
i 
 

 

 

 

 

Clinical Whole Genome Sequencing in 

Early Onset Dementia and Genomic 

Modifiers of APOE 4/4 Risk 
 

 

 

 

Presented by 

 

Aamira Jabeen Huq 

 

ORCID 0000-0003-2341-2932 

 

Submitted in total fulfilment of the requirements of the degree of 

 

Doctor of Philosophy 

 

July 2021 

 

 

 

Faculty of Medicine, Dentistry and Health Sciences 

 

The University of Melbourne 

 

 

 

 

 

 

 



ii 
 

Abstract 

 
Background 

 

When a genetic cause is suspected in a person with dementia, it creates unique diagnostic and 

management challenges to the clinicians. Even in specialised neurogenetics clinics, these 

patients and their families face significant delays in diagnosis. The main cause for this delay 

is the incremental nature of the genetic tests performed in these clinics. This is due to the lack 

of a single, comprehensive genetic test that could identify the different types of genetic 

variants associated with dementia. Another problem in dementia genetics is the inability to 

predict the risk of Alzheimer disease (AD) in people with the APOE  genotype, despite 

it being a well-known high-risk genotype. The diversity in cognition among APOE 4 

homozygotes can range from early-onset AD to a lifetime with no symptoms. Identifying the 

modifiers of such variation will enable further refinement of risk prediction for people with 

this genotype. This thesis describes two main studies. First is a study that explores the clinical 

impact of whole genome sequencing (WGS) in patients with early onset dementia (EOD). 

The second study investigates the modifying effect of genomic factors, including a polygenic 

risk score (PRS), between APOE  participants with EOD (onset <65 years) and elderly 

(aged >75 years) who have escaped AD despite their high-risk genotype and advanced age.  

 

Methods 

 

WGS analysis was performed in 50 patients with EOD, exploring point mutations, small 

insertions and deletions using a targeted panel of 117 genes, followed by a “Mendeliome” 

approach with a broad range of Mendelian disease genes, not included in the targeted panel. 

Structural variants (SV) as well as short tandem repeats (STR) were also analysed. A 

polygenic hazard score (PHS) was calculated in patients with AD. 

 



iii 
 

In order to examine the APOE  genomic modifiers, first, a systematic review was 

conducted to search the literature for evidence of any genetic modifiers already published. As 

no clear answers could be deduced from the literature, a novel phenotypic extremes study 

was designed to examine the modifying effect of a PRS between cognitively healthy APOE 

4 homozygotes aged ≥75 years (n=213) and early-onset APOE 4 homozygote AD cases 

aged ≤65 years (n=223). 

 

Results 

 

Through the WGS study of EOD patients, clinically diagnostic pathogenic variants were 

identified in 7/50 (14%) of the patients, with a further eight patients (16%) found to have 

established risk factors which may have contributed to their EOD. All relevant variants were 

in the targeted set of genes with no additional findings through the Mendeliome approach. 

Two of the clinically diagnostic variants were identified through SV analysis. No pathogenic 

expanded STRs were found in this study cohort, but a blinded analysis with a positive control 

identified a C9orf72 expansion accurately. PHS results in AD patients indicated that ~47% 

(9/19) had a PHS equivalent to >90th percentile risk. 

 

Although fifteen studies met the inclusion criteria for the systematic review of APOE  

modifiers, only two SNPs (CASP7 rs10553596 and SERPINA3 rs4934-A/A) had sufficient 

evidence towards risk modification/resilience in APOE  homozygote participants. The 

CASP7 rs10553596 deletion variant was not captured in the genotyping platforms used in the 

phenotypic extremes participants and could not be imputed reliably and therefore was not 

analysed. The frequency of the SERPINA3 rs4934-A/A variant was not different between the 

extreme phenotypic cases and controls. The phenotypic extremes PRS study demonstrated 
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that the PRS for AD was significantly higher in APOE 4 homozygote AD cases compared 

with older cognitively healthy APOE 4/4 controls (OR 8.39; CI 2.0 to 35.2; p=0.003).  

 

 

Conclusions 

 

The clinical whole genome study showed that WGS can act as a single genetic test to identify 

different types of clinically relevant genetic variations in patients with EOD. WGS, if used as 

a first-line clinical diagnostic test, has the potential to increase the diagnostic yield and 

reduce time to diagnosis for EOD. The APOE  extremes phenotyping study has 

identified a risk modifying PRS, comprised of common AD associated variants, that could 

explain the variability in clinical presentation in people with APOE . Larger studies are 

needed to further validate both the WGS and modifying PRS results. Moreover, qualitative 

studies and cost-effectiveness analysis are needed to understand how these results would 

impact patients with dementia in the “real-world” setting.  
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All water has a perfect memory and is forever trying to get back to where it 

was*. 
 

-Toni Morrison 

 

 

 

 

 

 
 

 

 

 

*This work is dedicated to those with dementia and their families, who, like the water are 

forever trying to return to the state where their perfect memories existed.  
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CHAPTER 1: GENERAL INTRODUCTION AND OVERVIEW OF 

THESIS STRUCTURE 

 

 

INTRODUCTION 

 
The term “dementia” was most likely coined by Philippe Pinel, known as the father of 

modern Psychiatry, in 1797 [1, 2]. It stems from the Latin root words de (out of) and mens 

(mind) [3]. Previously considered part of normal ageing, this condition of diminishing mental 

faculties was not recognized as a disease entity until the 19th century [1, 4]. 

 

Dementia involves decline in one or more cognitive domains which include complex 

attention, executive function, learning and memory, language, perceptual-motor function and 

social cognition [5]. A diagnosis of dementia is considered when there is progressive 

regression from a person’s previous level of function and this regression is severe enough to 

hinder their activities of daily living. Although renamed major neurocognitive disorder 

(NCD) in the Diagnostic and Statistical Manual of Mental Disorders – fifth edition (DSM V), 

the term dementia is more commonly used [5]. Milder cognitive decline, previously termed 

mild cognitive impairment (MCI), is now termed mild neurocognitive disorder (NCD) in 

DSM V. Unless specifying the DSM V criteria, the term dementia will be used and not NCD 

in this thesis. 

 

 

MAGNITUDE OF THE PROBLEM OF DEMENTIA 

 

Dementia is a significant problem that affects not only the individual suffering from the 

disease, but also the family members, caregivers, healthcare systems and communities. The 

2015 World Alzheimer Report indicated that over 46 million people lived with dementia 

worldwide, with one new case of dementia being added every 3.2 seconds and estimated that 
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131.5 million people will be affected by 2050. The incidence of dementia increases 

exponentially with age: 3.9 per 1000 person-years at age 60-64 to 104.8 per 1000 person 

years at age 90+ [6]. With an increasingly ageing population, this problem is expected to 

worsen over time [7]. 

 

It is estimated that currently (2021) in Australia, ~472,000 people are living with dementia 

and it is projected that these figures will increase to 1,076,000 people by 2058 [8]. Dementia 

causes significant morbidity, mortality, decrease in productivity and increase in healthcare 

costs. The financial burden on healthcare systems from dementia is more than what is caused 

by cancer, cardiovascular disease and stroke combined [9]. A Danish study published in 2016 

showed that an average of 2082 euros were spent on each individual with dementia per year 

for an average of 11 years before a diagnosis was made. This increased to 4544 euros per 

individual per year after diagnosis [10]. Patients aged 71 years on average (range 63.8 years 

to 81.2 years) with dementia suffer a 30% mortality rate and 73% nursing home admission 

rate over a period of five years, rising to 44% and 84% respectively over seven years, 

compared to <10% mortality rate and <5% nursing home admission rate in age matched 

controls  [11]. In a study of incident dementia in people aged >75 years, the relative risk of 

dying after dementia was 2.4 (95% CI=1.6-3.6) after adjusting for age, sex, education, 

comorbidity and institutionalization [12]. In a German study of people with dementia aged 

>75 years 84% of patients remained at home six months after a diagnosis of dementia, which 

decreased drastically to 19% within six years of the diagnosis [13]. A UK based study 

showed that ~25% of hospital beds in UK accommodate someone with dementia [14].
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DEMENTIA SUBTYPES 

 
Dementia is an umbrella term that includes many heterogeneous subtypes with a common 

denominator of progressive regression of cognition in one or more domains [15, 16]. The 

DSM V criteria [5] categorise dementia (termed neurocognitive disorders as per DSM V) into 

the following subtypes: 

 

• Alzheimer disease  

• Frontotemporal neurocognitive disorder 

• Neurocognitive disorder with Lewy bodies 

• Vascular neurocognitive disorder 

• Neurocognitive disorder due to traumatic brain injury 

• Substance/medication-induced neurocognitive disorder 

• Neurocognitive disorder due to human immunodeficiency virus (HIV) infection 

• Neurocognitive disorder due to prion disease 

• Neurocognitive disorder due to Parkinson disease 

• Neurocognitive disorder due to Huntington disease 

• Neurocognitive disorder due to another medical condition  

• Neurocognitive disorder due to multiple aetiologies 

• Unspecified neurocognitive disorder 

 

The neuropathology behind each of these subtypes is different, although it seldom occurs in a 

pure form, with mixed pathologies most commonly seen [17]. Some of these conditions have 

a pure genetic basis (e.g., early onset familial Alzheimer disease, frontotemporal dementia, 

Huntington disease), some have a mixture of genetic predispositions and environmental / 
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lifestyle related causes (e.g., later onset polygenic Alzheimer disease, traumatic brain injury 

related dementia), some others have infectious causes (e.g., HIV infection) and others have 

mixed aetiologies. Understanding the pathological signatures and molecular pathways that 

cause the disease have resulted in several fascinating discoveries leading to better 

understanding of the genetics underlying some of these disorders. The clinical features of 

each of these conditions vary based on the neuropathology as well as the regions of the brain 

affected [15]. 

 

The most common genetic dementia syndromes where the predominant clinical feature is 

dementia are Alzheimer disease (AD) (monogenic as well as polygenic forms), 

frontotemporal dementia (FTD) and dementia with Lewy bodies (DLB) [18]. Other 

conditions in the DSM-V list may have other presenting features and are not considered pure 

dementia syndromes, although dementia can concomitantly occur in these and many other 

syndromes. The clinical genetics aspects of dementia (mainly covering the pure dementia 

syndromes) are described in chapter 2. Below, I include an introduction to the clinical 

features and a brief overview of the neuropathology behind the genetic dementia syndromes. 

 

Alzheimer Disease: 

Alzheimer disease (AD) is the most common type of dementia with estimations that globally 

~46 million people had the disease in 2015 [19], with age standardized estimations indicating 

that ~5-7% of people in most developed countries have AD [19-24]. AD can have symptom 

onset <65 years when it is called early onset AD (EOAD) or have onset >65 years, when it is 

termed late onset AD (LOAD), although this age cut-off is arbitrary. EOAD forms ~5% of all 

AD [25]. The clinical features in both forms are very similar, although the aetiologies may 
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differ. Approximately 2% of AD has early onset and a Mendelian family history, indicating a 

strong monogenic (i.e. single gene) cause [25]. 

 

Clinical Features: 

The most common initial symptom in AD is a depressive illness and impairment of memory, 

particularly involving recent events (i.e., episodic memory), which is the domain of the 

hippocampus [26-28]. Memory of vocabulary (i.e., semantic memory), controlled by the 

anterior and inferior temporal lobes of the brain, is generally preserved until later in the 

disease [29]. Procedural memory, which is the function of the basal ganglia, cerebellum and 

the motor cortex is only affected in advanced stages [30]. Executive dysfunction and 

impaired problem solving generally follows the memory deficits [31, 32]. Patients may also 

display reduced insight into their deficits (anosognosia) [33-35] and exhibit psychotic 

features [36, 37]. Eventually, involvement of other cognitive domains occurs [31]. 

 

Atypical clinical presentations have also been recognised in a small proportion of patients 

[38, 39]. These may take the form of visual complaints due to progressive cortical visual 

impairment (posterior cortical atrophy) [38, 40-46] or early language deficits characterised 

primarily by word-finding pauses or paraphrasing/confabulating with preservation of memory 

in the initial stages (primary progressive aphasia) [47-51] or prominent executive dysfunction 

(frontal variant) [52, 53]. These atypical forms tend to occur more in those with a younger 

onset, especially those without an identifiable pathogenic genetic variant in currently known 

genes [54, 55] and are due to more prominent AD related neuropathology such as the 

amyloid plaques and neurofibrillary tangles (described below), occurring in brain areas 

associated with these neurocognitive domains [39, 40, 47, 56-58]. 
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Neuropathology: 

The most commonly accepted neuropathology in AD is excessive deposition of the 

neurotoxic form of amyloid, called amyloid  (), first described by Alois Alzheimer [3]. In 

1906, Alzheimer described the neuropathological features of Amyloid plaques and 

neurofibrillary tangles (NFTs) in his 51 year old patient Auguste Deter, with puzzling, young 

onset cognitive decline [3]. The plaques described by Alzheimer, have been studied 

extensively, and we now know that progressive microscopic deposition of -amyloid neuritic 

plaques is the predominant neuropathologic basis for AD [59-62]. Based on the observation 

of A on the surface of the neurons in the brains of patients with AD, the amyloid cascade 

hypothesis was proposed as the cause for the neurodegeneration [63, 64]. The amyloid 

cascade theory posits that presence of excessive toxic forms of amyloid on the cerebral 

surface, either due to increased production or due to decreased clearance, causes synaptic 

toxicity and damage [65, 66]. It also predicts that the amyloid plaques on the surface of 

neurons in brain interact with the NFTs within the neuronal cells to cause further neuronal 

damage [67]. 

 

It was also shown that  could be isolated from the cerebral vasculature of adult patients 

with Down syndrome (trisomy 21) with a hypothesis that the gene responsible for A may 

reside in chromosome 21 [68, 69]. Genetic gains in AD were made with the sequencing of 

the gene APP (OMIM 104760) by Kang et al. in 1987, which showed this gene to indeed be 

located in chromosome 21 [70]. A is part of the APP protein produced by the APP gene 

[71]. The complete protein product APP is cleaved in the brain by certain enzymes called the 

secretases comprised of ,  and -secretase (Figure 1.1) [72]. Once processed by 

 secretase, the residual APP protein product is most commonly cleaved by -secretase at the 

residue 40, producing the non-amyloidogenic amyloid -40 peptide. Cleavage can at times 
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occur at the residue 42 resulting in production of the amyloidogenic amyloid -42 peptide, 

which can deposit on the surface of the neurons in the brain and cause synaptic toxicity [72]. 

Pathogenic mutations in exon 16 and 17 of the APP gene interfere with this cleavage, 

resulting in overproduction of the longer isoforms of A [71, 73]. Similarly, duplications of 

APP cause overproduction of A and an imbalance between the production and clearance of 

amyloid -42 [74]. In 1995, the genes PSEN1 and PSEN2 were implicated in familial 

monogenic AD [75-77]. Gene products of both these genes are a part of the -secretase 

complex and hence pathogenic mutations in them compromise A cleavage and processing 

[78, 79]. 

 

 

Figure 1.1: Cleavage of APP into relatively non-amyloidogenic A-40 and 

amyloidogenic A-42 based on different sites of action of -secretase.  
APP: Amyloid Beta A4 Precursor Protein, NFT: Neurofibrillary tangles, A: Amyloid  
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Despite some controversy [80-82], and the negative/uninformative results from recent trials 

based on this theory [83-85], the amyloid cascade remains the most popular theory for AD 

causation, especially in the early onset monogenic forms driven by mutations in APP, PSEN1 

and PSEN2 [74]. In addition to the extracellular deposition of A, intracellular NFTs have 

also been observed in AD [86]. As per the amyloid cascade hypothesis, the NFTs, made up of 

hyperphosphorylated tau particles, occur downstream to A deposition and do not occur 

independent of A in AD [87]. However, the precise mechanism in which A and NFTs 

interact and cause neurodegeneration leading to AD still remains unknown. Although this 

theory could explain aspects of monogenic AD, the neuropathology of polygenic AD 

(typically, the older onset variety), still largely remains unknown, with a combination of 

many different mechanisms and pathways proposed [88]. 

 

Alzheimer Disease as a Monogenic and a Polygenic Disease: 

Approximately 5% of AD occurs in those with onset <65 years, with even a smaller 

proportion (~2%) displaying an autosomal dominant family history indicative of a monogenic 

cause in the family driven by mutations in APP, PSEN1 or PSEN2 [25]. The majority of AD 

occurs in the elderly population [89]. This type of AD is genetically as well as 

neuropathologically complex [90]. Whilst the monogenic forms of AD are driven by three 

genes (APP, PSEN1 and PSEN2) with well-defined molecular pathways, polygenic AD is 

thought to have varied molecular underpinnings with complex interactions with the 

environment [91]. As opposed to the other types of dementias, much is known about genomic 

risk factors and polygenic components of AD based on large genome wide association studies 

(GWAS) [88, 92-96]. Of the many genomic variants identified through GWAS to be 

associated with AD, the APOE  allele has the most substantial effect size, with odds ratios 
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(OR) of up to 4 in its heterozygous form and up to 14.9 in its homozygous form [97, 98]. 

Despite this statistical understanding, the biological reasons behind the increased risk posed 

by this variant is not well understood [99]. A more detailed description of the APOE gene and 

its risk variants is presented in chapter 3.  

 

Whilst APOE  seems to be the strongest risk factor in the polygenic forms of AD, multiple 

other single nucleotide polymorphisms (SNPs) have also been implicated, although the effect 

size of these individual SNPs is not as large as APOE  [93, 94, 96, 100, 101]. The 

molecular pathways that these variants influence are not well characterised, but have been 

proposed to span a wide range from cholesterol metabolism pathways to immune response, 

endocytosis and synaptic function [88, 94, 102-117]. 

 

Diagnostic Criteria: 

Diagnosis of “definite AD” can only be made on histopathological examination of the brain, 

generally undertaken post-mortem [118-120]. Diagnostic criteria have been proposed to 

clinically diagnose “probable AD” and “possible AD” in patients with cognitive decline. The 

National Institute on Aging and the Alzheimer's Association (NIA-AA) originally proposed 

criteria for diagnosis of probable as well as possible AD in in 1984 [121] and revised in 2011 

(Table 1.1) [31]. These criteria were deliberately kept general, without the need for 

sophisticated biomarker tests, to enable primary care physicians as well as clinicians without 

access to specialist investigations to be able to make a diagnosis. However, the authors do 

acknowledge that this compromises the specificity and encourage clinicians in tertiary 

settings to include biomarker investigations [122]. The Diagnostic and Statistical Manual of 

Mental Disorders version 5 (DSM-V) criteria are also popular for AD diagnosis (Table 1.1) 

and have been updated to include more cognitive domains [123].
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Table 1.1: Diagnostic criteria for AD 
NIA-AA Criteria for Probable AD Dementia 

Presence of cognitive decline AND the following 

1. Interference with ability to function at work or at usual activities; and 

2. Decline from previous levels of functioning and performing; and 

3. Not explained by delirium or major psychiatric disorder; and 

4. Cognitive impairment detected by 

a. History from patient or knowledgeable informant; and 

b. Bedside mental status examination or neuropsychological testing; and 

5. Cognitive or behaviour impairment of a minimum of two of the following domains 

a. Ability to acquire and remember new information 

b. Reasoning and handing of complex tasks, poor judgment 

c. Visuospatial abilities 

d. Language functions 

e. Changes in personality, behaviour, or comportment; and 

6. Insidious onset; and 

7. Clear-cut history of worsening; and 

8. The initial and most prominent cognitive deficits in one of the following categories 

a. Amnestic presentation: Impaired learning, recent recall 

b. Non-amnestic presentation:  

i. Language presentation: Word-finding difficulty + another domain 

ii. Visuospatial presentation: Spatial cognitive impairment + another domain 

iii. Executive dysfunction: Impaired reasoning, judgement, problem solving + 

another domain; and 

9. Absence of another substantial concomitant disorder affecting cognition 

NIA-AA criteria for possible AD dementia 

1. Atypical course: Above criteria met, but sudden onset or insufficient historical detail or 

objective documentation of decline 

2. Aetiologically mixed presentation: Above criteria met, but also evidence of another cerebral 

neurodegenerative or cerebrovascular disease 

DSM-V Criteria for Major Neurocognitive Disorder due to AD 

 

1. Evidence* of significant cognitive decline from a previous level of performance in one or more 

of the following cognitive domains 

a. Learning and memory 

b. Language 

c. Executive function 

d. Complex attention 

e. Perceptual motor function 

f. Social cognition; and 

2. The cognitive deficits interfere with independence in everyday activities. At a minimum, 

assistance should be required with complex instrumental activities of daily living, such as 

paying bills or managing medications; and 

3. The cognitive deficits do not occur exclusively in the context of a delirium; and 

4. The cognitive deficits are not better explained by another mental disorder (eg, major depressive 

disorder, schizophrenia); and 

5. There is insidious onset and gradual progression of impairment in at least two cognitive 

domains; and 

6. Either of the following: 

a. Evidence of a causative Alzheimer disease genetic mutation from family history or 

genetic testing; or 

b. All three of the following: 

i. Clear evidence of decline in memory and learning and at least one other 

cognitive domain; and 
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ii. Steadily progressive, gradual decline in cognition, without extended plateaus; 

and 

iii. No evidence of mixed aetiology (ie, absence of other neurodegenerative 

disorders or cerebrovascular disease, or another neurological, mental, or 

systemic disease or condition likely contributing to cognitive decline). 

* Based on: Concern of the individual, a knowledgeable informant, or the clinician that there has been a 

significant decline in cognitive function; and a substantial impairment in cognitive performance, 

preferably documented by standardized neuropsychological testing or, in its absence, another quantified 

clinical assessment 

Abbreviations: AD=Alzheimer Disease; NIA-AA= National Institute on Aging and the Alzheimer's 

Association; DSM-V= Diagnostic and statistical manual of mental disorders version 5 

 

 

Clinical Diagnosis: 

Clinical diagnosis, especially in tertiary referral centres, is done based on the above criteria, 

in addition to utilising extensive neuropsychological assessments and biomarker 

investigations, after excluding reversible causes first [124-129]. Brain magnetic resonance 

imaging (MRI) is used to exclude other pathology and may also reveal generalised or focal 

atrophy as well as reduced hippocampal volume and medial temporal lobe atrophy [57, 130-

133]. Functional neuroimaging studies using 18-F fluorodeoxyglucose positron emission 

tomography (FDG-PET) or single-photon emission computed tomography (SPECT) imaging 

may reveal hypometabolism or hypoperfusion in the hippocampus, mesial parietal lobes, 

lateral parietal lobes and posterior temporal lobes [133-139]. Positron emission tomography 

(PET) using tracers specific for A to determine the amyloid plaque density or tau to 

determine burden of NFTs is also used in some specific tertiary referral centres for AD 

diagnosis [140-145]. Cerebrospinal fluid (CSF) analysis for AD related biomarkers is also 

useful and may demonstrate low CSF −42 and elevated CSF total tau and phosphorylated 

tau [146, 147]. More recently, a high-performance plasma A biomarker has also become 

available [148]. Genetic testing aspects of AD are covered in the next chapter.
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Frontotemporal Dementia: 

Although he did not recognize it as a distinct disease entity, Arnold Pick, in the late 1800s, 

wrote and presented multiple papers on his observation of frontotemporal atrophy in the brain 

of patients with aphasia and a dementing process [149]. Subsequently recognised as Pick 

disease and now known as frontotemporal dementia (FTD) this subtype of dementia involves 

behavioural, personality and language dysfunction in the setting of degeneration of the frontal 

and/or temporal lobes [150]. Frontotemporal lobar degeneration (FTLD) is the 

neuropathological feature associated with this type of dementia [151]. 

 

FTD is more common in patients with onset of dementia <65 years, with incidence levels 

comparable to AD in this age group [152, 153]. A 2008 study of young onset dementia 

reported an incidence of 3.5 cases detected per 100,000 person years (compared with 

incidence of AD in the same group being 4.2 per 100,000 person years) in those with 

dementia onset <65 years [154]. 

 

Clinical Features: 

The median age of onset reported is between 57 and 59 years (range 33-80 years) [151, 155, 

156]. Three main clinical subtypes have been described which include behavioural variant 

FTD (bvFTD) and three forms of primary progressive aphasia (PPA) which include semantic 

variant PPA and non-fluent PPA [157].  

 

bvFTD is the most common subtype [151, 158]. Initial presentation in patients with bvFTD 

can take the form of disinhibition, apathy/loss of empathy, hyperorality, abnormal food 

preferences and unusual dietary changes or compulsive behaviours [159-163]. These patients 

lack insight into their behavioural changes [164, 165]. PPA predominantly involves language 
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impairment and may manifest as word finding difficulties, improper word usage, difficulty 

with comprehension of spoken or written language and regression in ability to write 

sentences, with relative preservation of episodic memory and other cognitive domains until 

later in the disease [166-168]. Non-fluent PPA is characterised by articulatory difficulty due 

to motor speech deficit [168]. Semantic PPA is distinguished by the patient’s inability to 

comprehend some words and difficulty with naming objects [167]. Although initially the 

clinical presentation may be restricted to language dysfunction, with progression of disease  

behavioural symptoms also emerge, with decline in episodic memory occurring in late stages 

[169]. bvFTD can also occur with motor syndromes such as motor neuron disease (MND) 

[170-173], corticobasal syndrome (CBS) [174-176] or progressive supranuclear palsy (PSP) 

[177-180]. 

 

Neuropathology: 

Approximately 50% of FTLD is due to abnormal intracellular inclusion bodies composed of 

hyperphosphorylated tau protein (FTLD-tau) [181]. The remaining half of FTLD, previously 

known as FTLD-ubiquitin (FTLD-U), is now identified to have either a 43 kilo Dalton TAR 

DNA binding protein (TDP-43) or FUS protein [182]. The tau protein is encoded by the gene 

MAPT [183]. Tau stabilizes microtubules and regulates intracellular organelle transport [184-

186]. Tau can occur in various isoforms, either composed of three amino acid repeat 

sequence (3R) or four amino acid repeat sequence (4R). In FTLD-tau, there is an imbalance 

between these two varieties [187]. FTLD-TDP is caused by abnormally phosphorylated TDP-

43 which can form abnormal intracellular inclusions [188-190]. Examples of single gene 

mutations where FTLD-TDP pathology have been observed include GRN [190, 191] and 

VCP [192]. FUS is a DNA and RNA binding protein and can cause inclusions similar to TDP 

[182]. FTLD-FUS pathology in the brain does not necessarily correspond to mutations in the 
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gene FUS [193]. The mechanism of neurodegeneration underlying C9orf72 pathogenic 

expansions is not entirely clear, although association with FTLD-TDP pathology is often 

noted [194, 195]. The neuropathological reasons as to why FTD and MND occur with 

C9orf72 expansions are not well understood [196, 197]. 

 

Diagnostic Criteria: 

The proposal of clinical diagnostic criteria for bvFTD in 1998 by Neary et al., was a major 

development in the field at that time, when not many formal diagnostic guidelines for FTD 

were available (Table 1.2 and Table 1.4) [157]. However, some of the descriptors in the 

Neary criteria were ambiguous making its clinical application difficult. Moreover, the 

requirement that all core features must be present missed many patients with early or atypical 

presentations [198-201]. Revised criteria (commonly known as Rascovsky criteria) were 

proposed by the International Behavioural Variant FTD Criteria Consortium in 2011 (Table 

1.2) [202]. The performance of these criteria was corroborated against FTLD pathology by 

the authors and found to have better sensitivity than the previous criteria [202]. 

 

Table 1.2: Diagnostic criteria for bvFTD 
1998 Neary Criteria for Diagnosis of bvFTD  

Clinical profile: Character change and disordered social conduct are the dominant features initially and 

throughout the disease course. Instrumental functions of perception, spatial skills, praxis, and memory 

are intact or relatively well preserved. 

 

Core diagnostic features (all features must be present) 

1. Insidious onset and gradual progression 

2. Early decline in social interpersonal conduct 

3. Early impairment in regulation of personal conduct 

4. Early emotional blunting 

5. Early loss of insight 

Supportive diagnostic features (presence adds to strength of diagnosis, but not essential) 

1. Behavioural disorder 

a. Decline in personal hygiene and grooming 

b. Mental rigidity and inflexibility 

c. Distractibility and impersistence 

d. Hyperorality and dietary changes 

e. Perseverative and stereotyped behaviour 
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f. Utilization behaviour 

2. Speech and language 

a. Altered speech output 

i. Aspontaneity and economy of speech 

ii. Press of speech 

b. Stereotype of speech 

c. Echolalia 

d. Perseveration 

e. Mutism 

3. Physical signs 

a. Primitive reflexes 

b. Incontinence 

c. Akinesia, rigidity, and tremor 

d. Low and labile blood pressure 

4. Investigations 

a. Neuropsychology: significant impairment on frontal lobe tests in the absence of severe 

amnesia, aphasia, or perceptuospatial disorder 

b. Electroencephalography: normal on conventional EEG despite clinically evident 

dementia 

c. Brain imaging (structural and/or functional): predominant frontal and/or anterior 

temporal abnormality 

2011 Rascovsky Criteria for Diagnosis of bvFTD 

1. Neurodegenerative disease 

The following symptom must be present to meet criteria for bvFTD 

a. Shows progressive deterioration of behaviour and/or cognition by observation or 

history (as provided by a knowledgeable informant) 

2. Possible bvFTD 

Three of the following behavioural/cognitive symptoms (a-f) must be present to meet criteria. 

Ascertainment requires that symptoms be persistent or recurrent, rather than single or rare 

events. 

a. Early* behavioural disinhibition [one of the following symptoms (i-iii) must be 

present]: 

i. Socially inappropriate behaviour 

ii. Loss of manners or decorum 

iii. Impulsive, rash or careless actions 

b. Early apathy or inertia [one of the following symptoms (i-ii) must be present]: 

i. Apathy 

ii. Inertia 

c. Early loss of sympathy or empathy [one of the following symptoms (i-ii) must be 

present]: 

i. Diminished response to other people’s needs and feelings 

ii. Diminished social interest, interrelatedness or personal warmth 

d. Early perseverative, stereotyped or compulsive/ritualistic behaviour [one of the 

following symptoms (i-iii) must be present]: 

i. Simple repetitive movements 

ii. Complex, compulsive or ritualistic behaviours 

iii. Stereotypy of speech 

e. Hyperorality and dietary changes [one of the following symptoms (i-iii) must be 

present]: 

i. Altered food preferences 

ii. Binge eating, increased consumption of alcohol or cigarettes 

iii. Oral exploration or consumption of inedible objects 

f. Neuropsychological profile: executive/generation deficits with relative sparing of 

memory and visuospatial functions [all of the following symptoms (i-iii) must be 

present]: 

i. Deficits in executive tasks 



16 
 

ii. Relative sparing of episodic memory 

iii. Relative sparing of visuospatial skills 

3. Probable bvFTD 

All of the following symptoms (a-c) must be present to meet criteria. 

a. Meets criteria for possible bvFTD 

b. Exhibits significant functional decline (by caregiver report or as evidenced by Clinical 

Dementia Rating Scale or Functional Activities Questionnaire scores) 

c. Imaging results consistent with bvFTD [one of the following (i-ii) must be present]: 

i. Frontal and/or anterior temporal atrophy on MRI or CT 

ii. Frontal and/or anterior temporal hypoperfusion or hypometabolism on PET or 

SPECT 

4. Behavioural variant FTD with definite FTLD Pathology 

Criterion A and either criterion B or C must be present to meet criteria. 

a. Meets criteria for possible or probable bvFTD 

b. Histopathological evidence of FTLD on biopsy or at post-mortem 

c. Presence of a known pathogenic mutation 

5. Exclusionary criteria for bvFTD 

Criteria A and B must be answered negatively for any bvFTD diagnosis. Criterion C can be 

positive for possible bvFTD but must be negative for probable bvFTD. 

a. Pattern of deficits is better accounted for by other non-degenerative nervous system or 

medical disorders 

b. Behavioural disturbance is better accounted for by a psychiatric diagnosis 

Biomarkers strongly indicative of Alzheimer’s disease or other neurodegenerative process 

*As a general guideline ‘early’ refers to symptom presentation within the first 3 years 

Abbreviations: bvFTD=behavioural variant frontotemporal dementia; MRI=Magenetic Resonance 

Imaging; CT=computed tomography; PET=Positron emission tomography; SPECT= Single photon 

emission computed tomography; FTLD=frontotemporal lobar degeneration 

 

 

Diagnostic criteria for PPA and its variants were also originally proposed by Neary et al., in 

1998 (Table 1.3 and Table 1.4) [157] and subsequently revised by Gorno-Tempini et al., in 

2011 (Table 1.3) [168]. 

 

 

Table 1.3: Diagnostic Criteria for PPA and its Variants 
1998 Neary Criteria for Diagnosis of PPA and its Variants 

The clinical diagnostic features of progressive nonfluent aphasia 

Disorder of expressive language is the dominant feature initially and throughout the disease course. 

Other aspects of cognition are intact or relatively well preserved. 

1. Core diagnostic features 

a. Insidious onset and gradual progression 

b. Nonfluent spontaneous speech with at least one of the following: agrammatism, 

phonemic paraphasias, anomia 
2. Supportive diagnostic features 

a. Speech and language 
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i. Stuttering or oral apraxia 

ii. Impaired repetition 

iii. Alexia, agraphia 

iv. Early preservation of word meaning 

v. Late mutism 

b. Behaviour 

i. Early preservation of social skills 

ii. Late behavioural changes similar to FTD 

c. Physical signs: late contralateral primitive reflexes, akinesia, rigidity, and tremor 

d. Investigations 

i. Neuropsychology: nonfluent aphasia in the absence of severe amnesia or 

perceptuospatial disorder 

ii. Electroencephalography: normal or minor asymmetric slowing 

iii. Brain imaging (structural and/or functional): asymmetric abnormality 

predominantly affecting dominant (usually left) hemisphere 

 

The clinical diagnostic features of semantic aphasia and associative agnosia 

Semantic disorder (impaired understanding of word meaning and/or object identity) is the dominant 

feature initially and throughout the disease course. Other aspects of cognition, including autobiographic 

memory, are intact or relatively well preserved. 

1. Core diagnostic features 

a. Insidious onset and gradual progression 

b. Language Disorder characterized by 

i. Progressive, fluent, empty spontaneous speech 

ii. Loss of word meaning, manifest by impaired naming and comprehension 

iii. Semantic paraphasias and/or 

c. Perceptual disorder characterized by 

i. Prosopagnosia: impaired recognition of identity of familiar faces and/or 

ii. Associative agnosia: impaired recognition of object identity 

d. Preserved perceptual matching and drawing reproduction 

e. Preserved single-word repetition 

f. Preserved ability to read aloud and write to dictation orthographically regular words 

2. Supportive diagnostic features 

a. Speech and language 

i. Press of speech 

ii. Idiosyncratic word usage 

iii. Absence of phonemic paraphasias 

iv. Surface dyslexia and dysgraphia 

v. Preserved calculation 

b. Behaviour 

i. Loss of sympathy and empathy 

ii. Narrowed preoccupations 

iii. Parsimony 

c. Physical signs 

i. Absent or late primitive reflexes 

ii. Akinesia, rigidity, and tremor 

d. Investigations 

e. Neuropsychology 

i. Profound semantic loss, manifest in failure of word comprehension and 

naming and/or face and object recognition 

ii. Preserved phonology and syntax, and elementary perceptual processing, 

spatial skills, and day-to-day memorizing 

f. Electroencephalography: normal 

g. Brain imaging (structural and/or functional): predominant anterior temporal 

abnormality (symmetric or asymmetric) 
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2011 Gorno-Tempini Criteria for Diagnosis of PPA and its Variants 

Inclusion: criteria 1-3 must be answered positively 

1. Most prominent clinical feature is difficulty with language 

2. These deficits are the principal cause of impaired daily living activities 

3. Aphasia should be the most prominent deficit at symptom onset and for the initial phases of the 

disease 

Exclusion: criteria 1-4 must be answered negatively 

1. Pattern of deficits is better accounted for by other nondegenerative nervous system or medical 

disorders 

2. Cognitive disturbance is better accounted for by a psychiatric diagnosis 

3. Prominent initial episodic memory, visual memory, and visuoperceptual impairments 

4. Prominent, initial behavioural disturbance 

Abbreviations: PPA=Primary progressive aphasia; FTD=frontotemporal dementia 

 

 

Table 1.4: Additional Supportive Diagnostic Criteria for all FTD by Neary et al. 
Features common to clinical syndromes of FTLD (extension of above lists) 

1. Supportive features 

a. Onset before 65 years: positive family history of similar disorder in first-degree 

relative 

b. Bulbar palsy, muscular weakness and wasting, fasciculations (associated motor neuron 

disease present in a minority of patients) 

2. Diagnostic exclusion features 

a. Historical and clinical 

i. Abrupt onset with ictal events 

ii. Head trauma related to onset 

iii. Early, severe amnesia 

iv. Spatial disorientation 

v. Logoclonic, festinant speech with loss of train of thought 

vi. Myoclonus 

vii. Corticospinal weakness 

viii. Cerebellar ataxia 

ix. Choreoathetosis 

b. Investigations 

i. Brain imaging: predominant postcentral structural or functional deficit; 

multifocal lesions on CT or MRI 

ii. Laboratory tests indicating brain involvement of metabolic or inflammatory 

disorder such as MS, syphilis, AIDS, and herpes simplex encephalitis 

3. Relative diagnostic exclusion features 

a. Typical history of chronic alcoholism 

b. Sustained hypertension 

c. History of vascular disease (e.g., angina, claudication) 

Abbreviations: FTLD=frontotemporal lobar degeneration; CT=computed tomography; MRI=Magnetic 

resonance imaging; MS=Multiple sclerosis; AIDS=acquired immunodeficiency syndrome
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Clinical Diagnosis: 

The diagnosis of bvFTD as well as PPA is predominantly based on the above clinical criteria 

and neuropsychological tests (genetic tests for precision diagnosis of FTD is discussed in the 

next chapter) [203-206]. Neuroimaging and other investigations are used to exclude other 

pathology and provide supportive findings if involvement of temporal and frontal lobes is 

detected [200, 202, 207]. 

 

Dementia with Lewy Bodies: 

In the older age group (i.e., >65 years), dementia with Lewy bodies (DLB) is relatively 

common, ranking second only to AD in many epidemiological studies [208, 209]. Prevalence 

of DLB increases with age similar to polygenic forms of AD [210, 211]. 

 

Clinical Features: 

There are often multiple challenges in diagnosing DLB clinically due to overlap in features 

with other neurodegenerative diseases and hence the disease remains underrecognised [212]. 

Impairments in attention, executive and visuospatial function are the general presenting 

features with memory and other cognitive domains affected much later in the disease course 

[213-215]. DLB is described as having a classical triad of fluctuating cognitive decline, 

recurrent visual hallucinations and spontaneous parkinsonism [216]. Cognitive fluctuation is 

a prominent feature of DLB, being present in 60-80% of patients, although the severity may 

vary from person to person [217]. Visual hallucinations, occurring in two-thirds of DLB 

patients, are an early sign and precede motor features of parkinsonism [215, 218]. Many 

patients also experience rapid eye movement (REM) sleep behaviour disorder with acting out 

dreams or vocalizing during REM sleep [219]. Extrapyramidal features generally occur after 

cognitive symptoms begin, but are seen in most patients with DLB [220]. 
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Although there is debate as to whether or not DLB and Parkinson disease dementia (PDD) 

are disorders at different ends of the same spectrum, due to their overlapping clinical and 

neuropathological features, specific clinical criteria have been enumerated, that assist in 

diagnosing DLB [221, 222]. It is widely accepted that if parkinsonism was present more than 

one year before the onset of cognitive decline, it is likely to be PDD rather than DLB [223].  

Although the clinical distinction between DLB and PDD and sometimes AD and DLB is 

challenging, their differentiation is important as 30-50% of patients with DLB suffer severe 

neuroleptic sensitivity with some antipsychotic drugs, whereas this is not very common in 

patients with PDD and even less common in patients with AD [224, 225]. 

 

Neuropathology: 

DLB is pathologically distinguished by the presence of the cytoplasmic inclusions, Lewy 

bodies, in the neocortex as well as brainstem and limbic structures, especially substantia nigra 

and locus coeruleus [217, 226]. Immunohistochemical staining of Lewy bodies is especially 

prominent for alpha-synuclein and also p26 and ubiquitin [227, 228]. Presence of Lewy 

bodies in the cortical areas is more correlated with DLB than its presence in subcortical 

regions [228]. The function of alpha synuclein is not entirely clear, but it is thought to have a 

role in neurotransmitter release and vesicle turnover [229]. 

 

Diagnostic Criteria: 

The temporal sequence of symptom development in DLB and PDD vary, and this is 

especially highlighted in the DLB diagnostic criteria proposed by McKeith et al. in 1996 

[217]. Further refinement of the criteria was undertaken in the fourth consensus report of the 
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DLB consortium in 2017, to give guidance about the updated optimal methods to establish 

the diagnosis based on clinical and biomarker criteria [226]. 

 

 

Table 1.5: Diagnostic Criteria for DLB 
1996 McKeith Diagnostic Criteria for DLB 

1. Central feature required for diagnosis is progressive cognitive decline of sufficient magnitude 

to interfere with normal social or occupational function. prominent or persistent memory 

impairment may not necessarily occur in the early stages but is usually evident with 

progression. Deficits on tests of attention and of frontal subcortical skills and visuospatial 

ability may be especially prominent. 

2. Two of the following core features are essential for a diagnosis of probable DLB and one is 

essential for possible DLB: 

a. Fluctuating cognition with pronounced variations in attention and alertness 

b. Recurrent visual hallucinations that are typically well formed and detailed 

c. Spontaneous motor features of parkinsonism 

3. Features supportive of the diagnosis are 

a. Repeated falls 

b. Syncope 

c. Transient loss of consciousness 

d. Neuroleptic sensitivity 

e. Systematised delusions 

f. Hallucinations in other modalities 

4. A diagnosis of DLB is less likely in the presence of 

a. Stroke disease, evident as focal neurologic signs or on brain imaging 

b. Evidence on physical examination and investigation of any physical illness or other 

brain disorder sufficient to account for the clinical picture 

2017 Revised Criteria for the Clinical diagnosis of DLB by McKeith et al. 

 

1. Essential for a diagnosis of DLB is dementia, defined as progressive cognitive decline of 

sufficient magnitude to interfere with normal social or occupational functions or with usual 

daily activities. Prominent or persistent memory impairment may not necessarily occur in the 

early stages but is usually evident with progression. Deficits on tests of attention executive 

function and visuoperceptual ability may be especially prominent and occur early. 

