0000 
2.0% Varscan 0.9649 1.0000 
5.0% Varscan 1.0000 1.0000 
0.2% deepSNV 0.1579 1.0000 
0.5% deepSNV 0.5965 1.0000 
1.0% deepSNV 0.7368 1.0000 
2.0% deepSNV 0.9298 1.0000 
5.0% deepSNV 1.0000 1.0000 
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Appendix 83 Bioinformatic workflow. 

The work-flow for the ACE platform can be seen in the top portion of the figure moving down (identified on the left), and the HaloplexHS pipeline from the 
bottom up. Green arrows indicate the process, yellow boxes - the bioinformatics programmes used, blue boxes - file outputs, pink boxes -  methods. In 
summary, ACE platform alignment and processing: (1) Trimming of the raw paired-end reads (Trim Galore 
http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) with default settings. Three base pairs (bp) were removed from the 3' end of both paired 
reads after adapter/quality trimming has been performed.  (2) Individual read groups were aligned to GRCh37 human genome by Burrows-Wheeler Aligner 
(BWA (v0.7.12)). (3) Aligned reads were indexed and sorted with Samtools (v1.3). (4) Duplicate reads were marked by Picard (v1.130) 
(https://github.com/broadinstitute/picard). (5) Genome Analysis Toolkit (v3.5) was used to recalibrate base quality scores and perform local realignment 
around known insertions and deletions. Haloplex platform alignment and processing: (1) As the HaloPlexHS protocol uses a different vector adding an extra 
base to the adapter, this base was removed from the beginning of raw read 2. Both the read 1 adapter 
(GAGATCGGAAGAGCACACGTCTGAACTCCAGTCAC) and read 2 adapter (AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT) were trimmed 
using Trim Galore. (2) Three base pairs (bp) were removed from both 3' end of paired reads and 5’ end of paired reads after adapter/quality trimming, and 
individual read groups were aligned to GRCh37 human genome by Burrows-Wheeler Aligner (BWA (v0.7.12)). (3) Aligned reads were indexed and sorted 
with Samtools(v1.3)(Li and Durbin 2009). (4) AgilentMBCDedup (http://www.genomics.agilent.com/en/NGS-Data-Analysis-Software/AgilentMBCDedup-
Tool/?cid=AG-PT-154&tabId=prod2510002) was used to process the Molecular Barcode (MBC) information of HaloPlexHS, and functions to tag read pairs 
in a bam/sam file with their MBC sequences read out of the index 2 FASTQ files, and mark MBC duplicates from that sam/bam file. (5) Genome Analysis 
Toolkit (GATK v3.5) was used to recalibrate base quality scores and perform local realignment around known insertions and deletions.(6) BAM files were 
analysed for coverage depth QC using bedtools (v 2.25) to calculate the depth per base and the histogram of coverage from the target regions using custom 
scripts. Key: BWA – Burrow Wheeler Aligner, GATK – Genome Analysis Tool Kit, FM – Focal Mutation, MRM – Multiple Region Mutation, VCF – 
Variant Calling Format, VAF – Variant Allele Frequency. 
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Appendix 84 Somatic variants detected within the study. 

Gene, and base position (in GrCh37 build) are described, together with the relative minor allele frequency within the ExAC and ESP6500 server. Four in-
silico prediction tools for pathogenicity are also shown (SIFT (Kumar, Henikoff et al. 2009), LRT (Chun and Fay 2009), MutPred (Li, Krishnan et al. 
2009) and CADD (Kircher, Witten et al. 2014)) are also shown. Right: relevant clinical data for the specified variant. Both case number relating to the 
specific case (Appendix 77), the mutation class (Single Region Mutations, SRM; or Multiple Region Mutations, MRM), and whether the variant was 
sequenced at not present (red) or sequenced and present (blue).  Grey boxes signify that the region was not sequenced. 
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Case EIF4G1 3 184052604 G A NS . . 0.1 T 0 D 1 D 21.8 28 AD F             
Case LRRK2 12 40709048 G A S . . . . . . . . . 24 AD F             
Case NOTCH3 19 15276289 C T NS 0.00000830 . 0 D 0.007 N 1 D 28.2 45 LB F             
Case SETX 9 135206659 C A I . . . . . . . . . 34 AD F             
Case SORL1 11 121421298 C T NS 0.00000827 . 0.03 D 0 D 1 D 22 9 Cont F             
Case UCHL1 4 41262768 C T S 0.00002471 0.00008 . . . . . . . 17 AD F             
Case VPS35 16 46705662 G A S . . . . . . . . . 18 AD F             
Case TAF15 17 34171702 A C S 0.00001069 . . . . . . . . 12 Cont MRM             
Control ARAF X 47424757 T A UTR . . . . . . . . . 51 LB F             
Control BRCA1 17 41234513 C T NS 0.00000824 . 0.05 D 0.015 N 1 D 18.54 41 LB F             
Control BRCA2 13 32950860 C T NS 0.00004970 0.00008 0.22 T 0.513 N 1 N 11.47 46 LB F             
Control DNMT3A 2 25464529 C T NS 0.00000839 . 0 D 0 D 1 D 36 49 LB F             
Control ERBB2 17 37882110 C T I 0.00010000 . . . . . . . . 34 AD F             
Control PDGFRB 5 149497364 A ATGGC FSI . . . . . . . . . 17 AD F             
Control RET 10 43597857 C T S 0.00020000 0.00050 . . . . . . . 7 Cont F             
Control ROS1 6 117724357 C T S 0.00007415 . . . . . . . . 34 AD F             
Control ROS1 6 117678995 T C NS . . 0.71 T 0.36 N 1 D 6.403 35 LB F             
Control SYK 9 93607773 G A NS 0.00000824 . 0.18 T 0 D 1 D 28.5 53 LB F             
Control TET2 4 106158207 C T S 0.00003301 . . . . . . . . 18 AD F             
Control TET2 4 106155806 AT A FSD . . . . . . . . . 8 Cont F             
Control TET2 4 106190900 C T NS . . 0 D . . 1 D 28 8 Cont F             
Control TP53 17 7578281 G T NS . . 0 D 0 D 1 D 15.26 38 LB F             
Control TP53 17 7578410 T A NS . . 0 D 0.006 N 0.969 D 19.94 54 LB F             
Control DNMT3A 2 25461999 C G NS . . . . 0 D 1 D 33 29 AD MRM             
Control DNMT3A 2 25462012 G A NS 0.00001677 . 0.01 D 0 D 1 D 25.7 37 LB MRM             
Control DNMT3A 2 25467408 C T SSA 0.00003315 . . . . . 1 D 13.71 41 LB MRM             
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Control DNMT3A 2 25462017 T C NS 0.00000837 . 0 D 0 D 1 D 23.8 44 LB MRM             
Control DNMT3A 2 25457242 C T NS 0.00050000 0.00070 0.03 D 0 D 1 D 23.1 51 LB MRM             
Control DNMT3A 2 25463583 G A NS 0.00001649 . 0 D 0 D 1 D 23.7 51 LB MRM             
Control KDR 4 55963895 C T NS . . 0.47 T 0 D 1 D 36 22 AD MRM             
Control KMT2A 11 118378293 T G NS 0.00000827 . 0.54 T 0.183 N 1 N 7.474 5 Cont MRM             
Control TET2 4 106158219 A ATTTGA

CCGCTC 
FSI . . . . . . . . . 18 AD MRM             

Control TET2 4 106164068 G A NS . . 0 D . . 1 D 22 20 AD MRM             
Control TET2 4 106190811 G A S . . . . . . . . . 4 Cont MRM             
Control TET2 4 106182914 A G SSA . . . . . . 1 D 21.5 37 LB MRM             
Control TET2 4 106158372 A AC FSI . . . . . . . . . 50 LB MRM             
Control TET2 4 106158509 G A NS 0.00003322 . 0.27 T 0.032 N 1 D 21.7 20 AD MRM             
Control TP53 17 7578526 C T NS . . 0 D 0 D 1 D 25.4 31 AD MRM             
Control TP53 17 7578503 C T NS . . 0 D 0.016 N 0.995 D 13.43 54 LB MRM             
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Appendix 85 Annotation of the 39 variants detected. 