2. Core clinical features (the first three typically occur early and may persist throughout the 

course) 

a. Fluctuating cognition with pronounced variations in attention and alertness 

b. Recurrent visual hallucinations that are typically well formed and detailed 

c. REM sleep behaviour disorder which may precede cognitive decline 

d. One or more spontaneous cardinal features of parkinsonism: these are bradykinesia 

(defined as slowness of movement and decrement in amplitude or speed), rest tremor, 

or rigidity 

3. Supportive clinical features 

a. Severe sensitivity to antipsychotic agents 

b. Postural instability 

c. Repeated falls 

d. Syncope or other transient episodes of unresponsiveness 

e. Severe autonomic dysfunction, e.g., Constipation, orthostatic hypotension, urinary 

incontinence 

f. Hypersomnia 

g. Hyposmia 
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h. Hallucinations in other modalities 

i. Systematised delusions 

j. Apathy, anxiety, and depression 

4. Indicative biomarkers 

a. Reduced dopamine transporter uptake in basal ganglia demonstrated by SPECT or PET 

b. Abnormal (low uptake) 123iodine-MIBG myocardial scintigraphy 

c. Polysomnographic confirmation of REM sleep without atonia 

5. Supportive biomarkers 

a. Relative preservation of medial temporal lobe structures on CT/MRIscan 

b. Generalised low uptake on SPECT/PET perfusion/metabolism scan with reduced 

occipital activity +/- the cingulate island sign on FDG-PET imaging 

c. Prominent posterior slow-wave activity on EEG with periodic fluctuations in the pre-

alpha/theta range 

 

Probable DLB can be diagnosed if: 

1. Two or more core clinical features of DLB are present with or without the presence of 

indicative biomarkers; or 

2. Only one core clinical feature is present but with one or more indicative biomarkers 

Probable DLB should not be diagnosed on the basis of biomarkers alone 

 

Possible DLB can be diagnosed if: 

1. Only one core clinical feature of DLB is present with no indicative biomarker 

evidence; or 

2. One or more indicative biomarkers is present but there are no core clinical features 

 

DLB is less likely: 

1. In the presence of any other physical illness or brain disorder including 

cerebrovascular disease, sufficient to account in part or in total for the clinical picture, 

although these do not exclude a DLB diagnosis and may serve to indicate mixed or 

multiple pathologies contributing to the clinical presentation; or 

2. If parkinsonian features are the only core clinical features and appear for the first time 

at a stage of severe dementia 

 

DLB should be diagnosed when dementia occurs before or concurrently with parkinsonism. 

The term Parkinson disease dementia (PDD) should be used to describe dementia that occurs in 

the context of well-established Parkinson disease. In a practise setting the term that is most 

appropriate to the clinical situation should be used and generic terms such as Lewy body 

disease are often helpful. In research studies in which distinction needs to be made between 

DLB and PDD the existing one year rule between the onset of dementia and parkinsonism 

continues to be recommended. 

Abbreviations: DLB=dementia with Lewy bodies; PET=Positron emission tomography; SPECT= Single 

photon emission computed tomography; CT=computed tomography; MRI=Magnetic resonance imaging; 

MIBG= Iodine-123 metaiodobenzylguanidine; REM=rapid eye movement; FDG=Fluorodeoxyglucose  

EEG=Electroencephalogram; PDD=Parkinson disease dementia
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Clinical Diagnosis: 

The main tools used for diagnosis of DLB are the clinical criteria detailed above. DaTscan, 

which is a SPECT scan using ioflupane I-123 can be a useful diagnostic adjunct in addition to 

iodine-123 meta-iodobenzylguanidine (MIBG), but these are not widely available or used 

[230, 231]. Other investigations are generally used to exclude non DLB causes for cognitive 

decline. 

 

Other Dementias: 

The abovementioned conditions have dementia as a predominant feature. Many other causes 

for dementia also occur and can be linked to an underlying genetic cause. Vascular dementia 

is a common type of dementia in those aged >65 years with prevalence figures just below AD 

in many studies [232]. Vascular dementia is a broad term applied to cognitive decline caused 

by cerebrovascular disease or impaired  blood flow to the brain due to other causes [233]. 

Patients can present with stroke and be subsequently diagnosed with dementia or be 

incidentally found to have substantial vascular brain injury that may contribute to their 

dementia [234, 235]. A significant proportion of people with Parkinson disease suffer from 

cognitive decline (Parkinson disease dementia) with incidence increasing with advancing age 

and duration of disease [236]. Genetic factors play a part in many of these dementias and are 

discussed in chapter 2. Many other types of dementias have a genetic component or may 

occur concomitantly with other features as part of a genetic syndrome. Moreover, many 

dementias have mixed aetiologies with multiple pathologies occurring simultaneously. 

Detailed discussion of the aetiological and neuropathological bases of these dementias is 

beyond the scope of this thesis, but what follows in the next few chapters is a focused review 

and research on certain genetic aspects of dementia pertinent to clinical practice.  
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DIAGNOSTIC CHALLENGES IN DEMENTIA 

 
Despite the understanding of the clinical and neuropathological underpinnings of different 

types of dementias, their clinical diagnosis still remains challenging. Before any diagnostic 

evaluation for specific dementia syndromes can take place, dementia mimics such as delirium 

and depression need to be excluded [237]. Some psychiatric conditions may also present with 

cognitive decline and may be difficult to differentiate from dementia, especially bvFTD 

[238]. Although newer biomarkers such as the neurofilament light chain are being explored 

for differentiating neuropsychiatric disorders and neurodegenerative dementias in a research 

setting, they are not ready for wide clinical application yet and need further scrutiny [239, 

240]. 

 

Diagnosis of specific types of dementia also remains a problem due to co-existence of 

different pathologies in the same person, which could mask the predominant pathology 

underlying their dementia. In addition to history taking, physical examination and routine 

laboratory and neuroimaging tests to rule out other pathology, many specific investigations 

including specialised neuropsychological testing, advanced neuroimaging, lumbar puncture 

and in some rare instances brain biopsy are undertaken to arrive at a diagnosis [241, 242]. 

Although patients get categorised into subtypes of dementias through the above set of 

investigations, specific molecular diagnosis could assist in more accurate prognostic advice 

and in some cases, more tailored treatment decisions [243, 244]. Precision diagnosis is 

especially important in those with younger onset disease, where identification of the 

causative genes has led to better understanding of the pathophysiology with many trials 

exploring potential treatments targeting the specific molecular pathways [243, 245-247]. In 

cases of inherited degenerative dementias with known genetic causes, precision diagnosis in 

the form of genetic testing also aids in identifying other pre-symptomatic individuals in the 
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family who may benefit immensely in the future with such tailored therapies available to 

them before symptom onset [248, 249].  

 

CLINICAL GENETICS CARE FOR PEOPLE WITH DEMENTIA 

 
People with early onset dementia (EOD), commonly defined as those with symptom onset 

before 65 years, as well as those with a strong family history of dementia are generally 

referred to specialist clinics for investigation of genetic causes for their dementia [241, 250-

253]. These patients and their families often undergo multiple challenges from the time such 

a suspicion in raised [254, 255]. Their anxiety is not only for the affected person and finding 

out their diagnosis, but also in understanding what this could mean for others in the family 

[256-259].  

 

Many such families are referred to specialist dementia centres or neurogenetics clinics for 

further investigation of a possible genetic cause [260]. These patients typically undergo a 

plethora of investigations, initially to find out if their features are consistent with a 

neurodegenerative disorder, and in many cases, followed by various genetic tests, usually 

ordered in a sequential manner, leading to significant delays in diagnosis [261-263]. Many 

families have already endured a prolonged journey of investigations before attending such 

specialised genetics clinics. With multiple appointments and sequential genetic tests, some of 

these families face the cycle of anticipation followed by possible disappointment every time a 

particular genetic test is organised, and no answers are found, adding further burden to the 

patients and their caregivers [264, 265]. Some families put important decisions such as 

pregnancy planning on hold until a diagnosis is made, and family risks are better understood 

[266-269]. 
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One of the main disadvantages in current practice in specialised dementia genetics clinics is 

the time it takes to arrive at a genetic diagnosis even in families where there is a strong 

suspicion of an underlying genetic cause for their dementia [270, 271]. This is predominantly 

due to the varied types of mutations occurring in dementia such as point mutations, large 

deletions or duplications, abnormal repetitive expansions within the genome affecting a gene 

or polygenic contributions [74, 92, 101, 272-278]. Currently, each one of these mechanisms 

needs a separate genetic test for identification [279-281]. Perhaps, if there was a single 

genetic test where the different clinically relevant genetic causes can be simultaneously 

examined, this may lead to a shorter time to diagnosis and better diagnostic outcomes.  

 

There are also instances, where patients with dementia as well as unaffected people undergo 

testing for the APOE 4 genotype, either through their doctors, or through research studies or 

through direct-to-consumer genetic tests [282-286]. As testing for this genotype is easily 

available, in addition to the wide publicity around its association with AD, many people 

undergo this test hoping to find out if they are at risk of AD [287]. These people often present 

to neurology or neurogenetics clinics, trying to better understand the risk of dementia for 

themselves and their family members based on this test, only to be told that the APOE 4 

genotype, although it increases their risk, is neither sufficient, nor necessary to develop AD 

as there is wide variability in the risk and age of onset [288]. This uncertainty regarding risk 

holds true even in those who are homozygous (i.e., two copies) for this high-risk APOE 

genotype [97]. The APOE  variant is not rare in the general population with allele 

frequencies reported to be 14.8% in Caucasians [97]. Amongst 114,322 participants of a large 

cohort of the UK general population aged 40-70 years (the UK Biobank), with no reported 

dementia, 2.9% were reported to have the APOE  genotype [289]. Around 2% of 

“controls” used in large studies also have APOE 4 homozygosity [98].  
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Why do some people, despite their high-risk genotype of APOE  and advanced age, not 

develop dementia, whereas others suffer cognitive decline at a very young age? What leads to 

such variability? What are the modifiers of the risk posed by this genotype? Are there any 

identifiable genomic contributors to this risk modification? Do the elderly people who do not 

develop dementia despite having the APOE  harbour genomic resilience factors? 

Understanding the factors that buffer the risk in these people will help in better counselling 

individuals regarding their risk of AD over and above the APOE 4/4 genotype and also 

contribute towards understanding factors that protect against dementia.  

 

Currently, there is lack of knowledge if next generation sequencing techniques such as whole 

genome sequencing (WGS) have the capacity to identify the various types of clinically 

relevant genomic variants in dementia. Another gap is the lack of clarity regarding modifiers 

of APOE 4/4 risk. 

 

DEMENTIA RISK FACTORS 

 
Factors that contribute to dementia can generally be divided as modifiable and non-

modifiable risk factors. The modifiable risk factors include many environmental and 

lifestyle-related factors. Nine potentially modifiable risk factors were listed as being 

associated with increased dementia risk in a Lancet commissioned report in 2017 [290]. 

These include less education, hypertension, hearing impairment, smoking, obesity, 

depression, physical inactivity, diabetes and low social contact. A further three risk factors: 

excessive alcohol consumption, traumatic brain injury and air pollution were added in the 

2020 review by the same group [291]. The commission concluded that these risk factors 

contributed to ~40% of the population attributable fraction, defined as the proportion of the 
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incidence of a disease in the population that can be attributed to a given risk factor. 

Therefore, elimination (or reduction) of these risk factors can contribute to a substantial 

decrease in risk. Although these factors could play a part in APOE  risk modification, 

studying them is challenging as the effect sizes of these risk factors are very small and not 

well defined. For this reason, very large numbers of participants, possible only through 

extensive international collaborations, will be required to obtain any meaningful results. 

 

A large percentage of dementia risk, however, remains unexplained and could at least in part 

be driven by non-modifiable genomic risk factors. Many of these genomic factors have 

defined effect sizes available through large genome wide association studies (GWAS). 

Investigating the differences in the genomic architecture between the highest risk group for 

AD (i.e. those with APOE  homozygosity and onset <65 years) as well as the highest 

resilient group (i.e. >75 with APOE 4/4 genotype and no dementia) may provide important 

insights into genomic factors contributing to risk and resilience in dementia [292-294]. 

 

EVOLUTION OF CLINICAL GENETICS PRACTICE IN DEMENTIA 

 
Clinical genetics is a multidisciplinary field equipped with clinical geneticists and genetic 

counsellors who specialise in not only the medical intricacies of genetic testing and 

interpreting the results in the clinical context, but also the psychosocial aspects of such 

complex testing [295-297]. Such specialisation is imperative in a field where questionable 

application of genetic tests and confusing interpretation of results communicated to patients 

and families can have major consequences [298-300]. Genetic testing in neurodegenerative 

conditions such as dementia has an added degree of complication due to the inability, in most 

cases, of the affected person to understand and consent; and the lack of any tangible 

treatment even if an answer is found [281, 283]. 
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During its inception days, clinicians only had single gene testing available, which were 

prohibitively expensive in many cases [301, 302]. Genetic tests were only ordered when the 

pre-test probability of identifying a diagnostic genetic variant were high [303]. With the 

advent of multi-gene testing in the form of next generation sequencing (NGS) tests, and more 

competitive pricing, this practice has changed with more genes available for interrogation for 

each patient [304-308]. Although there are many challenges to clinical practice with this 

rapidly advancing technology, there are also many advantages, especially the facility to 

simultaneously review multiple suspicious genes for a given disorder, thereby reducing the 

time to diagnosis [309] (Figure 1.2). 

 

 

 

Figure 1.2: Single gene versus multigene sequencing techniques and the areas of the 

genome covered.  
NGS=Next Generation Sequencing 

 

 

Some of the initial NGS tests had the ability to sequence multiple pre-specified genes 

(targeted NGS) at the same time [310]. The advantage of such targeted NGS panels is the 

superior depth (the number of times a variant is sequenced, thereby increasing the reliability 
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of the result) in the regions of the genes of interest. Subsequent development of the 

technology saw the ability to sequence the entire coding area of the genome (whole exome 

sequencing) and more recently the entire genome, including the coding and non-coding areas 

(whole genome sequencing) [311]. Although in some of these newer tests, the depth may be 

somewhat compromised, the large area of the genome covered is a definite advantage. 

Further refinement of the bioinformatic techniques has led to the ability to detect not only 

point mutations and small insertion/deletion type of genetic variants, but also copy number 

variants (i.e., large deletions and duplications in the genome) as well as short tandem repeats 

using whole exome, or preferably whole genome data [312, 313]. Another advantage of 

whole genome sequencing (WGS) is the ability to calculate polygenic risk scores using 

common variants, which are generally present in the non-coding region of the genome and 

hence not captured in the other types of NGS genetic tests.  

 

These advancements in technology have found utility in clinical genetic diagnostics for many 

diseases [314]. For clinicians involved in the care of patients with dementia, it is important to 

understand how these technologies translate to dementia diagnostics in the clinical setting. 

There are many specific issues that concern dementia genetic testing. For instance, the 

majority of people with FTD, especially when it occurs along with motor neuron disease 

(MND) features in them or other family members, are found to have a pathological short 

tandem repeat (STR) expansion in the gene C9orf72 [277]. In current clinical practice, if this 

expansion is suspected, a polymerase chain reaction (PCR) based test (or in some instances 

Southern blotting-based test) is organised [315]. If this test fails to reveal the answer, then a 

targeted panel or whole exome sequencing (WES) may be arranged looking for point 

mutations or small insertion/deletion variants in other genes. Similarly, large duplications or 

deletions, especially involving genes where increased gene copy number is shown to cause 
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disease (such as APP or SNCA) generally need a non-NGS test such as chromosomal 

microarray or Multiplex ligation-dependent probe amplification (MLPA) [273, 274, 316, 

317]. Polygenic risk scores (PRS) are also currently being investigated for clinical application 

in AD [318]. With the advent of newer bioinformatic technologies, it may be possible to 

utilise WGS as a single test to investigate all of the abovementioned mechanisms of genetic 

variants associated with dementia. The benefits of WGS for clinical diagnosis of patients 

with dementia has not been previously reported in the literature and hence is an important 

topic for investigation. 

 

Another major issue for patients and clinicians alike when it comes to genetic tests for 

dementia is the current inability to quantify the risk posed by the APOE  variant towards 

AD. Despite the knowledge that the APOE 4 genotype, in its heterozygous form (i.e. single 

copy of APOE ) increases the odds of developing AD by ~2-4 and in its homozygous form 

(i.e. APOE ), the odds ratio increases to up to ~14.9, age related risk estimates remain 

largely inaccurate [97]. This is due to a wide variation in its risk profile with some people 

developing AD at a very early age and others not at all. Meta-analyses from large studies 

indicate that ~2% of the “controls”, with no reported evidence of cognitive decline, used in 

case-control studies have APOE 4/4 genotype, reiterating its variable penetrance [98]. 

More accurate risk figures, by incorporating other factors that may modify the risk caused by 

the APOE  genotype will improve the overall predictability and hence enable clinically 

valid risk estimation using this variant. 

 

With this background, the following research project was conducted to investigate if WGS 

can act as a single test to identify the various types of clinically relevant genomic variants in 
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those with EOD as well as investigate if genomic factors that modify the risk of dementia 

over and above APOE 4/4 can be identified.
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RESEARCH QUESTION FOR THE EARLY ONSET DEMENTIA (EOD) 

COMPONENT OF THIS STUDY 

 

People with neurodegenerative dementias with onset at or under the age of 65 years have a 

high chance of harbouring a genetic factor contributing to their dementia. 

 

Can WGS act as a single test to identify the various clinically relevant genomic factors in 

EOD? 

 

RESEARCH QUESTION FOR THE STUDY OF GENOMIC 

MODIFIERS/RESILIENCE FACTORS TO DEMENTIA 

 
People who do not have any cognitive decline despite being aged >75 years and carrying the 

high-risk homozygous APOE 4 genotype are likely to have genomic factors that reduce or 

modify their otherwise high AD risk. 

 

Are there any identifiable genomic risk modifiers in people determined to be resilient despite 

having the APOE 4/4 genotype? 

 

HYPOTHESES 

 
1. WGS in EOD patients will identify pathogenic variants that reflect a range of mutational 

mechanisms underlying this presentation. 

2. Identifiable genomic modifiers are responsible for a component of the resilience observed 

in individuals who harbour the high risk APOE  genotype but remain cognitively intact 

at older ages (>75 years).
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STUDY AIMS 

 
1. To identify genomic biomarkers of dementia in a cohort of patients with early onset 

dementia using whole genome sequencing 

2. To investigate genomic risk modifiers in older cognitively normal individuals with APOE 

4/4 

 

SIGNIFICANCE OF THIS STUDY 

 
The findings from the EOD component of this study will bridge the gap in understanding if 

WGS can identify the various clinically relevant genomic causes of EOD. If determined to be 

effective as a single test, WGS could be considered as a first line genetic investigation, 

instead of the current multiple sequential test approach. 

 

Identifying modifiers of APOE 4/4 risk will not only enhance the ability to differentiate 

those at risk and those resilient despite this high-risk genotype in the clinical setting, but also 

identify suitable participants for further study of biological pathways and other factors 

contributing to resilience in AD. Understanding contributors to resilience is especially 

important in the era of search for treatments for AD [319-321]. 

 

The following thesis structure outlines the background, the methods utilised to answer the 

above research questions, and the results obtained. 
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THESIS STRUCTURE 

 

Chapter 1 General Introduction and Overview of Thesis Structure 

The opening chapter (the current chapter) discusses the clinical and 

neuropathological diagnostic aspects of dementia, clinical genomics as 

pertinent to this study and introduces the research questions being explored in 

this thesis in addition to outlining the thesis structure. 

 

Chapter 2 Genetics of Early Onset Dementia – Literature Review 

This chapter discusses the summary of current literature covering the genetics 

of the different types of dementia affecting the younger population, 

highlighting the clinically relevant genetic tests and the pertinent genetic 

counselling issues expected in a clinical setting for this high risk, vulnerable 

group. 

 

Includes a published article: Genetic testing in dementia - A medical genetics 

perspective.  

 

Chapter 3 Genomic Resilience Factors and Risk Modifiers in Alzheimer disease  

The concept of risk modification through resilience to dementia is novel and 

has not been well reported in the literature. A person can only be determined 

as being resilient to dementia if they are deemed to be at high risk, yet do not 

develop the disorder.  

 

A systematic review was conducted with specific search terms to identify 

studies that may have reported genetic resilience or risk-modifying factors in 
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people aged >75years with the high-risk genotype APOE 4/4. This chapter 

introduces the concept of resilience in dementia and discusses a systematic 

review conducted to explore what is known in the literature about genomic 

contributors to resilience in AD. 

 

Includes a published article: Genetic resilience to Alzheimer's disease in 

APOE ε4 homozygotes: A systematic review 

 

Chapter 4 Whole Genome Sequencing in a Clinical Cohort of Patients with Early 

Onset Dementia  

This chapter details the process undertaken in the conduct of a whole genome 

study in 50 patients from a clinical cohort of EOD. The chapter describes the 

recruitment, WGS methods and covers the results from the analysis of point 

mutations, small insertions/deletions of a targeted panel of dementia genes 

followed by a broader “Mendeliome” analysis. It also includes results from the 

analysis of genomic structural variants and short tandem repeats using WGS 

data as well as results of polygenic risk score analysis for AD. 

 

Includes an article under peer review: Clinical Impact of Whole Genome 

Sequencing in Patients with Early Onset Dementia 

 

Chapter 5 Modifiers of Alzheimer Disease Risk in those with the APOE 4/4 

genotype 

                        As no specific genomic variants were identified through the systematic review 

of literature that could explain the genomic factors modifying risk or 
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contributing to resilience against AD, a novel study was conducted to explore 

the effect of a polygenic risk score (PRS) in this risk modification. Using the 

extremes phenotyping case-control study design, the effect of a purpose-

generated PRS was evaluated. The steps taken in the conduct of this study, the 

research methods as well as the results from this study are included in this 

chapter.  

 

An extreme phenotypic case-control study design with cases comprised of 

those with AD aged <65 years and controls comprised of cognitively normal 

people aged >75 years was employed. The clumping and thresholding method 

was employed to generate a PRS. Although the results were not significant, 

the two top single nucleotide polymorphisms (SNPs) from the systematic 

review were also considered for further analysis in this cohort and those 

results are also outlined. 

 

Includes an article accepted for publication: Polygenic Score Modifies Risk 

for Alzheimer’s Disease in APOE ε4 Homozygotes at Phenotypic Extremes 

 

Chapter 6 Optimising Clinical Genetics Care for Patients with Dementia 

This final chapter summarises the conclusions from this research and 

discusses a broad overview of the current gaps in the clinical genomic care of 

patients with dementia and what contributions the results from this study have 

made. It also outlines the future direction and highlights the areas where 

further research is needed.
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CHAPTER 2: GENETICS OF EARLY ONSET DEMENTIA – 

LITERATURE REVIEW 

 
 

CHAPTER OVERVIEW 

 

Before commencing a study investigating the use of whole genome sequencing (WGS) in 

patients with dementia, it was important to investigate the current understanding in the 

literature about the different genomic causes of dementia in the clinical context.  

 

This chapter is a published narrative review of the literature covering the genetic aspects of 

dementias, especially those affecting the younger population. The review details the various 

genetic dementias, types of genetic investigations undertaken to derive a precise diagnosis, 

especially highlighting the next generation sequencing type of tests, and the pertinent genetic 

counselling issues expected in a clinical setting for this high risk, vulnerable group. 

 

I chose a narrative style of review (as opposed to a systematic review) to enable discussion of 

different types of dementia as well as the molecular and clinical aspects in one review [322-

325]. Many reviews restrict their discussion to genetic aspects of some types of dementias 

only [88, 280, 281, 326-331] or discuss molecular aspects, but not the genetic counselling 

aspects [279, 332, 333] or do not describe the applicability of newer genetic technologies 

such as WGS in clinical practice [334, 335]. Analysing all these aspects together was 

important prior to embarking on a study of WGS in patients with dementia from a clinical 

genetics point of view. 

 

In order to highlight the clinical relevance of this review, I have included specific illustrative 

case examples. These examples were derived from families I have reviewed in my experience 
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as a clinical geneticist as well as information from research participants, with appropriate 

written informed consent. The process of clinical assessment, pre-test counselling and 

consent in this unique cohort of participants is described in more detail in chapter 4.  

 

The knowledge gained from this literature review aided in designing the whole genome study 

to investigate the currently known genetic factors contributing to early onset dementia. In 

particular, deeper knowledge of the genetic pathways pertinent to dementia and the different 

types of genetic variants (including point mutations, small insertions and deletions, larger 

duplications and deletions, short tandem repeat expansions and polygenic risk) associated 

with dementia was essential to undertake a whole genome analysis. 
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ABSTRACT 

  

Objective 

When a genetic cause is suspected in a person with dementia, it creates unique diagnostic and 

management challenges to the treating clinician. Many clinicians may be unaware of the 

practicalities surrounding genetic testing for their patients, such as when to test and what tests 

to use and how to counsel patients and their families. This review was conducted to provide 

guidance to clinicians caring for patients with dementia regarding clinically relevant genetics. 

 

Methods 

We searched PubMed for studies that involved genetics of dementia up to March 2020. 

Patient file reviews were also conducted to create composite cases. 

 

Results 

In addition to families where a strong Mendelian pattern of family history is seen, people 

with younger age of onset, especially before the age of 65 years were found to be at an 

increased risk of harbouring a genetic cause for their dementia.  This review discusses some 

of the most common genetic syndromes, including Alzheimer disease, frontotemporal 
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dementia, vascular dementia, Parkinson disease dementia/dementia with Lewy bodies and 

some rarer types of genetic dementias, along with illustrative clinical case studies. This is 

followed by a brief review of the current genetic technologies and a discussion on the unique 

genetic counselling issues in dementia. 

 

Conclusions 

Inclusion of genetic testing in the diagnostic pathway in some patients with dementia could 

potentially reduce the time taken to diagnose the cause of their dementia. Although a definite 

advantage as an addition to the diagnostic repository, genetic testing has many pros and cons 

which need to be carefully considered first. 

 

Key Words: Dementia Genetics, Next Generation Sequencing, Genetic Counselling in 

Dementia, Clinical Genetics, Early Onset Dementia 

 

Key Points/Highlights: 

• This review gives a broad overview of the types of genetic dementias, clinically 

pertinent genetic tests and when to use them, with some case examples 

• The pros and cons of the different types of commercially available genetic tests 

are outlined 

• This article also discusses aspects of the complex genetic counselling issues in 

this progressive condition without current cure 

• A brief discussion of relevant clinical trials is also covered
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INTRODUCTION 

 
Dementia causes a progressive decline in one or more cognitive domains which include 

complex attention, executive function, learning and memory, language, perceptual-motor 

function and social cognition [5]. Cognitive decline in dementia leads to a reduction in the 

ability to perform their activities of daily living, with ongoing regression over time. People 

with dementia suffer a 30% mortality rate and a 73% nursing home admission rate compared 

to <10% mortality rate and <5% nursing home admission rate in age matched controls [11].  

 

Although a mix of genetic and environmental risk factors are known to contribute to 

dementia in general, some of the strongest genetic causes for dementia are identified in those 

who have a strong Mendelian pattern of family history as well as those with a younger age of 

onset, especially when accompanied by a suggestive family history [292, 293].  

 

This article details the types of dementias where the chance of identifying a genetic cause is 

high. In this review, early onset dementia (EOD) is used to mean onset of dementia at or 

under the age of 65 years, “familial dementia” is used to represent cases where one or more 

first or second-degree relatives are also affected and “genetic dementia” is used where a 

genetic cause is identified as the underlying reason for dementia in an individual. 

 

GENETIC DEMENTIAS 

 
Although genetic causes can be responsible for many types of dementias at various ages of 

onset, recent studies report that a younger age at onset (typically under 65 years) as well as 

family history are highly predictive of a chance of finding clinically meaningful genetic 

mutation(s). Koriath et al., in their recent study, demonstrated ~15 to 20% chance of finding a 

pathogenic mutation in patients with dementia onset between 20 and 64 years, with this rate 
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steadily decreasing with increasing age [336]. A strong family history (corresponding to >3 

affected family members over two generations connected by a first degree relative) equated 

to a 45% chance of finding a pathogenic mutation in their study [337, 338]. 

 

Even in the absence of a reported family history, a very young age of onset (i.e., younger than 

51 years) has been shown to result in ~12.3% chance of finding a pathogenic mutation, 

especially in the PSEN1 gene [272, 339-348]. Whilst not all EOD has a genetic basis and not 

all people with dementia onset over the age of 65 years are “non-genetic”, the chance of 

finding a clinically meaningful genetic diagnosis remains higher in EOD (especially when 

combined with a family history), as well as those with a strong Mendelian type of family 

history regardless of age of onset. 

 

EOD is defined variably as dementia occurring under the age of 60 or 65 years, although the 

arbitrary cut-off of 65 years is more widely used [349]. Worldwide estimates from the years 

2000 to 2013 suggest that ~40-100 per 100,000 people suffer from EOD [350-353]. The 

differential diagnoses to consider in EOD are broad and need to include the genetic types of 

dementias. The underlying causes of dementia in those with EOD differ slightly in different 

studies, but progressive neurodegenerative disorders underlie most EODs, with Alzheimer 

disease (AD), frontotemporal dementia (FTD) and vascular dementia (VaD) featuring as the 

most common causes [154, 352, 354, 355]. In a UK based study of 185 EOD patients aged 

between 30 and 64 years, the most common diagnosis was AD (34%) followed by VaD 

(18%), FTD 12%, alcohol related dementia (10%) and dementia with Lewy bodies (DLB) 

(7%) [350]. A Japanese study reported VaD to be the most common cause in those with EOD 

(42.5%) followed by AD (25.6%), head trauma (7.1%), DLB/Parkinson disease dementia 

(PDD) (6.2%), FTD (2.6%), and other causes (16.0%) [353]. An Australian study of 86 
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participants with EOD showed a predominance of AD (47%), followed by FTD (14%) and 

smaller numbers of other types of dementias [356]. 

 

Standard diagnostic steps in a patient with dementia include detailed history, collateral 

history from family members, physical examination for signs of neurodegenerative disorders, 

detailed cognitive and neuropsychological assessment, relevant blood and urine tests to 

investigate for any underlying systemic illness causing cognitive decline and structural brain 

imaging such as magnetic resonance imaging (MRI). Based on the results of these initial 

investigations, further directed investigations such as cerebrospinal fluid (CSF) analysis, 

electroencephalogram (EEG), more specific nuclear neuroimaging such as positron emission 

tomography (PET) scan or single-photon emission computed tomography (SPECT) scan or in 

some cases computerised tomography (CT) or MRI based cerebral angiograms are 

undertaken. 

 

In cases where an underlying genetic cause is suspected either due to investigations 

suggesting a genetic neurodegenerative disorder or due to the presence of a suggestive family 

history, genetic testing forms an important adjunct to the above investigations. Finding a 

genetic cause in such cases can provide diagnostic certainty, inform risk for other family 

members and may also open up opportunities for certain therapeutic trials in selected cases.  

Next generation sequencing (NGS) methods (also known as massively parallel sequencing) 

such as whole exome analysis now enables testing of almost all of the known major genetic 

causes of dementia simultaneously [335]. Recent studies using these newer gene sequencing 

methods have shown diagnostic benefit in dementia and demonstrated that a significant 

proportion of clinical diagnoses are inaccurate, highlighting overlap between AD, FTD, VaD, 

prion disease and other neurodegenerative conditions [357]. There are many issues including 
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technical limitations and family implications to consider before offering such tests to patients 

and their families. Moreover, access to testing as well as pre- and post- test counselling varies 

greatly across jurisdictions. 

 

The following review will detail the most common genetic dementia syndromes, genetic 

diagnostic approaches, a discussion of utility, access, pros and cons and limitations of genetic 

testing from a clinical perspective, illustrated by composite case examples. 

 

GENETIC DIAGNOSES IN DEMENTIA 

 
The most common dementia syndromes where a clinically meaningful genetic cause can be 

found are AD, FTD, PDD and DLB, and specific types of vascular dementia such as cerebral 

autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy 

(CADASIL). Other rarer genetic causes include Niemann Pick type C (NPC), genetic prion 

diseases, dementia co-occurring with other neurodegenerative disorders such as Huntington 

disease (HD), spino-cerebellar ataxias (SCA). 

 

ALZHEIMER DISEASE  

 
Alzheimer disease (AD) is the commonest and most widely studied type of dementia. Genetic 

causes for AD in those with early onset can be either monogenic, i.e., driven by a single gene 

or polygenic, with contributions from multiple genetic variants throughout the genome. Later 

onset AD is mostly polygenic or driven by genetic risk factor variants in addition to 

environmental and lifestyle risk factors. 
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A. Monogenic AD (Figure 2.1): 

 

Figure 2.1: Monogenic Alzheimer disease 

 

Early onset AD (EOAD), defined as dementia onset under 65 years, forms ~5% of all AD 

and when combined with a Mendelian family history, may have an identifiable monogenic 

cause in  ~60-80% of cases [358]. Familial early onset AD (FEOAD) represents <2% of AD 

[358]. FEOAD cases are predominantly due to mutations in one of the three autosomal 

dominantly inherited genes: APP, PSEN1 and PSEN2. Pathogenic mutations in these genes 

are known to disrupt the amyloid beta (A) pathway in the brain, resulting in processing of 

the amyloid precursor protein into longer isoforms of the A peptide, which are less soluble 

compared to the normal shorter isoforms, leading to toxic deposits on the cerebral surface, 

termed amyloid plaques [59, 62]. Progressive microscopic deposition of A neuritic plaques 

leads to synaptic disruption and is thought to be the predominant neuropathologic basis for 

AD [60].

Case example 1:

A 42 y.o. social worker, mother of three was referred from a tertiary neuropsychiatry clinic with a 6-12 month history of 

cognitive decline, likely early onset AD and a strong family history of the same. She had no past history of depression or other

mental illness and was not on any regular medications. Neuropsychology assessment was indicative of AD. No abnormalities 

were detected in standard blood and CSF analysis. MRI Brain, brain SPECT imaging and 18-Fluorodeoxyglucose PET scan 

were all suggestive of AD.

Genetics Consultation: Based on the history and investigations, 

likelihood of monogenic AD was thought to be high. After pre-test 

counselling family decided to undergo research based genetic testing 

and receive results in the future when relevant to children for family 

planning decisions.

Genetic Results: NM_000021.3 (PSEN1) c.737C>A p.Ala246Glu

Pertinent counselling issues: Families may not wish to know the 

results immediately given implications for children in a condition 

with no current cure. Appropriate pre-test genetic counselling is 

therefore important in ensuring that families understand and prepare 

for the potential psychological implications of finding out if there is 

an inherited cause.
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a. APP 

In 1984 it was shown that A could be isolated from the cerebral vasculature of adult patients 

with Down syndrome (trisomy 21) with a hypothesis that the gene responsible for A may 

reside in chromosome 21 and with increased protein product predicted as the underlying 

mechanism [68]. The gene APP (OMIM 104760), located in chromosome 21q, was isolated 

by Kang et al. in 1987 [70]. The protein product APP is a membrane spanning protein that is 

converted into smaller sub-units, including A, by sequential proteolytic processing 

facilitated by beta and gamma secretases [71]. Defects in this processing can lead to 

excessive production of A or increase in the toxic, amyloidogenic long isoforms of A [72].  

 

Pathogenic mutations in the APP gene contribute to 10-15% of FEOAD with onset of 

symptoms occurring typically in the 50s and ranging from 45 to 60 years old [359]. Most 

pathogenic mutations in APP occur in exons 16 and 17, the region encoding the 

transmembrane domain which is the gamma secretase cleavage site [360, 361]. APP 

mutations can also cause cerebral amyloid angiopathy resulting in cerebral haemorrhage, 

ischaemia leading to dementia [362]. Interestingly, variants protective against dementia or 

only causing disease in autosomal recessive inheritance pattern have also been described in 

this gene. The A673T substitution is believed to protect against AD due to decreased 

production of A resulting from reduced beta secretase activity; and A673V substitution 

destabilises the A aggregates in the heterozygous form (dominant-negative effect), therefore 

only causing AD in biallelic i.e., autosomal recessive form [363, 364]. 

 

b. PSEN1 and PSEN2  

PSEN1 (OMIM 104311) encodes presenilin-1 which is part of the gamma secretase complex. 

The gene was isolated in 1995 [75] and contributes to 30-70% of cases of FEOAD [358]. 
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Mutations in this gene can be associated with onset of AD as early as the late 20s, with most 

people with pathogenic mutations developing AD before the age of 60 years [365, 366]. 

Although most cases are familial, de novo PSEN1 pathogenic variants have also been found 

in people with sporadic EOAD, where further testing showed that neither parent had the 

variant, and therefore it likely occurred for the first time in the affected individual at 

conception [272, 339-348, 367]. 

 

The PSEN2 gene (OMIM 600759) [76, 77] also forms part of the gamma secretase complex. 

Rare mutations in this gene have been identified in <5% of FEOAD [368], although the 

frequency is more common in people with Volga German ancestry [369]. The age of AD 

onset with PSEN2 mutations is highly variable with a range of 40 to 75 years described [370]. 

 

Despite a strong Mendelian family history, ~20-40% of FEOAD still remains unexplained 

[358]. This may be due to hitherto undiscovered monogenic causes, polygenic causes or due 

to clinical diagnostic uncertainty about AD in some cases.
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B. Genetic Risk Factors and Polygenic AD (Figure 2.2) 

 

Figure 2.2: Polygenic Alzheimer disease 

 

As opposed to the monogenic causes described above, which were discovered through 

genetic linkage studies in large families with Mendelian inheritance, the association of the 

risk factor APOE 4 genotype with AD was found through large case control studies and has 

been consistently replicated in genome wide association studies (GWAS) [93, 94, 97]. The 

gene APOE (OMIM 107741) encodes apolipoprotein E, which is involved in transport of 

cholesterol and other hydrophobic molecules, including A. Three major isoforms of APOE 

(termed ε2, ε3, ε4), determined by two single nucleotide polymorphisms (SNPs) in the gene 

have been known to influence the risk of AD. The APOE 3 isoform is considered the wild-

type, being most common in the general population. The APOE 4 genotype increases the 

risk and the APOE 2 genotype protects against AD [371, 372]. 

 

Although the biological relationship between the APOE 4 genotype and AD remains elusive, 

the association holds in both late onset AD and EOAD cases. It is to be noted that these 
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families do not generally display a Mendelian pattern of inheritance and even in cases where 

a family history of AD is seen, there is tremendous variability in ages of onset as well as 

severity of the disease [373-375]. 

 

The presence of APOE ε4 in the heterozygous form confers a 2-3-fold increase in the odds of 

developing AD and in the homozygous form this confers up to a 15-fold increase in the odds 

compared with carriers of the most common APOE ε3 allele, which is considered to be the 

population baseline [97]. Moreover, the presence of APOE ε4 was found to lower the age of 

onset of AD, with the mean age of onset being 84.3 years in non-carriers as opposed to 68.4 

years in those who were APOE ε4/ε4 [371]. The APOE 2 allele was found to be protective, 

with lower frequencies in AD patients compared to the general population [371]. 

 

Despite the high risk, it has been recognised that there is considerable phenotypic diversity 

among APOE 4 homozygotes, ranging from EOAD to a lifetime of no symptoms [289, 376-

378]. The reasons for this phenotypic diversity remain largely unexplained, although other 

modifying genetic variants influencing the risk as well as environmental/lifestyle related 

factors could be playing a part. Due to this variability in risk, APOE 4 genotype, even in the 

homozygous state has not demonstrated reliable clinical utility in risk prediction for AD and 

therefore, whilst the APOE 4/4 genotype is considered a risk factor for AD, asymptomatic 

family members are not generally offered clinical testing for this genotype for risk prediction  

[379, 380].  

 

Through GWAS studies, polygenic risk scores (PRS) where multiple genetic variants 

including the APOE genotypes (2, 3 or 4) and other variants of smaller effect size, in 

combination are used to assess risk of AD have been formulated. Large longitudinal studies 
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of PRS in AD have shown promise in their ability to predict the age of onset and risk of 

developing dementia [381-383]. However, unless these PRSs show consistent results in 

rigorous, clinically oriented validation studies in well-defined populations, they cannot be 

currently used for clinical risk prediction. 

 

FRONTOTEMPORAL DEMENTIA  

 

 

Figure 2.3: Frontotemporal dementia 

 

Frontotemporal dementia (FTD) involves behavioural, personality and language dysfunction 

in the setting of degeneration of the frontal and/or temporal lobes [150]. Frontotemporal lobar 

degeneration (FTLD) is the neuropathological feature associated with this type of dementia 

[151]. 

 

FTD was reported to be the second most common dementia in <65 year olds with 3.5 cases 

detected per 100,000 person years (compared with incidence of AD in the same group being 

Case example 3:

A referral was received from the Brain Bank after pathological examination of a 65 year old person’s brain was suggestive of 

FTLD. Collateral history from family suggested that the deceased male had onset of cognitive symptoms likely in his early 50s, 

but was also a heavy alcoholic. He became homeless at the age of 57yrs and lost contact with his family. Other than sporadic 

presentations to hospitals, no medical investigations were sought. An MRI brain at the age of 59yrs indicated minor generalised 

atrophy, hippocampal atrophy and dilatation of lateral ventricles. Brain histopathology showed scattered TDP-43 neuritic tangles 

and intraneuronal tau in frontal cortex with a neuro-pathological diagnosis of FTD-TDP (type 3).

Genetics Consultation: The children in their late 20s/30s sought 

genetic counselling to find out their own risk. Due to the FTD+MND 

phenotype in the family and the brain pathology results, C9orf72

testing was offered on DNA extracted from the brain tissue in the 

deceased.

Genetic Results: 

• C9orf72 testing revealed heterozygous pathogenic (>145 

GGGGCC repeats) 

Pertinent counselling issues: One son had a positive test result after 

successfully using pre-test counselling to confront mortality fears and 

adjusted well to the result.  The daughter tested negative but 

experienced survivor guilt and disrupted relationships with her gene 

positive siblings.  Another son was gene positive but regretted 

knowing because he felt he had no means to change his life plans 

such as travelling more and experienced ongoing worry for his 

children.
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4.2 per 100,000 person years) in a 2008 study of EOD [154]. The median age of onset 

reported is between 57 and 59 years (range 33-80 years) [151, 155, 156]. Three main clinical 

subtypes have been described which include behavioural variant FTD (bvFTD) and two 

forms of primary progressive aphasia (PPA) which include semantic variant PPA and non-

fluent PPA [157]. bvFTD is the most common subtype [151, 158]. 