The mutation number, together with individual case number (Appendix 77), and brain region (or blood) are shown together with the amino-acid change are 
shown. In addition, the Variant Allele Frequency (VAF), together with the corrected p-vale for this variant compared against all other samples from other 
individuals and other samples in the same individual are shown. Finally, whether the same variant was previously detected by Jaiswal et al (Jaiswal, 
Fontanillas et al. 2014) , and the final variant classification (SRM=Single Regional Mutation, NP = Not Present, MRM = Multiple Region Variant) are shown. 
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1 Case 28 AD Cerebellum EIF4G1 3 184052604 G A p.A1375T 0.14% p > 0.05 p > 0.05 N NP 
1 Case 28 AD Entorhinal Cortex EIF4G1 3 184052604 G A p.A1375T 0.09% p > 0.05 p > 0.05 N NP 
1 Case 28 AD Frontal Cortex EIF4G1 3 184052604 G A p.A1375T 0.85% 3.16E-14 2.90E-06 N SRM 
2 Case 24 AD Cerebellum LRRK2 12 40709048 G A p.Q1591Q 0.12% p > 0.05 p > 0.05 N NP 
2 Case 24 AD Entorhinal Cortex LRRK2 12 40709048 G A p.Q1591Q 0.62% 7.76E-05 0.002614339 N SRM 
2 Case 24 AD Frontal Cortex LRRK2 12 40709048 G A p.Q1591Q 0.24% p > 0.05 p > 0.05 N NP 
3 Case 45 LB Cerebellum NOTCH3 19 15276289 C T p.R1902H 1.12% 6.10E-12 4.67E-09 N SRM 
3 Case 45 LB Entorhinal Cortex NOTCH3 19 15276289 C T p.R1902H 0.21% p > 0.05 p > 0.05 N NP 
3 Case 45 LB Medulla NOTCH3 19 15276289 C T p.R1902H 0.14% p > 0.05 p > 0.05 N NP 
3 Case 45 LB Cingulate NOTCH3 19 15276289 C T p.R1902H 0.18% p > 0.05 p > 0.05 N NP 
4 Case 34 AD Cerebellum SETX 9 135206659 C A . 0.02% p > 0.05 p > 0.05 N NP 
4 Case 34 AD Entorhinal Cortex SETX 9 135206659 C A . 0.60% 0.003016751 3.81E-13 N SRM 
4 Case 34 AD Frontal Cortex SETX 9 135206659 C A . 0.10% p > 0.05 p > 0.05 N NP 
5 Case 9 Cont Cerebellum SORL1 11 121421298 C T p.R729W 0.07% p > 0.05 p > 0.05 N NP 
5 Case 9 Cont Entorhinal Cortex SORL1 11 121421298 C T p.R729W 0.47% 0.00339433 0.000229225 N SRM 
5 Case 9 Cont Frontal Cortex SORL1 11 121421298 C T p.R729W 0.25% p > 0.05 p > 0.05 N NP 
5 Case 9 Cont Medulla SORL1 11 121421298 C T p.R729W 0.05% p > 0.05 p > 0.05 N NP 
6 Case 12 Cont Cerebellum TAF15 17 34171702 A C p.R464R 4.37% 1.09E-27 1.54E-06 N MRM 
6 Case 12 Cont Entorhinal Cortex TAF15 17 34171702 A C p.R464R 6.98% 9.07E-72 0.000840152 N MRM 
6 Case 12 Cont Frontal Cortex TAF15 17 34171702 A C p.R464R 7.35% 1.29E-61 5.32E-05 N MRM 
7 Case 17 AD Cerebellum UCHL1 4 41262768 C T p.I93I 1.56% 2.09E-23 8.32E-22 N SRM 
7 Case 17 AD Entorhinal Cortex UCHL1 4 41262768 C T p.I93I 0.09% p > 0.05 p > 0.05 N NP 
7 Case 17 AD Frontal Cortex UCHL1 4 41262768 C T p.I93I 0.07% p > 0.05 p > 0.05 N NP 
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8 Case 18 AD Cerebellum VPS35 16 46705662 G A p.R493R 0.03% p > 0.05 p > 0.05 N NP 
8 Case 18 AD Entorhinal Cortex VPS35 16 46705662 G A p.R493R 0.49% 4.64E-05 0.00024859 N SRM 
8 Case 18 AD Frontal Cortex VPS35 16 46705662 G A p.R493R 0.28% p > 0.05 p > 0.05 N NP 
9 Control 51 LB Cerebellum ARAF X 47424757 T A . 0.05% p > 0.05 p > 0.05 N NP 
9 Control 51 LB Medulla ARAF X 47424757 T A . 0.10% p > 0.05 p > 0.05 N NP 
9 Control 51 LB Entorhinal Cortex ARAF X 47424757 T A . 0.32% p > 0.05 p > 0.05 N NP 
9 Control 51 LB Blood ARAF X 47424757 T A . 0.78% 3.00E-09 3.50E-06 N SRM 
10 Control 41 LB Cerebellum BRCA1 17 41234513 C T p.G193E 0.07% p > 0.05 p > 0.05 N NP 
10 Control 41 LB Entorhinal Cortex BRCA1 17 41234513 C T p.G193E 0.63% p > 0.05 6.76E-05 N NP 
10 Control 41 LB Medulla BRCA1 17 41234513 C T p.G193E 2.50% 2.22E-18 3.46E-33 N SRM 
11 Control 46 LB Cerebellum BRCA2 13 32950860 C T p.R2896C 0.15% p > 0.05 p > 0.05 N NP 
11 Control 46 LB Entorhinal Cortex BRCA2 13 32950860 C T p.R2896C 0.61% 6.88E-05 2.95E-05 N SRM 
11 Control 46 LB Cingulate BRCA2 13 32950860 C T p.R2896C 0.07% p > 0.05 p > 0.05 N NP 
12 Control 29 AD Cerebellum DNMT3A 2 25461999 C G p.R580T 0.05% p > 0.05 p > 0.05 N NP 
12 Control 29 AD Entorhinal Cortex DNMT3A 2 25461999 C G p.R580T 0.55% 4.12E-11 2.78E-08 N MRM 
12 Control 29 AD Frontal Cortex DNMT3A 2 25461999 C G p.R580T 0.19% 0.037680238 p > 0.05 N MRM 
13 Control 37 LB Cerebellum DNMT3A 2 25462012 G A p.P576S 0.37% 0.001019881 p > 0.05 N MRM 
13 Control 37 LB Entorhinal Cortex DNMT3A 2 25462012 G A p.P576S 3.49% 3.37E-81 3.90E-39 N MRM 
13 Control 37 LB Medulla DNMT3A 2 25462012 G A p.P576S 7.23% 9.94E-186 9.61E-111 N MRM 
14 Control 41 LB Entorhinal Cortex DNMT3A 2 25467408 C T . 1.44% 2.53E-20 1.26E-09 N MRM 
14 Control 41 LB Medulla DNMT3A 2 25467408 C T . 4.91% 9.09E-63 1.68E-44 N MRM 
14 Control 41 LB Cerebellum DNMT3A 2 25467408 C T . 0.14% p > 0.05 p > 0.05 N NP 
15 Control 44 LB Cerebellum DNMT3A 2 25462017 T C p.N574S 0.26% p > 0.05 p > 0.05 N NP 
15 Control 44 LB Entorhinal Cortex DNMT3A 2 25462017 T C p.N574S 2.50% 3.09E-55 1.25E-40 N MRM 
15 Control 44 LB Cingulate DNMT3A 2 25462017 T C p.N574S 3.12% 7.72E-63 2.01E-59 N MRM 
16 Control 49 LB Cerebellum DNMT3A 2 25464529 C T p.A439T 0.08% p > 0.05 p > 0.05 N NP 
16 Control 49 LB Entorhinal Cortex DNMT3A 2 25464529 C T p.A439T 0.17% p > 0.05 p > 0.05 N NP 
16 Control 49 LB Medulla DNMT3A 2 25464529 C T p.A439T 0.50% 0.000115263 0.001837809 N SRM 
17 Control 51 LB Cerebellum DNMT3A 2 25457242 C T p.R659H 0.20% p > 0.05 p > 0.05 N NP 
17 Control 51 LB Entorhinal Cortex DNMT3A 2 25457242 C T p.R659H 1.44% 1.32E-14 1.62E-11 N MRM 
17 Control 51 LB Blood DNMT3A 2 25457242 C T p.R659H 3.02% 8.30E-39 1.85E-37 N MRM 
17 Control 51 LB Medulla DNMT3A 2 25457242 C T p.R659H 1.37% 1.07E-11 1.20E-10 N MRM 
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18 Control 51 LB Cerebellum DNMT3A 2 25463583 G A p.P477L 0.24% p > 0.05 p > 0.05 N NP 
18 Control 51 LB Entorhinal Cortex DNMT3A 2 25463583 G A p.P477L 0.98% 2.37E-18 2.63E-07 N MRM 
18 Control 51 LB Blood DNMT3A 2 25463583 G A p.P477L 10.58% 8.80E-220 4.99E-246 N MRM 
18 Control 51 LB Medulla DNMT3A 2 25463583 G A p.P477L 1.51% 5.75E-28 2.16E-17 N MRM 
19 Control 34 AD Cerebellum ERBB2 17 37882110 C T . 0.08% p > 0.05 p > 0.05 N NP 
19 Control 34 AD Entorhinal Cortex ERBB2 17 37882110 C T . 0.71% 0.000150048 4.29E-09 N SRM 
19 Control 34 AD Frontal Cortex ERBB2 17 37882110 C T . 0.04% p > 0.05 p > 0.05 N NP 
20 Control 22 AD Cerebellum KDR 4 55963895 C T p.E850K 0.52% 6.04E-05 p > 0.05 N MRM 
20 Control 22 AD Entorhinal Cortex KDR 4 55963895 C T p.E850K 0.81% 2.23E-09 p > 0.05 N MRM 
20 Control 22 AD Frontal Cortex KDR 4 55963895 C T p.E850K 1.50% 4.32E-16 3.24E-05 N MRM 
21 Control 5 Cont Cerebellum KMT2A 11 118378293 T G p.S3561A 0.04% p > 0.05 p > 0.05 N NP 
21 Control 5 Cont Entorhinal Cortex KMT2A 11 118378293 T G p.S3561A 0.49% 1.34E-05 0.000522044 N MRM 