 

Motor neuron disease (MND) and FTD are more recently recognised to be a spectrum 

disorder with up to 50% of patients with MND showing defects in frontal lobe testing and 

around 15% fulfilling criteria for diagnosis of FTD [384]. Conversely, ~40% of FTD patients 

have motor dysfunction and around 15% fit the diagnostic criteria for MND [385].  

 

FTD is highly heritable with around 40% of people with FTD having at least one other 

member in the family with FTD and ~10% showing a clear autosomal dominant history 

[338]. Three genes strongly associated with autosomal dominant FTD: MAPT, GRN and 

C9orf72 account for >80% of familial FTD [386]. Mutations in multiple other less common 

genes have also been found in patients with FTD phenotypes. These genes include CHMP2B 

[387], FUS [388], VCP [192] , SQSTM1 [389], OPTN [390], UBQLN2 [391], TBK1 [392].  

 

Mutations in the MAPT gene cause neurofibrillary tangles within cerebral neuronal cells, 

comprised of intracellular accumulation of hyperphosphorylated tau (p-tau) protein [393, 

394]. When tau is hyperphosphorylated, it is unable to interact with microtubules and 

contributes to neurodegeneration [395]. The most common phenotypes associated with 

mutations in GRN are bvFTD or non-fluent PPA, with the reported age of onset varying 

widely from 35 to 87 years even within the same family [396-398]. GRN encodes for 
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progranulin, the function of which in neurodegeneration is not well known, although it may 

be associated with neuroinflammatory mechanisms [399]. 

 

Abnormal hexanucleotide repeat expansions (GGGGCC) in the first intron of the C9orf72 

gene account for the majority of familial FTD/motor neuron disease (MND) spectrum [400, 

401] (Figure 2.3). The function of the protein that this gene codes for is not clearly known. 

Up to 30 repeats can be present in individuals without the disease, but larger expansions, 

sometimes up to 4000 repeats, are found in individuals with FTD. However, the exact 

expansion size at which disease occurs is not yet clearly defined [402]. The most common 

presenting feature in patients with pathogenic C9orf72 expansions is bvFTD with or without 

MND, although semantic variant PPA has also been described [403, 404]. GWAS studies 

have not been as successful compared to AD in delineating polygenic or high-risk SNPs for 

FTD [405, 406].
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VASCULAR DEMENTIA 

 

 

Figure 2.4: Monogenic vascular dementia 

 

The various diagnostic criteria for vascular dementia (VaD) are heterogeneous and do not 

identify matching groups of patients with dementia. In addition, there are no specific 

pathological criteria for diagnosis, at least in the absence of frank infarction (as distinct from 

diffuse white matter hyperintensities on MRI). It can be difficult to differentiate VaD from 

AD, and indeed their co-occurrence seems to be common, at least in late onset dementia. 

 

Other than the uncommon but well-recognised monogenic forms, the genetics underlying 

VaD is poorly understood. The monogenic forms are caused by pathogenic variants in 

NOTCH3 (causing cerebral autosomal dominant arteriopathy with subcortical infarcts and 

leukoencephalopathy (CADASIL) (OMIM 125310) (Figure 2.4)), GLA (causing Fabry 

disease with X-linked inheritance), (OMIM 301500)), TREX1 (causing retinal vasculopathy 

with cerebral leukodystrophy, autosomal dominant (OMIM 192315)), COL4A1 (causing 

brain small vessel disease with or without ocular anomalies, autosomal dominant (OMIM 

Case example 4:

A 70 y.o. lady referred by neurologist due to unspecified cognitive decline with onset at age 63 years on the background of 

recurrent transient ischaemic attacks (TIAs). Trigger for genetics review was that her daughter aged 49 years had sought 

consultation for frequent migranous headaches and had hospital admissions for recurrent TIAs. MRI brain in both mother and 

daughter showed severe white matter signal abnormalities uncharacteristic for their age and raised a question of CADASIL. 

Further history revealed the proband’s brother had died at 48 years after recurrent strokes.

Genetics Consultation: As the clinical suspicion for CADASIL was 

high on the background of a suggestive family history, genetic testing 

for all monogenic causes of vascular dementia was organised after 

pre-test counselling.

Genetic Test Results: NM_000435.2 (NOTCH3): c. 619C>T 

p.Arg207Cys (in both mother and affected daughter)

Pertinent counselling issues: Confirmation of clinical diagnosis by 

way of genetic testing was sought by the family as well as the 

medical specialists looking after these patients and in this case 

genetic testing was able to provide diagnostic clarity. The genetic 

diagnosis enabled communication to other at-risk family members 

about the option of predictive testing and prenatal or IVF-based 

genetic testing.
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607595)) and HTRA1 (causing cerebral autosomal recessive arteriopathy with subcortical 

infarcts and leukoencephalopathy (CARASIL) (OMIM 600142) and CADASIL type 2 

(OMIM 616779)). The commonly seen sporadic type of VaD is likely to be polygenic in 

addition to being influenced by the genetics of hypertension, dyslipidaemia and type 2 

diabetes mellitus, as well as environmental factors such as smoking.  

 

DEMENTIA WITH LEWY BODIES AND PARKINSON DISEASE DEMENTIA 

 

 

Figure 2.5: Dementia with Lewy Bodies 

 

The question of whether dementia with Lewy bodies (DLB) and Parkinson disease dementia 

(PDD) are distinct entities or belong to different ends of the spectrum of the same pathology 

remains unanswered and still debated [222, 407]. Longitudinal observational studies suggest 

that most people with Parkinson disease (PD) go on to develop dementia in later stages of 

their disease [408, 409]. Clinical diagnosis of probable DLB involves the central feature of 

progressive cognitive decline, with the presence of any two of the three core features of 

Case example 5:

A 50 y.o. man referred by neurologist with a history of fluctuating memory impairment for 18 months and right upper limb 

tremor, progressive slowness and episodes of freezing of gait for 12-18 months with a suspicion of DLB. Wife also reported 

symptoms of REM sleep disturbance. Family history as indicated in pedigree below. On examination he had right upper limb 

resting tremor, moderate hypomimia and hypophonia, mild to moderate bradykinesia and rigidity, marked reduction in step 

length and arm swing with some degree of stooping of posture. Brain MRI was normal. SPECT and PET scans showed diffuse 

parietal and temporal dysfunction with a suspicion of AD like picture.

Genetics Consultation: Due to the early onset Parkinsonian symptoms 

along with dementia and an autosomal dominant family history, NGS 

based genetic testing for monogenic causes for PD/DLB was offered after 

pre-test counselling.

Genetic Test Results: No pathogenic variants corresponding to the 

phenotype were found in initial testing. Chromosomal microarray revealed 

a partial genomic duplication of ~1 megabase involving the SNCA gene.

Pertinent counselling issues: As SNCA gene duplications are known to 

be associated with DLB, chromosomal microarray or multiplex ligation-

dependent probe amplification (MLPA) should be done if DLB suspected. 

Segregation testing in other affected family members is underway.
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fluctuating cognitive state, Parkinsonism (occurring <1 year before cognitive decline) and 

visual hallucinations [410]. PDD is diagnosed when parkinsonian motor features occur >1 

year before the onset of cognitive changes [226]. Although clinically, and even 

pathologically, differentiating DLB/PDD from AD is difficult, this differentiation remains 

important, especially as up to 50% of patients with DLB can manifest severe neuroleptic 

sensitivity and hence these medications should be avoided unless absolutely necessary [224]. 

 

Although most PD and DLB are sporadic, and most likely due to polygenic causes, some 

monogenic forms of PD/DLB with early onset of cognitive decline are recognised. There is 

now increasing evidence that some variants in the gene GBA (OMIM 606463), which causes 

Gaucher disease, a lysosomal storage disorder when biallelic mutations are found, acts as a 

risk factor for PD with dementia [411, 412]. In particular, two variants in GBA c.1226A>G 

p.Asn409Ser (rs76763715) and c.1448T>C p.Leu483Pro (rs421016) were found to be highly 

associated with cognitive impairment in PD patients [413]. Increase in the amount of alpha 

synuclein in the brain - the major protein constituent of Lewy bodies, due to certain 

mutations in the SNCA gene (OMIM 163890), especially gene duplications (Figure 2.5), is 

associated with autosomal dominant DLB/PDD [414]. SNCB (OMIM 602569) which may be 

involved in alpha synuclein regulation, is also a possible associated gene [415]. Biallelic 

pathogenic mutations in ATP13A2 (OMIM 610513) are known to cause very early onset PD 

and dementia in an autosomal recessive pattern [416]. Other monogenic causes of PD such as 

LRRK2, DJ1, PINK1, PRKN, VPS13C, VPS35 do not have dementia as a prominent feature, 

but cognitive can occur at later stages.
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OTHER GENETIC DEMENTIAS 

 
A search in the Human Phenotype Ontology database for genes associated with the term 

dementia results in a list of 168 genes [417]. Most of these genes, however, are not causative 

of pure dementia syndromes. Dementia, in these cases co-occurs with other 

neurodegenerative disorders which may present variably. These disorders generally have 

other presenting symptoms such as a movement disorder or ataxia or other neurological 

features. Examples of such conditions include Huntington disease, some forms of 

spinocerebellar ataxias or complicated forms of hereditary spastic paraparesis. Rapid 

deterioration can indicate rare conditions such as genetic Creutzfeldt-Jakob disease or its 

variant forms [418]. Niemann-Pick disease type C, which is a lipid storage disorder caused 

by biallelic pathogenic mutations in the gene NPC1 (and rarely NPC2) is very rare, but 

should be considered in patients with childhood to early adulthood onset of ataxia, dementia 

and vertical supranuclear gaze palsy [419]. Mitochondrial disorders, lysosomal storage 

disorders and leukodystrophies can also cause genetically determined dementias. 

 

GENETIC TESTING TECHNIQUES – ADVANTAGES AND LIMITATIONS 

 
NGS is a newer genetic technology in which millions of DNA fragments across many 

different genes can be sequenced in parallel. This has significantly reduced the time it takes 

to obtain a genetic diagnosis in a patient, compared with single-gene testing and could also 

reduce the overall cost associated with multiple diagnostic tests. In addition, the ability to 

simultaneously examine multiple genes has meant that many disorders of variable 

expressivity, that may not be high on a list of differential diagnoses based on a patient’s 

clinical investigation, can be examined at the same time as high priority genes [335].  
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Three types of NGS techniques are currently available for clinical use. The first is targeted-

panel gene sequencing, where only pre-specified genes are sequenced for a particular 

disorder. Targeted panels generally have a higher depth of reads compared to other 

techniques meaning that chance of errors due to inadequate read depth are generally low. 

Whole exome sequencing (WES) is able to read sequences from all coding regions (exons) in 

a genome. Whole genome sequencing (WGS) has the advantage of being able to identify 

genetic variants in both coding and non-coding regions of the genome such as promoter and 

enhancer regions, in addition to traditional Mendelian risk genes; however, the link between 

these non-coding parts of the DNA and genetic disorders is not always known. 

 

Large duplications, deletions or other structural variations (SV) cannot always be detected by 

traditional NGS techniques which rely on short read technology (i.e., sequence <1000 bp in 

each read). If such SVs are suspected in a gene of interest, a separate test designed to detect 

these changes, such as gene specific multiplex ligation-dependent probe amplification 

(MLPA) or chromosomal microarray or karyotyping (depending on whether there are enough 

markers covering the gene of interest), will be required. This is especially relevant for 

conditions such as DLB where SNCA duplications are associated with disease. Also, if short 

tandem repeats (STR), such as the CAG trinucleotide repeats in the HTT gene seen in 

Huntington disease, or the GGGGCC hexanucleotide repeats in C9orf72 seen in FTD is 

suspected, either a specifically designed polymerase chain reaction-based test or Southern 

blot test will be required. Newer bioinformatic techniques are exploring SV and STR analysis 

in WES and WGS data, although many of these techniques are not ready for clinical 

application yet [420]. 
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GENETIC COUNSELLING IN DEMENTIA 

 
Although there have been several technological advances in genetic testing in recent times, 

the utility of these techniques for an individual patient and their family needs to be carefully 

considered before such complex tests are undertaken. Firstly, availability of such 

sophisticated tests does not always guarantee the identification of a precise genetic cause for 

dementia in a family, even when the family history is strong. There may still be genes that are 

yet to be discovered or the genetic test used may be insufficient to pick up all types of 

mutations. Previous publications using NGS techniques show ~12-13% mutation detection 

rate in dementia patients with a young age of onset with or without a family history, 

especially in the PSEN1 gene [336, 339]. Analysis of WGS data from a clinical cohort of 

patients with dementia onset <65 years, (authors’ unpublished data) also showed a 14% 

chance of finding a causative mutation in those with dementia onset under the age of 65 and a 

further 20% chance of finding a genetic risk factor for their dementia, with most patients 

having no cause identified. Therefore, the majority of patients, despite a young age of onset 

and a family history, could remain without answers despite genetic testing. 

 

Moreover, not all genetic variants are disease causing. Reports of previous publications alone 

are insufficient to categorise a variant as being pathogenic in the clinical setting. The 

American College of Medical Genetics and Genomics (ACMG) set stringent criteria to 

classify a variant as being pathogenic (i.e., disease causing) [421]. Many factors such as 

population frequency of a variant, in silico predictions, functional studies, and consistency 

with previously reported phenotypic information, are considered before determining if a 

genetic variant is clinically relevant for dementia in a patient [421-423]. When a genetic 

variant does not fit these criteria, it may be classified as a variant of uncertain significance 

(VUS).  
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Despite recent attempts at standardising the results through laboratories, interpretation in one 

laboratory may not match the interpretation in another and careful consideration of the 

experience of a laboratory and criteria used for reporting the results is important, along with 

multi-disciplinary team review ideally involving medical geneticists, neurologists, 

bioinformaticians, and genetic counsellors. Frequently, one or more VUS are found, and 

cannot be used for diagnostic purposes or to offer predictive type of testing to other family 

members until there is further clarity about the variant, which often takes several years. 

Certain genetic risk factors, such as the APOE 4 risk allele also pose several challenges as 

the penetrance of dementia with these risk factors is variable. The variability in AD 

phenotype despite the high risk has meant that testing for the APOE 4 genotype has been 

discouraged by the ACMG, especially in the predictive context in asymptomatic individuals 

[288]. VUS or genetic risk factors may leave patients and families with the troubling 

knowledge that a genetic finding has been made but its implications in terms of risk to family 

members is unknown. For these reasons, genetic counselling prior to testing can be beneficial 

in communicating the complex information in a way that facilitates decision-making for the 

affected person and/or family member(s). 

 

It should also be noted that, even in cases where no family history is reported, an underlying 

genetic mutation may be uncovered. Occurrence of dementia may appear “sporadic” where 

there is an autosomal recessive genetic cause with no affected siblings (e.g., NPC1 

mutations); an X-linked condition (e.g., UBQLN2 mutations) with mildly affected or no other 

traceable affected members in the family; some mitochondrial genetic disorders (e.g., 

mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes i.e., MELAS); 

anticipation as seen in STR disorders (e.g., C9orf72 expansions); de novo events where the 
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mutation occurs for the first time in the affected family member (e.g., PSEN1); as well as an 

incomplete family history with premature death or lack of accurate diagnosis. Clinical 

assessment regarding the type of dementia in combination with a thorough three generational 

family history would assist in most cases in determining utility of genetic testing.  

 

The pre- and post-test counselling is important in facilitating adaptation to the result, and 

avoiding family conflicts which can frequently arise. Relatives may have opposing coping 

strategies such as avoidance and information-seeking [424]. Genetic counselling is especially 

relevant in the setting of dementia, where families have often experienced a lengthy 

diagnostic odyssey alongside the stressors of caring for a relative, changes in roles and 

relationships, experiences of distressing behaviour change sometimes with violence, and 

family tensions [425]. 

 

Where there is a strong family history, the affected person and their own children may be 

struggling with specific fears brought into sharper focus by their lived experience in seeing 

other relatives deteriorate and die from the same condition [426]. Psychological impacts of 

being at potential risk of hereditary dementia can include conscious or subconscious barriers 

to long term relationship or family planning, and/or thoughts about having a “way out” via 

suicide or euthanasia [427]. Genetic counselling can help individual relatives, couples, 

siblings, parents and children, work through some of these emotions and thoughts ahead of 

receiving results to improve coping and support.  

 

Furthermore, there may be complexities in obtaining consent for testing when a person has 

dementia, particularly if the person has partial capacity to decide about their own test but the 

benefit is mainly for the relatives, a formal proxy decision-maker may not have been 
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arranged, or if two relatives with differing views on genetic testing have a joint informal or 

formal role in decision-making.  Medical genetics clinics specialise in such genetic 

counselling issues and genetic counsellors are trained in navigating the psychological, ethical 

and family problems associated with genetic testing in this setting, and are well placed to 

refer clients if needing further support from neuropsychiatrists, social workers, psychologists 

or neuropsychologists, and community support organisations.  

 

CONCLUSION AND FUTURE DIRECTION 

  

Performing multi-gene testing in dementia may enable more precise diagnosis for a 

proportion of patients and simplify the diagnostic odyssey that many of these patients and 

their families undergo. A precise genetic diagnosis may inform prognosis, and enable the 

option of predictive genetic testing for the known familial dementia gene in asymptomatic 

family members, and is likely to be cost-effective compared with the status quo. Currently, if 

an asymptomatic person has inherited the causative gene variant, there is no easy way to 

accurately predict the age of onset or symptom type or progression. Polygenic risk scores and 

better understanding of the environmental/lifestyle factors that influence dementia, may aid 

in the future development of better risk prediction models. Finding the genetic pathways 

influenced by genetic factors will take longer but may open up new approaches in therapeutic 

trials of dementia.  

 

There will be significant clinical implications of genetic testing in dementia when treatments 

become available for various types of dementias. In recent years, this has been well 

exemplified by advances in the development of ‘gene silencing’ anti-sense oligonucleotide 

drugs.  Anti-sense oligonucleotides, which can alter the expression of mutated proteins, have 

been used in early phase clinical trials in Huntington disease, and shown to reduce the 
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expression of mutant huntingtin by between 40 and 60% [428]. Anti-sense oligonucleotides 

are being further investigated in other nucleotide repeat disorders such as C9orf72 

FTD/MND and spinocerebellar ataxias [429]. Single-dose gene therapy trials for patients 

with GBA1 related PD and Gaucher disease have now reached phase 1 / 2 trial stages. Pre-

clinical gene therapy trials are also underway for GRN mutation related FTD and a-

synucleopathies including DLB and PD [430]. One of the limitations of these gene therapy 

trials is the need for intrathecal administration of the trial drugs.  

 

A phase 3 trial of a recombinant human anti-human sortilin monoclonal antibody targeting 

the sortilin-progranulin axis is exploring this antibody in patients with GRN mutations [431]. 

In AD, studies such as Dominantly Inherited Alzheimer Network (DIAN) are exploring 

biomarkers of AD in asymptomatic relatives of gene positive individuals [319]. An arm of 

the DIAN study DIAN-TU is currently investigating the monoclonal antibodies 

Gantenerumab and Solanezumab in individuals with monogenic AD. Other therapies being 

studied for AD include agents targeting the metabolism of amyloid precursor protein (e.g., 

BACE1 or gamma-secretase inhibition, other antibodies directed against A), increasing 

neuroprotection (e.g., BDNF, GDNF), or inflammation modulators (e.g., IL4) [320, 321]. 

Despite a large number of AD trials disease modification remains elusive [321]. 

 

More widespread genetic testing for dementia is likely to improve our overall understanding 

of the genetic aetiologies underlying the disease, which may subsequently inform the design 

of improved therapies or preventive strategies. Dedicated multidisciplinary dementia clinics 

with clinical geneticists, genetic counsellors, neurologists, neuropsychiatrists, aged care 

specialists and social workers specialised in this area are essential in helping these vulnerable 

patients and families navigate the vastly complex diagnostic and research paths compounded 
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by their own progressive cognitive decline and the possibility of seeing other family members 

face the same. Many genetics clinics also offer outreach services to rural and regional areas. 

Embedding a geneticist and a genetic counsellor in regional/rural memory clinics could add 

more diagnostic value and decrease the time to diagnosis in these patients who may be 

disadvantaged due to distance from tertiary referral centres.
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CHAPTER 3: GENOMIC RESILIENCE FACTORS AND RISK 

MODIFIERS IN DEMENTIA 

 

 

CHAPTER INTRODUCTION 

 

In the clinical context, genomic variants in a gene of interest are categorised as pathogenic 

(P); likely pathogenic (LP); variant of uncertain significance (VUS); likely benign (LB) or 

benign (B), based on the level of evidence for association and penetrance of a variant with the 

disease of concern, based on the criteria set by the American College of Medical Genetics 

and Genomics and the Association for Molecular Pathology (ACMG) [421]. Many large 

case-control studies and genome-wide association studies publish variants with strong 

associations with a disease, but may not meet the criteria set by ACMG [432, 433]. These 

variants are called “risk factor alleles” [434, 435]. The strength of association of these 

variants with disease is variable. In order to allow reporting of variants that have shown 

consistent and strong association with disease in large studies, but failing to meet the criteria 

to be categorised as P or LP, the ACMG allows the usage of the term “established risk factor 

alleles” [421].  

 

A variant is generally considered to have a modest association with disease if it reaches odds 

ratios (OR) of three or above [421]. The APOE 4 genotype, when it occurs in the 

homozygous form i.e., APOE 4/4 has been reported to have OR of up to ~14.9 for AD [97]. 

With the large OR and consistent association across multiple, large, independent studies, 

APOE 4/4 has earned its place as an established risk factor for AD. However, this genotype 

has enjoyed limited clinical utility as there is wide variation in its risk profile with some 

people developing AD at a very early age and others not at all. Meta-analyses from large 
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studies indicate that ~2% of the “controls” used in case-control studies have APOE 4/4 

genotype, reiterating its variable penetrance [98] (Table 3.1). 

 

Table 3.1. Frequency and odds ratio of the various APOE alleles  

APOE genotype Allele frequency in 

AD  

Allele frequency in 

controls  

Odds Ratio (AD)  

 0.34 0.62 1 

 0.03 0.02 

2-4  
 0.43 0.22 

 0.15 0.02 14.9 

Allele frequency and odds ratio figures based on meta-analysis data from 

http://www.alzgene.org/meta.asp?geneID=83, combining all ethnic groups 

 

 

APOE 

 
Although the heritability estimates in AD are 60-80% [436], only ~31% of this genetic 

variance has been explained by single nucleotide polymorphisms (SNPs) that have been 

identified through genome wide association (GWAS) studies [437]. The APOE genotypes 

alone explain ~6% of this variance, highlighting the significant role played by this genotype 

in AD [437]. Recent studies show that over and above the APOE genotypes, many SNPs can 

be used to identify further risk in AD, but may still only explain up to a further ~4.5 to 5% 

variance [438]. 

 

The gene APOE (OMIM 107741) encodes apolipoprotein E (APOE) which is involved in 

cholesterol transportation. The initial interest in this gene was to study its association with 

familial dysbetalipoproteinaemia [439, 440]. APOE is the most prevalent brain lipoprotein 

[441]. The APOE gene is located on chromosome 19 at the position 19q13.32 within the 

genomic coordinates (version GRCh38):19:44,905,748-44,909,394 (http://genome.ucsc.edu/). 

The protein is 299 amino acids long. Three isoforms of APOE exist which differ from each 
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other by the amino acids contained in positions 112 and 158 [442]. The isoform APOE e2 

contains cysteine in both positions i.e., Cys112, Cys158. APOE e3 has a cysteine in position 

112 and arginine in position 158 (Cys112, Arg158). APOE e4 has arginine in both 112 and 

158 (Arg 112, Arg158) [443].  

 

These three isoforms are determined by two single nucleotide polymorphisms (SNPs) rs7412 

and rs429358 (http://www.ncbi.nlm.nih.gov/SNP/). Presence of Thymine (T) in positions 

rs429358 as well as rs7412 gives rise to the APOE 2 genotype. Cytosine (C) in position 

rs7412 and T in rs429358 results in APOE 3. C in both postions gives rise to APOE 4 

(Figure 3.1) [444]. The presence of two APOE 4 alleles confers elevated risk for AD [371]. 

 

 

Figure 3.1: APOE SNPs 

 

Presence of APOE ε4 in the heterozygous form confers a 2-3 fold increased odds of 

developing AD and in the homozygous form this confers an OR of ~14.9 (95% CI= 10.8-

20.6) compared to carriers of other alleles [97, 445, 446]. Corder et al., in 1993 first 
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demonstrated that each APOE  allele increased the risk of AD by a factor of 2.84 (95%CI 

2.03 to 3.96) [371]. Their cohort consisted of individuals with AD as well as unaffected 

individuals over the age of 60 years. It was noted that 91% of the participants in this study, 

who were homozygous for the APOE  allele had AD. Moreover, the age of onset of AD 

was earlier in those who carried two copies of this high-risk allele, with the mean age of 

onset being 84.3 years in non-carriers as opposed to 68.4 years in those who were APOE 

 [371]. The APOE  allele also carried a worse prognosis, with those homozygous for 

the APOE  allele living to an average age of 78.1 years, whilst those without an APOE  

allele lived to an age of 84.9 years [371]. Interestingly, the APOE  allele was found to be 

protective, with lower frequencies in patients with AD compared to the general population 

[371]. Multiple subsequent studies have confirmed these high risk figures with AD odds 

ratios of between 12 and 15 consistently reported for APOE  [88, 92-98]  

 

The lifetime risk up to age 85 years, for developing AD increases from 11% for males and 

14% for females to 51% and 68% respectively in APOE  homozygous individuals [447]. 

Based on the analysis of data from 7531 Caucasian patients with AD and 10132 controls, and 

using the incidence rates of dementia in the Rochester study [448], Genin et al. outlined the 

lifetime risk (LTR) for developing AD for the various APOE genotypes [447] . The lifetime 

risk for AD in APOE  homozygotes, to the age of 75 years was estimated as ~28% in males 

as well as females in this study. This demonstrates a significantly elevated lifetime risk with 

APOE  compared to all the other genotype combinations, as indicated in the table below 

(Table 3.2): 
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Table 3.2. Lifetime risk of AD based on the different APOE alleles 
Age  Sex Overall 

LTR (CI) 

LTR in 

APOE 

 (CI) 

LTR in 

APOE 

 (CI) 

LTR in 

APOE  

 (CI) 

LTR in 

APOE  

 (CI) 

LTR in 

APOE 

+ 

(CI) 

65 Male 0.54 

(0.29;0.79) 

4.14 

(1.47;10.10) 

1.03 

(0.83;1.26) 

0.28 

(0.08;0.79) 

0.28 

(0.25;0.32) 

0.21 

(0.13;0.34) 

 Female 0.30 

(0.08;0.53) 

1.95 

(0.85;4.57) 

0.57 

(0.48;0.70) 

0.17 

(0.08;0.45) 

0.17 

(0.15;0.19) 

0.11 

(0.07;0.17) 

75 Male 3.19 

(2.11;4.26) 

28.35 

(21.41;42.91) 

6.96 

(6.38;7.58) 

4.39 

(3.10;6.74) 

1.78 

(1.70;1.87) 

1.12 

(0.91;1.37) 

 Female 3.01 

(2.19;3.85) 

27.81 

(20.11;44.30) 

7.03 

(6.41;7.73) 

4.52 

(3.11;7.06) 

1.69 

(1.62;1.77) 

1.01 

(0.84;1.23) 

85 Male 11.19 

(8.34;13.98) 

50.93 

(40.60;70.51) 

23.22 

(21.72;25.02) 

19.99 

(14.48;29.67) 

7.76 

(7.49;8.04) 

4.87 

(4.15;5.70) 

 Female 14.42 

(12.27;16.57) 

60.37 

(47.42;84.43) 

30.09 

(28.02;32.62) 

26.82 

(19.07;40.79) 

10.23 

(9.84;10.64) 

6.40 

(5.38;7.51) 

Age expressed in years; LTR=Lifetime Risk expressed in %; CI=Confidence Interval 

Figures from Genin et al. 2011 [447] 
 

 

Although the mechanism of AD causation by the APOE  allele is unclear, multiple 

mechanisms have been explored. APOE has been shown to influence the clearance of 

amyloid beta (A) from the brain through the blood brain barrier [449-453]. Co-localisation 

of cholesterol and apolipoprotein E has been demonstrated in the A plaques of mouse 

models [454]. Aβ normally rapidly drains out of the brain along basement membranes in the 

walls of cerebral arteries; such drainage is impaired in mice that carry the APOE ε4 allele 

[455]. Individuals with AD who carry at least one APOE 4 allele have a higher frequency of 

having A deposits in the brain compared to healthy controls [456]. AD patients with one or 

more APOE 4 allele also have less neuroplasticity compared to brains of age matched 

controls [457]. APOE e4 dose inversely correlates with dendritic spine density in the 

hippocampus providing a possible explanation for decreased cognition with age in 

individuals carrying APOE 4 [458]. Using PET scan studies it was also shown that APOE 4 
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homozygotes demonstrated signals of decreased glucose metabolism in the brain well before 

the development of any cognitive decline [459]. 

 

The APOE e4 protein has also been associated with enhanced innate immune response [460]. 

In the Cardiovascular Health Cognition study, non-steroidal anti-inflammatory drug (NSAID) 

use was shown to decrease the risk of AD development in APOE 4 carriers [461]. This 

benefit was not seen in non 4 carriers, thus supporting the theory of increased brain 

inflammatory response in 4 carriers [461]. It is also hypothesized that APOE e4 has direct 

toxic effects on the cerebral vasculature [462]. Despite the above theories of APOE 

association in lipid metabolism, glucose metabolism, innate immune response, the exact 

mechanism in which the APOE 4 allele increases risk of AD remains elusive. 

 

The APOE 4 allele has also been implicated in cardiovascular disease with an increased risk 

of coronary artery disease associated with the 4 allele [463, 464]. Other conditions where 

APOE 4 is being investigated is prognosis in multiple sclerosis [465, 466], outcomes after 

head injury [467], Creutzfeldt-Jakob disease [468], dementia with Lewy bodies [469] and 

many other neurological diseases. However, there is no conclusive evidence of association in 

these conditions. 

 

APOE  is the most protective allele combination when it comes to Alzheimer disease. In 

their 1997 meta-analysis, Farrer et al. reported an odds ratio of 0.6 (95% CI 0.2-2.0) for 

people with the APOE  genotype [97]. These figures have been replicated in more 

recent studies including the 2011 study by Genin et al., where they report a combined odds 

ratio for APOE  and APOE  of 0.56 (95% CI 0.49; 064; p=0.64), and a lifetime risk 

to age 85 years of 6.40 (95% CI 5.38; 7.51), which is the lowest of all APOE genotype 
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categories. This allele is relatively rare with the Alzgene meta-analysis reporting the 

Caucasian APOE  allele frequency as 0.04 in cases and 0.08 in controls, with the APOE 

 combination frequency being 0.003 in cases and 0.009 in controls 

(http://www.alzgene.org/meta.asp?geneID=83). The alleles APOE  and APOE  are 

mutually exclusive i.e., presence of APOE  means the absence of APOE . 

 

However, for the study of “resilience factors”, the highest risk group who escape the risk of 

disease has to be identified. For Alzheimer disease, this would mean people with the highest 

risk allele combination (i.e., APOE ) and highest risk age group (i.e., over the age of 75 

years). Any factor that contributes to these high-risk people escaping or delaying the onset of 

Alzheimer disease is defined as a “resilience factor” in this study. 

 

CONCEPT OF RISK AND RESILIENCE IN DEMENTIA 

 
Resilience can be defined as the ability of people or things to recover quickly after something 

unpleasant, such as shock, injury, etc. [470]. With age, many of us face several insults that 

could lead to the development of cognitive decline. These factors are not all well-defined, but 

what is understood is that despite the same environment, some people develop AD early and 

some may have delayed onset or no onset of cognitive decline at all. Overall, for all types of 

dementias, these are people, who despite advanced age, somehow escape the consequences of 

the environmental insults and are able to delay the onset of dementia. For instance, based on 

the Australian all cause dementia incidence data, people considered resilient could be those 

who have not had dementia onset after the age of 75 years, despite them having an ~10 to 

30% chance of developing dementia after that age (Figure 3.2). These people predominantly 

go “under the radar” as they are not assessed in the medical system. For this reason, the exact 

prevalence of such individuals is unknown. Studying the factors that may contribute to the 
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ability of these people to delay dementia onset may lead to the discovery of many “resilience 

factors” which could be genomic or related to their environment or lifestyle. 

 

 

Figure 3.2: Dementia prevalence graph from: Australian Institute of Health and 

Welfare 2016. Australia’s health 2016.  
Australia’s health series no. 15. Cat. no. AUS 199. Canberra: AIHW; Resilience prevalence estimate from 

Alzforum (http://www.alzgene.org/meta.asp?geneID=83) 

 

 

When it comes to Alzheimer disease specifically, in order to study the genomic factors that 

may differ between people with high risk of AD and those who are potentially resilient, the 

terms risk and resilience need to be clearly defined.  

 

Concept of Risk as it pertains to AD: The presence of APOE  in its homozygous form 

confers a risk of AD which is not too dissimilar to the lifetime risk for a female to develop 

breast cancer should she have a pathogenic variant in BRCA1 or BRCA2 [382, 471] (Figure 

3.3). Barring the monogenic causes such as PSEN1, PSEN2 and APP, it is universally agreed 

General Concept of Resilience to Dementia
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that the APOE  genotype is the highest risk genotype for AD and carries a significant 

lifetime risk. Therefore, those who likely carry the highest genomic +/- environmental risk 

factors for AD are those who have the highest risk phenotype (i.e., young onset dementia 

with onset <65 years) and the highest risk genotype (APOE ). 

 

 

Figure 3.3: Graphs demonstrating the high lifetime risk of AD from APOE  which 

is not dissimilar to the female breast cancer risk associated with BRCA1 and BRCA2 

pathogenic variants.  
A. Graph from a 2018 study of lifetime risk of AD associated with APOE genotypes [382]; B. Graph with 

modifications (addition of ~population average) from a 2017 study reporting on lifetime risk of breast cancer in 

females with BRCA1 or BRCA2 mutations [471].  

 

 

Concept of Resilience as it pertains to AD: A clear definition of resilience to AD is 

fundamental to the study of factors that modify the risk and hence make a person resilient 

despite their high risk. An ideal resilience group would be those who never develop AD 

despite the APOE  genotype up to the age of 100 years or more. The study of resilience 

factors in a case control fashion requires a critical number of participants to derive 

meaningful results. There are not many genotyped individuals with APOE  without 

Female Breast Cancer Lifetime RiskAlzheimer Disease Lifetime Risk

~Population average

B
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dementia available for study at ages above 85 years. In order to maintain the statistical power 

of this study, while not compromising the ability to identify modifying/resilience causing 

factors, an age of 75 years was decided as the cut-off for the unaffected population in this 

study. This will still capture participants who escape >28% lifetime risk of developing AD 

[447]. In other words, the participants used in this study in the unaffected cohort are not 

necessarily those with “no” evidence of AD throughout their lifetime. They were people who 

may have had delayed onset of AD (i.e., after the age of 75 years) or no dementia at all. 

 

 

Figure 3.4: Modification of the graph from the 2018 AD lifetime risk study to 

demonstrate the concept of resilience as defined in the present study. 
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With the above concepts in mind and since the rate of dementia onset in those with APOE 4 

homozygosity increases from the age of 68 years [97, 371], risk and resilience in APOE  

homozygotes were defined as follows in this study: 

 

• Risk: APOE 4/4 genotype + AD onset <65 years 

• Resilience: APOE 4/4 genotype + no cognitive decline >75 years 

 

 

DEFINITION OF RISK MODIFIERS AND RESILIENCE FACTORS AS USED IN 

THIS STUDY 

 
Risk modifiers are factors that contribute to the difference in risk between the high-risk (i.e., 

participants with APOE 4/4 and AD onset <65 years) and the resilience group (i.e., 

cognitively resilient participants aged >75 years). It can be a factor (or a group of factors) that 

has/have a positive effect either towards risk or towards resilience [472, 473]. 

 

Genomic resilience factors have not been defined previously, at least in the context of AD. In 

this study resilience factors are defined as factors that have a positive effect only towards 

resilience. These are factors that directly contribute towards protection against AD despite the 

high risk of the APOE 4/4 genotype. 

 

I intended to review the literature for any genomic modifiers or resilience factors, specifically 

described in the AD risk and resilience groups as described above (i.e., cases comprised of 

participants with APOE 4/4 genotype + AD onset <65 years and controls comprised of 

those with APOE 4/4 genotype + no cognitive decline >75 years). As this was a specific 

question where distinct set of criteria needed to be explored in the literature, a systematic 

review approach was utilised for this review [474-477]. 
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The below published systematic review explores the literature for any genomic modifiers or 

resilience factors that may decrease the risk of AD in those with the APOE 4/4 genotype 

aged >75 years without dementia.  Terms implying risk modification as well as resilience 

were used for searching the literature and where possible a numerical value for genetic 

resilience against AD was calculated.
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ABSTRACT 

 
Introduction 

Individuals with homozygosity for the apolipoprotein E (APOE) 4 allele are in the highest 

risk category for Late Onset Alzheimer’s Disease (LOAD). However, some individuals in 

this category do not develop LOAD beyond the age of 75 years, despite being at elevated 

genetic risk. These “resilient” individuals may carry protective genetic factors. 

 

Methods  

This study aimed to systematically review any previous studies that involved resilient APOE 

4 homozygotes and to identify possible modifying or protective genetic factors. 
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Results 

Fifteen studies met our inclusion criteria and reported genetic factors contributing to reduced 

risk. We found that only two SNPs (CASP7 rs10553596 and SERPINA3 rs4934-A/A) had 

strong evidence. 

 

Discussion 

We found a paucity of studies adequately designed to discover protective genetic factors 

against LOAD. Many studies combined APOE ε4 homozygotes and heterozygotes together, 

due to small sample sizes, and used control populations too young to be clearly defined as 

controls for LOAD.  

 

Keywords: Alzheimer’s disease, resilience, APOE e4 homozygotes, CASP7, SERPINA3, 

genetic resilience 

 

Supplementary material for this publication is provided at the end of this article. 
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INTRODUCTION 

 
Alzheimer’s disease (AD) is the most prevalent of all dementias. The majority of AD occurs 

in individuals aged over 65 years and is termed late onset Alzheimer’s disease (LOAD). No 

single gene has been identified as causative of LOAD, however the APOE 4 allele is the 

highest individual risk factor [441].  

 

The presence of APOE ε4 in the heterozygous form confers a 2-3-fold increase in the odds of 

developing LOAD, and in the homozygous form this confers up to a 14.9-fold increase, 

compared with carriers of the most common ε3 allele [97]. Moreover, the presence of APOE 

ε4 accelerates the age of onset of LOAD from 84.3 years in non-carriers to 68.4 years in 

APOE ε4 homozygotes [371]. Individuals with advanced age and APOE ε4 homozygosity 

represent the highest risk group. The individuals who do not develop LOAD beyond the age 

of 75 years, may harbour genetic factors that protect them against AD.  

 

The environmental and lifestyle factors contributing to resilience are difficult to determine, 

due to their small effect sizes and the difficulty in quantitating these variables accurately. 

Genetic resilience factors, if identified, would be objective and could therefore be quantified. 

In this context, we define genetic resilience factor(s) as any genetic variant(s) that decreases 

the odds of developing dementia, or delays the age of onset beyond 75 years in APOE ε4 

homozygotes.  

 

We performed a systematic review to identify any known genetic resilience factors reported 

in the literature in participants over the age of 75 years without LOAD, despite being 

homozygous for the high risk APOE ε4 allele. For the purposes of having a uniform metric to 

report on the level of resilience attributed by each SNP (or a set of SNPs), we calculated a 
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‘resilience factor’ (as defined in the formula below) from the results in these studies. The aim 

of the resilience factor (RF) is merely to convey the relative magnitude of the resilience 

conferred by these SNPs.  

 

Genetic resilience factor = OR for AD due to APOE ε4/ε4 i.e. 14.9              , 

                                           OR for AD due to resilience SNP + APOE ε4/ε4 

where OR = odds ratio. 

 

The baseline APOE ε4/4 OR of 14.9 we have chosen to utilise in our study is from a large 

meta-analysis by the APOE and Alzheimer’s Disease Meta Analysis Consortium [97]. In 

publications where a resilience SNP has already been studied against cases and controls with 

APOE ε4/ε4, the RF was obtained by the formula RF=1/OR.  

 

METHODS 

 
Literature Review Strategy:  

 
The protocol for the systematic review was registered with the International Prospective 

Register of Ongoing Systematic Reviews (PROSPERO) [478] (ID: 69700; registration 

number: CRD42018069700) and followed the Preferred Reporting Items for Systematic 

Review and Meta-Analyses (PRISMA) reporting guidelines [479]. We systematically 

searched MEDLINE, EMBASE and Psycinfo for original articles relating to dementia 

resilience and APOE 4 homozygosity until the 15th of June 2017. The key search terms used 

are given in the supplementary material (Table S3.1, S3.2 and S3.3).  
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RESULTS 

 
Summary of Eligible Studies: 

 
After the initial search using the criteria mentioned above, 1706 articles were retrieved into 

endnote. Supplementary figure S3.1 demonstrates the pathways followed in selecting eligible 

full text articles.  

 

A total of 124 studies were eligible for full text evaluation. Fifteen studies were included in 

this review after assessment of full text for eligibility. A summary of the data extracted from 

the 15 full text articles that were reviewed is shown in Table 3.2. 
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Table 3.3: Studies including genetic analysis of unaffected APOE  individuals 

Reference  Study design & population,  

N,  

Gender,  

Age 

 

Inclusion and 

Exclusion criteria 

APOE 

4/4 N (n 

without 

AD, age) 

Criteria for AD 

diagnosis 

DNA testing 

platform 

 

 

 

Conclusion from 

paper 

Potential AD 

resilience SNPs 

1. Marioni et al. 

2017 [480] 

Cohort study; Caucasians 

(Scottish); community based;  

N=3495,  

57.2% Female,  

Median age: 63 yrs, IQR: 61-

65, range 60-70 

Inclusion: Aged 

60-70 yrs, no self 

reported AD 

90 (90, 

60-70 yrs) 

No participants 

with diagnosed 

dementia, but 

participants ranked 

based on cognitive 

scores 

APOE: PCR 

based SNP array 

PRS: PCR based 

SNP array 

No difference in 

PRS in APOE 

 individuals 

compared to other 

APOE genotypes.  