21 Control 5 Cont Frontal Cortex KMT2A 11 118378293 T G p.S3561A 0.34% p > 0.05 0.044828901 N NP 
21 Control 5 Cont Medulla KMT2A 11 118378293 T G p.S3561A 1.26% 5.41E-17 8.33E-16 N MRM 
22 Control 17 AD Cerebellum PDGFRB 5 149497364 A ATGGC p.I985fs 0.64% p > 0.05 p > 0.05 N SRM 
22 Control 17 AD Entorhinal Cortex PDGFRB 5 149497364 A ATGGC p.I985fs 0.06% p > 0.05 p > 0.05 N NP 
22 Control 17 AD Frontal Cortex PDGFRB 5 149497364 A ATGGC p.I985fs 0.08% p > 0.05 p > 0.05 N NP 
23 Control 7 Cont Cerebellum RET 10 43597857 C T p.G135G 0.10% p > 0.05 p > 0.05 N NP 
23 Control 7 Cont Entorhinal Cortex RET 10 43597857 C T p.G135G 0.19% p > 0.05 p > 0.05 N NP 
23 Control 7 Cont Frontal Cortex RET 10 43597857 C T p.G135G 0.96% 3.32E-07 6.59E-10 N SRM 
23 Control 7 Cont Medulla RET 10 43597857 C T p.G135G 0.07% p > 0.05 p > 0.05 N NP 
24 Control 35 LB Cerebellum ROS1 6 117678995 T C p.I1276V 0.04% p > 0.05 p > 0.05 N NP 
24 Control 35 LB Entorhinal Cortex ROS1 6 117678995 T C p.I1276V 0.09% p > 0.05 p > 0.05 N NP 
24 Control 35 LB Blood ROS1 6 117678995 T C p.I1276V 0.56% 9.90E-06 1.75E-05 N SRM 
24 Control 35 LB Medulla ROS1 6 117678995 T C p.I1276V 0.08% p > 0.05 p > 0.05 N NP 
25 Control 34 AD Cerebellum ROS1 6 117724357 C T p.A174A 0.94% 1.42E-15 1.54E-13 N SRM 
25 Control 34 AD Entorhinal Cortex ROS1 6 117724357 C T p.A174A 0.12% p > 0.05 p > 0.05 N NP 
25 Control 34 AD Frontal Cortex ROS1 6 117724357 C T p.A174A 0.21% p > 0.05 p > 0.05 N NP 
26 Control 53 LB Cerebellum SYK 9 93607773 G A p.A159T 0.50% 0.000311436 0.00137584 N SRM 
26 Control 53 LB Entorhinal Cortex SYK 9 93607773 G A p.A159T 0.07% p > 0.05 p > 0.05 N NP 
26 Control 53 LB Medulla SYK 9 93607773 G A p.A159T 0.21% p > 0.05 p > 0.05 N NP 
27 Control 4 Cont Cerebellum TET2 4 106190811 G A p.K1363K 0.24% p > 0.05 p > 0.05 N NP 
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27 Control 4 Cont Entorhinal Cortex TET2 4 106190811 G A p.K1363K 3.63% 2.83E-54 1.19E-38 N MRM 
27 Control 4 Cont Frontal Cortex TET2 4 106190811 G A p.K1363K 2.87% 1.04E-37 1.46E-28 N MRM 
27 Control 4 Cont Medulla TET2 4 106190811 G A p.K1363K 8.38% 4.70E-139 2.49E-108 N MRM 
28 Control 8 Cont Cerebellum TET2 4 106155806 AT A p.D236fs 0.03% p > 0.05 p > 0.05 N NP 
28 Control 8 Cont Entorhinal Cortex TET2 4 106155806 AT A p.D236fs 0.09% p > 0.05 p > 0.05 N NP 
28 Control 8 Cont Blood TET2 4 106155806 AT A p.D236fs 0.87% NA NA N SRM 
28 Control 8 Cont Frontal Cortex TET2 4 106155806 AT A p.D236fs 0.11% p > 0.05 p > 0.05 N NP 
28 Control 8 Cont Cingulate TET2 4 106155806 AT A p.D236fs 0.13% p > 0.05 p > 0.05 N NP 
29 Control 8 Cont Cerebellum TET2 4 106190900 C T p.T1393I 0% p > 0.05 p > 0.05 N NP 
29 Control 8 Cont Entorhinal Cortex TET2 4 106190900 C T p.T1393I 0.08% p > 0.05 p > 0.05 N NP 
29 Control 8 Cont Blood TET2 4 106190900 C T p.T1393I 0.50% 0.000516169 0.001211125 N SRM 
29 Control 8 Cont Frontal Cortex TET2 4 106190900 C T p.T1393I 0.10% p > 0.05 p > 0.05 N NP 
29 Control 8 Cont Cingulate TET2 4 106190900 C T p.T1393I 0.10% p > 0.05 p > 0.05 N NP 
30 Control 18 AD Cerebellum TET2 4 106158207 C T p.H1036H 0.84% 1.51E-10 2.30E-08 N SRM 
30 Control 18 AD Entorhinal Cortex TET2 4 106158207 C T p.H1036H 0.06% p > 0.05 p > 0.05 N NP 
30 Control 18 AD Frontal Cortex TET2 4 106158207 C T p.H1036H 0.04% p > 0.05 p > 0.05 N NP 
31 Control 18 AD Cerebellum TET2 4 106158219 A ATTTGA

CCGCTC 
p.L1040fs 0.17% p > 0.05 p > 0.05 N NP 

31 Control 18 AD Entorhinal Cortex TET2 4 106158219 A ATTTGA
CCGCTC 

p.L1040fs 2.71% NA NA N MRM 

31 Control 18 AD Frontal Cortex TET2 4 106158219 A ATTTGA
CCGCTC 

p.L1040fs 2.73% NA NA N MRM 

32 Control 20 AD Cerebellum TET2 4 106158509 G A p.G1137D 0.15% p > 0.05 p > 0.05 N NP 
32 Control 20 AD Entorhinal Cortex TET2 4 106158509 G A p.G1137D 1.49% 1.55E-06 5.35E-13 N MRM 

32 Control 20 AD Blood TET2 4 106158509 G A p.G1137D 17.85% P<1E-100 1.30E-304 N MRM 

32 Control 20 AD Frontal Cortex TET2 4 106158509 G A p.G1137D 0.56% p > 0.05 p > 0.05 N NP 
33 Control 20 AD Cerebellum TET2 4 106164068 G A p.V1163I 0.01% p > 0.05 p > 0.05 N NP 
33 Control 20 AD Frontal Cortex TET2 4 106164068 G A p.V1163I 0.51% p > 0.05 1.93E-06 N NP 
33 Control 20 AD Entorhinal Cortex TET2 4 106164068 G A p.V1163I 1.64% 6.25E-11 2.95E-28 N MRM 

33 Control 20 AD Blood TET2 4 106164068 G A p.V1163I 17.38% <1E-100 <1E-100 N MRM 

34 Control 37 LB Cerebellum TET2 4 106182914 A G . 0.49% p > 0.05 p > 0.05 N NP 
34 Control 37 LB Entorhinal Cortex TET2 4 106182914 A G . 4.97% 2.54E-23 2.19E-33 N MRM 

34 Control 37 LB Medulla TET2 4 106182914 A G . 8.30% 9.82E-45 1.59E-60 N MRM 



 428 

M
utation num

ber 

C
ase / C

ontrol gene 

C
ase num

ber 

C
ohort 

R
egion 

G
ene 

C
hr 

B
ase Position 

R
ef allele 

A
lt allele 

A
m

ino-acid change 

V
A

F (%
) 

deepSN
V

 vs all 
other cases 

(corrected p-value) 

deepSN
V

 vs other 
regions (corrected p-

value) 

Previously identified 
as clonal 

haem
atopetic 

variant 

V
ariant 

classification 

35 Control 50 LB Cerebellum TET2 4 106158372 A AC p.T1091fs 0.15% NA NA N NP 
35 Control 50 LB Entorhinal Cortex TET2 4 106158372 A AC p.T1091fs 1.15% NA NA N MRM 