APOE  

subgroup data not 

given 

 

None 

 

2. Louwersheimer et 

al. 2017 [481] 

 

 

 

Family study; Caucasian 

(Netherlands); Hospital out-

patient and community based;   

N=9,  

Gender not revealed, 

AD onset 61-85 yrs and 1 with 

preclinical AD at 58 yrs 

Inclusion: 

Members from a 

family with AD 

Exclusion: 

Monogenic causes 

excluded by testing 

for PSEN1, PSEN2 

and APP 

6 (2, 

<60yrs) 

 

 

 

 

Probable AD: 

NINCDS ADRDA 

criteria 

Definite AD: 

autopsy (in 1 

family member) 

 

 

APOE: PCR 

based genotyping 

Other SNPs: 

Whole exome 

sequencing 

 

SORL1:c.2021A>G  

(p.Asn674Ser) 

increases risk of 

AD in the presence 

of APOE  

TSHZ3:c.707 C>T 

(p.Thr236Met) 

may increase risk 

of AD in the 

presence of APOE 

 

Alternate alleles of: 

SORL1:rs762176154 

and 

TSHZ3:rs557330136 

 

 

 

3. de Mendonca 

2016 [482] 

 

 

Case control; Hispanic 

(Venezuala); Hospital out-

patients and community based,  

N=179 (AD=79, controls 

=100),  

Gender distribution not given,  

AD 70+/-10 yrs, Controls: 

71+/-10 yrs 

Inclusion:  

Cases: Clinically 

diagnosed AD 

(criteria not given) 

Controls: screened 

with MMSE, 

laboratory and 

imaging studies 

16 (4, age 

of these 

participants 

not given) 

Probable AD: 

DSM-IV and 

NINDS-ADRDA 

criteria 

GSTT1/GSTM1: 

PCR-SSP 

MnSOD and 

APOE:  PCR-

RFLP genotyping  

GSTT1+/GSTM1− 

may increase risk 

of AD in the 

presence of APOE 

, but 

corrected p value 

not significant 
MnSOD 

AlaVal/ε4ε4 may 

GSTT1 

absence/GSTM1 

presence  

 

Alternate allele of 

SOD2 rs4880 
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(specific criteria 

not given) 

increase risk of AD 

in the presence of 

APOE , but 

corrected p value 

not significant 

 

4. Ayers et al. 2016 

[483]  

 

 

Case control; Caucasian/ 

Hispanic/ African American; 

Hospital out-patient and 

community based,  

N=42,773 (12,248 cases and 

20,067 controls),  

Gender distribution not given, 

AD as well as controls >60 yrs 

Inclusion:  

AD: AD 

participants from 

multiple large 

cohorts 

Controls: AD 

controls from 

multiple large 

cohorts 

 1110 (358, 

>60 yrs) 

Numbers 

used for 

final 

analysis: 

1020 (190, 

>60 yrs) 

From electronic 

medical record 

billing codes  

APOE and other 

SNPs: PCR 

based genotyping 

and SNP arrays 

CASP7 rs10553596 

protects 

against AD in 

APOE ε4 

homozygotes  

 

 

 

Deletion variant  

CASP7 rs10553596 

5. Wijsman et al. 

2011 [484] 

 

 

 

Case control; Caucasian 

(European American); Hospital 

out-patient and community 

based + family members, 

N=3,839 (AD 1848 and 

controls 1991), Gender 

distribution not given, 

AD: Onset >60 yrs, Controls: 

Aged >50 yrs 

Inclusion:  

AD: Onset >60 yrs 

+ sibling with 

definite, probable 

or possible AD + 

affected relatives 

Controls: 

Unaffected 

relatives + 

unrelated controls  

 

408 (70 

aged >50 

yrs) 

Probable AD: 

NINCDS-ADRDA 

Controls:  

documented 

cognitive testing 

and clinical 

examination 

(specifics not 

given) 

APOE: PCR 

based genotyping 

Others: SNP 

arrays 

 

 

CUBP2 rs201119-

A increases risk of 

AD in the presence 

of APOE  

 

Alternate allele of  

CUBP2 rs201119 

6. Reiman et al. 2008 

[485]  

 

 

 

Cohort study; Caucasian 

(American) 

Community based, but had 

FDR with probable AD 

N= 141,  

63% Female, 

47–68 yrs  

Inclusion: 

Cognitively normal 

volunteers with 

self-reported FDRs 

with AD 

 

 

29 (29; 

55.6±5.1 

yrs) 

All unaffected as 

determined by 

MMSE >28, HAM-

D <10 

Participants 

categorized based 

on level of 

metabolism on 

FDG-PET in AD 

affected brain 

regions 

APOE: PCR-

RFLP 

CREGS SNPs: 

SNP array  

CREGS (excluding 

APOE SNPs) not 

different in the 

different APOE 

genotypes.  APOE 

 subgroup 

data not given 

None 
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7. Wang et al. 2005 

[486]  

 

 

Case control; Asian 

(Taiwanese); AD: Hospital 

out-patient based; Controls: 

Spouses of AD partiipants or 

hospital out-patients with 

unrelated neurological 

conditions, 

N=152 (AD: N=66 Controls: 

N= 86), 

AD: 50% Female; Controls: 

51% Female, 

AD: 73.3+/-7.6 yrs; Controls: 

72.6+/-8.3 yrs 

Inclusion:  

AD: Sporadic 

cases with no 

family history of 

dementia  

Controls: Spouses 

of cases or 

unrelated 

7 (2; 

72.6+/-8.3 

yrs) 

Probable AD: 

NINCDS-ADRDA  

Controls: No 

specific criteria 

given 

 

APOE and other 

SNPs: PCR-

RFLP based 

genotyping 

COMT rs4680 G/G 

may decrease risk 

of AD in the 

presence of APOE 

 (however, 

very wide 

confidence 

intervals) 

COMT rs4680 G/G 

 

 

 

 

 

 

8. Berlin et al. 2004 

[487]  

 

 

Case control; Ethnically 

diverse from Montreal; 

Hospital out-patient based, 

N=382 (AD: N=213; MCI: 

N=106; Controls: N=63), 

Gender distribution not given, 

AD: 76.5+/-7.6 yrs; MCI:  

75.4+/-6.8 yrs; Controls: 

75.0+/-5.5 yrs 

Inclusion:  

AD: Needed to 

meet NINCDS-

ADRDA criteria  

MCI: CDR 0.5 

Controls: No 

memory 

complaints and 

CDR 0 

~23/382 

(exact 

numbers 

not given, 

only % 

given) (1; 

age not 

given) 

Probable AD: 

NINCDS-ADRDA 

MCI: CDR 0.5 

Controls: No 

memory complaints 

and CDR 0 

 

 

APOE and 

HFE: PCR- 

RFLP based 

genotyping 

Negative study. No 

difference in 

occurrence of 

HFE: H63D and 

C187G among the 

various APOE 

genotypes 

 

 

None 

9. Finckh et al. 2003 

[488]  

 

 

 

Case control; Caucasian; 

Population based 

N=638 (AD: N=347; Controls: 

N=29), 

AD: 69.7% Female; Controls: 

60.1% Female, 

AD: 73.6 yrs (SD 9.2); 

Controls: 68 yrs (SD 12.3) 

Inclusion:  

AD:  Met 

NINCDS-ADRDA 

criteria 

Controls:  no signs 

of 

dementia and 

MMSE scores of 

27 or higher 

APOE 

 

numbers, 

ages not 

given, but 

APOE 

 

results 

reported 

Probable AD: 

NINCDS-ADRDA 

Controls: No signs 

of 

dementia and 

MMSE  scores >27  

APOE: PCR 

based genotyping 

PLAU: PCR 

based melting 

curve 

analysis and 

fluorescence 

resonance energy 

transfer 

PLAU rs222756 

results 

inconclusive for 

APOE  

subgroup. Authors 

propose that T/T 

allele may be 

protective, but 

numbers too small 

PLAU rs222756-T/T 

10. Zareparsi et al. 

2002 [489] 

 

 

Cohort study; Caucasian; 

Population based AD patients 

only;  
N=458 (familial AD 330, 

sporadic 

Inclusion: Clinical 

diagnosis of 

probable AD or 
neuropathological 

diagnosis of 

definite AD 

APOE 

 

numbers, 

ages not 

given, but 

Probable AD: 

NINCDS-ADRDA 

Definite AD: 
CERAD 

 

 

APOE: PCR 

based genotyping 

HLA: PCR-SSP 

Age of onset was 

11.5 years earlier 

in APOE  and 

HLA A2+/A2+, 

compared with 

HLA A2-/A2-  
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AD 113, unknown family 

history 15), 55.7% Female, 

Mean onset 68 yrs (SD 10.1) 

 

APOE 

 

results 

reported 

 

 
APOE  HLA 

A2-/A2- 

 

 

11. Kamino et al. 

2000 [490]  

 

 

 

Case control; Japanese; AD 

and controls: Hospital out-

patients,  

N=894 (AD: N=447 Controls: 

N=447), 

Gender distribution not given, 

AD: mean age at onset 74.3 yrs 

(SD 6.3) Range 65-94 yrs; 

Controls: Mean age  

77.1 yrs (SD 7.2) Range 65-

101 yrs 

Inclusion:  

AD: >65 with 

cognitive decline 

Controls: No 

cognitive decline 

 

41 (4, age 

not given) 

 

Probable AD: 

NINCDS-ADRDA 

Controls: No 

specific criteria 

given 

APOE and 

ALDH2: PCR-

RFLP 

Incidence of AD 

not significantly 

different in APOE 

 cases and 

controls with  

ALDH2 rs1229984 

A/A 

 

 

 

None 

 

 

 

12. Brandi et al. 

1999 [491]  

 

 

 

Case control; Caucasian 

(Italian); 

N= 395 (AD: 193; Controls: 

202), 

Gender distribution not given; 

AD: mean 76.1 +/-8.9 yrs, 

Controls: mean 74.6 +/- 7.3 yrs 

 

Inclusion:  

AD: MMSE, 

probable AD 

diagnosis by 

NINCDS-ADRDA 

criteria and no 

family history 

Controls: 

Cognitively normal 

individuals 

matched for age 

and education 

12 (3; 74.6 

+/- 7.3 yrs) 

 

 

Probable AD: 

NINCDS-ADRDA 

Controls: MMSE, 

with mean scores in 

the control group 

being 28.6 +/- 1.9 

 

APOE and ERa: 

PCR based 

restriction 

endonuclease 

digestion 

 

 

ESR1 PPXX 

genotype increases 

the risk and ESR1 

ppxx may be 

protective against 

AD in APOE 

 homozygotes 

 

ESR1 ppxx genotype  

 

 

13. Combarros et al. 

1998 [492] 

 

 

Comparison within cohort; 

Caucasian; All participants: 

Hospital out-patient based with 

AD,  

N=109,  

68.8% Females;  

HLA A2+:  mean age of onset: 

70.7+/-7.8 yrs; HLA A2-:  

mean age of onset: 71.7+/-10.2 

yrs 

Inclusion: Clinical 

diagnosis of AD. 

Subgroups:  early 

onset (<60 yrs), 

mid onset (61 to 75 

yrs), and late onset 

(>75 yrs) 

11 (None 

without 

dementia 

but 

variable 

ages of 

onset) 

 

Probable AD: 

NINCDS-ADRDA 

All affected with 

different ages of 

onset of AD 

APOE and 

HLA: 

PCR based 

genotyping  

Age of AD onset 

was not influenced 

by HLA-A2 allele 

in the various 

APOE genotypes 

 

 

None 
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Abbreviations: PRS: Polygenic Risk Score; WES: Whole exome sequencing; HAM-D: Hamilton Depression Rating Scale; CREGS: Cholesterol-related genetic risk 

scores; PCR: Polymerase chain reaction; RFLP: Restriction Fragment Length Polymorphism; CDR: Clinical Dementia Rating; EFIGA: Estudio Familiar Influencia 

Genetica en Alzheimer family study; WHICAP: Washington Heights-Inwood Columbia Aging Project  ; PCR SSP: polymerase chain reaction with sequence-specific 

priming (PCR-SSP); FDR: First Degree relative; DSM: Diagnostic and Statistical Manual; NINCDS-ADRDA: National Institute of Neurological and Communicative 

Disorders and Stroke and the Alzheimer's Disease and Related Disorders Association; N/A: Not applicable. 

14. DeKosky et al. 

1996 [493]  

 

 

 

Case control; Caucasian 

(American); AD: Autopsy as 

well as hospital out-patient 

based; Controls: Population 

based,  

N=887 (AD: N=308, Controls: 

N=579), Gender distribution 

not given, 

AD: mean age 75 yrs; 

Controls:  mean age of 54.2 yrs 

(range of 24 to 89) 

Inclusion:  

AD: Probable or 

possible clinical 

AD or autopsy 

diagnosis 

Control: From 2 

different 

preformed cohorts 

APOE 

 

numbers, 

ages not 

given, but 

APOE 

 

results 

reported 

Definite AD: 

CERAD 

Probable AD: 

NINCDS-ADRDA 

and DSM-IIIR  

Possible AD: 

NINCDSADRDA 

criteria alone 

Not given  

Control: Criteria 

not given 

APOE and ACT: 

PCR based 

genotyping  

Risk of AD with 

the APOE  + 

SERPINA3 rs4934 

A/A was the same 

(OR 3.2, p = 0.04) 

as that of a single 

APOE  allele, 

thus eliminating 

the gene dosage 

effect of APOE  

ACT T/T 

(SERPINA3 rs4934 

A/A) 

 

 

 

 

15. Kamboh et al. 

1995 [494] 

 

 

 

Case control; Caucasian 

(American) 

AD: Autopsy as well as 

hospital out-patient based; 

Controls: Population based, 

N=530 (AD: N=225; Controls: 

N=305), AD: 64% Females, 

Controls: 71% Females, 

AD: Mean age 74.6 yrs (range 

22-101); 

Controls: Mean age 55.93 yrs 

(range 24-92) 

Inclusion: AD: 

Probable or 

possible clinical 

AD or autopsy 

diagnosis 

Control: From 3 

different 

preformed cohorts 

 

APOE 

 

numbers, 

ages not 

given, but 

APOE 

 

results 

reported 

Definite AD: 

CERAD 

Probable AD: 

NINCDS-ADRDA 

and DSM-IIIR  

Possible AD: 

NINCDSADRDA 

criteria alone 

Controls: 58 

controls clinically 

assessed, 

information about 

others not given 

APOE and ACT: 

PCR based 

genotyping 

SERPINA3 rs4934 

A/A may decrease 

the risk of AD in 

the presence of 

APOE  

 

 

 

 

 

ACT T/T 

(SERPINA3 rs4934 

A/A) 

 

 



90 
 

Summary of Results: 

 
The results from these studies were heterogeneous precluding meta-analysis. Only 1 SNP 

(ACT T/T; current nomenclature SERPINA3 rs4934) appeared in two studies [493, 494]. 

However, the second study was conducted by the same research group using an expanded 

cohort in order to increase the statistical power of the previous study.  

 

We were able to calculate a genetic RF in 6 of the 15 studies. Most studies did not have odds 

ratio (OR) data in the APOE  subgroup and hence a RF, as defined above, could not be 

calculated. In addition, many studies had small numbers of APOE  participants, which 

significantly decreased the statistical validity of the RF. We therefore, categorized the 

resilience SNPs into positive, insufficient evidence or neutral categories based on the value of 

the calculated RF as well as the statistical information such as the number of participants, 

OR, p-value and confidence intervals presented in the papers. Only 2 SNPs (CASP7 

rs10553596 and SERPINA3 rs4934) met the criteria for positive evidence [483, 493, 494]. 

Two further SNPs (COMT rs4680 G/G; ppxx genotype of ESR1) were studied in small 

numbers of APOE  cases and controls. As a result, despite a positive RF being 

calculated, these studies had weak evidence with non-significant p-values and wide 

confidence intervals for the ORs and hence categorized as inconclusive [486, 491]. The RF 

for ALDH2 A-/A- (rs1229984) was close to 1 and hence was categorized as having neutral 

effect [490].  

 

In three studies, OR for the APOE  subgroup was not given and hence a RF could not be 

calculated [480, 485, 487]. Two studies described their results for HLA-A2 allele in terms of 

differences in ages of onset of LOAD, but no OR was given [489, 492]. Although data for 

risk SNP or genotype in APOE  subgroup was published, the alternate SNP/genotype 
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data was not given in two papers and therefore, it could not be determined if the alternate 

allele conferred any protection [482, 484]. One study was a family case report that only 

described the clinical effect of the risk SNP without any ORs [481] and another had 

inconclusive results in the APOE  subgroup due to absence of the PLAU T/T genotype 

in their APOE 4 homozygotes [488]. RF data is described in Table 3.3. 
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Table 3.3: Resilience SNPs and calculated resilience factors where data available 

Reference OR Age of 

unaffected 

APOE 

4s  

SNP Resilience 

factor 

Resilience 

factor category 

Ayers et al. 

2016 [483]  

OR for CASP7 rs10553596 in 

APOE  cases and controls = 

0.45 (CI 0.26 – 0.77) p=0.004 

 

>60 yrs CASP7 

rs10553596 

(deletion 

variant) 

2.2 Positive 

DeKosky et al. 

1996 [493]  

 

OR for APOE  + ACT T/T = 

3.2 

(CI 1.1 – 9.6) p=0.04 

Not given ACT T/T 

(SERPINA3) 

rs4934-A/A 

4.7 Positive 

Kamboh et al. 

1995 [494] 

 

OR for APOE  + ACT T/T = 

4.4 

(CI 1-20.1) p=0.05 

Not given ACT T/T 

(SERPINA3) 

rs4934-A/A 

3.4 Positive 

Wang et al. 

2005 [486]  
OR for APOE  + COMT 

G+/G+ = 2.2 

(CI 0.1–38.0 p=0.584) 

72.6+/-8.3 

yrs 

COMT G/G 

rs4680  

6.8 Inconclusive 

Brandi et al. 

1999 [491]  
OR for APOE  + ESR1 ppxx 

= 1.6 

74.6 +/-7.3 

yrs 

ESR1 ppxx 

genotype 

9.3 

 

Inconclusive 

Kamino et al. 

2000 [490]  
OR for APOE  + ALDH2 

rs1229984 A-/A- = 12.5 

(CI 3.65–43.0 p=8.6X10-7) 

Not given ALDH2 

rs1229984 A-

/A- 

1.2 Neutral 

Marioni et al. 

2017 [480] 

No difference in PRS across 
APOE genotypes 

60-70 yrs PRS N/A - 

APOE 

 data 

not given 

Unable to 

calculate 

Reiman et al. 

2008 [485]  

No difference in CREGS across 

APOE genotypes 

55.6+/- 5.1 

yrs 

CREGS PRS  N/A - 

APOE 

 data 

not given  

Unable to 

calculate 

Berlin et al. 

2004 [487]  

No difference in HFE: H63D and 

C187G across APOE genotypes 

 

Not given HFE: H63D 

and C187G 

N/A - 

APOE 

 data 

not given  

Unable to 

calculate 

 

Combarros et 

al. 1998 [492] 

Age of LOAD onset was not 

different in HLA-A2+ or HLA-

A2- participants with APOE 

 

HLA-A2+ and APOE  age 

of onset = 69.6+/-8.3 years 

HLA-A2- and APOE  age of 

onset = 69.0+/-8.7 years 

>75yrs HLA A2 N/A  Unable to 

calculate 

Age of onset 

with HLA-A2 = 

neutral effect 

Zareparsi et al. 

2002 [489] 

 

Age of LOAD onset 11.5 years 

earlier in APOE  + HLA 

A2+A2+, compared with APOE 

 + HLA A2-A2- 

APOE  + HLA A2+A2+ age 

of onset = 58.1+/- 9.7 years 

APOE  + HLA A2-A2- age 

of onset = 66.4+/-6.9 years 

Not given HLA A2A2 N/A  Unable to 

calculate  

Age of onset 

with HLA 

A2+A2+ = 

increased risk 

(negative effect 

for resilience) 

Age of onset 

with HLA A2-

A2- = neutral 

effect 
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Abbreviations: OR=Odds Ratio, CI=Confidence Interval 

 

 

Due to the small number of suitable studies identified using our criteria for identification of 

resilience genetic factors in LOAD, we broadened our search criteria to include the 70 

papers, originally excluded due to the merging of APOE 4 homozygotes and heterozygotes. 

Of these 70 papers, nine had information about a SNP or set of SNPs in cognitively healthy 

APOE 4 heterozygotes, included numbers of APOE 4 participants and either had 

statistically analysed or raw data available for the SNPs (Table 3.4). Three of these were 

cohort studies which included only cognitively healthy participants. The others were case 

control studies where the genetic factors were compared between unaffected controls and 

affected LOAD cases. None of these studies were specifically designed to study genetic 

resilience factors in LOAD. We acknowledge that our systematic review was not specifically 

designed to look for genetic resilience factors in APOE 4 heterozygotes and that there may 

be many publications which may not have been detected through our search terms. The 

de Mendonca 

et al. 2016 [482] 

 

 

OR for GSTT1+ and GSTM1- 

combination in APOE  cases 

and controls = 5.52   

(CI: 1.1381-26.7837; p= 0.009; 

pcorr = not significant) 

OR for MnSOD AlaVal  in 

APOE  cases and controls = 

7.9  

(CI:1.7027-36.8988; p= 0.001; 

pcorr = not significant) 

Not given GSTT1/GSTM1   

SOD2 rs4880  

N/A –  

Only risk 

genotype 

data 

given. 

Alternate 

genotype 

data not 

given 

Unable to 

calculate 

Wijsman et al. 

2011 [484] 
OR for CUBP2 A in APOE  

cases and controls = 1.43 

(CI 1–2) 

>50 years CUBP2 

rs201119  

N/A - 

Only risk 

SNP data 

given. 

Alternate 

SNP data 

not given 

Unable to 

calculate 

Louwersheimer 

et al. 2017 [481] 

OR not given <60 years SORL1 

rs762176154 

TSHZ3 

rs557330136 

N/A -

family 

study 

 

N/A 

Finckh et al. 

2003 [488]  
Inconclusive results in APOE 4 

homozygotes due to absence of 

PLAU T/T genotype in this 

subgroup 

Not given PLAU T/T 

rs222756  

N/A N/A 
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potential resilience SNPs that we have presented could be further analysed in any future 

studies in APOE 4 homozygotes designed to look for resilience factors in LOAD. 
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Table 3.4: Possible genetic resilience factors in APOE 4 heterozygotes 

Reference  Study design & population,  

N,  

Gender,  

Age 

 

Inclusion and 

Exclusion criteria 
APOE + 

N (n 

without 

AD, age) 

Criteria for AD 

diagnosis 

DNA testing 

platform 

 

 

 

Conclusion from 

paper 

Potential AD 

resilience SNPs 

Sundermann et al. 

2016 [495] 

 

Cohort study; ethnically 

diverse; community based; 

N=909, 

60.1% Female, 

Age at inclusion: >/= 70 yrs 

Inclusion: Aged 

>/= 70 yrs and 

cognitively normal 

community 

dwellers 

Exclusion: 

Clinical diagnosis 

of dementia 

204 (204, 

>/= 70 yrs) 

Probable AD: 

DSM IV 

APOE and 

CETP SNPs: 

PCR based 

genotyping 

CETPV405V 

homozygosity protects 

against cognitive 

decline in participants 

with at least one APOE 

 allele 

CETPV405V 

homozygosity 

Montesanto et al. 

2016 [496] 

 

Case control; Caucasian 

(Italian); Hospital out-patient 

based; 

N=607 (AD=465, 

controls=442)  

AD: 65% Female; Controls: 

49% Female 

AD: 77.8+/-5.3 yrs, controls: 

73.7+/-8.83 yrs 

Inclusion:  

AD: Clinically 

diagnosed AD 

(McKhann criteria) 

Controls: No 

specific inclusion 

criteria specified 

228 (32, 

specific 

age for + 

controls 

not given) 

Probable AD: 

McKhann criteria 

2011 

APOE and 

UCP4 SNPs:  

PCR based 

genotyping 

Presence 

of two copies of the 

UCP4 rs9472817 G 

allele nullified the risk 

conferred by APOE 

ε4 allele (p=0.06) 

UCP4 rs9472817 

GG 

Lim et al. 2015 [497] Cohort study; predominant 

Caucasian; community based; 

N=333 

52% Female 

Mean age 70 yrs 

Inclusion: 

Cognitively 

healthy 

participants. 

Exclusion:  

Schizophrenia, 

depression, 

Parkinson disease, 

symptomatic 

stroke, 
uncontrolled DM, 

excessive ETOH 

109 (109, 

specific 

age for + 

controls 

not given) 

Probable AD:  

DSM-IV and 

NINDS-ADRDA 

criteria 

APOE and 

BDNF SNPs: 

PCR based 

genotyping 

BDNF 66 Val/Val 

(rs6265) polymorphism 

associated with slower 

rate of cognitive 

decline compared to 

BDNF 66 Val/Met in 

participants with at 

least one APOE 4 

allele 

BDNF 66 Val/Val 

(rs6265) 
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Percy et al. 2014 

[498] 

Cohort study; not given, 

assumed predominant 

Caucasian; community based; 

N=281 

75% Female 

Mean age:  73+/-4.9 yrs 

Inclusion: 

No self-reported 

cognitive decline 

or dementia at 

entry 

Exclusion: MMSE 

<24/30, history of 

cerebrovascular or 

neurological 

disease 

46 (35, 

mean age 

79+/-4.9 

yrs) 

Probable AD: 

DSM-IV 

APOE SNPs: 

RFLP-PCR 

HFE SNPs: 

Simplex PCR 

based 

genotyping 

Combination of APOE 

4+HFE H63D 

(rs1799945) 

and diabetes increased 

the risk for dementia in 

females (OR= 52.0) 

Alternate allele of 

HFE H63D 

(rs1799945)  

Moraes et al. 2013 

[499] 

Case control; Hispanic; 

Hospital out-patient based; 

N=532 (AD=120, 

controls=412) 

AD: 65.8% Female; Controls: 

88.4% Female 

Mean age: AD=72.3 yrs; 

controls=70.8 yrs 

Inclusion: 

AD: Clinical 

diagnosis 

Controls: Clinical 

exclusion of 

dementia 

138 (81,  

specific 

age for 4+ 

controls 

not given) 

Probable AD: 

DSM-IV and 

NINCDS-ADRDA 

APOE and 

other SNPs: 

PCR based 

genotyping 

Homozygous IL10-

1082A attained 

statistical significance, 

with an 

almost 40% lower 

chance of AD 

compared to carriers of 

other genotypes  

(RR = 0.61; p = 0.004). 

This statistical 

significance remained 

when dichotomized in 

terms of ε4 carriers or 

not. 

IL10-1082 

A/A(rs1800896) 

Liu et al. 2013 [500] Case control; Han Chinese; 

AD and controls: Hospital out-

patient based; 

N=1592 (AD=796, 

controls=796) 

AD: 50% Female 

Control: 49% Female 

Mean age: 74.81+/-6.96 yrs 

Inclusion:  

AD: Clinically 

diagnosed AD 

Controls: 

Dementia 

clinically excluded 

322 (122, 

specific 

age for 4+ 

controls 

not given) 

Probable AD:  

NINCDS-ADRDA 

APOE and   

MAPT SNPs: 

PCR based 

genotyping 

MAPT (rs242557) G 

allele increased risk of 

AD in the presence of 

APOE 4. Alternate 

allele may be 

protective. 

 

 

Alternate allele of  

MAPT (rs242557) 

Li et al. 2008 [501] 

 

Case control; Chinese; 

community based;  

N=318 (AD=138, 

controls=180) 

Inclusion: 

AD: Clinically 

diagnosed AD 

Controls: MMSE 

>/=27  

98 (38,  

specific 

age for 4+ 

controls 

not given) 

Probable AD: 

DSM-III-R 

APOE: PCR-

RFLP  

MIP-1-906: 

PCR based 

Odds ratio for AD in 

APOE 4 and MIP-1 

(TA)6/(TA)6 carriers 

was 7.140 (95% CI = 

3.222–15.823). 

Absence of the  

MIP-1 

(TA)6/(TA)6 

polymorphism in 

the promoter 



97 
 

Abbreviations: PCR=Polymerase chain reaction; RFLP=Restriction Fragment Length Polymorphism; DSM=Diagnostic and Statistical Manual; NINCDS-

ADRDA=National Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer's Disease and Related Disorders Association

AD: 39% Female; Control: 

31% Female 

Mean age: AD=78.3+/-5.9 yrs, 

controls= 69.7+/-4.2 yrs 

Exclusion:  

Controls: 

Dementia 

diagnosed at 

clinical assessment 

microsatellite 

typing 

 

 

 region may 

decrease the 

overall risk of AD 

Spell et al. 2004 

[502] 

Case control; not given, 

assumed predominant 

Caucasian; AD: Hospital out-

patient based; controls: 

community based; 

N=477 (AD=223, 

controls=254) 

AD: 72.2% Female; Control: 

57% Female 

Mean age: AD=76+/-6.8 yrs, 

controls=75+/-8 yrs) 

Inclusion: 

AD: Clinically 

diagnosed AD 

Controls: No 

specific inclusion 

criteria other that 

healthy age 

matched controls 

197 (66,  

specific 

age for 4+ 

controls 

not given) 

Probable AD: 

DSM-IV 

Controls: 

Neuropsychological 

testing, interviews 

and clinical 

examination 

APOE and 

SREBP-

1 PCR based 

genotyping 

In the group of healthy 

APOE 4 carriers, the 

number of homozygote 

SREBP-1 G allele 

carriers was 

significantly higher 

than AD patients 

(p=0.036).  

Homozygous 

SREBP-1 G 

allele 

Funalot et al. 2004 

[503] 

Case control; Caucasian; Cases 

and controls: Hospital out-

patient based; 

N=862(AD=401; 

controls=461); 

Gender distribution not given; 

Age distribution not given 

Inclusion:   

AD: Clinically 

diagnosed AD 

Controls: Age 

matched to AD and 

absence of clinical 

AD 

APOE 4 

participant 

numbers or 

ages not 

given.  

Probable AD:  

DSM III R and 

NINCDS-ADRDA 

Controls: AD 

excluded using  

DSM III R criteria 

APOE and  

ECE1B 

C338A: PCR-

RFLP 

No statistical 

interaction between 

ECE1B C338A and 

APOE 4 genotypes 

was detected, 

suggesting a  

homogeneous effect of 

the ECE-1 gene variant 

in subjects with or 

without  APOE 4 

allele(s). 

ECE1B C338A 
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DISCUSSION 

 
Through this systematic review, we found that the current literature does not adequately 

address the issue of genetic resilience in LOAD. We have identified some studies in which 

variants with a protective effect against LOAD have been reported. However, all studies 

retrieved for this review, with one exception [483] were designed to study risk, not 

protection. No recurrent or validated protective SNPs or genetic factors with high effect sizes 

emerged from the review. Most studies contained very small numbers of APOE 4 

homozygotes and therefore these results will need to be validated in larger case control 

studies, specifically designed to study protective genetic factors.  

 

CASP7 rs10553596 and SERPINA3 rs4934 A/A emerged as the only two variants with 

sufficient evidence for protection against LOAD in APOE 4 homozygotes. Although in 

silico expression analysis (eQTL) demonstrated that the CASP7 rs10553596 variant causes 

loss of function, in vivo studies will be essential to determine the biological effect of this 

variant. Moreover, the unaffected participants in this study were aged >60 years which is not 

sufficient for the study of resilience in dementia. Therefore, validation in well phenotyped 

participants aged 75 years and over is necessary. 

 

The studies by Kamboh et al. [494] and de Kosky et al. [493] were originally designed to 

study modifiers that increase the risk of LOAD. The SERPINA3 rs4934 A/A genotype was 

reported to potentially decrease risk of LOAD in APOE 4 homozygotes. The unaffected 

participants in these studies were too young (some as young as 24 years old), limiting the 

capacity to meaningfully test resilience.  
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There were many limitations noted in the literature reviewed. The majority of studies merged 

the APOE 4 heterozygous study participants with APOE 4 homozygotes, and categorized 

them both as “4 carriers”. Although we have provided a brief summary of possible resilience 

SNPs from these articles, given the elevated OR of developing LOAD in APOE 4 

homozygotes (up to 14.9) is markedly different to having one APOE 4 allele (up to 4), these 

two entities should not be considered similar and merged [97]. Moreover, many studies failed 

to exclude monogenic causes of AD such as APP, PSEN1 and PSEN2, particularly in young 

affected participants. The potential risk modifiers in these individuals at a very high genetic 

risk are likely to be different to those identified in the majority of LOAD population. Most 

studies used self-reported absence of dementia as a criterion to recruit control populations. In 

studies designed to identify protective factors, control participants should be carefully 

recruited after utilizing specific cognitive assessments for memory and recall.  

 

Conclusion and future direction: 

 
This systematic review highlights the deficiency in literature with regards to studies 

appropriately designed to study resilience in AD. Studying factors that contribute to the 

absence or delayed onset of LOAD in resilient individuals may clarify molecular pathways 

contributing to resilience and aid in designing prevention/ therapeutic trials.  

 

To increase the likelihood of identifying novel protective variants in LOAD, we propose the 

following study designs.  

 

1) Family Studies: Protective genetic factors of higher effect size are likely to be rare, and 

only present in a small fraction of the population. In order to identify such rare protective 

factors, linkage studies in large families of resilient (or discordant) individuals, similar to the 
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traditional approach for monogenic disease genes, would be best suited. Care should be taken 

in identifying candidates suitable for such a study, with resilient family members defined as 

those homozygous for the APOE 4 allele, aged over 75 years, excluded for LOAD or MCI 

using thorough cognitive analysis. 

 

2) Extreme phenotyping: The relatively common SNPs identified through genome wide 

association studies (GWAS), tend to have a moderate to small effect size with regards to 

LOAD resilience, but are useful in inclusion in polygenic risk scores (PRS). Large 

longitudinal studies of PRS in AD have shown promise in their ability to predict the age of 

onset and risk of developing dementia [381, 382].  To increase the likelihood of identifying 

such polygenic protective variants of moderate impact in LOAD, we propose an extreme 

phenotyping design. This would involve the genomic analysis of a group of unaffected APOE 

 individuals aged over 75 years, confirmed to be cognitively healthy, as the target 

resilient study population. SNPs from this resilient group would then be compared against a 

group of APOE  homozygotes, who have a confirmed diagnosis of AD with onset under 

the age of 70 years, as the comparator extreme group. Although a disadvantage of such an 

approach may be decrease in the numbers available to study, such extreme phenotype study 

design would have the capacity to increase the effect size of any variants identified, and 

therefore, decrease the numbers of participants required [504, 505]. A similar study design 

has recently also been proposed as part of the Alzheimer’s Disease Sequencing Project 

(ADSP) [506]. 

 

Finally, the task of identifying genetic resilience factors in dementia will not only involve a 

rigorous scientific approach, but will also require combining skill-sets from multiple 
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disciplines, ranging from neuropsychology, clinical genetics, molecular genetics, to 

bioinformatics and computer science.  



102 
 

Supplementary Material for: Genetic Resilience to Alzheimer’s Disease in APOE 4 Homozygotes:  

A Systematic Review 

 

Supplement 1: Tables showing the complete search strategy  

 

 

Table S3.1: Database(s) Embase Classic+Embase 1947 to 2017 June 13  

# Searches Results 

1 ((apoe or apolipoprotein or apoe epsilon) adj (e4e4 or e4 e4)).mp. [mp=title, abstract, heading word, drug trade name, original 

title, device manufacturer, drug manufacturer, device trade name, keyword, floating subheading word]  

25 

2  (homozyg* or biallelic or e4e4 or e4 e4 or "4 4").mp. [mp=title, abstract, heading word, drug trade name, original title, device 

manufacturer, drug manufacturer, device trade name, keyword, floating subheading word]  

214075 

3 1 or 2  214075 

4 (dement* or alzheimer* or amyloid or betaamyloid or neurofibril*).mp. [mp=title, abstract, heading word, drug trade name, 

original title, device manufacturer, drug manufacturer, device trade name, keyword, floating subheading word]  

341452 

5 3 and 4  3651 

6  (resilience or resilient or absence or absent or protect* or buffer* or prevent*).mp. [mp=title, abstract, heading word, drug trade 

name, original title, device manufacturer, drug manufacturer, device trade name, keyword, floating subheading word]  

4160254 

7 (modif* or secondary mutation* or cognitively normal or normal cognition or undeveloped or protective variant).mp. [mp=title, 

abstract, heading word, drug trade name, original title, device manufacturer, drug manufacturer, device trade name, keyword, 

floating subheading word]  

1203756 

8 (("did not" or didn't or didnt) adj (develop or lead)).mp. [mp=title, abstract, heading word, drug trade name, original title, device 

manufacturer, drug manufacturer, device trade name, keyword, floating subheading word]  

27983 

9 ((reduced or non or incomplete or lower or low) adj (penetrance or risk or expression)).mp. [mp=title, abstract, heading word, 

drug trade name, original title, device manufacturer, drug manufacturer, device trade name, keyword, floating subheading word]  

175369 

10 ((late or delay*) adj (onset or development or disease or expression)).mp. [mp=title, abstract, heading word, drug trade name, 

original title, device manufacturer, drug manufacturer, device trade name, keyword, floating subheading word]  

45913 
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11 (healthy aging or healthy ageing).mp. [mp=title, abstract, heading word, drug trade name, original title, device manufacturer, drug 

manufacturer, device trade name, keyword, floating subheading word]  

4971 

12 6 or 7 or 8 or 9 or 10 or 11  5333114 

13 5 and 12  1384 

14 limit 13 to english language  1358 

15 limit 14 to conference abstract status  354 

16 14 not 15  1004 

17 (animal not human).mp. [mp=title, abstract, heading word, drug trade name, original title, device manufacturer, drug 

manufacturer, device trade name, keyword, floating subheading word]  

4105574 

18 16 not 17  887 

 

 

Table S3.2: Database(s) Ovid MEDLINE(R) Epub Ahead of Print, In-Process & Other Non-Indexed Citations, Ovid MEDLINE(R) 

Daily and Ovid MEDLINE(R) 1946 to Present  

# Searches Results 

1 ((apoe or apolipoprotein or apoe epsilon) adj (e4e4 or e4 e4)).mp. [mp=title, abstract, original title, name of substance word, 

subject heading word, keyword heading word, protocol supplementary concept word, rare disease supplementary concept word, 

unique identifier, synonyms]  

18 

2  

 

(homozyg* or biallelic or e4e4 or e4 e4 or "4 4").mp. [mp=title, abstract, original title, name of substance word, subject heading 

word, keyword heading word, protocol supplementary concept word, rare disease supplementary concept word, unique identifier, 

synonyms]  

137221 

3 1 or 2  137221 

4  

 

(dement* or alzheimer* or amyloid or betaamyloid or neurofibril*).mp. [mp=title, abstract, original title, name of substance word, 

subject heading word, keyword heading word, protocol supplementary concept word, rare disease supplementary concept word, 

unique identifier, synonyms]  

236841 

5 3 and 4  1850 

6  

 

(resilience or resilient or absence or absent or protect* or buffer* or prevent*).mp. [mp=title, abstract, original title, name of 

substance word, subject heading word, keyword heading word, protocol supplementary concept word, rare disease supplementary 

concept word, unique identifier, synonyms]  

2604251 
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7 (modif* or secondary mutation* or cognitively normal or normal cognition or undeveloped or protective variant).mp. [mp=title, 

abstract, original title, name of substance word, subject heading word, keyword heading word, protocol supplementary concept 

word, rare disease supplementary concept word, unique identifier, synonyms]  

949576 

8  

 

(("did not" or didn't or didnt) adj (develop or lead)).mp. [mp=title, abstract, original title, name of substance word, subject heading 

word, keyword heading word, protocol supplementary concept word, rare disease supplementary concept word, unique identifier, 

synonyms] 

20227 

9  

 

((reduced or non or incomplete or lower or low) adj (penetrance or risk or expression)).mp. [mp=title, abstract, original title, name 

of substance word, subject heading word, keyword heading word, protocol supplementary concept word, rare disease 

supplementary concept word, unique identifier, synonyms]  

121977 

10 ((late or delay*) adj (onset or development or disease or expression)).mp. [mp=title, abstract,  

original title, name of substance word, subject heading word, keyword heading word, protocol supplementary concept word, rare 

disease supplementary concept word, unique identifier, synonyms]  

33906 

11  

 

(healthy aging or healthy ageing).mp. [mp=title, abstract, original title, name of substance word, subject heading word, keyword 

heading word, protocol supplementary concept word, rare disease supplementary concept word, unique identifier, synonyms]  

4047 

12 6 or 7 or 8 or 9 or 10 or 11  3545627 

13 5 and 12  687 

14 limit 13 to english language  668 

15  

 

(animals not humans).mp. [mp=title, abstract, original title, name of substance word, subject heading word, keyword heading 

word, protocol supplementary concept word, rare disease supplementary concept word, unique identifier, synonyms]  

4369273 

16 14 not 15  593 
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Table S3.3: Database(s) PsycINFO 1806 to June Week 1 2017 

# Searches Results 

 

1 ((apoe or apolipoprotein or apoe epsilon) adj (e4e4 or e4 e4)).mp. [mp=title, abstract, heading word, table of contents, key concepts, 

original title, tests & measures]  

5 

2 (homozyg* or biallelic or e4e4 or e4 e4 or "4 4").mp. [mp=title, abstract, heading word, table of contents, key concepts, original title, 

tests & measures]  

5695 

3 1 or 2  5695 

4 (dement* or alzheimer* or amyloid or betaamyloid or neurofibril*).mp. [mp=title, abstract, heading word, table of contents, key 

concepts, original title, tests & measures]  

91120 

5 3 and 4  582 

6 (resilience or resilient or absence or absent or protect* or buffer* or prevent*).mp. [mp=title, abstract, heading word, table of 

contents, key concepts, original title, tests & measures]  

373592 

7 (modif* or secondary mutation* or cognitively normal or normal cognition or undeveloped or protective variant).mp. [mp=title, 

abstract, heading word, table of contents, key concepts, original title, tests & measures]  

139762 

8 (("did not" or didn't or didnt) adj (develop or lead)).mp. [mp=title, abstract, heading word, table of contents, key concepts, original 

title, tests & measures]  

2486 

9 ((reduced or non or incomplete or lower or low) adj (penetrance or risk or expression)).mp. [mp=title, abstract, heading word, table 

of contents, key concepts, original title, tests & measures]  

11177 

10 ((late or delay*) adj (onset or development or disease or expression)).mp. [mp=title, abstract, heading word, table of contents, key 

concepts, original title, tests & measures]  

9360 

11 (healthy aging or healthy ageing).mp. [mp=title, abstract, heading word, table of contents, key concepts, original title, tests & 

measures]  

1965 

12 6 or 7 or 8 or 9 or 10 or 11  516341 

13 5 and 12  239 

14 limit 13 to english language  237 

15 limit 14 to all journals  226 
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Supplementary figure S3.1 - Flowchart depicting final articles selection pathway 

 

 

Figure S3.1: Flowchart template modified and adapted from Moher D, Liberati A, Tetzlaff 

J, Altman DG, The PRISMA Group (2009). Preferred Reporting Items for Systematic 

Reviews and Meta-Analyses: The PRISMA Statement. PLoS Med 6(7): e1000097. 

doi:10.1371/journal.pmed1000097



107 
 

Details of the two SNPs identified through the systematic review 

 

CASP7 SNP details:  

The CASP7 deletion SNP rs10553596 is a small deletion involving 2 nucleotides (TT).  It has 

an allele frequency of ~23% in the gnomAD population variant frequency database 

consisting of 14,456 samples and ~22% in the non-neurological subset of gnomAD (114,704 

samples) and is not highly conserved.  