35 Control 50 LB Medulla TET2 4 106158372 A AC p.T1091fs 2.69% NA NA N MRM 

36 Control 31 AD Cerebellum TP53 17 7578526 C T p.C3Y 0.10% p > 0.05 p > 0.05 N NP 
36 Control 31 AD Entorhinal Cortex TP53 17 7578526 C T p.C3Y 1.57% 2.62E-33 3.50E-26 N MRM 

36 Control 31 AD Frontal Cortex TP53 17 7578526 C T p.C3Y 0.68% 6.79E-05 1.69E-05 N MRM 

37 Control 38 LB Cerebellum TP53 17 7578281 G T p.P58T 0.06% p > 0.05 p > 0.05 N NP 
37 Control 38 LB Entorhinal Cortex TP53 17 7578281 G T p.P58T 0.07% p > 0.05 p > 0.05 N NP 
37 Control 38 LB Blood TP53 17 7578281 G T p.P58T 0.27% p > 0.05 p > 0.05 N NP 
37 Control 38 LB Medulla TP53 17 7578281 G T p.P58T 0.78% 4.58E-11 4.70E-10 N SRM 
38 Control 54 LB Cerebellum TP53 17 7578410 T A p.R42W 0.05% p > 0.05 p > 0.05 N NP 
38 Control 54 LB Entorhinal Cortex TP53 17 7578410 T A p.R42W 0.46% 7.99E-07 4.82E-05 N SRM 
38 Control 54 LB Medulla TP53 17 7578410 T A p.R42W 0.21% p > 0.05 p > 0.05 N NP 
39 Control 54 LB Cerebellum TP53 17 7578503 C T p.V11M 0.08% p > 0.05 p > 0.05 N NP 
39 Control 54 LB Entorhinal Cortex TP53 17 7578503 C T p.V11M 0.86% 1.41E-14 1.07E-13 N MRM 
39 Control 54 LB Medulla TP53 17 7578503 C T p.V11M 1.75% 3.15E-33 1.75E-30 N MRM 
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Appendix 86 Mutational signatures of somatic mutations 
identified. 

Comparison of the Pearson correlation product moment correlation coefficient values (r2) 
between the 21 different mutational signatures observed in cancer as determined by 
Alexandrov et al(Alexandrov, Nik-Zainal et al. 2013), and the mutational signatures seen in 
both Single Regional Mutations (SRMs) and Multiple Regional Mutations (MRMs) in our 
study.  

 

Mutational signature 
from Alexandrov et al 

Focal mutation (r2 
value) MRM (r2 value) 

      
Signature1A 0.617813 0.153022 
Signature1B 0.5608662 0.2580154 
Signature2 0.05990177 0.1291803 
Signature3 -0.1655428 0.08372614 
Signature4 -0.04539417 -0.07720455 
Signature5 0.1114828 0.2058733 
Signature6 0.6615663 0.1960743 
Signature7 0.1259546 0.2942886 
Signature8 0.1418824 -0.05672829 
Signature9 -0.06170881 -0.1156328 
Signature10 0.2350385 -0.04068971 
Signature11 0.05486709 0.3558389 
Signature12 -0.06881005 0.04614821 
Signature13 0.01351007 0.03222178 
Signature14 0.428101 0.2307443 
Signature15 0.6327862 0.2275191 
Signature16 -0.064039 0.02431248 
Signature17 -0.01968848 -0.01370575 
Signature18 0.006402309 -0.08938579 
Signature19 0.1848091 0.2813491 
Signature20 0.08050852 0.07071721 
Signature21 0.01208709 0.08217952 
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Appendix 87 Mathematical models of somatic mutagenesis in neurodevelopment. 