 

This variant falls in 6 different Reference Sequence transcripts with only one of them being 

within an exon and predicted to cause frameshift as referenced below: 

 

NM_001267057.1:c.130_131del; p.(Leu44SerfsTer70) 

 

In all the other transcripts, it falls in non-coding parts of the gene or in the 5` UTR. This 

variant is not present in the Matched Annotation from NCBI and EMBL-EBI (MANE) Select 

transcript. Moreover, the exonic transcript is not highly expressed in the brain as per the 

Genotype-Tissue Expression (GTEx) portal. 

 

CASP7 encodes a member of the cysteine-aspartic acid protease (caspase) family, and it has 

been noted that caspases can mediate microglial cell activation by inflammatory signals 

[507]. Expression quantitative trait locus (eQTL) analyses performed by Ayers et al. showed 

a lower level of CASP7 expression with the rs10553596-c allele in a few tissues including the 

prefrontal cortex, visual cortex and cerebellum [483]. Therefore, they hypothesised that lower 

levels of expression of CASP7 is protective against AD. In the study by Ayers et al., the 
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rs10553596-c allele only reached statistical significance in controls belonging to the APOE 

 genotype and not in control participants who were heterozygous to APOE . 

 

Ayers et al. CASP7 study limitations: 

There are, however, multiple limitations to this study by Ayers et al. 

1. There were no clear phenotyping details available for the cases and controls. All data 

was obtained from billing codes entered in electronic medical records, casting a doubt 

over the rigour of the selection of participants for the study.  

2. The controls used in this study were aged >60 years, which is insufficient for 

categorisation as controls for a study of Alzheimer disease, which is predominantly a 

later onset disease. 

3. The conclusion of loss-of-function as a mechanism of action of the variant was based 

on a non-canonical transcript which is not well expressed in the brain. 

 

Reason for not further analysing the CASP7 SNP in the present study: 

The current study involved multiple samples using different genotype array platforms. This 

SNP was not captured in any of the arrays used in our samples. There were technical 

difficulties in reliably imputing this SNP in the dataset which could have impacted on the 

ability to reliably distinguish the variant frequency in the cases and controls. After 

considering these issues, it was determined that the data did not allow any further 

investigation of the rs10553596 SNP. 
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SERPINA3 rs4934-A/A 

The rs4934 SNP is a single nucleotide variant in the gene SERPINA3, with an allele 

frequency of 48% in the European non-Finnish population as per the gnomAD population 

variant frequency database consisting of 14,456 samples and 43% in the non-neurological 

subset of gnomAD (114,704 samples). It is not highly conserved.  

 

This variant falls in 2 different RefSeq transcripts and 7 Ensembl transcripts and is present 

within an exon in both the RefSeq transcripts and 5 of the 7 Ensembl transcripts.  

 

In the MANE select transcript, this variant nomenclature is as below: 

 

 NM_001085.5(SERPINA3):c.25G>A (p.Ala9Thr) 

 

This variant is well expressed in many tissues including the brain as per the GTex portal.  

 

SERPINA3 encodes alpha-1 antichymotrypsin which is a plasma protease inhibitor and 

functions as a major acute phase reactant. In vitro studies indicate that alpha-1 

antichymotrypsin binds to amyloid  () promoting its assembly into filaments, which 

could cause A deposition in Alzheimer disease [508]. Alpha-1 antichymotrypsin is also 

expressed by reactive astrocytes around amyloid plaques in the brain [509]. Transgenic mice 

studies have also shown that alpha-1 antichymotrypsin promotes A deposition in the brain 

[510, 511]. 

 

The SERPINA3 rs4934 A/A genotype was reported to potentially decrease risk of Alzheimer 

disease in APOE 4 homozygotes by Kamboh et al. (1995) and de Kosky et al. (1996) [493, 
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494], although there are many limitations to both these studies, including the inclusion of 

Alzheimer disease “controls” as young as 24 years old. Subsequent studies have shown 

conflicting results with this SNP, with a study suggesting that nonrandom combination of risk 

and protective alleles may, at least in part, explain why the association studies have shown 

inconsistent results [512, 513].



111 
 

CHAPTER 4: WHOLE GENOME SEQUENCING IN A CLINICAL 

COHORT OF PATIENTS WITH EARLY ONSET DEMENTIA 

 

CHAPTER INTRODUCTION 

 

When clinical decisions or family planning decisions are to be made using a genetic result, 

the rigour applied is high, with the focus of the research rooted in immediate patient-centred 

care [514-518]. This contrasts genetic testing offered in large cohort based research studies, 

where the interpretation of genetic results or communication of these to the patients does not 

need to replicate the clinical setting [519-522]. 

 

The following study was designed with this concept in mind. Being a clinical genetics study 

involving patients with dementia and their families, there were a few unique aspects in the 

design and execution including ethics approvals, ascertainment of suitable participants, 

consent, recruitment, pre-test interview and counselling, decisions made regarding filtering 

and curation of the whole genome data, clinical verification of results, disclosure of results 

and ongoing follow up. Below I outline the various practical steps followed in the design of 

this study. This is followed by an article currently under review in the journal Neurology, 

which details the scientific methods and the results obtained from this study. 

 

Human Research Ethics Committee (HREC) Approvals: 

HREC approval for this study was obtained through a multisite agreement at Melbourne 

Health (HREC/17/MH/444). Site specific governance approvals were obtained at the two 

recruitment sites, Royal Melbourne Hospital and Austin Health. 

 

As this was a research project involving people who would likely have limited capacity to 

consent, separate ‘Participant Information and Consent Forms’ (PICF) were drawn up for 
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participants (where they were able to provide consent) and a medical power of attorney or 

legal guardian (where the participant did not have the capacity to provide consent). A sample 

of both the PICF forms is included in Appendix A and Appendix B (Royal Melbourne 

Hospital version) at the end of the thesis (after the list of references). Acknowledging that 

after understanding the family implications of genetic testing and discussing with family 

members, or with passage of time, some participants/families may change their mind about 

participation in this research, a withdrawal form was also submitted for approval to the 

HREC, to enable participant/family understanding that initial participation was not binding (a 

copy of the withdrawal form is included in Appendix C). 

 

Ascertainment and Recruitment of Suitable Participants: 

I sought recruitment of participants into this study from neurogenetics clinics at the Royal 

Melbourne Hospital and the Austin Hospital, neuropsychiatry unit at the Royal Melbourne 

Hospital as well as through neurologists and neuropsychiatrists who worked at these tertiary 

hospitals. As referral to neurogenetics clinics is made after most other investigations are 

exhausted, including preliminary genetic tests in some cases (e.g., APOE genotyping and 

C9orf72 expansion testing), the participants in this study were enriched for rarer types of 

dementias. I aimed to recruit 50 participants with early onset dementia (EOD) into this whole 

genome sequencing study to gain a sufficient representative sample while keeping within the 

constraints of the budget. 

 

I met with each of the referrers to detail the inclusion and exclusion criteria for the study, 

which were as follows.
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• Inclusion Criteria: 

o Clinical diagnosis of a neurodegenerative dementia with onset at or under the 

age of 65 years. 

o Deceased participants can only be enrolled if they have submitted their DNA 

with written consent for research to either the referring doctors or a genetics 

department, provided the family members/next of kin have been approached 

by their respective treating units and have expressed interest in participating.  

 

• Exclusion Criteria: 

o Onset of dementia over the age of 65 years. 

o Presence of a reversible cause (such as an underlying infectious disease, 

vitamin B12 deficiency) determined to be the reason for cognitive decline. 

o Progressive cognitive decline, but considered to be purely due to 

environmental causes such as alcohol or traumatic brain injury. 

o Monogenic cause for dementia already identified. 

o Family members/next of kin decline consent for their deceased family 

member’s DNA to be examined through this research study. 

 

The referring clinicians initially identified suitable participants and contacted them to find out 

interest in participation. If participants expressed interest, I sent a letter of invitation 

(Appendix D), along with the PICF to introduce the study, followed by a phone call to 

answer any preliminary questions and arrange a pre-test interview and counselling if 

interested in the study. 
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Determining Capacity to Consent: 

People with dementia eventually reach a stage of diminished capacity to comprehend 

information and make decisions and hence may not be able to provide informed consent 

[523-525]. Many patients in the early and even in the moderate stages of the disease retain 

the capacity to make many decisions [526-528]. While the capacity to make one’s own 

decisions is a function of a person’s autonomy, the competency to provide such consent could 

vary from situation to situation and the level and type of dementia [529-532]. Recognising 

the progressive nature of the disease, many patients and their families engage in a formal 

process of advance care planning and may appoint a family member or guardian to make 

financial/medical or other important decisions on their behalf [533-535]. In cases where such 

advance planning has not occurred, a formal process of determining capacity to make 

decisions is undertaken in a multidisciplinary setting with the involvement of 

neuropsychologists, neuropsychiatrists, social worker and family members or guardians of 

the patient [536, 537]. This assessment involves investigating four main domains of decision 

making: understanding, ability to express a choice, appreciation and reasoning [538, 539]. 

This process takes into consideration the fact that cognitive decline is not necessarily 

synonymous with decline in capacity to make decisions [540]. For patients with dementia, 

initiation of a formal assessment occurs when the treating physician has a reason to question 

the individual’s decision making/consenting capacity [538, 541].  

 

In the present study, before meeting with a patient/family, the capacity to consent was 

explored by liaising with the referring clinician. Where a formal medical power of attorney 

[542, 543] was available, this surrogate decision maker was involved in the consenting 

process. If the referring physician deemed that the patient had sufficient capacity, the 

participant was directly involved in the consenting process along with a family member 
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where possible. If there was any doubt about a patient’s capacity to consent, they were 

referred for a formal assessment through their referring physician prior to pre-test interview 

and counselling. 

 

Pre-test Genetic Counselling: 

A pre-test appointment was arranged for all participants in order to introduce the study, 

answer any questions they may have, take a three generational family history and to provide 

detailed pre-test genetic counselling. Participants were given a choice between face-to-face 

and telephone appointments for pre-test genetic counselling. Most participants chose a phone 

appointment, except 16 patients, who chose face to face appointments. Pre-test appointments 

were made for one hour each, in line with the normative practice in the field of clinical 

genetics. 

 

Pre-test genetic counselling involves risk assessment based on a combination of clinical 

diagnosis and family history assessment, followed by a discussion of the uncertainties 

involved in genetic tests, educating about family risks and inheritance patterns, and 

counselling to assist them in making an informed decision regarding proceeding or not 

proceeding with genetic testing [544]. In busy clinical practices, where there are limitations 

on the time that a general practitioner/neurologist/aged care physician or neuropsychiatrist 

can spend with patients, there are many barriers to obtaining a thorough three generational 

family history [545, 546]. However, a detailed family history is the cornerstone of a genetics 

consultation [547, 548]. 

 

At the pre-test counselling session, personal and family history of dementia and other 

neurodegenerative conditions in other family members (e.g., FTD and motor neuron disease 
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in different family members with C9orf72 expansions), in addition to history of subtle 

features in family members (e.g., only males affected with mild carrier phenotypes in female 

family members in an X-linked genetic disorder, or varied features involving different organ 

systems in mitochondrial disorders) were explored.  

 

Participants and families were also taken through the types of results that could result from 

the WGS study and the uncertainties surrounding some of these results. Informed consent for 

WGS differs from that of single gene testing in many aspects. For example, the chance of 

incidental findings is higher when more genes are reviewed [549-554]. Moreover, not all 

results from a genetic test can be considered conclusive, with many genetic variants not 

meeting sufficient criteria for clinical diagnostic purposes. Such variants are called variants 

of uncertain significance (VUS) and cannot be considered diagnostic [555-557]. In addition 

to VUS, given the number of genes investigated in WGS, there may be variants in genes 

which do not have sufficient characterisation, or have no known association with dementia. 

Such genes are called genes of uncertain significance (GUS) [558, 559]. Results from GUS 

and VUS are generally not reported back to patients in the clinic [421, 560]. A specific issue 

with dementia genetic testing is the easy availability of testing for the risk factor genotype 

APOE  through direct-to-consumer type genetic tests and also the wide publicity associated 

with this genotype [282, 561]. However, the risk predictability of such testing is not accurate, 

due to the presence of multiple modifiers that influence the penetrance of the genotype, and 

hence these results ae not generally related to the patients in our clinic [284, 562-564]. 

Polygenic risk scores, that are currently being explored for AD risk prediction are not yet 

mature for clinical application, also precluding their disclosure in the clinical setting [92, 93, 

381, 565, 566]. 
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The participants/families were counselled that only clinically diagnostic results relating to 

their presentation would be reported back to them, and incidental findings (including GUS) 

will not be reported. They were also made aware that VUS, risk factor variants and polygenic 

risk scores will not be reported back. They were taken through the possibility that if found to 

have a clinically diagnostic genetic result, other family members may also carry the same 

change and therefore, may be at an elevated risk. They were reassured that no results will be 

communicated to any family members without their permission. They were counselled that 

the knowledge of presence of a genetic variant causing dementia and the possibility that other 

family members may also carry them, could cause them or the family members potential 

psychological distress and referrals could be made if necessary to appropriately trained 

genetic counsellors or psychologists. In some instances, if unaffected family members choose 

to have genetic testing, this may compromise their ability to obtain some types of insurance 

policies (e.g., some life insurance policies) and this issue was discussed in detail and written 

information provided regarding insurance policies in Australia [567]. They were also made 

aware that such policies could vary in different countries and jurisdictions and that their 

family members may need to familiarise themselves with the local regulations around this 

[568-570]. 

 

Return of genetic test results and family communication of such results could be complicated 

and is best done in a supported environment with trained genetic professional support [571-

573]. For this reason, if they consented to participate, it was arranged that results would be 

communicated through the neurogenetics clinic at the Royal Melbourne Hospital or the 

Austin Hospital, in order to have the availability of support structures through genetic 

counsellors in the clinic and ongoing follow up. They were also given the option of not 

finding out the results at the present time and contacting the researcher at a later date to 
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receive the results or not receive the results at all. Participants were informed that the results 

from the research may be discussed in multidisciplinary team meetings involving clinical 

geneticists, genetic counsellors, variant curation scientists and their treating doctors and their 

permission was sought for such discussions, and for any future re-analysis. 

 

Recruitment Pathway: 

 

Figure 4.1: Recruitment pathway 

 

A total of 79 patients were referred to the study (Figure 4.1). Two were found ineligible as 

they already underwent genetic testing through a neurogenetics clinic and had received a 

clinically diagnostic result. Eleven of the referred participants could not be contacted or did 

not return my call after two attempted contacts. Sixty-six participants attended the pre-test 

counselling (16 face-to-face, 50 phone). After pre-test counselling, six participants declined 

to participate in the study due to concerns of potential risk and need for involvement of 

family members and five others declined participation and no reason was given. Five more 

participants, although expressed interest, did not have their bloods drawn due to significant 
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decline in their health status or carer-fatigue. Fifty final participants provided written 

informed consent and had their blood samples taken for analysis. 

 

Of the 50 participants, four decided not to find out the results at the conclusion of the 

research and wanted to “bank” the results to find out at a later stage by contacting the 

researcher. The other participants opted to find out any clinically relevant results.  

 

WGS and Curation: 

• Sequencing and Data Storage: 

Once blood was collected (at Royal Melbourne or Austin hospitals), DNA was 

extracted from peripheral leukocytes at the Royal Melbourne Hospital molecular 

pathology laboratory. Genomic DNA was extracted from EDTA blood using the 

Illustra Nucleon BACC3 Genomic DNA Extraction Kit (Code: RPN8512) provided 

by GE Healthcare supplied by Bio-Strategy (https://shop.bio-

strategy.com/13946713_40). The DNA pellet was resuspended in TE Buffer, 1X, 

Molecular Biology Grade supplied by Promega. In addition to reagents supplied in the 

kit, ethyl alcohol, pure, molecular biology grade (E7023-500ML) supplied by Sigma-

Aldrich and chloroform (UN 1888), CA038-2.5L supplied by Chem-supply were 

used. 

 

An aliquot of DNA for the first 16 samples was transferred to the Garvan Institute of 

Medical Research in Sydney, Australia, and sequencing was performed on the 

Illumina HiSeq X sequencer through their Genome.one program. Due to temporary 

cessation of the Genome.one service at the Garvan due to internal restructuring, and 

availability of whole genome sequencing service in Melbourne, the subsequent 34 
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samples were sequenced at the Australian Genome Research Facility Ltd (AGRF) in 

Melbourne, Australia, on an Illumina NovaSeq 6000 instrument. Both sequencers 

used paired end 150 base pair reads with an average read depth of >30x. This change 

in sequencing platforms did not adversely affect the variant curation or any other 

whole genome analysis process. Sequence reads were aligned to the human genome 

reference assembly GRCh37 using Burrows-Wheeler Aligner (BWA) [574]. 

Sequence data were processed using Genome Analysis Toolkit (GATK) best practices 

pipelines [575]. 

 

Sequenced data in the form of BAM files (.bam), which is the binary version of the 

Sequence Alignment/Map format (SAM) [576], genomic variant call format (gVCF) 

and variant call format (VCF) were stored in the secure University of Melbourne 

Nectar Research Cloud (https://ardc.edu.au/services/nectar-research-cloud/), which 

also provided cloud computing ability. 

 

• Gene Lists: 

Using the whole genome sequencing data backbone, specific genes were analysed. 

For this study, five different types of analyses were planned. First was analysis of 

point mutations and small insertions and deletions in a selected number of dementia 

related genes (targeted gene list), the second was a wider ‘Mendeliome’ analysis, the 

third was analysis of structural variants (SVs) such as deletions, duplications, 

inversions, the fourth was analysis of pathological short tandem repeats (STRs) and 

finally analysis of an Alzheimer disease specific polygenic risk score (PRS).  
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In order to perform the targeted gene list analysis, it was essential that genes related to 

pure dementia syndromes as well as genes associated with conditions where dementia 

can co-occur are chosen for analysis. This is the process of creating a ‘virtual gene 

panel’ on a whole genome backbone [577]. Human phenotype ontology (HPO) is an 

online application that provides the ability to search gene associations based on 

specific standardised terms (https://hpo.jax.org/app/) [578]. The search terms in HPO 

have a hierarchical component, enabling the use of more broad search terms (e.g., 

cognitive impairment) or more narrow terms which fall under broader umbrella terms 

(e.g., semantic dementia – under frontotemporal dementia – under dementia – under 

mental deterioration – under cognitive impairment – under abnormality of higher 

mental function – under abnormal nervous system physiology – under abnormality of 

the nervous system – under phenotypic abnormality). Using the search term 

‘dementia’ in HPO (version accessed: July 2017), a list of 133 genes were obtained 

(Supplement Table S4.2).  

 

It must be noted that only genes with sufficient evidence towards clinical relevance 

were analysed. The genes either had to be present in the ClinGen database 

(https://clinicalgenome.org/) as a clinically relevant gene or have established clinical 

association with dementia. Genes or variants that had an odds ratio of 3 or more in 

multiple studies, but did not meet the above criteria for clinical relevance were 

analysed as risk factor genes. There are many genes and variants that are currently 

being explored for Alzheimer disease risk, but did not meet either the clinically 

relevant or risk factor criteria as defined above and were not analysed. For instance, 

ABCA7 loss-of-function variants have been described in large genome wide 

association studies as being a risk factor for Alzheimer disease with odds ratios of 
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between 1.5 and 2.5 [579-581]. However, this falls just short of the risk factor criteria 

set by the American College of Medical Genomics which is a minimum odds ratio of 

3 shown consistently in multiple studies [421]. 

 

Many commercial laboratories offer dementia genetic tests and have released a list of 

genes associated with dementia. Manually combining some of these lists, in addition 

to a manually curated list from search of Online Mendelian Inheritance in Man 

(OMIM) database and literature search on PubMed, resulted in a larger list of 176 

genes. These lists were then discussed in a multidisciplinary meeting involving 

clinical geneticists, genetic counsellors, neurologists and neuropsychiatrists involved 

in care of patients with dementia. This resulted in refining the gene list to 117 genes 

which formed the final ‘targeted panel’ (Supplement Table S4.2). 

 

To further investigate if genes other than those included above in the targeted panel 

could contribute to dementia in the participants, a wider list of ‘Mendeliome’ genes 

was obtained from the list of genes offered through the commercial Mendeliome 

panel offered at the Royal Melbourne Hospital molecular pathology laboratory 

(Supplement Table S4.3). If variants were detected in genes with no reported 

association with dementia or any neurological conditions (e.g., BRCA1 and BRCA2 

genes), they were not further curated. This was also in keeping with the ethics 

agreement. Analysis of point mutations, small insertions and deletions as well as SVs 

was restricted to the targeted and Mendeliome gene lists. 

  



123 
 

• Genomic Data Analysis Software: 

The VCF files from the sequenced data were uploaded to genomic data analysis 

software for further curation based on the American College of Medical Genetics and 

Genomics (ACMG) criteria. The first 16 samples, sequenced at the Garvan Institute in 

Sydney were initially analysed using the software Seave, originally developed at the 

Kinghorn Centre for Clinical Genomics, Garvan Institute of Medical Research [578]. 

Seave is a web based variant filtration platform, designed specifically for curation of 

whole genome data and is built on the backbone of GEMINI databases [582]. 

 

With the cessation of services through Genome.one and commencement of 

sequencing through AGRF, all genome VCF data (including the 16 samples 

sequenced through Genome.one) was uploaded to the genome data analysis software 

Alissa Interpret (Agilent Technologies). Alissa provides a decision tree based 

filtration system which allows the user to select specific criteria for variant 

prioritisation. It also integrates the ACMG guidelines within its applications, 

facilitating variant curation based on these guidelines. Further details on analysis 

methods and results using Alissa are described in the below article. 

 

• Structural Variant Analysis: 

It is widely recommended that SV analysis on whole genome data be conducted using 

multiple methods as the bioinformatic platforms used by each method performs 

variably for different types of SVs [583-585]. I used two different analysis methods, 

Manta [586] and DELLY [587]. Manta uses paired and split read evidence data to 

discover and score variants. It has the advantage of having a relatively rapid workflow 

with accuracy of results in the same range as other methods (e.g., DELLY and Pindel 
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[588]). DELLY, which uses short insert paired ends, long range mate pairs and split 

read alignments, is a method that is recognised to accurately delineate genomic 

rearrangements at single nucleotide breakpoint resolution and can detect deletions, 

duplications as well as inversions and reciprocal translocations with high specificity 

[587]. DELLY was used mainly to take advantage of its accuracy and applicability 

across the various types of SVs.  

 

SVs identified through these methods were then annotated using AnnotSV, which is a 

bioinformatic tool used for annotating and ranking SVs [589] and then filtered to 

select only those that were absent from Genome Aggregation Database (gnomAD) 

[590] as well as overlapping the exonic regions of at least one gene from either the 

targeted or Mendeliome gene list. The resulting variants were further manually 

curated according to the ACMG guidelines for interpretation of genomic copy number 

variants [423]. Further methodological details and the results obtained from the SV 

analysis are included in the article below.
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• Short Tandem Repeat Analysis: 

Short tandem repeat (STR) analysis was done in collaboration with researchers at the 

Walter Elilza Hall Institute (WEHI). Similar to SV analysis, STR analysis on WGS 

uses paired end sequencing data [584]. Although older bioinformatic methods could 

only report short STR alleles [591, 592], newer methods such as ExpansionHunter 

[593, 594], exSTRa [595], STRetch [596], GangSTR [597], and TREDPARSE [598] 

are able to reliably detect expansions >150 base pair in length using standard short 

read sequencing reads. Expansions were identified if the predicted repeat size 

exceeded the pathogenic thresholds reported in literature (ExpansionHunter, 

TREDPARSE, GangSTR) or if a sample was a significant outlier based on the 

likelihood models used, suggesting the presence of large expansions (exSTRa). These 

methods are useful to identify pathological repeat expansions in pre-specified genes 

which are known to be associated with repeat expansion associated diseases (e.g., 

C9orf72, HTT). 

 

One patient from this study (Pt 1 in Table 4.1) developed cerebellar ataxia and 

cognitive decline at the age of 23 years, with the patient’s mother developing similar 

symptoms in her late 30s (subsequently dying in her 40s due to advanced disease) and 

maternal grandfather developing mild cognitive decline and cerebellar ataxia in his 

60s. Initial STR analysis in known genes failed to identify any pathogenic repeat 

expansions in the proband.  

 

Due to the presence of this history of neurodegenerative disease with anticipation, 

there was a high likelihood of presence of an underlying pathologic repeat expansion 
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in this family. Although no sequencing was available in the mother, the grandfather 

had previously undergone whole exome sequencing (WES). With written informed 

consent from the grandfather, WES data was obtained for linkage analysis to narrow 

the regions of investigation for any novel STRs.  

 

Linkage analysis was performed by extracting SNP genotypes from WES data 

(grandfather) and WGS data (proband with symptom onset at 23 years) using the 

bioinformatic perl script LINKDATAGEN [599] and the pedigree analysis package 

MERLIN [600] to identify linkage regions, assuming a rare, fully penetrant, 

autosomal dominant inheritance model. With the availability of sequencing data from 

only two individuals in the family, and the constraints of only WES data being 

available in the grandfather, linkage analysis did not narrow down the area of search 

to significant amounts. A logarithm of the odds (LOD) score above zero was seen in 

~25% of the genome between these two family members, as expected in second 

degree relatives (Figure 4.2). A LOD score of three or above is considered significant 

in a linkage analysis. The LOD score in the genomic areas of similarity between these 

two relatives was below 0.5.  

 

Candidate variants (novel repeat expansions and/or structural variants) identified in 

the proband were filtered to those genomic regions identified as being shared in 

common between the two relatives. Despite the linkage analysis and narrowed area of 

search for SVs and STRs, no relevant known or novel SVs or STRs were identified in 

this family. 
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Figure 4.2: Schematic representation of the linkage analysis between patient 1 and her 

grandfather 

 

 

• Alzheimer Disease Polygenic Hazard Score Analysis: 

As opposed to Mendelian diseases, complex diseases such as AD, have a polygenic 

risk composed of many single nucleotide polymorphisms (SNPs), identified through 

large genome wide association studies (GWAS) [601]. A polygenic risk score (PRS) 

is a single score generated by aggregating the effects of these SNPs across the 

genome relevant for that particular trait [318]. A more clinically meaningful score is a 

polygenic hazard score (PHS), which is generated by applying a statistical survival 

analysis to PRS, thus generating a framework for risk prediction over time for each 

individual [602]. Desikan et al., using genotype data from 17,008 AD cases and 

37,154 controls from the International Genomics of Alzheimer's Project (IGAP), 

generated a PHS for AD [381]. 

 

After selecting a set of 1,854 SNPs that reached genome wide significance level of 

p<10-5 from IGAP, the authors went on to integrate these SNPs into a Cox 
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proportional hazard model to generate a PHS comprised of 31 SNPs in addition to the 

APOE SNPs. This enabled them to derive estimates of instantaneous risk for 

developing AD based on the genotype and age. One of the important aspects of this 

study was validation of the PHS in the replication cohorts not only in relation to the 

age of onset (r=0.90, p=1.1x10-26) and longitudinal progression from normal aging to 

AD (p=1.5x10-10), but also strong correlation with biological end-points in AD such 

as neuropathology (p=3.9x10-6 in one cohort; and p=6.8x10-6 in another) and in vivo 

markers of AD neurodegeneration (volume loss within the entorhinal cortex, 

p=6.3x10-6; and hippocampus, p=7.9x10-5). This means that the PHS can be used to 

predict individuals who may carry more neuropathological burden. A limitation of 

this PHS is that it has only been studied in Caucasians, therefore not validated for the 

non-Caucasian population.  

 

The  log hazard ratio values for the 33 SNPs from the study by Desikan et al., 

(which includes the two APOE SNPs) were applied to WGS data in patients with a 

clinical diagnosis of AD to generate a PHS and individual percentile risk was 

calculated based on this publication. As the PHS used for this study is specific for 

AD, it was only calculated in participants who had an AD diagnosis. Of the 21 

patients with AD, two were of non-Caucasian ethnicity and were thus excluded from 

analysis as the original study derived the PHS only from Caucasian participants [381].  

 

As only 19 patients qualified for this analysis, the 33 SNPs were manually extracted 

from the WGS data for these patients. All these SNPs passed quality filters with a 

minimum mapping quality of 60. The effect alleles for these SNP used in the original 

publication were obtained directly from the author (Desikan) and the  log hazard 



129 
 

ratios from the published data were used [381]. PHS was calculated using the 

software PLINK version 3 (http://pngu.mgh.harvard.edu/purcell/plink/) [603]. The 

predicted age-specific annualised incidence rates per 100 person years, based on the 

PHS percentile was then derived from the Supplement provided in the original article 

by Desikan et al. [381]. Percentile risks for the eligible 19 participants from the 

present study is shown in Table 4.1 in the below article. 

 

Reliable GWAS data or replicable PRS/PHS are currently not available for other 

types of dementia, and hence PRS/PHS was not calculated in participants with 

dementia phenotypes other than AD. 

 

 

Disclosure of Results and Post Test Counselling: 

All clinically diagnostic results were further verified through a clinical laboratory or through 

mRNA studies before returning to patients. For patients who had opted to receive the results, 

post-test genetic counselling appointments were organised through the Royal Melbourne 

Hospital or Austin Hospital neurogenetics clinics, where I met with them to discuss the 

results along with genetic counsellors. Ongoing follow up of patients/family members and 

arrangement of predictive type of genetic testing in the family was done through those 

respective clinics. 

 

What follows below is an article currently under review, describing the study methods and 

the results. 
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ABSTRACT 

 

Background and Objective: Early onset dementia (EOD), often defined as onset at <65 

years, is clinically heterogeneous, with a large number of differential diagnoses to be 

considered. Some of the strongest genetic causes underlying dementia are identified in those 

who have a younger age of onset, especially when accompanied by a suggestive family 

history. In the clinical setting, identification of the specific genetic cause in EOD patients is 

challenging due to multiple types of diagnostic tests, typically undertaken through different 

laboratories, in order to arrive at a precise genetic diagnosis. Whole genome sequencing 

(WGS) has the potential to serve as a single platform through which multiple genetic causes 

can be explored simultaneously, due to its ability to detect common, rare and structural 

genetic variation. 

 

Methods: WGS analysis was performed in 50 patients with EOD. Initially, point mutations 

and small insertions and deletions were investigated in a targeted set of 117 dementia genes. 

Subsequently, a “Mendeliome” approach was used to explore a broad range of Mendelian 

disease genes, not included in the targeted panel. Structural variants (SV) as well as short 

tandem repeats (STR) were also analysed. An Alzheimer disease (AD) specific polygenic 

hazard score (PHS) was calculated in patients with AD. 

 

Results: Clinically diagnostic pathogenic variants were identified in 7/50 (14%) of the 

patients, with a further eight patients (16%) found to have established risk factors which may 

have contributed to their EOD. All relevant variants were in the targeted set of genes with no 

additional findings through the Mendeliome approach. Two of the clinically diagnostic 

variants were identified through SV analysis. No expanded STRs were found in this study 

cohort, but a blinded analysis with a positive control identified a C9orf72 expansion 
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accurately. PHS results in AD patients indicated that ~47% (9/19) had a PHS equivalent to 

>90th percentile risk.  

 

Discussion:  WGS acts as a single genetic test to identify different types of clinically relevant 

genetic variations in patients with EOD. WGS, if used as a first-line clinical diagnostic test, 

has the potential to increase the diagnostic yield and reduce time to diagnosis for EOD. 

 

Glossary: ACMG = American College of Medical Genetics and Genomics; AD = Alzheimer 

disease; AOO = Age of onset; EOD = Early onset dementia; FTD = Fronto-temporal 

dementia; GUS = Gene of uncertain significance; mGS = modified Goldman score; PCR = 

Polymerase chain reaction; RMH = Royal Melbourne hospital; STR = Short tandem repeat 

expansion; SV = Structural Variant; PHS = Polygenic hazard score; PRS = Polygenic risk 

score; VUS = Variant of uncertain significance; WGS = Whole genome sequencing 

 

 

Supplementary material for this publication is provided at the end of this article. 



136 
 

INTRODUCTION 

 

Early onset dementia (EOD), defined commonly as dementia onset occurring <65 years, 

affects ~40-100 per 100,000 people worldwide [349, 352]. EOD is clinically heterogeneous, 

with a large number of differential diagnoses, including genetic causes, to be considered, 

creating multiple diagnostic and management challenges for the treating clinician [349]. 

Although genetic causes can be responsible for many types of dementias at various ages, 

recent studies report that a younger age of onset (AOO) (typically <65 years), as well as 

family history of dementia, are associated with an increased likelihood of detecting a 

clinically meaningful genetic variant [272, 336, 339, 604]. 

 

In previous applications of genomic diagnosis in dementia, Koriath et al. (2020) evaluated 

gene panel-based tests and reported a 13.5% chance of finding a clinically diagnostic genetic 

variant in EOD patients with AOO <65 years, compared with a 7.2% diagnostic rate in those 

with AOO >65 years [336]. They also identified an ~45% chance of detecting a clinically 

diagnostic variant when there was a strong family history [336]. In a 2019 study, Lacour et al. 

showed that even in the absence of a reported family history, a very young AOO (<51 years) 

resulted in 12.3% chance of finding a clinically diagnostic variant [339]. Similarly, a study by 

Lanoiselee et al. which included 129 sporadic cases of Alzheimer disease (AD) with AOO 

<51 years, showed a 13% chance of finding a clinically diagnostic variant, predominantly in 

PSEN1 [272]. There may be more variants, such as structural variants (SVs) and short 

tandem repeat expansions (STRs), which are not reported in these studies, making the actual 

diagnostic rate even higher.  

 

Many people with suspected genetic EOD undergo a prolonged and stressful diagnostic 

course, and often a genetic cause is still not identified [605]. This may be due, at least in part, 
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to current genetic technologies used in clinical testing, which may not detect SVs or STRs. A 

timely diagnosis is important for diagnostic clarity and permits the identification of at risk 

family members, especially where family members of child-bearing age wish to use this 

information for family planning purposes in the pre-natal or pre-implantation genetic 

diagnostic setting [606]. A genetic diagnosis will also be important in assigning patients to 

clinical trials of therapeutic agents targeting particular genes or genetic pathways. 

 

Current clinical practice uses an incremental approach to genetic testing in dementia due to 

the non-availability of a “one-stop” genetic test for dementia. Where a clinical diagnosis is 

unclear, this approach runs the risk of missing genes that may be pertinent to the patient. 

Moreover, SVs and STRs in relevant genes such as C9orf72 for frontotemporal dementia 

(FTD), HTT for Huntington disease, or some spinocerebellar ataxias require a separate test, 

not currently covered by the commercial “dementia panels”. Polygenic risk scores (PRS) 

which are currently being explored for diagnostic purposes in AD, also cannot be calculated 

based on the traditional targeted panel of dementia gene testing, unless specifically 

customised for this purpose [92, 381]. 

 

Whole genome sequencing (WGS) can act as a single platform with capacity to explore all 

the above genes and genetic risk factors. Newer bioinformatic techniques based on WGS give 

the opportunity to not only explore the traditional single nucleotide variants and small 

insertions and deletions, but also SVs, STRs and PRS. In the current study, we investigated 

the diagnostic potential of WGS in the clinical setting, in 50 patients with EOD.
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METHODS 

 
Participants: 

Participants included individuals with clinically diagnosed dementia with onset <65 years. 

Referrals were sought from the neurogenetics, neuropsychiatry and neurology services at the 

Royal Melbourne Hospital (RMH) and the Austin Hospital in Victoria, Australia. Clinical 

diagnoses were made prior to referral to the study, based on results from neuropsychological 

assessment, neuroimaging, cerebrospinal fluid analysis and any other relevant clinical 

investigations. Clinical diagnosis of probable AD was made based on the 2011 National 

Institute on Aging and the Alzheimer's Association (NIA-AA) criteria [31] or the Diagnostic 

and Statistical Manual of Mental Disorders – 5th edition (DSM-V) [123]. Clinical diagnosis 

of FTD was based on Rascovsky criteria [202] (for behavioural variant FTD) and Gorno-

Tempini criteria [168] (for primary progressive aphasia and its variants). Diagnosis of other 

dementias was based on specific clinical features or criteria. Where no diagnostic criteria or 

specific clinical features were met or if there were multiple differential diagnoses being 

considered, the diagnosis was marked as “unclear/ multiple differential diagnoses”.  

 

Participants suspected of purely environmental causes of dementia such as alcohol induced, 

or traumatic brain injury induced dementia were excluded. Participants were not excluded 

based on absence of family history.  

 

Oversight of the ethical conduct of this project was provided by the Melbourne Health 

Human Research and Ethics Committee (HREC/17/MH/444). Written informed consent was 

obtained from all participants or their legal guardians. The reporting of this study follows the 

Standards for Reporting Diagnostic accuracy studies (STARD) guidelines [607]. 
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Whole Genome Sequencing: 

After standard methods of DNA extraction (Supplement) WGS was performed at the Garvan 

Institute of Medical Research (Sydney, Australia) on the Illumina HiSeq X in 16 samples and 

at the Australian Genome Research Facility Ltd (Melbourne, Australia) on an Illumina 

NovaSeq 6000 instrument in 34 samples using paired end 150 base pair reads with an average 

read depth of >30x. Sequence reads were aligned to the human genome reference assembly 

GRCh37 using Burrows-Wheeler Aligner (BWA) [574]. Sequence data were processed using 

Genome Analysis Toolkit (GATK) best practices pipelines [575]. 

 

Genomic Variant Analysis: 

We derived a set of dementia-associated genes (hereby referred to as the ‘targeted dementia 

panel’) using the search term “dementia” in the Human Phenotype Ontology (HPO) database 

(http://human-phenotype-ontology.github.io/) (HP:0000726; accessed July 2017) and the 

Online Mendelian Inheritance in Man (OMIM) (accessed July 2017) as well as PubMed 

(until July 2017) and review of gene lists from laboratories offering dementia testing. The 

resulting genes were manually curated after review by a multidisciplinary team of clinical 

geneticists, neurologists, neuropsychiatrists and genetic counsellors involved in the care of 

patients with dementia at RMH. The final list of 117 genes is listed in supplementary Table 

S4.2. 

 

A “Mendeliome” search was also performed, using all clinically relevant OMIM genes 

offered in the clinical testing laboratory at RMH. Variants found in genes considered to have 

no known neurological manifestations (e.g., pure cancer syndrome genes such as BRCA1) as 

per OMIM, or literature search, or because they have very low expression in brain as per the 



140 
 

Genotype-Tissue Expression (GTEx) portal (https://gtexportal.org/home/), were not analysed 

further. See supplementary Table S4.3 for a list of genes included in the Mendeliome search. 

 

Curation of point mutations and small insertions and deletions was undertaken based on the 

guidelines published by the American College of Medical Genetics and Genomics (ACMG) 

[421]. Alissa Interpret (Agilent Technologies) was used for variant annotation and 

prioritisation. Any variants that failed quality filter parameters (read depth <10; call quality 

<20; genotype quality <20; mapping quality <40) were excluded. A maximum population 

frequency of 1% based on the various population frequency databases (ESP6500, ExAC, 

gnomAD, 1000 genomes Phase 1, 1000 genomes Phase 3), with a threshold allele count of 

2000 was used to prioritise variants. 

 

These prioritised variants were then manually curated using the ACMG criteria and 

categorised into pathogenic (P) or likely pathogenic (LP), variant(s) of uncertain significance 

(VUS), likely benign (LB) or benign (B) categories [421]. Variants that fell in the VUS 

category were further divided into VUS with high likelihood (VUS 3a), VUS with moderate 

likelihood (VUS 3b) and VUS with low likelihood (VUS 3c). This was done in order to 

identify high-likelihood VUS for any future re-analysis. A variant was curated as an 

“established risk factor allele” if there was consistent association with the phenotype in 

literature and odds ratio of >5 reported in large case control studies, but did not meet criteria 

for P/LP or VUS [421]. 

 

SVs were detected from sequencing data using the bioinformatic methods Manta and DELLY 

[586, 587]. SVs identified through these methods were then annotated using AnnotSV [589] 

and filtered to select only those that were absent from Genome Aggregation Database 
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(gnomAD) [590] as well as overlapping the exonic regions of at least one gene from either 

the targeted or Mendeliome gene list. The resulting variants were further manually curated 

according to the ACMG guidelines for interpretation of genomic copy number variants [423].  

 

 

Known disease-causing STR analysis was performed using a combination of the 

bioinformatic methods ExpansionHunter [593, 594], exSTRa [595], TREDPARSE [598] and 

GangSTR [597].  Expansions were identified if the predicted repeat size exceeded the 

pathogenic thresholds reported in literature (ExpansionHunter, TREDPARSE, GangSTR) or 

if a sample was a significant outlier, suggesting the presence of large expansions (exSTRa). 

In addition, a genome-wide search for novel candidate STRs was performed using 

ExpansionHunter Denovo [608]. Candidate STRs were ranked by the outlier Z score 

computed by ExpansionHunter Denovo and those which occur in intergenic regions excluded 

from further analysis.  

 

Variants in clinically relevant genes identified through the above approaches were then 

discussed in a multidisciplinary meeting involving clinical geneticists, genetic counsellors, a 

variant curation scientist and neuropsychiatrists. Variants falling in the P or LP category were 

considered clinically diagnostic and were confirmed independently through an orthogonal 

method either in a National Association of Testing Authorities, Australia (NATA) or Clinical 

Laboratory Improvement Amendments (CLIA) accredited laboratory or via RNA studies and 

Reverse Transcription Polymerase Chain Reaction (RT-PCR) before returning results to 

patients. Methods for mRNA analysis are described in the Supplement.
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Polygenic Hazard Score for Alzheimer Disease: 

 

PRS is a single score generated by aggregating the effects of genetic variants across the 

genome relevant for that particular trait [318]. By applying a statistical hazard calculation 

model (Cox proportional hazard model in this case) to the PRS for AD from a large genome-

wide association study, Desikan et al. generated a polygenic hazard score (PHS) [381]. Using 

population-based incidence data (based on the United States population incidence) and the 

PHS, the authors were able to derive a prediction model to calculate annualised incidence rate 

of developing AD based on the risk percentile [381]. The  log hazard ratio values for the 33 

single nucleotide polymorphisms (SNPs) from the study by Desikan et al. (which includes the 

two APOE SNPs) were applied to WGS data in patients with a clinical diagnosis of AD to 

generate a PHS and individual percentile risk was calculated based on this publication. 

 

 

Statistical Analysis:  

 

Descriptive statistics were used to describe study cohort and results reported as n (%) for 

categorical data and median (interquartile range) for continuous variables (e.g., modified 

Goldman score, age of onset). Fisher’s exact test and Mann-Whitney U-test were used to 

examine the differences between patients with outcome(s) of interest and those without. All 

analyses were conducted using Stata 16 (StataCorp LLC, College Station, TX) and level of 

significance was set at p<0.005.  

 

 

RESULTS 

 

Participants: 

 

A total of 50 participants met eligibility criteria and consented for participation in the study. 

The recruitment pathway and division based on referral centres for the participants are 

depicted in supplementary Figures S4.1 and S4.2. 
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All participants except one had age of onset (AOO) <65 years (supplementary Figure S4.3). 

One participant was first assessed at the age of 67 years but was included due to strong 

clinical features of FTD and lack of contact with other family members, therefore limiting the 

ability to know accurate AOO. The youngest AOO was 23 years. Seventeen patients (34%) 

were women and 33 (66%) were men. The patients were predominantly of Caucasian 

ethnicity except for three (two of South Asian and one of Asian ethnicity). Participants were 

divided into different family history categories, based on a modified Goldman score (mGS) 

(supplementary Table S4.1) [337] as depicted in supplementary Figure S4.3. 

 

 

Clinical Diagnoses in the Recruited Participants (Figure 4.3 and Table 4.2): 

 

 

AD was the most common clinical diagnosis in this cohort with 21/50 patients (42%) being 

clinically diagnosed with AD. This was followed by FTD (N=17, 34%) and unspecified 

dementia (N=9, 18%). There were two cases, where a specific clinical diagnosis was made 

i.e., cerebral autosomal dominant arteriopathy with subcortical infarcts and 

leukoencephalopathy (CADASIL) and dementia with Lewy bodies (DLB). Another patient 

had brain imaging features of leukodystrophy. 
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Figure 4.3: Broad categories of clinical diagnoses in the participants.  
AD=Alzheimer Disease, FTD=Frontotemporal Dementia, DLB=Dementia with Lewy Bodies, 

CADASIL=Cerebral Autosomal Dominant Arteriopathy with Subcortical Infarcts and 

Leukoencephalopathy, DDx=Differential diagnoses 

 

 

 

Results from the Whole Genome Analysis: 

 

The overall results from the WGS analyses are shown in Table 4.1. 

 

Table 4.1: Overall Results 
ID AOO Sex Ethnicity mGS Clinical Dx Targeted  Mendeliome APOE Other 

RF 

alleles 

SV c9orf72 Other 

STRs 

PHS % 

Pt1 23 F Caucasian 1 Unclear NAD NAD e3/e3 NAD NAD Norm NAD N/A 

Pt2 30 F Caucasian 4 Leukodystrophy NAD NAD e3/e3 NAD NAD Norm NAD N/A 

Pt3 38 M Caucasian 3.5 Unclear SPG21 

(LP)(1/2) 

NAD e3/e3 NAD SPG21 

del 

(LP)(1/2) 

Norm NAD N/A 

Pt4 40 M Caucasian 3 Unclear AFG3L2 

(LP) 

NAD e3/e3 NAD NAD Norm NAD N/A 

Pt5 41 F Caucasian 2 AD PSEN1 

(P) 

NAD e3/e3 NAD NAD Norm NAD 76 

Pt6 42 F Caucasian 4 AD PSEN1 

(LP) 

NAD e3/e3 NAD NAD Norm NAD 66 

Pt7 43 M Caucasian 1 FTD NAD NAD e3/e3 NAD NAD Norm NAD N/A 
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Pt8 46 M Caucasian 3 FTD NAD NAD e3/e3 GBA NAD Norm NAD N/A 

Pt9 49 M Caucasian 1 DLB NAD NAD e3/e3 NAD SNCA 

dup (P) 

Norm NAD N/A 

Pt10 50 M Caucasian 4 Unclear NAD NAD e4/e3 NAD NAD Norm NAD N/A 

Pt11 50 M South 

Asian 

4 AD NAD NAD e4/e3 NAD NAD Norm NAD 98 

Pt12 51 F Caucasian 3.5 AD NAD NAD e3/e3 NAD NAD Norm NAD 74 

Pt13 51 M Caucasian 2 FTD NAD NAD e3/e3 NAD NAD Norm NAD N/A 

Pt14 53 M Caucasian 4 AD NAD NAD e3/e3 NAD NAD Norm NAD 77 

Pt15 53 M Asian 4 AD NAD NAD e3/e3 NAD NAD Norm NAD 73 

Pt16 53 M South 
Asian 

4 Unclear NAD NAD e4/e3 NAD NAD Norm NAD N/A 

Pt17 54 F Caucasian 3 FTD NAD NAD e3/e3 NAD NAD Norm NAD N/A 

Pt18 54 M Caucasian 3.5 AD NAD NAD e3/e3 NAD NAD Norm NAD 74 

Pt19 54 F Caucasian 2.5 AD NAD NAD e4/e4 NAD NAD Norm NAD >99 

Pt20 54 F Caucasian 4 AD NAD NAD e3/e3 NAD NAD Norm NAD 60 

Pt21 55 M Caucasian 3 FTD NAD NAD e3/e2 GBA NAD Norm NAD N/A 

Pt22 56 M Caucasian 4 AD NAD NAD e4/e4 NAD NAD Norm NAD >99 

Pt23 57 M Caucasian 3.5 FTD NAD NAD e3/e3 NAD NAD Norm NAD N/A 

Pt24 57 F Caucasian 1 AD NAD NAD e3/e2 NAD NAD Norm NAD 60 

Pt25 57 F Caucasian 4 Unclear NAD NAD e3/e3 NAD NAD Norm NAD N/A 

Pt26 57 F Caucasian 1 AD NAD NAD e4/e4 NAD NAD Norm NAD >99 

Pt27 58 M Caucasian 2.5 AD NAD NAD e4/e4 NAD NAD Norm NAD >99 

Pt28 58 M Caucasian 4 FTD NAD NAD e3/e3 NAD NAD Norm NAD N/A 

Pt29 59 F Caucasian 3 CADASIL NOTCH3 

(LP) 

NAD e4/e2 NAD NAD Norm NAD N/A 

Pt30 59 M Caucasian 4 FTD NAD NAD e4/e3 NAD NAD Norm NAD N/A 

Pt31 60 M Caucasian 1 AD NAD NAD e4/e3 NAD NAD Norm NAD 97 

Pt32 60 M Caucasian 3 Unclear NAD NAD e3/e3 NAD NAD Norm NAD N/A 

Pt33 60 F Caucasian 1.5 AD NAD NAD e4/e4 NAD NAD Norm NAD >99 

Pt34 60 M Caucasian 4 AD NAD NAD e3/e2 NAD NAD Norm NAD 52 

Pt35 60 M Caucasian 4 FTD NAD NAD e3/e3 NAD NAD Norm NAD N/A 

Pt36 61 M Caucasian 3.5 Unclear NAD NAD e4/e4 NAD NAD Norm NAD N/A 

Pt37 61 M Caucasian 3 AD NAD NAD e3/e3 NAD NAD Norm NAD 61 

Pt38 62 M Caucasian 4 AD NAD NAD e4/e3 NAD NAD Norm NAD 95 

Pt39 62 M Caucasian 2.5 AD NAD NAD e4/e3 NAD NAD Norm NAD 88 

Pt40 63 F Caucasian 1 FTD GRN (P) NAD e3/e3 NAD NAD Norm NAD N/A 

Pt41 63 M Caucasian 3 AD NAD NAD e4/e4 NAD NAD Norm NAD >99 

Pt42 64 F Caucasian 1.5 FTD NAD NAD e4/e3 NAD NAD Norm NAD N/A 

Pt43 64 M Caucasian 4 Unclear NAD NAD e3/e2 NAD NAD Norm NAD N/A 

Pt44 65 F Caucasian 1 FTD NAD NAD e3/e3 NAD NAD Norm NAD N/A 

Pt45 65 M Caucasian 3.5 FTD NAD NAD e3/e3 NAD NAD Norm NAD N/A 

Pt46 65 M Caucasian 4 FTD NAD NAD e3/e2 NAD NAD Norm NAD N/A 

Pt47 65 M Caucasian 3.5 FTD NAD NAD e4/e3 NAD NAD Norm NAD N/A 

Pt48 65 M Caucasian 3.5 FTD NAD NAD e3/e2 NAD NAD Norm NAD N/A 
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Pt49 65 F Caucasian 3.5 AD NAD NAD e4/e3 NAD NAD Norm NAD 96 

Pt50 67 M Caucasian 4 FTD NAD NAD e3/e3 NAD NAD Norm NAD N/A 

Abbreviations: AOO= Age of onset; mGS=Modified Goldman score; M=Male; F=Female; AD=Alzheimer 

disease; FTD=Frontotemporal dementia; NAD=Nothing abnormal detected that could lead to clinical 

resolution; RF=Risk factor; Norm=normal with no pathogenic expansions detected; PHS%=Polygenic 

Hazard Score percentile; SV=Structural variant; STR=Short tandem repeats; N/A=Not applicable for PHS 

calculation as not Alzheimer disease. 

 

 

Point Mutation, Small Insertion/deletion and Structural Variant Analysis: 

Analysis of the 117 targeted genes associated with dementia (Table S4.2) prioritised 119 

genomic variants (Figure S4.5 and Table S4.4), for ACMG classification.  

 

After manual curation, five patients out of the 50 (10%) had a definite clinical cause 

identified using the “targeted gene panel analysis” and a further nine patients (18%) had an 

established risk factor (Table 4.1 and Table 4.2). Variants in PSEN1 were identified in two of 

the 21 patients with AD (~10%). The established risk factor genotype APOE  was found 

in six of the 21 (~29%) patients with a clinical diagnosis of AD as well as one patient where 

the clinical diagnosis was unclear (1/8, or ~12%). No P or LP variants were identified in any 

of the other 116 genes examined in the patients with the APOE  genotype. One patient 

with FTD had a pathogenic variant in GRN (1/17, or ~6%) identified through the targeted 

panel approach and another patient with CADASIL had a likely pathogenic variant in 

NOTCH3 identified. Two different established risk factor variants in the gene GBA were 

identified in two patients previously clinically diagnosed with FTD, but who also both had 

documented Parkinsonian features. These variants have been recurrently described in patients 

with Parkinsonian features and EOD [413, 609-611].  

 

One participant (pt 3 in Table 4.1) with ataxia, abnormal involuntary movements, lower limb 

spasticity and cognitive decline with AOO 38 years was referred to the WGS study after 
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undergoing multiple investigations without definitive answers. His brain MRI showed 

marked and disproportionate thinning of the corpus callosum, cerebral and cerebellar atrophy, 

and there was no reported family history (Figure 4.2). His previous clinical genetic 

investigations excluded the expansion disorders dentatorubral pallidoluysian atrophy 

(DRPLA), Huntington disease, spinocerebellar ataxia types 1, 2, 3, 6, 7 and 17. A likely 

pathogenic splice site variant in the autosomal recessive gene SPG21 (NM_016630.6:c.226-

1G>A) was identified in this patient through the targeted panel approach. In the same patient, 

a deletion of ~4,646 bases (chr15:65259086-65263732) involving exons 6 and 7 of the 

SPG21 gene (NM_016630) was identified using the SV method DELLY (Figure 4.2). This 

deletion was not detected by a high-density chromosomal microarray conducted in a clinical 

laboratory.  

 

Subsequent mRNA (Figure 4.2) studies in the above patient indicated that the splice site 

variant c.226-1G>A causes use of a cryptic acceptor splice site resulting in removal of two 

highly conserved amino acids (p.Leu76_Gln77del) inducing a complete mis-splicing defect. 

mRNA studies also detected that the exon 6 and 7 deletion results in a frameshift encoding 27 

missense amino acids and a premature termination codon (p.Ser151Argfs*28) and predicted 

to trigger nonsense-mediated decay. Primers strategically placed to phase transcripts with 

normal splicing, use of the cryptic acceptor, or transcripts skipping exons 6 and 7, indicated 

that the c.226-1G>A variant and the deletion variant were in trans. Exons 4, 6 and 7 are 

present in the predominant SPG21 isoforms expressed in brain and blood (Figure S4.6), 

therefore mis-splicing events observed in blood hold relevance to this patient. 
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Figure 4.4: (a)Pedigree. Arrow point to patient 3, (b)Brain MRI, T1 sagittal image 

demonstrating thinning of corpus callosum as indicated by the red arrow (c) RT-PCR 

analysis of SPG21 pre-mRNA splicing. i) Gel electrophoresis of RT-PCR reactions performed 

using mRNA isolated from whole blood of the affected proband (P) and controls (C1 = male, 38 years; C2 

= male, 47 years). Amplification of GAPDH for 25 or 30 cycles confirm sub-saturating PCR conditions 

and demonstrate loading and quality of cDNA. Primer Ex3/4F anneals to the normal exon 3 – exon 4 

splice junction and primer Ex4cF anneals to the splice junction created by use of the cryptic acceptor site. 

ii-iii) Sanger sequencing of gel-purified amplicons identified two aberrant transcripts in the proband that 

were absent from controls. Amplicon 2 corresponds to transcripts with exon 6 and 7 skipping due to the 

CNV, and amplicon 5 corresponds to transcripts that utilize a cryptic acceptor site due to the c.226-1G>A 

variant. (d) SPG21heterozygous deletion as depicted in the integrative genomics viewer (IGV) version 

2.8.0 using hg19 (deleted area is indicated within the red box) 

 

 

A duplication spanning ~1 megabase in chromosome 4 (chr4:90408627-91493290) was 

identified in another patient (pt9 in Table 4.1) with a clear clinical diagnosis of DLB and an 

autosomal dominant history with a mGS of 1 (Figure 4.3a). This SV results in a compete 

duplication of the genes SNCA and MMRN1 and partial duplication of CCSER1 (Figure 4.3b). 

Locus multiplication of the SNCA gene resulting in gain-of-function has been described as a 

cause for DLB as well as Parkinson disease dementia in large kindreds [612] and is predicted 
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to cause disease due to increased aggregation of -synuclein in the brain [613]. This variant 

was classified as likely pathogenic as per the ACMG guidelines [423], and was confirmed by 

chromosomal microarray through a clinical laboratory. 

 

 

 

 
Figure 4.5: Case history, family history and the region of duplication in patient 9 who 

had a clinical suspicion of dementia with Lewy bodies. a. Pedigree demonstrating an 

autosomal dominant inheritance pattern. b. Duplicated region including the SNCA 

gene.  
PD=Parkinson disease 
 

 

Expanding the analysis from known dementia genes to the Mendeliome approach detected 

multiple variants but no P or LP variants that could be definitely attributed to the patients’ 

phenotype were identified. Multiple VUS were detected. Some variants were in genes of 

uncertain significance (GUS) for dementia and hence not reportable to the patients in the 

clinical setting. Predominantly, the variants were in a single allele in an autosomal recessive 
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gene associated with neurological disorders. Mendeliome results are depicted in 

supplementary Figure S4.5 and Table S4.5. 

 

Details of the clinically diagnostic and established risk factor variants are shown in Table 4.2. 

 

Table 4.2: Clinically relevant pathogenic/ likely pathogenic or established risk factors 

found through WGS 
Gene Transcript HGVS nomenclature  

 

ACMG 

codes 

activated 

ACMG 

classification 

Phenotype 

PSEN1 NM_000021.3 c.737C>A 

p.Ala246Glu 

PS3, PM1, 

PM2, PP1, 

PP3 

Pathogenic AD 

GRN NM_002087.2 c.87_90dupCTGC 

p.Cys31Leufs*35 

PVS1, PS3, 

PP1 

Pathogenic FTD 

PSEN1 NM_000021.3 

 

c.308T>A 

p.Val103Asp 

PM1, PM2, 

PM6, PP3 

Likely 

Pathogenic 

AD 

NOTCH3 NM_000435.2 

 

c.619C>T 

p.Arg207Cys 

 

PM1, PM2, 

PS4_mod, 

PP3, PP4 

Likely 

Pathogenic 

CADASIL 

AFG3L2 NM_006796.2 

 

c.1168C>T 

p.Arg390* 

 

PVS1, PM2 Likely 

Pathogenic 

SCA28 

SPG21 NM_016630.6 c.226-1G>A 

p.Leu76_Gln77del 

PVS1_mod, 

PM2, PM3 

Likely 

Pathogenic 

Complicated 

HSP 

SPG21(same 

patient as 

above) 

NM_016630.6  c.453-1172_670-

1285del 

p.Ser151Argfs*28 

1A, 2E Likely 

Pathogenic 

Complicated 

HSP 

SNCA NM_000345.3 c.735203_*239152dup 

p.? 

1A, 2A, 4F Pathogenic DLB 

GBA NM_000157.4 c.1226A>G 

p.Asn409Ser 

PS4 Risk Factor PDD 

GBA NM_000157.4 c.1448T>C 

p.Leu483Pro 

PS4 Risk Factor PDD 

APOE  NM_001302690.1 c.388T>C and c.526C 

p.Cys130Arg and 

p.176Arg 

PS4 Risk Factor 

(when 

homozygous) 

AD (6 

patients) 

Abbreviations: AD=Alzheimer Disease; FTD=Frontotemporal dementia; CADASIL=Cerebral autosomal 

dominant arteriopathy with subcortical infarcts and leukoencephalopathy; SCA28=Spinocerebellar Ataxia 

type 28; PDD=Parkinson Disease Dementia; HSP=Hereditary Spastic Paraplegia; DLB=Dementia with 

Lewy bodies; HGVS= Human Genome Variation Society; ACMG=American College of Medical Genetics 

and Genomics (the codes used are based on the 2 publications by ACMG which standardise the reporting 

of genomic variants [421, 614]); ClinVar=Clinical Variation database 

(https://www.ncbi.nlm.nih.gov/clinvar/)
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Short Tandem Repeat (STR) Analysis: 

 

Analysis of known STRs in neurodegenerative genes as well as novel STRs did not identify 

any relevant findings that would explain the cause of dementia in any of these patients. No 

pathogenic expansions in C9orf72 were found in this study cohort, due to a possible 

recruitment bias described in the discussion. C9orf72 expansions have previously been 

successfully identified using bioinformatic methods in standard WGS data with very high 

specificity (100%) and sensitivity (99.9%) [593]. In order to ensure that our data and repeat 

expansion analysis had the ability to identify a C9orf72 expansion if present, a blinded 

analysis was performed after combining publicly available WGS data to our cohort. The 

public data was obtained from the Sequence Read Archive 

(https://www.ncbi.nlm.nih.gov/bioproject/PRJNA419676) [596]. It contained 10 samples of 

WGS sequencing data from patients with repeat expansions, where one patient had a known 

C9orf72 expansion. We found a clear signal in the C9orf72 expanded case, in the blinded 

analysis. This signal was absent in the 50 EOD samples included (Figure 4.4). 
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Figure 4.6: C9orf72 expansion identified in a blinded analysis after combining 10 

publicly available samples to the 50 samples from this study. The WGS data for the 10 

samples was obtained from the Sequence Read Archive 

(https://www.ncbi.nlm.nih.gov/bioproject/PRJNA419676) (Dashnow et al 2018). 

 

 

Polygenic Hazard Score (PHS):  

 

As the PHS used for this study is specific for AD, it was only calculated in participants who 

had an AD diagnosis. Of the 21 patients with AD, two were of non-Caucasian ethnicity and 

were thus excluded from analysis as the original study derived the PHS only from Caucasian 

participants [381]. Nine of the 19 patients (~47%) had a PHS exceeding the 90th percentile of 

the PHS distribution. Six of these were identified to lie in the >99th percentile risk. The 

predicted age-specific annualised incidence rates per 100 person years, based on the PHS 

percentile can be derived from the supplement in the original article by Desikan et al. [381]). 
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All patients with PHS >90th percentile had at least one APOE  allele, but no monogenic 

causes. All patients with PHS >99th percentile had the APOE  genotype, indicating that 

the APOE  genotype carries the greatest weight in the PHS scoring (Table 4.2). 

 

Predictors of Clinically Relevant Results: 

 

When considering clinically diagnostic (i.e. P or LP) variants and established risk factor 

variants together, a strong family history, as indicated by a lower mGS, was associated with a 

high likelihood of finding a positive result (median mGS 3; p=0.019) (supplementary Figure 

S4.7). If only clinically diagnostic variants were considered (risk factor variants excluded), a 

lower AOO was associated with finding a positive result, with a median AOO of 42 years 

(inter-quartile range 9 years; Q1=53-Q3=62 years) in those with a P or LP variant (p=0.022) 

(supplementary Figure S4.8). Patients with >90th PHS percentile (N=9) were older (median 

60 years; range 54-65 years) compared to those with monogenic causes (N=2) aged 41 and 42 

years, although we acknowledge these are very small numbers. 

 

DISCUSSION 

 

In this study, we demonstrate that WGS functions as a single diagnostic test that can 

simultaneously detect the different types of clinically relevant genetic variants for EOD. 

Analysis of the 50 genomes in this study resulted in clinical resolution for 7/50 participants 

(14%) and identified an established risk factor in a further 8/50 participants (16%). Although 

not present in any of the study participants, we demonstrated that WGS analysis is a 

methodology that can reliably identify C9orf72 expansions if present. WGS has unique 

advantages over other genetic testing technologies in that it can detect rare and common 

variants, SVs and STRs concurrently in the same assay.  
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Many studies have demonstrated not only a high diagnostic rate, but also cost-effectiveness 

of using clinical whole exome sequencing (WES) or WGS as a first line test compared with 

conventional iterative methods of diagnosis, where genetic testing is only considered after 

exhausting all other diagnostic modalities [615, 616]. Sequential genetic testing, as practised 

currently, runs the risk of disengaging some of these already overburdened families, who may 

not return for recurrent appointments. Some relatives at child-bearing age group may be 

deprived of making informed family planning choices due to the time delay, especially if they 

choose to use this information for prenatal or pre-implantation genetic diagnoses. With 

regards to dementia specifically and neurodegenerative disorders more broadly, clinical WGS 

has several advantages over other next generation sequencing methods including WES. WGS 

provides more accurate SV analysis [583] and also a superior ability to analyse C9orf72 

expansions and other non-coding STRs [584].  

 

This study shows that when selecting the genes for identifying the cause of dementia, a 

Mendeliome based approach is not necessarily superior. All monogenic causes identified in 

this study were in pre-selected genes with reported links to dementia, although, it is still 

possible that newer gene associations may be identified in a future re-analysis.  

 

Clinically, testing for C9orf72 expansion is performed through a PCR based test as a first line 

in almost all patients suspected of having FTD. This resulted in ascertainment bias in our 

study, with FTD patients with a C9orf72 expansion less likely to be referred to this study. 

However, as demonstrated by the blinded analysis, if a pathogenic C9orf72 expansion was 

present in this cohort, it would have been identified using the analysis methods employed. 

Pathogenic expansions in C9orf72 are considered one of the most common cause of FTD 

accounting for ~12-25% of familial cases and 6-7% of sporadic cases [617]. Therefore, a 
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method that reliably detects C9orf72 expansions while simultaneously investigating other 

forms of genomic variants, such as WGS, is a significant advantage for the genetic 

investigation of patients with FTD. 

 

PRS for AD has been shown to have considerable predictive utility with an area under the 

curve (AUC) of >0.8 shown in some studies [618]. WGS enables the simultaneous 

assessment of monogenic causes and established risk factor alleles as well as PRS/PHS. The 

APOE  genotype carries the largest weight in PRS calculations for AD, with reported 

odds ratios up to 14.9 [97]. Despite this, there remains phenotypic variability with wide 

ranges of AOO in people with APOE  The reasons for the phenotypic diversity in 

cognition among APOE  homozygotes remain unclear and could include genomic factors 

such as polygenic contributions from other common genetic SNPs beside APOE  or 

other genomic or environmental/lifestyle modifying factors. WGS enables the addition of 

these other modifying genomic contributors to APOE  thereby increasing the accuracy 

of risk prediction. It is important to emphasise here that the odds ratio for developing AD in 

APOE  homozygotes (up to 14.9) is markedly different from having one APOE  allele 

(up to 4) and therefore, the APOE  genotype in its heterozygous form (i.e single APOE  

allele) cannot be used as an “established risk factor” [97]. PRS for other types of dementia 

are also currently being explored using data from large genome wide association studies 

(https://www.pgscatalog.org/; https://www.ebi.ac.uk/gwas/).  

 

Recent studies have published decisional flowcharts with recommendations for who would be 

best suited for genetic testing [260, 281, 339]. We generally agree with these models, 

especially the clinical algorithm proposed by Koriath et al. [260]. However, there are many 

factors to consider, beyond the probability of a genetic diagnosis, such as availability of 
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different next generation sequencing modalities, decisions made by a patient or their family 

regarding genetic testing after genetic counselling, experience in dementia testing of the 

testing laboratory and lastly, funding models of different institutions/ departments which may 

or may not be able to accommodate expensive tests such as WGS. Due to these potentially 

complex genetic and psychosocial implications for relatives, genetic counselling is 

recommended for assisting families to make decisions, communicate with relatives, prepare 

for and adapt to genetic results [48]. 

 

Overall, we suggest that patients with AD onset <65 years, especially with mGS of <3, 

should be offered a minimum of targeted genetic testing using next generation sequencing 

panels. Patients with specific types of dementia where a genetic diagnosis is very likely (e.g. 

CADASIL), should be offered either single gene testing for the specific condition or a 

targeted dementia panel. Once a clinically validated PRS/PHS is available, testing for this 

may be useful in some cases, especially if this determines eligibility for certain clinical trials 

or treatment options when available. In those with FTD or an unclear type of dementia, a 

broader approach is recommended, especially an approach such as WGS, where possible, as 

it can detect C9orf72 expansions and other monogenic causes of dementia, including SV 

simultaneously.  

 

We acknowledge that this is a small study which was performed in a clinical context only. 

Whilst this represents “real-world” settings in a few quaternary referral centres in Victoria, 

Australia, this may not be representative of all clinical settings. Inclusion of larger numbers 

of participants from multiple clinical centres may give further clarity regarding the diagnostic 

rate of employing clinical WGS in dementia, especially as a first-line approach. The PHS 

used in this study utilises Caucasian genetic data only and therefore may not be applicable to 
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a non-Caucasian population. As the population data used to derive the hazard scoring is based 

on the US population incidence, this PHS may not be fully transferable in the clinical setting 

in other countries. Since the study by Desikan et al., many more genome wide significant 

SNPs have also been published which can be used to generate newer PHS [93, 619]. 

 

Moreover, the quantitative nature of this study failed to analyse the impact this type of 

genetic testing has on individual patients and families, which will need further qualitative 

studies. WGS may be cost-prohibitive in many clinical settings and health economic analyses 

of the cost-effectiveness of WGS as a fist-line test versus current standard investigations will 

give a better picture of its adaptability in the clinical setting. Reducing the time to diagnosis 

using WGS may improve the quality of life for patients and their families but needs to be 

formally assessed by using quality-of-life assessment studies. Lastly, in patients who have 

undergone whole exome or whole genome studies, regular re-analysis of data needs to occur 

to check if further evidence has led to newer diagnoses.  

 

In conclusion, WGS has the capacity to replace current incremental genetic testing models 

used in EOD with better diagnostic potential as a first-line diagnostic tool. We observed a 

clinical resolution rate comparable to the 12-13.5% reported in other studies of clinically 

oriented next-generation sequencing in EOD [272, 336, 337, 339]. It is possible that the 

actual diagnostic rate, if WGS were offered as a first-line test, would be higher than what we 

have reported. In future studies of clinical WGS, incorporating cost-effectiveness and quality 

of life analyses will show the true effect, beyond simply the diagnostic rate, of employing 

WGS in dementia care. 
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Supplementary Material for: Clinical Impact of Whole Genome 

Sequencing in Patients with Early Onset Dementia  

 
 

Table S4.1. Modified Goldman score based on family history 

Modified Goldman score: 

1=AD i.e., 3 family members, 2 generations, 1 FDR of other 2, all </=65 

1.5=AD i.e., 3 family members, 2 generations, 1 FDR of other 2, at least 1 

>65 

2=3 or more family members not meeting criteria for 1, but all </=65 

2.5=3 or more family members not meeting criteria for 1 or 1.5, at least 1 

>65 

3=1 other family member (FDR or SDR) </=65 

3.5=1 other family member (FDR or SDR) >65 

4=no fhx in FDR or SDR 

Only 1 side of family (maternal or paternal) considered 

Only same type of dementia or unspecified but onset <65 years used in 

family history 
Abbreviations: AD=Alzheimer disease; FDR=first degree relative; SDR=Second degree relative; 

fhx=family history 

 

 

---------------------------------------------------------------------------------------------------------------- 

 

DNA extraction methods: 

 

Genomic DNA was extracted from EDTA blood using the “Illustra Nucleon BACC3 

Genomic DNA Extraction Kit (Code: RPN8512) provided by GE Healthcare”. The supplier 

in Melbourne is “Bio-Strategy” (link: https://shop.bio-strategy.com/13946713_40). The DNA 

pellet was resuspended in “TE Buffer, 1X, Molecular Biology Grade” supplied by Promega. 

 

In addition to reagents supplied in the kit, ethyl alcohol, pure, molecular biology grade 

(E7023-500ML) supplied by Sigma-Aldrich and choloroform (UN 1888), CA038-2.5L 

supplied by Chem-supply were used. 

 

 

---------------------------------------------------------------------------------------------------------------- 

 

mRNA analysis: 

 

Ethics:  

Kids Neuroscience Centre’s biobanking and functional genomics human ethics protocol was 

approved by the Sydney Children’s Hospitals Network Human Research Ethics Committee 

(protocol 10/CHW/45 renewed with protocol 2019/ETH11736 (July 2019 – 2024)). 

 

Methods: 
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In cases where mRNA analysis was needed to confirm the diagnosis (such as splice site 

variants or large deletions), the following mRNA analysis methods were used. 

 

Two and a half millilitres of whole blood was collected in a PAXgene® blood RNA tube 

(PreAnalytiX) and RNA was isolated using the PAXgene® blood RNA kit according to kit 

instructions. SuperScript™ IV first-strand synthesis system (Invitrogen™) was used to make 

cDNA from 500 ng of RNA according to kit instructions. Recombinant Taq DNA 

polymerase (Invitrogen™) and MasterAmp™ 2X PCR PreMix D (Epicentre 

Biotechnologies) was used for PCRs. Thermocycling conditions were 94°C for 3 min, 35 

cycles 94°C 30 s, 58°C 30 s, 72°C 90 s/kb, then 72°C 10 min. All PCR products were 

analysed on a 1.2% agarose gel. Amplicons were manually excised from an agarose gel with 

a scalpel and cDNA purified using GeneJET gel extraction kit (Thermo Scientific™) 

according to the manufacturer’s instructions. Sanger sequencing: 8-75 ng of purified cDNA 

and 1 pmol of sequencing primer were subject to Sanger sequencing at the Australian 

Genomics Research Facility. Sanger sequencing chromatograms were analysed using 

Sequencher® DNA sequence analysis software, Gene Codes Corporation, Ann Arbor, MI 

USA. Primers: Ex2F 5ʹ - CATTTCAGCTAATCATGGGAGA - 3ʹ, Ex3F 5ʹ - 

TCTTTTTCCGGCAGATTTTG - 3ʹ, Ex3/4F 5ʹ - TTACCGGGTTATCGCTTTGC - 3ʹ, 

Ex4cF 5ʹ - TTACCGGGTTATCGCTTATC - 3ʹ, Ex4F 5ʹ - AGTTTATTGGGACCATCTCG 

- 3ʹ, Ex5F 5ʹ - GTTCATCTTTTTGGCGCTTC - 3ʹ, Ex5R 5ʹ - 

TGCAGAGGATTAGGGAATGG - 3ʹ, Ex6R 5ʹ - GAGCATAAATGCAGGCATCA - 3ʹ, 

Ex7R 5ʹ - TCCCGAATTTTATGAGGTTCC - 3ʹ, Ex8R 5ʹ - 

TTCGGGCATTAGGATACAGC - 3ʹ, Ex9R 5ʹ - CCTTTCTGCACCTCAAGCTC - 3ʹ.
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Figure S4.1: Recruitment flow-chart 
PICF=Participant information and consent form 
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Figure S4.2: Recruitment centres.  
NPU=Neuropsychiatry Unit, Royal Melbourne Hospital; RMHNG=Royal Melbourne Hospital 

Neurogenetics Unit; AHNG=Austin Health Neurogenetics Unit; Pvt NP=Private Neuropsychiatrist; Pvt 

Neuro=Private Neurologist 

 

---------------------------------------------------------------------------------------------------------------- 

 

 

 

 

 
Figure S4.3: a. Modified Goldman score and b. ages of dementia onset and in the 50 

participants  
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Figure S4.4: ACMG classification of the 119 curated after first pass bioinformatics and 

filtration process of the targeted panel genes.  
P/LP= Pathogenic or likely pathogenic; (1/2) indicates that the variant was only found in a single allele in 

an autosomal recessive gene; VUS= Variant of uncertain significance; VUS3a=Higher likelihood of 

clinical significance, VUS3b=Unable to categorise as higher or lower likelihood, VUS3c=Lower 

likelihood of clinical significance.  
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Figure S4.5: ACMG classification of the variants identified through Mendeliome 

analysis.  
GUS= Gene of Uncertain significance; ND= Neurodegenerative gene; P/LP= Pathogenic or likely 

pathogenic; (1/2) indicates that the variant was only found in a single allele in an autosomal recessive 

gene; VUS= Variant of uncertain significance; VUS3a=Higher likelihood of clinical significance, 

VUS3b=Unable to categorise as higher or lower likelihood, VUS3c=Lower likelihood of clinical 

significance. 

 

 

 

---------------------------------------------------------------------------------------------------------------- 

 

SPG21 mRNA analysis 

 

 
Figure S4.6: Sashimi plot showing RNA-seq coverage for SPG21 in mRNA from two 

brain samples (blue) and two blood samples (red) from the GTEx Project. Exons 4, 6 

and 7 are expressed in the predominant SPG21 isoforms in brain and blood. 

 

 

 

 

 

 

P/LP (GUS), N=8, 3%

P/LP (1/2), N=41, 14%

VUS3a, N=4, 1%

VUS3a (1/2),N= 8, 3%

VUS3b, N=55, 19%

VUS3b (1/2), N=55, 19%

VUS3c, N=61, 21%

VUS3c (1/2), N=56, 20%

MENDELIOME
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Figure S4.7: Family history based on the modified Goldman score was the most 

significant predictor of finding a genetic answer when clinically diagnostic (i.e 

pathogenic and likely pathogenic) variants and risk factor variants were considered 

together  

 

 

 

 
Figure S4.8: Age of onset was the most significant determinant of finding a pathogenic 

or likely pathogenic variant (risk factor variant excluded)
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Table S4.2: Gene lists obtained on searching the Human Phenotype Ontology (HPO) 

database, manual searching of Online Mendelian Inheritance in Man (OMIM) 

database, commercial panels and Pubmed, and the targeted gene list derived after 

multidisciplinary meeting 
No. HPO Manual  

(OMIM, labs and Pubmed) 

Targeted gene list 

1 AARS2  AARS2 AARS2 

2 ABCD1  ABCD1 ABCD1 

3 ADA2  ACP33 ACSF3 

4 ALAD ADA2 AFG3L2 

5 ALAS2 AMN ALAD 

6 AMN  ANG ALAS2 

7 APOE  AP1S2 ALS2 

8 APP  APBB2 ANG 

9 ARSA APOE APOE e4e4 

10 ASAH1  APP APP 

11 ATN1  ARSA APTX 

12 ATP13A2  ARX ARSA 

13 ATP6  ASAH1 ATP13A2 

14 ATP7B  ATL1 ATP7B 

15 ATXN10  ATN1 C19orf12 

16 ATXN2  ATP6 CECR1 

17 ATXN3  ATP13A2 CERS1 

18 C19ORF12  ATP7A CHCHD10 

19 C9ORF72  ATP7B CHMP2B 

20 CBS ATXN1 CISD2 

21 CERS1  ATXN2 CLN3 

22 CHCHD10  ATXN3 CLN5 

23 CHMP2B  ATXN10 CLN6 

24 CISD2  AUH COL4A1 

25 CLN3  BTK CP 

26 CLN6  CACNA1G CPOX 

27 COL4A1 C19orf12 CSF1R 

28 COX1  C9orf72 CST3 

29 COX2  CERS1 CSTB 

30 COX3  CHCHD10 CTSF 

31 CP  CHMP2B CUBN 

32 CPOX CISD2 CWF19L1 

33 CSF1R  CLN3 CYP27A1 

34 CST3  CLN5 DCTN1 

35 CSTB  CLN6 DJ1 

36 CTSF  COL4A1 DNAJC5 

37 CUBN  COX1 DNMT1 

38 CYP27A1  COX2 EPM2A 

39 CYTB  COX3 FA2H 

40 DCTN1  CP FECH 

41 DNMT1  CSF1R FIG4 

42 EPM2A  CSTB FTL 

43 ERCC4  CTSD FUS 

44 ERCC8  CST3 GBA 

45 FECH CTSA GBA2 

46 FMR1  CTSF GBE1 

47 FTL  CUBN GRN 

48 FUS CYTB HMBS 

49 GBA  CYP27A1 HNRNPA1 

50 GBA2  DCAF17 HNRNPA2B1 

51 GBE1  DCTN1 HTRA1 

52 GLA DJ1 HTRA2 

53 GM2A  DNAJC5 ITM2B 

54 GPIHBP1  DNMT1 ITPR1  

55 GRN  EIF2B1 KCNC3  

56 HEXA  EIF2B2 KCND3 
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57 HMBS EIF2B3 KIF5A 

58 HNRNPA21  EIF2B4 LRRK2  

59 HTRA1  EIF2B5 MAPT 

60 HTT  EPM2A MATR3 

61 IRF6  ERCC1 NHLRC1 

62 ITM2B  ERCC4 NOTCH3 

63 JPH3  ERCC8 NPC1 

64 LMF1  FA2H NPC2 

65 MAPT  FMR1 OPTN 

66 MATR3  FTL PANK2 

67 MECP2  FUS PARK2  

68 MMACHC  GBA PDGFB 

69 ND1  GBA2 PDGFRB 

70 ND5  GBE1 PINK1 

71 ND6  GCDH PLA2G6 

72 NDP  GFAP PLP1 

73 NHLRC1  GM2A PMPCA  

74 NOTCH3  GPIHBP1 PNPLA6  

75 NPC1  GRIA3 POLG 

76 NPC2  GRID2 PPOX 

77 NR4A2  GRN PPT1 

78 OPTN HEXA PRKAR1B  

79 PANK2  HEXB PRKCG  

80 PDGFB  HNRNPA2B1 PRNP 

81 PDGFRB  HTRA1 PSEN1 

82 PINK1  HTT PSEN2 

83 PLP1 ITM2B RNF216  

84 PNPLA6  IRF6 SETX 

85 POLG  JPH3 SNCA 

86 PPOX LAMA2 SNCAIP  

87 PPP2R2B  LMF1 SNCB 

88 PRICKLE1  LYST SOD1 

89 PRNP  MAPT SPART 

90 PSAP MATR3 SPAST 

91 PSEN1  MECP2 SPG11 

92 PSEN2  MLYCD SPG21 

93 RNF216  MMACHC SPG7 

94 ROGDI  ND1 SPTBN2  

95 SCARB2  ND5 SQSTM1 

96 SERPINI1  ND6 STUB1 

97 SLC13A5  NDP TARDBP 

98 SLC2A3  NHLRC1 TBK1 

99 SNCA  NOTCH3 TMEM240 

100 SNCAIP  NPC1 TREM2 

101 SNCB  NPC2 TREX1 

102 SPAST  NR4A2 TTR 

103 SPG21  OPA1 TUBA4A 

104 SQSTM1  OPTN TYROBP 

105 TARDBP PANK2 UBQLN2 

106 TBK1  PDGFB UCHL1 

107 TBP  PDGFRB UROD 

108 TBX18  PDYN UROS 

109 TIMM8A  PINK1 VAMP1 

110 TMEM106B  PLA2G6 VAPB 

111 TREM2  PLP1 VCP 

112 TREX1  PNPLA6 VPS13A 

113 TRNC  PNKP VPS35 

114 TRNF  POLG WDR45 

115 TRNK  PPP2R2B WFS1 

116 TRNL1  PPT1 XK 

117 TRNQ  PRICKLE1 XPR1 

118 TRNS1  PRKAR1B 
 

119 TRNS2  PRKN 
 

120 TRNV  PRNP 
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121 TRNW  PSEN1 
 

122 TTR  PSEN2 
 

123 TUBA4A  PTEN 
 

124 TWNK  RAB39B 
 

125 TYROBP  RELN 
 

126 UBQLN2  RNF216 
 

127 UROD ROGDI 
 

128 UROS SCARB2 
 

129 VCP  SCN1A 
 

130 VPS13A  SDHA 
 

131 WDR45  SDHD 
 

132 WFS1  SDHAF1 
 

133 XPR1  SERPIN11 
 

134 
 

SETX 
 

135 
 

SGCE 
 

136 
 

SGSH 
 

137 
 

SIGMAR1 
 

138 
 

SLC2A3 
 

139 
 

SLC20A2 
 

140 
 

SLC25A4 
 

141 
 

SNCA 
 

142 
 

SNCAIP 
 

143 
 

SNCB 
 

144 
 

SOD1 
 

145 
 

SPAST 
 

146 
 

SPG11 
 

147 
 

SPG21 
 

148 
 

SPG7 
 

149 
 

SQSTM1 
 

150 
 

TARDBP 
 

151 
 

TBK1 
 

152 
 

TBX1 
 

153 
 

TBX18 
 

154 
 

TBP 
 

155 
 

TIMM8A 
 

156 
 

TMEM106B 
 

157 
 

TPP1 
 

158 
 

TREM2 
 

159 
 

TREX1 
 

160 
 

TRNC 
 

161 
 

TRPM7 
 

162 
 

TTR 
 

163 
 

TUBA4A 
 

164 
 

TWNK 
 

165 
 

TYROBP 
 

166 
 

UBQLN2 
 

167 
 

UCHL1 
 

168 
 

UQCRQ 
 

169 
 

VCP 
 

170 
 

VLDLR 
 

171 
 

VPS13A 
 

172 
 

VPS13C 
 

173 
 

WDR45 
 

174 
 

WFS1 
 

175 
 

XPR1 
 

176 
 

ZFYVE26 
 

Abbreviations: HPO=Human phenotype ontology; OMIM=Online Mendelian 

Inheritance in Man 
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Table S4.3: Mendeliome Analysis Gene List 
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CPT2 CSTB CYP11A1 DCDC2 DHX38 DNAI1 DRAM2 EDAR ELP1 ERCC3 F13B FBP1 FIG4 FOXP2 GABRB3 GDF2 GLI2 GP1BA GRIP1 HAX1