(a-c) Branching process model of neurodevelopment. (a) We idealise the cell as consisting of two chromosomes, one from each parent. We 
only consider the 132617 bp of the case genes. During division each strand is copied. To illustrate this, strands are labelled with integers and 
new strands are labelled with a new integer. Neurodevelopment is modelled to begin with a single founder cell, the generation number 
beginning at i	= 0. Consider in this example a copying error which generates a SNV in strand 7 whilst copying strand 2 at generation 
!∗ = ! = 0. Strand 7 is subsequently copied in the following generation to create a heterozygous mutant. Thus, a mutation occurring during 
copying at generation !∗ = 0 causes 1 in 4 daughters at generation i	= 2 (and all subsequent generations) to harbour a heterozygous mutant. 
In general, the relative region size (f) may be expressed in terms of the mutant generation number as ! = 2! !∗!!  . (b) Simulation strategy 
for approximate Bayesian computation of mutation rate. In this illustrative example, assume that the human brain consists of 2! cells and 3 
samples (s1, s2 and s3) of 11 cells are taken from the brain. We may assign integer labels to cells from left to right for a given generation 
number (z	∈	[1,2!] for integer z), giving each cell in the lineage a unique coordinate (z,i). Given the coordinates of the sampled cells, we only 
wish to simulate mutation events in the lineage of parents which give rise to sampled cells: these are the cells which lie on or between the 
coloured boundaries. For instance, at generation i	= 1, we must simulate mutations for both cells z	= 1 and z	= 2. However, cell (3,2) 
(circled) has no influence over the sampled cells, and therefore does not need to be simulated. Cells in the final generation (i	= 6 in this case) 
form the adult brain and are not replicated. Replication of cells in the penultimate generation cannot give rise to heterozygous mutants on 
both strands of DNA (see a), and therefore may also be neglected (grey shaded region) since mutations were checked for their presence on 
the reverse strand. Thus, in this example, we need only consider cells with i	≤	4. (c) Multimodality in the distribution of total pathological 
mutations per individual is driven by the largest pathological region per individual. Correlation between the largest pathological region over 
all mutations i, for individuals j, and the total number of pathological mutations per individual (grey point for each individual), overlaid with 
the distribution of total pathological mutations per individual. The number of cells corresponding to regions seeded at generation !∗ = 
8,9,…,13 are shown in grey. At fixed !∗, e.g. !∗ = 11, for individuals whose largest mutant region occurred at !∗ = 12 (corresponding to 
!"#! !  = −13, see A), the width of the corresponding mode of the distribution of total pathological mutations is small relative to the 
number of mutant cells associated with e.g. mutations seeded at !∗ = 12. Hence, individuals with a mutation seeded at !∗ = 12 have 
sufficiently more pathologically mutated cells to induce a separate mode. (d-j) Constant region size model of neurodevelopment. (d) We use 
a simplified model of mutagenesis in the brain, where the brain consists of independent ‘regions’ of relative size f, where f	is an unknown 
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constant. (i) Each region (small square) has an independent probability of being homogeneously mutated in any of the case genes (pm, red 
square), with the number of mutated regions being binomially distributed. (ii) We model the measurement process as each sample (black 
circle) being an independent trial, with the number of samples being positive for a mutation as binomially distributed. (e) The marginal 
posterior distribution of pm is constrained by the data to be pm = 0.024–0.11 (95% B.C.I.). Displaying the analytic posterior distribution if pm 
is treated independently of f	(solid black line), and the maximum a posteriori estimate (MAP) (pm)MAP = 6∕119 (dotted black line). This is 
supported by the lack of covariation observed between pm and f	 (see (I)). (f) The marginal posterior distribution of f	 is not strongly 
constrained by the data, with f	= 5.7 ×	10!!–0.11 (95% B.C.I.), although support reduces markedly as f	→	1. (g) However, the mean number 
of mutated regions per individual (⟨x⟩	= pm∕f) is constrained strongly enough such that the lower bound of ⟨x⟩≈	1 (⟨x⟩	= 0.942 ±	6.6 ×	10!!, 
5th percentile of approximate posterior ±	error. The assigned error was determined by splitting the posterior samples into 10 subsets of equal 
size, and taking the sample standard deviation of the 5th percentile of each subset). This means that individuals have, on average, at least ∼	1 
mutant region, but potentially many more. (h) Using the probability that a region is pathologically mutated  ( = 298 ∕	132617 = the number 
of pathological SNVs across the case genes), the number of pathologically mutated neurons per individual may be simulated. 37% of 
simulated individuals had zero pathologically mutated cells  (corresponding to when                     (see J), but those that did tended to have ∼	
10! mutated neurons. ⟨Np⟩	 = 1.7 ×	10! (black dotted, see Mathematical Supplement (Appendix 86) for derivation), which is in good 
agreement with Fig. 4E. (i) Joint distribution of pm and !"#!" !  shows that pm and f	are well-approximated as being independent. (j) (e) 
shows that 41% of simulated individuals had zero pathologically mutated cells. For these individuals, we may plot the posterior distribution 
of relative region sizes, i.e. P((!"# !"(!)|Np = 0,ρ(Sm(D),Sd(D)) = 0)). The support decays when                                              =1.7 ×	10! 
(black dotted line). This is the limit that the mean number of pathologically mutated regions per individual is much less than 1, i.e. ⟨Ỹ⟩≪	1, 
where Ỹ is defined in Eq.(28) of Mathematical Supplement (Appendix 88).  
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Appendix 88 Mathematical supplement for somatic 
mutagenesis. 
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