CR2 CTBP1 CYP11B1 DCHS1 DIABLO DNAI2 DRC1 EDARADD ELP2 ERCC4 F2 FBXL4 FIGLA FOXP3 GABRD GDF3 GLI3 GP1BB GRK1 HBA1

CRADD CTC1 CYP11B2 DCLRE1C DIAPH1 DNAJB11 DRD2 EDC3 ELP4 ERCC5 F5 FBXO11 FKBP10 FOXRED1 GABRG2 GDF5 GLIS2 GP6 GRM1 HBA2

CRAT CTCF CYP17A1 DCN DIAPH2 DNAJB13 DRP2 EDN1 EMC1 ERCC6 F7 FBXO31 FKBP14 FRAS1 GAD1 GDF6 GLIS3 GP9 GRM6 HBB

CRB1 CTDP1 CYP19A1 DCPS DIAPH3 DNAJB2 DSC2 EDN3 EMD ERCC6L2 F8 FBXO38 FKRP FREM1 GAL GDF9 GLMN GPAA1 GRN HBD

CRB2 CTH CYP1B1 DCTN1 DICER1 DNAJB6 DSC3 EDNRA EMG1 ERCC8 F9 FBXO7 FKTN FREM2 GALC GDI1 GLRA1 GPC3 GRXCR1 HBG1

CRBN CTHRC1 CYP21A2 DCTN4 DIP2B DNAJC12 DSE EDNRB EML1 ERF FA2H FCGR2C FLAD1 FRG1 GALE GDNF GLRB GPC4 GRXCR2 HBG2

CREB1 CTLA4 CYP24A1 DCX DIS3L2 DNAJC13 DSG1 EED EMP2 ERGIC1 FADD FCGR3A FLCN FRMD4A GALK1 GEMIN4 GLRX5 GPC6 GSC HCCS

CREB3L1 CTNNA1 CYP26B1 DDB2 DISC2 DNAJC19 DSG2 EEF1A2 EMX2 ERLIN1 FAH FCN3 FLG FRMD7 GALNS GFAP GLT8D1 GPD1 GSDME HCFC1

CREBBP CTNNA3 CYP26C1 DDC DISP1 DNAJC21 DSG4 EEF2 ENAM ERLIN2 FAM111A FDPS FLG2 FRMPD4 GALNT3 GFER GLUD1 GPD1L GSN HCN1

CRELD1 CTNNB1 CYP27A1 DDHD1 DKC1 DNAJC3 DSP EFEMP1 ENG ERMARD FAM111B FDX2 FLI1 FRRS1L GALT GFI1 GLUL GPHN GSS HCN4

CRIPT CTNND1 CYP27B1 DDHD2 DKK1 DNAJC5 DSPP EFEMP2 ENO3 ESCO2 FAM126A FDXR FLII FSCN2 GAMT GFI1B GLYCTK GPI GTF2E2 HCRT

CRKL CTNND2 CYP2A6 DDIT3 DLAT DNAJC6 DST EFHC1 ENPP1 ESPN FAM13A FECH FLNA FSHB GAN GFM1 GM2A GPIHBP1 GTF2H5 HDAC4

CRLF1 CTNS CYP2C19 DDOST DLC1 DNAL1 DSTYK EFL1 ENTPD1 ESR1 FAM161A FERMT1 FLNB FSHR GANAB GFM2 GMNN GPKOW GTF2I HDAC6

CRPPA CTPS1 CYP2C9 DDR2 DLD DNAL4 DTHD1 EFNB1 EOGT ESRRB FAM20A FERMT3 FLNC FTCD GARS GFPT1 GMPPA GPNMB GTF2IRD1 HDAC8

CRTAP CTRC CYP2R1 DDRGK1 DLEC1 DNASE1L3 DTNA EFTUD2 EP300 ESS2 FAM20C FEZF1 FLRT1 FTH1 GAS1 GGCX GMPPB GPR101 GTPBP2 HECW2

CRX CTSA CYP2U1 DDX11 DLG3 DNM1 DTNBP1 EGF EPAS1 ETFA FAM83H FGA FLRT3 FTL GAS8 GGT1 GNA11 GPR143 GTPBP3 HELLS

CRYAA CTSB CYP4F22 DDX3X DLL1 DNM1L DUOX2 EGFR EPB41 ETFB FAN1 FGB FLT3 FTO GATA1 GH1 GNAI2 GPR161 GUCA1A HEPACAM

CRYAB CTSC CYP4V2 DDX3Y DLL3 DNM2 DUOXA2 EGLN1 EPB41L1 ETFDH FANCA FGD1 FLT4 FTSJ1 GATA2 GHR GNAI3 GPR179 GUCA1B HERC1

CRYBA1 CTSD CYP51A1 DDX58 DLL4 DNMT1 DUSP6 EGR2 EPB42 ETHE1 FANCB FGD4 FLVCR1 FUCA1 GATA3 GHSR GNAL GPR35 GUCY1A1 HERC2

CRYBA2 CTSF CYP7A1 DDX59 DLX3 DNMT3A DUX4 EHHADH EPCAM ETV6 FANCC FGF10 FLVCR2 FUS GATA4 GIGYF2 GNAO1 GPR68 GUCY2C HES7

CRYBA4 CTSH CYP7B1 DEAF1 DLX4 DNMT3B DVL1 EHMT1 EPG5 EVC FANCD2 FGF12 FMN2 FUT8 GATA5 GINS1 GNAQ GPR88 GUCY2D HESX1

CRYBB1 CTSK CYSLTR2 DEC1 DLX5 DOCK2 DVL3 EIF2AK3 EPHA2 EVC2 FANCE FGF14 FMO3 FUZ GATA6 GIPC3 GNAS GPSM2 GUF1 HEXA

CRYBB2 CUBN D2HGDH DENND5A DLX6 DOCK6 DYM EIF2AK4 EPHA4 EWSR1 FANCF FGF16 FMR1 FXN GATAD1 GJA1 GNAS-AS1 GPT2 GUSB HEXB

CRYBB3 CUL3 DAB1 DEPDC5 DMD DOCK7 DYNC1H1 EIF2B1 EPHB4 EXOSC2 FANCG FGF17 FN1 FXYD2 GATAD2B GJA3 GNAT1 GPX1 GYG1 HFE

CRYGB CUL4B DACT1 DES DMGDH DOCK8 DYNC2H1 EIF2B2 EPHX1 EXOSC3 FANCI FGF20 FOLR1 FYB1 GATM GJA5 GNAT2 GPX4 GYS1 HFM1

CRYGC CUL7 DAG1 DGAT1 DMP1 DOK7 DYNC2LI1 EIF2B3 EPM2A EXOSC8 FANCL FGF23 FOS FYCO1 GBA GJA8 GNB1 GREB1L GYS2 HGD

CRYGD CUX2 DAO DGCR2 DMPK DOLK DYRK1A EIF2B4 EPO EXOSC9 FANCM FGF3 FOXC1 FZD2 GBA2 GJB1 GNB3 GREM1 GZF1 HGF

CRYGS CWC27 DARS DGCR6 DMRT1 DONSON DYRK1B EIF2B5 EPOR EXPH5 FAR1 FGF5 FOXC2 FZD4 GBE1 GJB2 GNB4 GREM2 H19 HGSNAT

CRYM CWF19L1 DARS2 DGCR8 DMRT3 DPAGT1 DYSF EIF2S3 EPRS EXT1 FARS2 FGF8 FOXD3 FZD6 GCDH GJB3 GNB5 GRHL2 H6PD HHAT

CSF1R CXCR4 DAXX DGKE DMXL2 DPF2 DZIP1L EIF4A3 EPS15L1 EXT2 FARSB FGF9 FOXE1 G6PC GCGR GJB4 GNE GRHL3 HAAO HIBCH

CSF2RA CXORF56 DAZ1 DGUOK DNA2 DPH1 EARS2 EIF4G1 EPS8 EXTL3 FAS FGFR1 FOXE3 G6PC3 GCH1 GJB6 GNMT GRHPR HABP2 HIC1

CSF2RB CYB5A DAZ2 DHCR24 DNAAF1 DPM1 EBF3 ELAC2 EPS8L3 EYA1 FASLG FGFR2 FOXF1 G6PD GCK GJC2 GNPAT GRIA3 HACD1 HIKESHI

CSF3R CYB5R3 DAZ3 DHCR7 DNAAF2 DPM2 EBP ELANE ERAL1 EYA4 FASTKD2 FGFR3 FOXG1 GAA GCLC GK GNPTAB GRIA4 HACE1 HINT1

CSNK1D CYBA DAZ4 DHDDS DNAAF3 DPM3 ECE1 ELMO2 ERAP1 EYS FAT2 FGFRL1 FOXH1 GAB1 GCM2 GLA GNPTG GRID2 HADH HIRA

CSNK2A1 CYBB DBH DHFR DNAAF4 DPP6 ECEL1 ELMOD3 ERBB2 EZH2 FAT4 FGG FOXI1 GABBR2 GCNT2 GLB1 GNRH1 GRIK2 HADHA HIST1H1E

CSPP1 CYC1 DBT DHH DNAAF5 DPP9 ECHS1 ELN ERBB3 F10 FBLN1 FH FOXL2 GABRA1 GCSH GLDC GNRHR GRIN1 HADHB HIVEP2

CSRP3 CYCS DCAF17 DHODH DNAH1 DPY19L2 ECM1 ELOVL1 ERBB4 F11 FBLN5 FHL1 FOXN1 GABRA3 GDAP1 GLDN GNS GRIN2A HAMP HJV

CST3 CYFIP2 DCAF8 DHTKD1 DNAH11 DPYD EDA ELOVL4 ERCC1 F12 FBN1 FHL2 FOXO1 GABRB1 GDAP2 GLE1 GORAB GRIN2B HARS HK1

CSTA CYLD DCC DHX30 DNAH5 DPYS EDA2R ELOVL5 ERCC2 F13A1 FBN2 FIBP FOXP1 GABRB2 GDF1 GLI1 GOSR2 GRIN2D HARS2 HLA-A
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HLA-B HPS1 IDH1 IL10RB IQCB1 JAM3 KCNMA1 KIF2A KRT12 LARP7 LIPH LRRC6 MAP3K8 MDM2 MIPEP MORC2 MTMR2 MYO6 NDUFA13 NEUROD1

HLA-DPA1 HPS3 IDH2 IL11RA IQCE JMJD1C KCNN4 KIF4A KRT13 LARS LIPN LRRC8A MAPK1 MECOM MIR17HG MPC1 MTO1 MYO7A NDUFA2 NEUROG3

HLA-DPB1 HPS4 IDH3B IL12A IQSEC2 JPH1 KCNQ1 KIF5A KRT14 LARS2 LIPT1 LRRK2 MAPK10 MECP2 MIR184 MPDU1 MTOR MYO9A NDUFA4 NEXMIF

HLA-DQA1 HPS5 IDS IL12A-AS1 IRAK4 JPH2 KCNQ1OT1 KIF5C KRT16 LAS1L LIPT2 LRSAM1 MAPK8IP3 MECR MIR204 MPDZ MTPAP MYOC NDUFA6 NEXN

HLA-DQB1 HPS6 IDUA IL12B IRF1 JPH3 KCNQ2 KIF7 KRT17 LAT LITAF LRTOMT MAPKAPK3 MED12 MIR96 MPI MTR MYOD1 NDUFA9 NF1

HLA-DRA HPSE2 IER3IP1 IL12RB1 IRF2BP2 JRK KCNQ3 KISS1 KRT18 LBR LMAN1 LSS MAPKBP1 MED13L MITF MPIG6B MTRR MYOT NDUFAF1 NF2

HLA-DRB1 HR IFIH1 IL17F IRF2BPL JUP KCNQ4 KISS1R KRT2 LCA5 LMAN2L LTBP2 MAPRE2 MED17 MKKS MPL MTTP MYOZ2 NDUFAF2 NFE2L2

HLCS HRAS IFITM5 IL17RA IRF5 KANK1 KCNQ5 KIT KRT25 LCAT LMBR1 LTBP3 MAPT MED23 MKRN3 MPLKIP MUC1 MYPN NDUFAF3 NFIA

HMBS HRG IFNAR2 IL17RC IRF6 KANK2 KCNT1 KITLG KRT3 LCK LMBRD1 LTBP4 MARS MED25 MKS1 MPO MUC5B MYT1L NDUFAF4 NFIX

HMCN1 HS6ST1 IFNGR1 IL17RD IRF7 KANSL1 KCNT2 KIZ KRT4 LCT LMF1 LTC4S MARS2 MEF2C MLC1 MPV17 MUSK NAA10 NDUFAF5 NFKB1

HMGA2 HSD11B1 IFNGR2 IL1RAPL1 IRF8 KARS KCNV2 KLC2 KRT5 LDB3 LMNA LYRM4 MARVELD2 MEFV MLF1 MPZ MUTYH NAA15 NDUFAF6 NFKB2

HMGB3 HSD11B2 IFRD1 IL1RN IRX5 KAT6A KCTD1 KLC4 KRT6A LDHA LMNB1 LYRM7 MASP1 MEGF10 MLH1 MRAP MVD NACC1 NDUFAF8 NFKBIA

HMGCL HSD17B10 IFT122 IL21 ISCA1 KAT6B KCTD17 KLF1 KRT6B LDLR LMNB2 LYST MASP2 MEGF8 MLH3 MRE11 MVK NADK2 NDUFB10 NFU1

HMGCS2 HSD17B3 IFT140 IL21R ISCA2 KATNB1 KCTD7 KLF11 KRT6C LDLRAP1 LMO1 LYZ MAT1A MEIOB MLLT10 MRPL3 MYBPC1 NAGA NDUFB11 NGF

HMOX1 HSD17B4 IFT172 IL23R ISCU KBTBD13 KDF1 KLF13 KRT71 LEMD2 LMOD1 LZTFL1 MAT2A MEIS2 MLPH MRPL44 MYBPC3 NAGLU NDUFB3 NGLY1

HMX1 HSD3B2 IFT27 IL2RA ISG15 KCNA1 KDM1A KLF6 KRT74 LEMD3 LMOD3 LZTR1 MATN3 MEN1 MLX MRPS16 MYC NAGS NDUFB8 NHEJ1

HNF1A HSD3B7 IFT43 IL2RB ISL1 KCNA2 KDM5C KLHL10 KRT8 LEP LMX1B LZTS1 MATR3 MEOX1 MLXIPL MRPS2 MYCN NALCN NDUFB9 NHLRC1

HNF1B HSF4 IFT52 IL2RG ISPD KCNA5 KDM5D KLHL15 KRT81 LEPR LNPK MAB21L2 MAX MERTK MLYCD MRPS22 MYD88 NANOS1 NDUFS1 NHP2

HNF4A HSFY1 IFT57 IL31RA ITCH KCNAB2 KDM6A KLHL24 KRT83 LETM1 LONP1 MAD1L1 MBD5 MESP2 MMAA MRPS34 MYF6 NANS NDUFS2 NHS

HNMT HSPA9 IFT74 IL34 ITGA2 KCNB1 KDR KLHL3 KRT85 LFNG LOR MAD2L2 MBOAT7 MET MMAB MRPS7 MYH11 NARS2 NDUFS3 NIN

HNRNPA1 HSPB1 IFT80 IL36RN ITGA2B KCNC1 KDSR KLHL40 KRT86 LGI1 LOX MAF MBTPS2 METTL23 MMACHC MS4A1 MYH14 NAT8L NDUFS4 NIPA1

HNRNPA2B1 HSPB3 IFT81 IL6 ITGA3 KCNC3 KEAP1 KLHL41 KRT9 LGI4 LOXHD1 MAFA MC1R MFAP5 MMADHC MSH2 MYH2 NAXE NDUFS6 NIPAL4

HNRNPDL HSPB8 IFT88 IL7R ITGA6 KCND3 KERA KLHL7 KY LHB LOXL3 MAFB MC2R MFF MME MSH3 MYH3 NBAS NDUFS7 NIPBL

HNRNPH2 HSPD1 IGBP1 ILDR1 ITGA7 KCNE1 KHDC3L KLHL9 KYNU LHCGR LPAR6 MAG MC4R MFN2 MMEL1 MSH5 MYH6 NBEAL2 NDUFS8 NKX2-1

HNRNPK HSPG2 IGF1 IMPA1 ITGA8 KCNE2 KIAA0319L KLK4 L1CAM LHFPL5 LPIN1 MAGED2 MCCC1 MFRP MMP1 MSH6 MYH7 NBN NDUFV1 NKX2-5

HNRNPU HTR1A IGF1R IMPAD1 ITGB2 KCNE3 KIAA0556 KLKB1 L2HGDH LHX1 LPIN2 MAGEL2 MCCC2 MFSD2A MMP13 MSMO1 MYH8 NCAPD2 NDUFV2 NKX2-6

HOGA1 HTRA1 IGF2 IMPDH1 ITGB3 KCNE5 KIAA0586 KLLN LACC1 LHX3 LPL MAGI2 MCEE MFSD8 MMP14 MSN MYH9 NCAPD3 NEB NKX3-2

HOMER2 HTRA2 IGF2R IMPG1 ITGB4 KCNH1 KIAA0753 KLRC4 LAGE3 LHX4 LPP MAGT1 MCFD2 MGAT2 MMP19 MSR1 MYL2 NCF1 NEBL NKX6-2

HOXA1 HTT IGFALS IMPG2 ITGB6 KCNH2 KIAA1109 KMT2A LAMA1 LIAS LRAT MAK MCIDAS MGME1 MMP2 MSRB3 MYL3 NCF2 NECAP1 NLGN4X

HOXA11 HUWE1 IGFBP7 INF2 ITK KCNJ1 KIAA1549 KMT2B LAMA2 LIFR LRBA MALT1 MCM2 MGMT MMP20 MST1 MYL4 NCF4 NECTIN1 NLRC4

HOXA13 HYAL1 IGHMBP2 ING1 ITM2B KCNJ10 KIDINS220 KMT2C LAMA3 LIG4 LRIG2 MAMLD1 MCM3AP MGP MMP21 MSTN MYLK NCSTN NECTIN4 NLRP1

HOXA2 HYDIN IGLL1 INPP5E ITPA KCNJ11 KIF11 KMT2D LAMA4 LIM2 LRIT3 MAN1B1 MCM4 MIB1 MMP9 MSTO1 MYLK2 NDE1 NEDD4L NLRP12

HOXB1 HYLS1 IGSF1 INPP5K ITPR1 KCNJ13 KIF14 KMT5B LAMB1 LIMK1 LRMDA MAN2B1 MCM5 MICAL1 MMUT MSX1 MYMK NDN NEFH NLRP3

HOXC13 HYMAI IGSF3 INPPL1 ITPR2 KCNJ18 KIF1A KNL1 LAMB2 LIMS2 LRP1 MANBA MCM6 MICOS13 MN1 MSX2 MYO15A NDP NEFL NLRP7

HOXD10 HYOU1 IHH INS IVD KCNJ2 KIF1B KPTN LAMB3 LIN28B LRP2 MAOA MCM8 MICU1 MNX1 MTAP MYO18B NDRG1 NEK1 NME1

HOXD13 IARS IKBKB INSL3 IYD KCNJ5 KIF1BP KRAS LAMC2 LINGO1 LRP4 MAP2K1 MCM9 MID1 MOCOS MTFMT MYO1E NDST1 NEK2 NME8

HPCA IARS2 IKBKG INSR JAG1 KCNJ6 KIF1C KREMEN1 LAMC3 LINS1 LRP5 MAP2K2 MCOLN1 MID2 MOCS1 MTHFD1 MYO1H NDUFA1 NEK8 NMNAT1

HPD IBA57 IKZF1 INTU JAGN1 KCNJ8 KIF21A KRIT1 LAMP2 LIPA LRP6 MAP3K1 MCPH1 MIF MOCS2 MTHFR MYO3A NDUFA10 NEK9 NNT

HPGD ICK IL10 INVS JAK2 KCNK3 KIF22 KRT1 LAMTOR2 LIPC LRPAP1 MAP3K20 MCTP2 MINPP1 MOG MTM1 MYO5A NDUFA11 NELFA NOBOX

HPRT1 ICOS IL10RA IPW JAK3 KCNK9 KIF23 KRT10 LARGE1 LIPE LRPPRC MAP3K7 MDH2 MIP MOGS MTMR14 MYO5B NDUFA12 NEU1 NOD2
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NODAL NSDHL OPN1MW PAM16 PDE6D PGAP2 PIK3CA PLEKHM1 POLE PPP2R1B PROM1 PTH1R RAC1 RD3 RMND1 RPL11 RUNX1 SCN4B SERPINA1 SH3TC2

NOG NSMCE2 OPN1SW PANK2 PDE6G PGAP3 PIK3CD PLG POLG PPP2R2B PROP1 PTHLH RAC2 RDH11 RMRP RPL15 RUNX2 SCN5A SERPINA6 SHANK3

NOL3 NSMCE3 OPTN PAPSS2 PDE6H PGK1 PIK3R1 PLIN1 POLG2 PPP2R5D PROS1 PTPN11 RAD21 RDH12 RNASEH1 RPL18 RUSC2 SCN8A SERPINB6 SHH

NONO NSMF ORAI1 PARK7 PDE8B PGM1 PIK3R2 PLK4 POLH PPP3CA PRPF3 PTPN14 RAD50 RDH5 RNASEH2A RPL21 RXYLT1 SCN9A SERPINB7 SHOC2

NOP10 NSUN2 ORC1 PARN PDGFB PGM3 PIK3R5 PLN POLR1A PPT1 PRPF31 PTPN2 RAD51 RDX RNASEH2B RPL26 RYR1 SCNN1A SERPINB8 SHOX

NOP56 NT5C2 ORC4 PARS2 PDGFRA PGR PIKFYVE PLOD1 POLR1C PQBP1 PRPF4 PTPN22 RAD51C RECQL4 RNASEH2C RPL27 RYR2 SCNN1B SERPINC1 SHPK

NOS1 NT5C3A ORC6 PATL2 PDGFRB PHC1 PINK1 PLOD2 POLR1D PRCC PRPF6 PTPN3 RAD51D REEP1 RNASEL RPL35 S1PR2 SCNN1G SERPIND1 SHROOM4

NOTCH1 NT5E OSBPL2 PAX1 PDGFRL PHEX PIP5K1C PLOD3 POLR3A PRCD PRPF8 PTPRC RAD54B REEP2 RNASET2 RPL35A SAA1 SCO1 SERPINE1 SI

NOTCH2 NTF4 OSGEP PAX2 PDHA1 PHF21A PITPNM3 PLP1 POLR3B PRDM12 PRPH PTPRF RAD54L REEP6 RNF113A RPL5 SACS SCO2 SERPINF1 SIGMAR1

NOTCH3 NTHL1 OSMR PAX3 PDHB PHF6 PITX1 PLPBP POMC PRDM13 PRPH2 PTPRO RAF1 RELB RNF125 RPS10 SAG SCP2 SERPINF2 SIK1

NPAP1 NTN1 OSTM1 PAX4 PDHX PHF8 PITX2 PLS3 POMGNT1 PRDM16 PRPS1 PTPRQ RAG1 RELN RNF135 RPS14 SALL1 SCYL1 SERPING1 SIL1

NPC1 NTNG1 OTC PAX6 PDK3 PHGDH PITX3 PLXND1 POMGNT2 PRDM5 PRRT2 PTRH2 RAG2 REN RNF139 RPS17 SALL2 SDCCAG8 SERPINH1 SIM1

NPC2 NTRK1 OTOA PAX7 PDP1 PHIP PJVK PMM2 POMK PRDM6 PRRX1 PTS RAI1 REPS1 RNF168 RPS19 SALL4 SDHA SERPINI1 SIN3A

NPHP1 NTRK2 OTOF PAX8 PDSS1 PHKA1 PKD1 PMP2 POMP PRDM8 PRSS1 PUF60 RAP1A RERE RNF170 RPS23 SAMD11 SDHAF1 SET SIPA1L3

NPHP3 NUBPL OTOG PAX9 PDSS2 PHKA2 PKD1L1 PMP22 POMT1 PRDX1 PRSS12 PUM1 RAP1B REST RNF213 RPS24 SAMD12 SDHAF2 SETBP1 SIX1

NPHP4 NUMA1 OTOGL PBX1 PDX1 PHKB PKD2 PMPCA POMT2 PREPL PRSS2 PURA RAPSN RET RNF216 RPS26 SAMD9 SDHB SETD2 SIX2

NPHS1 NUP107 OTUD4 PC PDYN PHKG2 PKHD1 PMPCB PON1 PRF1 PRSS56 PUS1 RARA RETREG1 RNF43 RPS27 SAMD9L SDHC SETD5 SIX3

NPHS2 NUP155 OTUD6B PCARE PDZD7 PHOX2A PKLR PMS1 PON2 PRG4 PRTN3 PUS3 RARB REV3L RNF6 RPS28 SAMHD1 SDHD SETX SIX5

NPM1 NUP205 OTULIN PCBD1 PEPD PHOX2B PKP1 PMS2 PON3 PRICKLE1 PRUNE1 PWAR1 RARS RFC2 RNR1 RPS29 SAR1B SDR9C7 SF3B1 SIX6

NPPA NUP214 OTX2 PCCA PER2 PHYH PKP2 PMVK POP1 PRIMPOL PRX PWRN1 RARS2 RFT1 RNU12 RPS4Y2 SARS SEC23A SF3B4 SKI

NPR2 NUP62 OVOL2 PCCB PER3 PI4KA PLA2G5 PNKD POR PRKACA PRY PXDN RASA1 RFWD3 RNU4ATAC RPS6KA3 SARS2 SEC23B SFRP4 SKIV2L

NPRL2 NUP93 OXCT1 PCDH12 PET100 PIBF1 PLA2G6 PNKP PORCN PRKACG PRY2 PYCR1 RASA2 RFX5 ROBO1 RPS7 SASS6 SEC24C SFTPA1 SLC10A2

NPRL3 NUS1 P2RX2 PCDH15 PEX1 PICALM PLA2G7 PNLIP POT1 PRKAG2 PSAP PYCR2 RASGRP2 RFX6 ROBO2 RPSA SATB2 SEC24D SFTPA2 SLC11A1

NR0B1 NXN P2RY11 PCDH19 PEX10 PIEZO1 PLAA PNP POU1F1 PRKAR1A PSAT1 PYGL RASSF1 RFXANK ROBO3 RRAS SBDS SEC61A1 SFTPB SLC11A2

NR0B2 NYX P2RY12 PCK1 PEX11B PIEZO2 PLAG1 PNPLA1 POU2AF1 PRKAR1B PSEN1 PYGM RAX RFXAP ROGDI RREB1 SBF1 SEC63 SFTPC SLC12A1

NR1H4 OAT P3H1 PCK2 PEX12 PIGA PLAGL1 PNPLA2 POU3F4 PRKCD PSEN2 PYROXD1 RAX2 RGR ROM1 RRM2B SBF2 SECISBP2 SFXN4 SLC12A3

NR2E3 OBSL1 P3H2 PCLO PEX13 PIGC PLAT PNPLA6 POU4F3 PRKCG PSENEN QARS RB1 RGS9 ROR1 RS1 SC5D SELENOI SGCA SLC12A5

NR2F1 OCA2 P4HA2 PCNA PEX14 PIGG PLAU PNPLA8 POU6F2 PRKCSH PSMB8 QDPR RB1CC1 RGS9BP ROR2 RSPH1 SCAPER SELENON SGCB SLC12A6

NR2F2 OCLN P4HB PCNT PEX16 PIGH PLCB1 PNPO PPA2 PRKD1 PSMC3IP QRICH1 RBBP8 RHAG RORA RSPH3 SCARB2 SEM1 SGCD SLC13A5

NR3C1 OCRL PABPN1 PCSK1 PEX19 PIGL PLCB4 PNPT1 PPARG PRKDC PSMD12 QRSL1 RBCK1 RHBDF2 RORC RSPH4A SCARF2 SEMA3A SGCE SLC16A1

NR3C2 ODAPH PACS1 PCSK9 PEX2 PIGM PLCD1 POC1A PPARGC1A PRKG1 PSPH RAB11B RBM10 RHO RP1 RSPH9 SCLT1 SEMA3C SGCG SLC16A12

NR4A2 OFD1 PACS2 PCYT1A PEX26 PIGN PLCE1 POC1B PPCS PRKN PSTPIP1 RAB18 RBM20 RHOBTB2 RP1L1 RSPO1 SCN10A SEMA3D SGO1 SLC16A2

NR4A3 OGDH PADI3 PDCD10 PEX3 PIGO PLCG2 POC5 PPIB PRKRA PTCH1 RAB23 RBM28 RIMS1 RP2 RSPO2 SCN11A SEMA3E SGPL1 SLC17A5

NR5A1 OGG1 PADI6 PDE10A PEX5 PIGP PLCZ1 PODXL PPM1B PRLR PTCH2 RAB27A RBM8A RIN2 RP9 RSPO4 SCN1A SEMA4A SGSH SLC17A8

NRAS OGT PAFAH1B1 PDE11A PEX6 PIGS PLD1 POF1B PPM1D PRMT7 PTCHD1 RAB28 RBMX RIPK4 RPE65 RSPRY1 SCN1B SEMA5A SH2B1 SLC17A9

NRL OPA1 PAH PDE3A PEX7 PIGT PLD3 POFUT1 PPOX PRNP PTDSS1 RAB33B RBMY1A1 RIPOR2 RPGR RTEL1 SCN2A SEPSECS SH2B3 SLC18A2

NRTN OPA3 PAK1 PDE4D PFKM PIGV PLEC POGLUT1 PPP1CB PROC PTEN RAB39B RBP3 RIPPLY2 RPGRIP1 RTN2 SCN2B SEPTIN12 SH2D1A SLC18A3

NRXN1 OPHN1 PAK3 PDE6A PFN1 PIGW PLEKHG2 POGZ PPP1R15B PRODH PTF1A RAB3GAP1 RBP4 RIT1 RPGRIP1L RTN4IP1 SCN3A SEPTIN9 SH3BP2 SLC19A2

NSD1 OPLAH PALB2 PDE6B PGAM2 PIGY PLEKHG4 POLA1 PPP1R3A PROK2 PTGIS RAB3GAP2 RBPJ RLBP1 RPIA RTTN SCN3B SERAC1 SH3GL1 SLC19A3

NSD2 OPN1LW PALLD PDE6C PGAP1 PIH1D3 PLEKHG5 POLD1 PPP2R1A PROKR2 PTH RAB7A RCBTB1 RLIM RPL10 RUBCN SCN4A SERPIN11 SH3PXD2B SLC1A1
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SLC1A2 SLC30A9 SLC6A3 SMS SPATA16 SSX1 SUGCT TARDBP TDGF1 TGIF1 TMEM216 TOE1 TRIM44 TTBK2 TYMP UQCRQ VPS33A WNT10A ZC4H2

SLC1A3 SLC33A1 SLC6A5 SNAI2 SPATA5 SSX2 SULT2B1 TARS2 TDP1 TGM1 TMEM231 TOMM40 TRIO TTC19 TYR UROC1 VPS33B WNT10B ZDHHC15

SLC1A4 SLC34A1 SLC6A8 SNAP25 SPATA7 ST14 SUMF1 TAT TDP2 TGM3 TMEM237 TOP2A TRIOBP TTC21B TYROBP UROD VPS35 WNT3 ZDHHC9

SLC20A2 SLC34A2 SLC6A9 SNAP29 SPECC1L ST3GAL3 SUMO1 TAZ TDRD7 TGM5 TMEM240 TOP3A TRIP11 TTC25 TYRP1 UROS VPS37A WNT3A ZEB1

SLC22A12 SLC34A3 SLC7A14 SNCA SPEG ST3GAL5 SUN5 TBC1D20 TDRD9 TGM6 TMEM260 TOPORS TRIP12 TTC37 UBA1 USB1 VPS45 WNT4 ZEB2

SLC22A18 SLC35A1 SLC7A7 SNCAIP SPG11 STAC3 SUOX TBC1D23 TEAD1 TH TMEM38B TOR1A TRIP13 TTC7A UBA5 USH1C VPS53 WNT5A ZFHX2

SLC22A5 SLC35A2 SLC7A9 SNCB SPG20 STAG1 SURF1 TBC1D24 TECPR2 THAP1 TMEM43 TOR1AIP1 TRIP4 TTC8 UBAC2 USH1G VRK1 WNT7A ZFHX4

SLC24A1 SLC35A3 SLC9A1 SNIP1 SPG21 STAG3 SUZ12 TBCD TECR THBD TMEM67 TP53 TRIT1 TTI2 UBAP1 USH2A VSX1 WRAP53 ZFP57

SLC24A4 SLC35C1 SLC9A3 SNORD115-1SPG7 STAMBP SYCE1 TBCE TECRL THG1L TMEM70 TP53RK TRMT10A TTLL10 UBB USP18 VSX2 WRN ZFPM2

SLC24A5 SLC35D1 SLC9A3R1 SNORD116-1SPIB STAR SYCP3 TBCK TECTA THOC2 TMEM98 TP63 TRMT10C TTLL5 UBE2A USP27X VWA3B WT1 ZFR

SLC25A1 SLC36A2 SLC9A6 SNORD118 SPIDR STAT1 SYN1 TBK1 TEK THOC6 TMIE TPI1 TRMT5 TTN UBE2T USP8 VWF WWOX ZFYVE26

SLC25A12 SLC37A4 SLCO1B1 SNRNP200 SPINK1 STAT2 SYNE1 TBL1XR1 TELO2 THPO TMPO TPK1 TRMU TTPA UBE3A USP9X WAC XDH ZFYVE27

SLC25A13 SLC38A8 SLCO1B3 SNRPB SPINK2 STAT3 SYNE2 TBL2 TENM3 THRA TMPRSS15 TPM1 TRNT1 TTR UBE3B USP9Y WARS XIAP ZIC1

SLC25A15 SLC39A13 SLCO2A1 SNRPE SPINK5 STAT4 SYNE4 TBP TENM4 THRB TMPRSS3 TPM2 TRPA1 TUB UBIAD1 UVSSA WARS2 XIST ZIC2

SLC25A19 SLC39A14 SLFN14 SNRPN SPINT2 STAT5B SYNGAP1 TBR1 TENT5A TIA1 TMPRSS6 TPM3 TRPC3 TUBA1A UBQLN2 VAC14 WAS XK ZIC3

SLC25A20 SLC39A4 SLITRK1 SNTA1 SPP2 STEAP3 SYNJ1 TBX1 TERC TIMM50 TMTC3 TPO TRPC6 TUBA3D UBQLN4 VAMP1 WASHC4 XKRY ZMPSTE24

SLC25A22 SLC39A5 SLITRK6 SNX10 SPR STIL SYP TBX15 TERF2IP TIMM8A TNC TPP1 TRPM1 TUBA4A UBR1 VAMP7 WASHC5 XPA ZMYND10

SLC25A24 SLC39A8 SLURP1 SNX14 SPRED1 STIM1 SYT14 TBX18 TERT TIMMDC1 TNFAIP3 TPP2 TRPM4 TUBA8 UBR4 VANGL1 WDFY3 XPC ZMYND11

SLC25A26 SLC3A1 SLX4 SOBP SPRTN STK11 SYT2 TBX19 TET2 TIMP3 TNFRSF10B TPRKB TRPM6 TUBB UBTF VANGL2 WDPCP XPNPEP3 ZMYND15

SLC25A3 SLC40A1 SMAD3 SOD1 SPRY4 STK36 SZT2 TBX20 TEX11 TINF2 TNFRSF11A TPRN TRPM7 TUBB1 UCHL1 VAPB WDR11 XPR1 ZNF141

SLC25A32 SLC44A4 SMAD4 SOHLH1 SPTA1 STK4 TAB2 TBX21 TEX14 TJP2 TNFRSF11B TRAF3IP1 TRPS1 TUBB2A UCP2 VARS WDR19 XRCC1 ZNF148

SLC25A38 SLC45A1 SMAD6 SON SPTAN1 STN1 TAC3 TBX22 TEX15 TK2 TNFRSF13B TRAF3IP2 TRPV3 TUBB2B UFC1 VARS2 WDR26 XRCC2 ZNF335

SLC25A4 SLC45A2 SMAD9 SORL1 SPTB STOX1 TACO1 TBX3 TF TKT TNFRSF13C TRAF6 TRPV4 TUBB3 UFD1 VAX1 WDR34 XRCC4 ZNF365

SLC25A42 SLC46A1 SMARCA2 SOS1 SPTBN2 STRA6 TACR3 TBX4 TFAM TLE6 TNFRSF1A TRAIP TSC1 TUBB4A UFM1 VCAN WDR35 XYLT1 ZNF408

SLC25A46 SLC49A4 SMARCA4 SOS2 SPTBN4 STRADA TACSTD2 TBX5 TFAP2A TLL1 TNFRSF1B TRAK1 TSC2 TUBB4B UFSP2 VCL WDR36 XYLT2 ZNF41

SLC26A1 SLC4A1 SMARCAD1 SOST SPTLC1 STRC TAF1 TBX6 TFAP2B TLR3 TNFRSF4 TRAPPC11 TSEN15 TUBB6 UGT1A1 VCP WDR4 YAP1 ZNF423

SLC26A2 SLC4A11 SMARCAL1 SOX10 SPTLC2 STS TAF13 TBXAS1 TFE3 TLR4 TNFSF11 TRAPPC12 TSEN2 TUBB8 UMOD VCY WDR45 YARS ZNF469

SLC26A3 SLC4A4 SMARCB1 SOX11 SQSTM1 STT3A TAF15 TBXT TFG TMC1 TNFSF12 TRAPPC2 TSEN34 TUBG1 UMPS VDR WDR45B YARS2 ZNF513

SLC26A4 SLC52A1 SMARCD2 SOX17 SRA1 STT3B TAF1A TCAP TFR2 TMC6 TNFSF15 TRAPPC9 TSEN54 TUBGCP4 UNC119 VEGFC WDR48 YME1L1 ZNF592

SLC26A5 SLC52A2 SMARCE1 SOX18 SRC STUB1 TAF2 TCF12 TFRC TMC8 TNFSF4 TRDN TSFM TUBGCP6 UNC13A VHL WDR60 YWHAE ZNF644

SLC26A8 SLC52A3 SMC1A SOX2 SRCAP STX11 TAF4B TCF3 TG TMCO1 TNIK TREH TSGA10 TUFM UNC13D VIM WDR62 YWHAG ZNF687

SLC27A4 SLC5A1 SMC3 SOX3 SRD5A2 STX16 TAF6 TCF4 TGDS TMEM106B TNNC1 TREM2 TSHB TULP1 UNC45B VIPAS39 WDR72 YY1 ZNF711

SLC29A3 SLC5A2 SMCHD1 SOX5 SRD5A3 STX1A TAL1 TCHH TGFA TMEM107 TNNI2 TREX1 TSHR TUSC3 UNC80 VKORC1 WDR73 YY1AP1 ZNF750

SLC2A1 SLC5A5 SMG9 SOX9 SRP54 STX1B TAL2 TCIRG1 TGFB1 TMEM126A TNNI3 TRH TSHZ1 TWIST1 UNG VLDLR WDR81 ZAP70 ZNF81

SLC2A10 SLC5A7 SMN1 SP110 SRP72 STX3 TALDO1 TCN2 TGFB2 TMEM126B TNNI3K TRHR TSPAN12 TWIST2 UPB1 VMA21 WFS1 ZBTB16 ZNHIT3

SLC2A2 SLC6A1 SMO SP7 SRPX2 STXBP1 TANGO2 TCOF1 TGFB3 TMEM127 TNNT1 TRIM2 TSPAN7 TWNK UPF3B VPS11 WHRN ZBTB18 ZP1

SLC2A3 SLC6A17 SMOC1 SPAG1 SRY STXBP2 TAP1 TCTEX1D2 TGFBI TMEM138 TNNT2 TRIM28 TSPEAR TXN2 UQCC2 VPS13A WIPF1 ZBTB20 ZP3

SLC2A9 SLC6A19 SMOC2 SPARC SS18L1 SUCLA2 TAP2 TCTN1 TGFBR1 TMEM165 TNNT3 TRIM32 TSPY1 TXNL4A UQCC3 VPS13B WNK1 ZBTB24 ZSWIM6

SLC30A10 SLC6A2 SMPD1 SPART SSBP1 SUCLG1 TAPBP TCTN2 TGFBR2 TMEM173 TNPO3 TRIM36 TSPYL1 TXNRD2 UQCRB VPS13C WNK4 ZBTB42

SLC30A2 SLC6A20 SMPX SPAST SSR4 SUFU TAPT1 TCTN3 TGFBR3 TMEM199 TNXB TRIM37 TSR2 TYK2 UQCRC2 VPS13D WNT1 ZC3H14
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Table S4.4: Results of Structural Variant and Targeted Analysis: Genes with 

Pathogenic, Likely Pathogenic, VUS 3a, 3b, 3c Results (ACMG Classification)  

 
Abbreviations: dx=diagnosis; VUS=variant of uncertain significance; ACMG=American College of 

Medical Genetics and Genomics; AD=Alzheimer disease; FTD=frontotemporal dementia; DLB=dementia 

with Lewy bodies 

 

ID Clinical dx Structural Variants Likely Path Risk Factor VUS 3a VUS 3b VUS 3b VUS 3b VUS 3b VUS 3c VUS 3c VUS 3c VUS 3c

Pt1 Unclear VPS13A (1/2) NPC2 (1/2) AARS2 (1/2)

Pt2 Leukodystrophy TBK1 CLCN2 (1/2) VPS13A (1/2) RELN OPTN (1/2) NDUFS1 (hom)

Pt3 Unclear SPG21 del (1/2) SPG21 (1/2)

Pt4 Unclear AFG3L2 FA2H (1/2)

Pt5 AD

Pt6 AD PSEN1 WFS1 (1/2) ITPR1

Pt7 FTD CERS1 (1/2) RNF216 (1/2)

Pt8 FTD GBA

Pt9 DLB SNCA dup AARS2 (1/2) SPTBN2 ANG SPAST SPTBN2

Pt10 Unclear LAMA1 inv (1/2) GBE1 (1/2) ATP13A2 (1/2)

Pt11 AD NEFH del CLN6 (1/2) PDGFRB PRKAR1B

Pt12 AD RNF216 (1/2) RNF216 (1/2)

Pt13 FTD OPTN CUBN (1/2) SPG11 (1/2) PDGFRB (1/2) RNF216

Pt14 AD SETX 

Pt15 AD

Pt16 Unclear CACNA1B (1/2) SPTBN2 RNF216 (1/2) CACNA2D1

Pt17 FTD CUBN (1/2) CUBN (1/2) FA2H (1/2) FECH (1/2)

Pt18 AD

Pt19 AD APOEe4e4 VAPB GBE1 (1/2)

Pt20 AD PNPLA6 (1/2) PLA2G6 (1/2)

Pt21 FTD GBA

Pt22 AD APOE e4e4 POLG (1/2)

Pt23 FTD TBK1 c19orf12 (1/2) VPS35

Pt24 AD CSF1R SPTBN2 ABCD1 (X 1/2)) ATP13A2 (1/2) CST3

Pt25 Unclear SPG7 (1/2) SPART (1/2) LRRK2

Pt26 AD APOE e4e4 MAPT SPG21 (1/2)

Pt27 AD APOE e4e4

Pt28 FTD PNPLA6 (1/2)

Pt29 CADASIL NOTCH3

Pt30 FTD UROS (1/2) NOTCH3 PLA2G6 (1/2) PSEN1 ABCD1 (X)

Pt31 AD CP (1/2) ITPR1 NOTCH3 ABCD1 (X) ABCD1 (X) DNMT1 PPT1

Pt32 Unclear HMBS PNPLA6 (1/2)

Pt33 AD APOE e4e4 SPTBN2

Pt34 AD DNMT1 DNMT1

Pt35 FTD PDGFRB

Pt36 Unclear APOE e4e4 CYP27A1 (1/2)

Pt37 AD

Pt38 AD

Pt39 AD SON dup

Pt40 FTD APP DCTN1 POLG (1/2) ATPP13A2 (1/2) GBA

Pt41 AD SPG7 (1/2) APOE e4e4 MATR3 DCTN1 VAMP1

Pt42 FTD CLN6 (1/2) EPM2A (1/2)

Pt43 Unclear SON del ABCD1 (X) PINK1 (1/2)

Pt44 FTD STUB1 LRRK2 DNMT1

Pt45 FTD CSF1R SPTBN2

Pt46 FTD NPC2 (1/2)

Pt47 FTD FUS NPC2 (1/2) TBK1

Pt48 FTD DNMT1

Pt49 AD

Pt50 FTD NAD PNPLA6 (1/2) WFS1 (1/2) ATP13A2 (1/2)
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Table S4.5: Results of Mendeliome Analysis: Genes with Pathogenic, Likely Pathogenic, VUS 3a and 3b Results (ACMG Classification) 

 
Abbreviations: dx=diagnosis; VUS=variant of uncertain significance; ACMG=American College of Medical Genetics and Genomics; AD=Alzheimer disease; 

FTD=frontotemporal dementia; DLB=dementia with Lewy bodies.

ID Clinical dx Pathogenic LP LP LP LP LP VUS3a VUS3a VUS3b VUS3b VUS3b VUS3b VUS3b VUS3b VUS3b VUS3b

Pt1 Unclear ADAR HSD11B2 (1/2)MLPH (1/2) TUBB8 VWA3B (1/2)SLC46A1 (1/2)

Pt2 Leukodystrophy SI (1/2)

Pt3 Unclear

Pt4 Unclear

Pt5 AD

Pt6 AD

Pt7 FTD NRL SERPINA1 (1/2) PLEKHM1 AHSG (1/2) NFU1 (1/2) OCA2 (1/2) PKLR (1/2) RNASEH2B (1/2)

Pt8 FTD

Pt9 DLB

Pt10 Unclear SLC26A4 (1/2) ARID2 ATP6V1B2 COL11A1 FRG1 LTBP4 (1/2) STXBP1 MATR3

Pt11 AD ABCC8 (1/2) GLRB (1/2) VPS13B (1/2) EIF4G1 VPS45 (1/2) COL5A2 DNAJC3 (1/2)INSR

Pt12 AD RSPH4A (1/2)SERPINA1 (1/2) NCF1 (1/2) PRDM16 VKORC1 AP4S1 (1/2) COMT

Pt13 FTD CYP24A1 (1/2)DNAH11 (1/2)OTOG (1/2) C6 (1/2) KCNQ2

Pt14 AD

Pt15 AD CEACAM16 PRODH KDM1A ADAMTS2 (1/2)AK9 (unk) SLC45A1(1/2)PODXL TELO2 (1/2) CAV3 VPS13D (1/2)RP1L1

Pt16 Unclear MARVELD2 (1/2) PIK3R1 (1/2) PPP1R3A C6 NCF1 (1/2)

Pt17 FTD DIAPH2 (XL)

Pt18 AD DHCR7 (1/2)

Pt19 AD

Pt20 AD SERPINA1 (1/2)SGCA (1/2)

Pt21 FTD CBS (1/2) ARG1 (1/2) CFTR (1/2) EIF4G1 MYH14

Pt22 AD EYS (1/2) FANCM (1/2)GDF6 TGM1 (1/2) JAG1 SCN9A SEPTIN9

Pt23 FTD AP4M1 (1/2)

Pt24 AD TSEN54 (1/2) ATP8B1 GDF3

Pt25 Unclear ACY1 (1/2) OSMR POMGNT1 NCF1 (1/2)

Pt26 AD ABCC8 (1/2) AMT (1/2) SLX4 (1/2) AKAP9

Pt27 AD SAMD11 RIMS1 CDH15 BRWD (X) MYO5A (1/2)NKX2-1

Pt28 FTD ERMARD HADHB (1/2)

Pt29 CADASIL

Pt30 FTD TNFRSF13B ANK3 (1/2) VPS45 (1/2) COL6A3

Pt31 AD ACADVL (1/2) MOCOS (1/2)MYH6

Pt32 Unclear DHCR7 (1/2) CENPF (1/2) NCAPD2 (1/2)

Pt33 AD EXT2 TBX6 TDRD9 (1/2) ALPL (1/2) RYR1

Pt34 AD SERPINA1 (1/2)

Pt35 FTD RAPSN (1/2) CENPJ (1/2) PNPLA8 (1/2)ABCA3 (1/2)

Pt36 Unclear CYP21A2 (1/2) DHODH (1/2)

Pt37 AD COL18A1 (1/2) ANO3

Pt38 AD COL5A1 CYFIP2 KMT2C OPA1

Pt39 AD PKD1L1 (1/2) HYDIN (1/2) IDUA (1/2) PAH (1/2) PEX5 (1/2) PMM2 (1/2) CPLANE1 (1/2)GYS2 (1/2) ACACA (1/2) TSPEAR (1/2)FMN2 (1/2) HPD MIPEP (1/2)

Pt40 FTD

Pt41 AD UBA5 (1/2) SCN9A

Pt42 FTD MRPL44 (1/2)RP1L1 TTC21B (1/2) NMNAT1 (1/2) CFTR (1/2) DLL3 (1/2) FGG (1/2) KCNQ2

Pt43 Unclear BBS1 (1/2) KMT2C PEX26 (1/2) PGM1 (1/2) TGDS (1/2) AK9 EIF4G1

Pt44 FTD CBS (1/2) ACADVL (1/2) CLTC GPNMB (1/2)

Pt45 FTD TBCD (1/2) TRIM32 (1/2)

Pt46 FTD RP1

Pt47 FTD DSC2 GFM1 (1/2) SLC12A3 (1/2)KAT6A

Pt48 FTD PTPRQ

Pt49 AD SERPINA1 (1/2) CIC GALC (1/2) KMT2B 

Pt50 FTD PRPH PIGY (1/2)



175 
 

CHAPTER 5: GENOMIC MODIFIERS OF APOE  RISK 

 

 

CHAPTER INTRODUCTION 

 

As noted in the systematic review in chapter 3, modifiers/resilience factors for AD in the 

context of APOE  are not well defined in the literature. Some rare variants or specific 

genes have been linked to increased risk of AD over and above APOE  [113, 581, 620-

622]. A heterozygous variant (KL-VS) in the longevity gene KLOTHO has been reported to 

decrease the risk of AD in APOE  heterozygotes [623]. However, the effect of such risk 

modifying variants in APOE  homozygotes is not reported, most likely due to small 

numbers available for analysis, thus not reaching statistical significance.  

 

AD being a complex disease (excluding the monogenic forms), the modifiers of risk are also 

expected to follow a complex pattern with a combination of common variants and 

lifestyle/environmental factors. For this reason, a novel study was designed to investigate the 

risk modifying effect of a purpose generated polygenic risk score (PRS) APOE  

phenotypic extreme participants. Below I describe a few preliminary steps in the conduct of 

this study followed by an article accepted for publication in the journal Alzheimer’s and 

Dementia: Diagnosis, Assessment and Disease Monitoring, which describes the methods and 

results obtained from the study in detail. 

 

• Definition of Phenotypic Extreme Cases and Controls: 

 

Extreme phenotypes, by definition includes cases who are in the highest risk bracket 

and controls who are below the average threshold for a particular disease [624]. 

Statistically, these are people at the extreme ends of a normal distribution for a 
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particular disease trait [625]. The thresholds for selecting cases and controls differ for 

different diseases and the question being asked. For AD, those with the highest risk 

are people with APOE  and a young onset of disease (<65 years). Those that are 

most protected include people with the APOE  genotype, who do not develop 

AD over 75 years, despite their high-risk age and genotype. Analysing modifiers 

using an extreme phenotype study design between these two ends of risk is 

advantageous in increasing the effect size of variants detected with relatively smaller 

numbers of participants required  [504, 505]. Thorough phenotypic analysis of these 

participants is essential to ensure not only the accurate diagnosis of AD in the cases, 

but also lack of AD in the controls. This is essential to obtaining meaningful results in 

a study of risk modifiers and/or resilience factors. With this in mind, cases and 

controls were carefully derived from large cohorts with deep phenotypic detail, as 

described below. 

 

• Sample Size Determination: 

Once the study design was determined, it was necessary to estimate the approximate 

numbers of such cases and controls needed for the study. This is a pilot study with no 

previously known APOE  risk modifying PRS. Therefore, the approximate effect 

size of the PRS was based on the published SNPs from GWAS studies for AD. The 

extremes phenotype design was also taken into consideration, which is likely to 

increase the effect size.  

 

Sample size calculations were made as follows:  

Assuming an odds ratio of 2, expected proportion in controls to be 0.05, confidence 

interval set to 0.95 and a desired power of 0.8, 513 cases and 513 controls were 
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needed. If the odds ratio was assumed to be 4, then 98 cases and 98 controls will be 

needed. 

 

• Ascertaining Cases and Controls: 

The aim was to obtain at least 100 cases with APOE  and onset <65 years and 

100 controls with APOE  and no evidence of AD at >75 years. Various large 

cohorts were approached to investigate feasibility of such a study. 

 

ASPREE: 

The ASPirin in Reducing Events in the Elderly (ASPREE) was first interrogated 

(after the necessary HREC approvals, memorandum of understanding and 

appointment as an adjunct researcher) for suitable controls.  

 

ASPREE is a cohort of 19,114 elderly individuals aged >70 years from Australia and 

>65 years from the US who enrolled between 2011 and 2014 in the ASPREE clinical 

trial of low-dose aspirin and its primary prevention effects on multiple diseases [626]. 

All participants tested and confirmed to have normal cognition and were generally 

healthy at entry. Systematic and detailed measures of cognitive function were 

undertaken on a two-yearly basis. These included the modified mini-mental state 

(3MS), Hopkins Verbal Learning Test – Revised (HVLT-R delayed recall), Symbol 

Digit Modalities Test (SDMT) and the Controlled Oral Word Association Test 

(COWAT) tests. Any diagnosis of dementia during the study period was confirmed by 

specialist adjudicators.  
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Participants who met one of the following criteria were considered as ‘triggering for 

dementia’:  

o A score <78 on the 3MS;  

o An age-adjusted decline of ≥10 points on the 3MS;  

o Participant report of memory problems/dementia diagnosis at a three month 

phone contact or visit; or  

o The participant’s medical records indicate a clinical dementia  

 

Ongoing follow-up has been continued since the completion of the trial component in 

mid 2017, providing an average of six years of observation. The principal ASPREE 

end-point of ‘disability free survival’ has required the collection of detailed 

assessments of cognitive function and physical ability as well as a range of potential 

clinical, genetic, lifestyle and environmental predictors, which were available for 

analysis. 

 

Review of the cognitive and genotypic information from ASPREE revealed 175 

participants who would fit the criteria for ‘resilient controls’ required for this study, 

with genotype information available. These were individuals who did not have any 

dementia triggers during the study period, had an APOE  genotype and were 

aged >75 years. 

 

AIBL: 

The Australian Imaging, Biomarker & Lifestyle Flagship Study of Ageing (AIBL) is 

comprised of an Australian cohort of >1100 participants with AD, mild cognitive 

impairment as well as cognitively normal controls with ongoing annual assessment of 
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>4.5 years [627]. HREC approvals, memorandum of understanding and adjunct 

research appointments were also organised with AIBL to enable access to phenotypic 

and genotypic details of suitable participants. 

 

Cognitive assessments covering multiple domains were performed annually in all 

participants in AIBL. The tests performed included the mini mental-state examination 

(MMSE) [628], California Verbal Learning Test – Second edition (CVLT-II), 

Wechsler Logical Memory I and II, Delis-Kaplan Executive Function System verbal 

fluency test, 30-item Boston Naming Test (BNT) [629], Wechsler Test of Adult 

Reading (WTAR), Digit Span and Digit Symbol-Coding subtests of the Wechsler 

Adult Intelligence Scale – Third edition (WAIS–III), the Stroop task (Victoria 

version), and the Rey Complex Figure Test (RCFT). Participants also completed a 

computerised test called the CogState battery (www.cogstate.com). 

 

AIBL also used an adjudicating committee to assess if any of the control participants 

converted to mild cognitive impairment or dementia. AD was defined by the National 

Institute of Neurological and Communicative Disorders and Stroke and the 

Alzheimer's Disease and Related Disorders Association (NINCDS-ADRDA) criteria 

[121]. Dementia severity was rated for all participants using the Clinical Dementia 

Rating scale (CDR) [630]. The participants also had genotyping/WGS information 

(detailed below) available. 

 

Only 23 suitable cases and 12 resilient controls qualified the inclusion criteria from 

AIBL after reviewing their cognitive assessment and genotyping information. This 

meant that a total of 187 suitable resilient controls were found through ASPREE and 
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AIBL, but only 23 suitable cases were found (through AIBL), who had dementia 

onset <65 and had the APOE  genotype. Expanding the inclusion criteria to <70 

years, only marginally increased the numbers despite interstate collaboration 

(additional 6 participants obtained). 

 

International Collaboration: 

Further discussions with other dementia cohorts around Australia identified no more 

than six suitable cases. Communication with international collaborators of ASPREE 

and AIBL revealed that further cases could be obtained through the Alzheimer’s 

Disease Genetics Consortium based in the United States.  

 

The Alzheimer’s Disease Genetics Consortium (ADGC) is a National Institute of 

Aging (NIA) funded multicentre consortium aiming to identify genetic risk factors for 

AD [116]. It is a collaboration of more than 16 AD cohorts in the US. Enrolment 

criteria for each cohort were different, but all used generally accepted clinical 

guidelines for diagnosis of AD with the Diagnostic and Statistical Manual of Mental 

Disorders (DSM-IV) or the National Institute of Neurological and Communicative 

Disorders and Stroke the Alzheimer's Disease and Related Disorders Association 

(NINDS-ADRDA) criteria or specific clinical assessment criteria used. Further details 

including individual cohort numbers and sequencing details are available through the 

NIAGADS website (https://www.niagads.org/resources/related-projects/alzheimers-

disease-genetics-consortium-adgc-collection). 

 

Access to the ADGC consortium data was available through the research 

collaboration between the ASPREE and ADGC. A total of 200 APOE  cases and 
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26 cognitively normal APOE  controls were identified through ADGC. In 

addition, 223 cases with APOE  genotype and AD onset at <65 years and 213 

APOE  controls, who remained unaffected at age >75 years were also derived 

from ADGC for a comparison analysis of the PRS, as described in the article. As per 

the collaboration agreement, data for ADGC could not be transferred to ASPREE or 

AIBL and hence, genotypic data from the suitable participants from the Australian 

cohorts were shared with ADGC and computation was done in the ADGC platform as 

a collaborative effort between ASPREE and ADGC. 

 

Limitations in Ascertaining Cases and Controls: 

Despite the best efforts of the individual cohorts and thorough investigations, it is still 

acknowledged that participants with AD may not necessarily have a “pure AD 

dementia” and mixed dementias cannot be excluded. Clinical diagnosis of specific 

types of dementia is challenging and no “pure dementia” cohorts exist. This study 

represents the real-world setting, where making a pure AD diagnosis remains 

challenging. 

 

Participants categorised as “controls” in this study have undergone considerable 

assessments and clinical investigations to rule out an underlying cognitive decline. 

However, pre-clinical dementia cannot be ruled out. Once again, replicating the real-

world setting, absence of clinical and psychometric features of cognitive decline after 

thorough analysis was considered acceptable for the controls in this study. Analysis of 

controls to this depth is in fact uncommon in the current dementia literature.  
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• Genotyping and Quality Control: 

Genotyping was not available on ASPREE participants prior to the commencement of 

this study, but was done at the time of this project. After considering various SNP 

array platforms for suitability for this study as well as various future studies, DNA 

samples from the ASPREE participants were genotyped using the Axiom 2.0 

Precision Medicine Diversity Research Array (Thermo Fisher Scientific, CA, USA) 

following standard protocols. Variant calling was performed using a custom script. A 

total of 12,978 samples passed QC filters based on gender, relatedness and European 

ancestry (including only individuals of Non-Finnish European descent). Imputation of 

ASPREE samples was performed using the haplotype reference consortium European 

panel [631]. 

 

APOE genotyping in AIBL was performed from whole blood samples  in the 

participants using a QIAamp DNA Blood Midi Kit and APOE genotype was 

determined through either PCR amplification and restriction enzyme digestions [632], 

or through TaqMan genotyping assays. Whole genome sequencing data was also 

available in APOE  cases and controls for AIBL and was performed on Illumina 

HiSeq X sequencers at the Kinghorn Centre for Clinical Genomics (KCCG), Sydney, 

Australia, using paired-end Illumina TruSeq Nano DNA HT libraries and v2.5 

clustering and sequencing reagents. The WGS sequence reads were aligned to 

GRCh37 using Burrows-Wheeler Aligner (BWA) and sequence data were processed 

using Genome Analysis Toolkit (GATK) best practices pipelines [574, 575]. 

 

The cohorts participating in ADGC used different genotyping platforms including 

Illumina Human660, Affymetrix 500, Affymetrix 6.0, Illumina OmniExpress, 
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Illumina HumanHap300 and Illumina Human610. Further genotyping details in the 

cohorts is detailed in Kunkle et al., 2019 [93].  

 

Samples across all cohorts passed QC filters based on sex, relatedness and European 

ancestry. Before merging cohorts, variants with a call-rate <95% and variants that 

were likely to have been improperly genotyped or imputed based on a test of Hardy-

Weinberg Equilibrium (HWE; P < 1e-10 with mid-p adjustment 

[https://doi.org/10.1515/sagmb-2012-0039] were excluded for all cohorts, except for 

AIBL, where a different exact test [https://doi.org/10.1086/429864] was used). 

Palindromic and duplicated genotypes were also removed. All variants were forward-

strand reference aligned to hg19 to check for appropriate merging. After merging 

cohorts, any variants that had a call rate <95% or were out of HWE (p<1x106) were 

again removed. Variants that were differentially missing (p<1x10-4 Fisher’s exact test 

with Lancaster's mid-p adjustment) were also removed in order to prevent false 

signals due to heterogeneity of missingness. Principal components analysis (PCA) 

was performed on the merged cohorts to control for both remaining population 

stratification and differences in cohort genotyping. 

 

Sex discordance was analysed based on X chromosome heterozygosity in PLINK. 

The relationship inference software KING was used to check for relatedness. PCA 

was >6 standard deviations (SD) in any of the 10 principal components analysed. 

Samples with outlying heterozygosity (>3SD from mean in each cohort) were 

removed from ADGC samples, which were composed of multiple sub-cohorts.  

Imputation was performed separately in each cohort using haplotype reference 

consortium panel on the University of Michigan imputation server [631]. Post-
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imputation QC removed any variants with low imputation quality scores (r2 < 0.3). To 

determine APOE haplotype, the two directly genotyped variants (rs7412 and 

rs429358) extracted using PLINK version 1.9 were used [633].  

 

• PRS Calculation: 

A modifying PRS in the context of risk and resilience in people with APOE 

 homozygosity has not been published before. For this reason, it was decided that a 

novel, purpose generated PRS using the clumping and thresholding method will be 

examined between the APOE  phenotypic extremes, instead of any of the pre-

published PRSs.  

 

There are multiple software programs such as PLINK, PRSice-2, LDpred-2, lassosum 

available for calculating and analysing PRS from large datasets [634]. PRSice-2, the 

faster and more memory efficient update to the PRSice-1 software was chosen due to 

its ability to automate many steps of PRS analysis and perform clumping and 

thresholding for large scale data efficiently [635, 636]. This software incorporates 

codes from PLINK (version 1.9). As a novel PRS was being investigated in this study, 

the ability to calculate PRS at different P value thresholds was important. PRSice-2 

provides the ability to examine the various P value thresholds, thereby enabling the 

choice of the best threshold for further calculation. Some technical problems 

encountered were the inability of PRSice-2 to automatically choose the most common 

variant out of multiallelic variants. This was handled by writing a separate script to 

remove the least common alleles. Further details of the clumping and thresholding 

method are provided in the article below. 
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Variant IDs and odds ratios from publicly available AD GWAS summary statistics 

from the International Genomics of Alzheimer's Project (IGAP) were used to select 

AD associated SNPs. The IGAP discovery dataset used to derive the PRS was 

comprised of 17,008 AD cases and 37,154 controls from four consortia across the 

United States of America, England, France, Holland, and Iceland. Further details of 

the consortia included in IGAP can be seen in the original GWAS study [94]. 

Genotyped or imputed data was available for 7,055,881 SNPs from IGAP stage 1 

data.  

 

In order to calculate PRS without SNPs in linkage disequilibrium with the APOE 

locus, variants within 750 kilobases of the start or end of the APOE gene 

(chr19:44659011- 46162650, hg19) were excluded. Although some studies have 

reported on AD risk SNPs within this region, in a study of modifying genetic factors 

to APOE , it was important to exclude any signal within the region that may be 

tagging the APOE  allele itself [637-639]. For instance, this analysis excludes SNPs 

in the TOMM40 region including the TOMM40 poly-T allele which is has been 

recently regarded as a high-risk allele for AD, but is in linkage disequilibrium with 

the APOE SNPs [640-643]. The independence of the TOMM40 SNPs from APOE is 

difficult to prove by statistical analysis. 

 

SNPs with a minor allele frequency (MAF) <0.05 were excluded and the remaining 

SNPs clumped at r2>0.1 in 1000-kilobase windows, thereby selecting only the most 

significant variant in each window. SNPs reaching significance with a p<5x10-08 were 

then chosen to calculate the PRS. The software PRSice-2 was used to calculate and 

optimize PRS using clumping and thresholding [635, 636]. Further details of the 
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methods employed in the PRS study, statistical analysis and the results are discussed 

in the article below. 

 

• Resilience Factor Variants from the Systematic Review: 

The systematic review conducted to search the literature for genomic resilience 

factors for AD did not reveal any genomic resilience factors with definitive evidence 

towards resilience to AD (defined below). 

 

Genetic Resilience factor to AD =       OR for AD due to APOE  (i.e 14.9) 

                                 OR for AD due to the resilience SNP + APOE  

 

 

However, two variants, CASP7 rs10553596 and SERPINA3 rs4934 displayed some 

evidence with a positive resilience factor of 2.2 and 4.7 calculated.  These two SNPs 

were chosen for further analysis in the APOE  phenotypic extremes cohorts 

comprised of 223 cases and 213 controls.  

 

Of these variants, the CASP7 rs10553596 deletion variant could not be analysed as 

the genotyping platforms used in these cohorts do not include deletion variants. 

Moreover, this deletion variant could not be reliably imputed. Therefore, only the 

SERPINA3 rs4934 variant could be analysed in the phenotypic extremes APOE 

 cases and controls that were used in the study of the modifying PRS.  

 

A total of 223 APOE  young onset cases and 213 APOE  resilient controls 

were available for analysis. Of the 223 cases, 52 had the homozygous SERPINA3 

rs4934-A/A genotype. In the 213 controls, 53 were found to have SERPINA3 rs4934-

A/A. The difference in frequency was not significant between these groups (p=0.922), 
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indicating that this genotype was unlikely to be contributing towards resilience in this 

cohort.  

 

In contrast to the PRS (described below), investigation of the resilience SNPs 

identified through the systematic review could either not be calculated due to the 

genotyping platforms or were not found to contribute towards resilience. As indicated 

in the systematic review and the study of APOE  risk modifying PRS, family 

studies of concordant or discordant siblings or analysis of rare variants, SVs, STRs 

using an extreme phenotypic approach or genome wide association studies with much 

larger numbers is needed to explore single or rare variants contributing to resilience in 

AD [644].  
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ABSTRACT 

 

Introduction: Diversity in cognition among APOE 4 homozygotes can range from early-

onset Alzheimer’s disease (AD) to a lifetime with no symptoms. 

 

Methods: We evaluated a phenotypic extreme polygenic risk score (PRS) for AD between 

cognitively healthy APOE 4 homozygotes aged ≥75 years (n=213) and early-onset APOE 4 

homozygote AD cases aged ≤65 years (n=223) as an explanation for this diversity. 

 

Results: The PRS for AD was significantly higher in APOE 4 homozygote AD cases 

compared with older cognitively healthy APOE 4/4 controls (OR 8.39; CI 2.0 to 35.2; 

p=0.003). The difference in the same PRS between APOE  extremes was not as 

significant (OR 3.13; CI 0.98 to 9.92; p=0.053) despite similar numbers and power. There 

was no statistical difference in an educational attainment PRS between these age extreme 

case-controls. 

 

Discussion: A PRS for AD contributes to modified cognitive expression of the APOE  

genotype at phenotypic extremes of risk. 

 

 
Key Words: Alzheimer’s disease, Alzheimer dementia, APOE, genetic modifiers, polygenic 

risk score, dementia resilience 
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BACKGROUND 

 
Alzheimer’s disease (AD) has a strong underlying genetic component [89, 437, 645]. 

However, in the majority of individuals with non-Mendelian AD, no single gene mutation 

can be identified as causative, with studies showing that AD is either an oligogenic or a 

polygenic disease [95, 646, 647]. The APOE 4 allele has been identified as the single 

biggest risk factor [441]. The presence of APOE ε4 in the heterozygous form confers a 2-3-

fold increase in the odds of developing AD and in the homozygous form this confers up to a 

14.9-fold increase compared with the most common APOE genotype of ε3/ε3 [97]. 

Moreover, the presence of APOE ε4 accelerates the age of onset (AOO) of AD, with the 

mean AOO being 84.3 years in non-carriers as opposed to 68.4 years in those who are APOE 

ε4/ε4 [371]. 

 

Despite the high risk for AD, it has been recognised that there is considerable phenotypic 

diversity among APOE  homozygotes, ranging from early-onset AD to a lifetime with no 

symptoms of cognitive impairment [289, 376-378]. The reasons for this phenotypic diversity 

remain largely unexplained. Due to this variability in risk, APOE  genotype, even in the 

homozygous state, has not demonstrated reliable utility for individual prediction of AD 

susceptibility or AOO of AD [379, 380].  As there is a large polygenic component to AD, 

genetic factors beyond the APOE  genotype may account for some of this modification in 

risk. Using data from large AD-related genome-wide association studies (GWAS) [93, 94, 

619], polygenic risk scores (PRS) have been developed and used to predict risk for AD [94, 

95, 381, 438, 648-651]. However, to our knowledge, no study has been designed specifically 

to examine the modification of risk by a PRS for AD between phenotypic extremes of the 

APOE  risk spectrum. In this study, we investigate the role of an AD PRS, excluding the 

APOE region, as a potential modifier of risk between the two phenotypic extreme ends of the 
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APOE  AD risk spectrum, comparing the PRS between cognitively healthy older APOE 

 controls without AD and APOE  early-onset clinically diagnosed AD cases. 

 

METHODS 

 
Participants: 

To compare a PRS for AD between the phenotypic extreme of the APOE  risk spectrum, 

we obtained young onset AD cases and cognitively healthy older controls of European origin 

with APOE  genotype from various cohorts. This included genotype data from APOE 

 AD cases with AOO <65 years (n=223) and cognitively healthy older APOE  

controls without a diagnosis of AD aged >75 years (n=213). 

 

Cases came from the Alzheimer Disease Genetics Consortium (ADGC) (n=200) and The 

Australian Imaging Biomarkers and Lifestyle Study of Ageing (AIBL) study (n=23). 

Diagnosis of probable AD in the cases was made using the Diagnostic and Statistical Manual 

of Mental Disorders (DSM-IV) or the National Institute of Neurological and Communicative 

Disorders and Stroke the Alzheimer's Disease and Related Disorders Association (NINDS-

ADRDA) criteria or based on detailed clinical assessment in individual cohorts. Further 

details of these cohorts can be found in supplement 1, the National Institute on Aging 

Genetics of Alzheimer's Disease Data Storage Site (NIAGADS) 

(https://www.niagads.org/home), Kunkle et al, 2019 [93] and Ellis et al [627].  

 

Cognitively healthy older APOE  controls without a diagnosis of AD were from the 

ASPirin in Reducing Events in the Elderly (ASPREE) study [626] (n=175), AIBL (n=12) and 

ADGC (n=26). ASPREE participants in this group had no clinical diagnosis of AD as 

determined by a multidisciplinary adjudicating committee and passed a test of global 
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cognition (Modified Mini Mental (3MS) score of >77) at enrolment. Control participants 

from AIBL had no clinical AD or mild cognitive impairment also determined by a 

multidisciplinary adjudicating committee. Controls with no reported clinical AD were also 

included from ADGC, where individual cohorts used specifically designed cognitive 

screening criteria to determine “non demented” status (https://www.niagads.org/home). Any 

ADGC sample that was included in IGAP stage 1 or IGAP stage 2 in the GWAS by Lambert 

et al [94] was excluded, to remove overlap with current PRS analysis. Demographic 

characteristics of cases and controls are shown in Table 5.1. 

 

Matched numbers of APOE  AD cases (n=223) with AOO <65 years and APOE  

cognitively healthy controls (n=213) without AD aged >75 years were also included in order 

to compare the effect of the PRS in APOE  extremes. Cases and controls for the APOE 

 comparison were European ancestry participants, sourced from ADGC. As APOE  is 

the most common genotype in the general population, this genotype was chosen for the 

comparison analysis [652]. 

 

Table 5.1. Demographic characteristics of APOE  and APOE  participants. 

Characteristics Young Onset 

AD Cases 

with APOE 

 

Cognitively 

healthy older 

controls with 

APOE  

Young onset 

Cases with 

APOE  

Cognitively 

healthy older 

controls with 

APOE  

Total Numbers 223 213 223 213 

Numbers by cohort: 

ASPREE 

AIBL 

ADGC  

 

0 

23 

200 

 

175 

12 

26 

 

0 

0 

223 

 

0 

0 

213 

Median AOO/ AAA 

(range) in years 

62.5 (47-65) 80.5 (75-91) 57 (34-64) 83 (76-97) 

Female Sex 53.8% 52.6% 53.4% 62.9% 
Abbreviations: AOO=age of onset; AAA=Age at assessment  
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This study was approved by the Royal Melbourne Hospital Ethics Committee 

(HREC/17/MH/444) for use of pre-collected data. Ethical approval for the individual cohort 

participants was provided by their respective institutional ethics boards. All participants had 

provided DNA samples to the respective cohorts with consent for genotyping and data use. 

All patient data was anonymised prior to analysis. The reporting of this study follows the 

STrengthening the Reporting of OBservational studies in Epidemiology (STROBE)  

guidelines for case-control studies (https://www.strobe-statement.org/index.php?id=strobe-

home).  

 

Generating AD PRS in Phenotypic Extremes: 

A phenotypic extremes study design was used to select cases and controls for this study [504, 

505]. Study design is depicted in Figure 5.1.
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Figure 5.1: Flow-chart detailing the study design.  

Summary statistics for IGAP stage 1 and 2 samples derived from Lambert et al 2013 

[94]. Principal component analysis (PCA) was done using first ten PCs based on the 

1000 Genomes reference population.  
ASPREE = ASPirin in Reducing Events in the Elderly study; ADGC = Alzheimer’s Disease Genetics 

Consortium; AIBL = The Australian Imaging Biomarkers and Lifestyle Study of Ageing study;  

IGAP=International Genomics of Alzheimer’s Project; AOO=Age of onset; AAA= Age at assessment; 

QC=Quality Control; PRS=Polygenic Risk Score; PC=Principal components. 

 

 

 

Detailed information on genotyping and quality control (QC) steps is included in supplement 

3. To mitigate the amount of technical variability introduced by combining samples from 

multiple cohorts, only samples that passed QC filters based on sex, relatedness and European 

ancestry were included. Principal component analysis (PCA) on the top ten principal 

components (PC) was done in each cohort to exclude outliers. Variants with call rates <95% 

and those likely to have been improperly genotyped or imputed based on a test of Hardy-

Weinberg Equilibrium were excluded. QC was repeated after merging the cohorts and PCA 

was again performed to control for population stratification. 
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PRS is calculated as a single score generated by aggregating the effects of genetic variants 

across the genome relevant for that particular trait [318]. As there is no published PRS 

available for a phenotypic and age extreme AD dataset of homozygous APOE genotypes, we 

undertook a clumping and thresholding method (described in supplement 3) to generate a 

PRS in our age and phenotypic extreme APOE  and APOE  samples.  

 

Clumping and thresholding is a common method used to compute PRS. Single nucleotide 

polymorphisms (SNPs) are first selected from GWAS summary statistics. The clumping step 

ensures that only variants that are weakly correlated with one another are retained in a pre-

specified window of the genome (in this case 1000 kilobase windows). Then the thresholding 

step is used to remove variants with a p-value larger than a chosen level of significance (in 

this study, SNPs from the IGAP GWAS were thresholded at r2>0.1). Only the most 

significant p-value threshold was used to select the SNPs that form the PRS. 

 

The phenotypic extreme APOE  as well as APOE  participants (total cases n=446; 

total controls n=426) were combined to generate the PRS. To calculate PRS without APOE, 

variants within 750 kilobases of the start or end of the APOE gene (chr19:44659011- 

46162650, hg19) were excluded. Effect sizes for the weighting of the SNPs used for the PRS 

generation was from the GWAS analysis by Lambert et al [94]. The more recent GWAS by 

Kunkle et al (2019) was not used as the ADGC samples in this study overlap with their 

GWAS study [93]. The software PRSice-2 was used to calculate and optimize PRS using 

clumping and thresholding [635, 636]. The steps followed in the PRS generation are shown 

in Figure 5.1.
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Statistical Analysis: 

Using the PRS thus generated, the means of PRS distributions between the age extreme 

APOE  cases and APOE  controls were first analysed using the statistical test 

ANCOVA (with 10 PCs as covariates) and post hoc t-test. This was done in order to check 

that there was significant difference in PRS between the cases and controls in each group 

before calculating odds ratios (OR). Subsequently, OR were calculated between the lowest 

and highest 20% of PRS (OR_20%) by performing logistic regressions between PRS quintile 

and AD status, in the APOE  case-controls and also in the APOE  case-controls. 

OR were also calculated per standard deviation increase in PRS (OR_Stnd) by performing 

logistic regressions with Z-standardised PRS as the predictor and AD status as the response. 

Level of significance was set at p<0.05. 

 

In order to verify if the variation in PRS was influenced by differences in other AD-related 

risk factors in the APOE  phenotypic extremes, we intended to check for differences in 

educational attainment between the cases and controls. Of the various modifiable risk factors, 

low level of education is the only trait to exhibit consistent association with AD [653]. Large 

GWAS studies have shown that genetically predicted education correlates with actual level of 

education and that high education attainment PRS is protective against AD [654]. As level of 

education was not available as a variable across the different cohorts included in our study, 

we calculated an education attainment PRS based on the GWAS study by Lee et al [655] as a 

proxy for level of education in the APOE  extremes. To generate the education 

attainment PRS, we applied clumping and thresholding to the Lee et al GWAS using the 

same methods as described above for AD. The statistical package R (version 3.6.2) was used 

for statistical analysis and figures [656].
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RESULTS 

 

Out of a total of 5,295,512 SNPs that passed QC in the combined APOE  and APOE 

 age-extreme samples, after excluding SNPs at a minor allele frequency (MAF) <0.05 

and clumping, 33,780 SNPs remained. These SNPs were then subjected to p-value 

thresholding. Figure 5.2 shows the results of the clumping and thresholding process. The r2 

explained by PRS was calculated at IGAP GWAS p values from 5x10-08 to 1. There were 21 

SNPs that fell in the most significant threshold, with the corresponding p-value bracket being 

p<5x10-08. This p-value happened to correspond to the p-value universally used to select the 

most significant SNPs in GWAS studies i.e., at genome wide significance level. Details of 

these SNPs are provided in the supplementary Table S1. 

 

 

Figure 5.2: Line plot depicting the thresholding of SNPs. Each dot represents a different 

thresholding window. Best threshold in this case was at p<5x10-08. 
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The difference in means between the extreme cases and controls were significant in both the 

APOE  case-controls (p<0.001) and the APOE e3/e3 case-controls (p<0.001) showing 

that the participants with AD have a significantly higher PRS compared to controls (Figure 

5.3). The OR_20% in APOE  extremes was 8.39 (CI 2.0 to 35.2; p=0.003), indicating a 

significant depletion of high risk PRS SNPs in the cognitively healthy older controls with 

APOE . We also calculated the OR per standard deviation for the entire distribution of 

the APOE  extreme cases and controls. OR_Stnd was 1.58 (CI 1.1 to 2.3; p=0.013) (Fig 

4). 

 

 

 

 
Figure 5.3: Density plot showing the difference in PRS distribution in cases and controls 

in the APOE  extremes and APOE  extremes.  

 

 

As APOE  is the most common genotype in the general population and considered the 

population reference, analysis in participants with this genotype was used as a comparison to 

determine if there is a modifying effect of the PRS in APOE 4-negative phenotypic 



201 
 

extremes. OR between the highest and lowest 20th percentile i.e. OR_20% was 3.13 (CI 0.98 

to 9.92; p=0.053), showing a relatively lower influence of this modifying PRS in the APOE 

 phenotypic extremes, as opposed to the APOE  phenotypic extremes at the two 

extreme quintile ends of the PRS distribution. OR_Stnd was 1.36 (CI 0.99 to 1.85; p=0.054) 

(Figure 5.4). 

 

In order to clarify if the risk modification conferred by the PRS in APOE 4s may have 

been influenced by a difference in education attainment, we checked for differences in 

genetically determined education attainment between the APOE  cases and controls as 

well as the APOE  cases and controls. The education attainment PRS was more 

polygenic with 24502 SNPs falling under the most significant threshold of p=0.3. The 

education attainment PRS was not significantly different between the APOE  extreme 

cases and controls with OR_20% 0.52 (CI 0.17-1.60; p=0.26) and OR_Stnd 0.83 (CI 0.6 to 

1.16; p=0.28), indicating that the influence of genetically determined education attainment 

was not confounding. Similarly, there was no statistically significant difference in the 

education attainment PRS between the APOE  extreme cases and controls with 

OR_20% being 3.12 (CI 0.98-9.92; p=0.05) and OR_Stnd being 0.70 (CI 0.42-1.14; p=0.15) 

(figure 5.4).  
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Figure 5.4: Odds ratio of risk modifying PRS as well as education attainment PRS in 

APOE  extremes and APOE  extremes  

 

 

 

DISCUSSION 

 

In this study, we compared a PRS between phenotypic extremes of the APOE  spectrum 

and demonstrated that the PRS was significantly higher in APOE  homozygotes diagnosed 

with AD earlier in life, compared with APOE  homozygotes who remained unaffected by 

AD to an advanced age. The PRS was also compared between a matched number of APOE 

 young onset cases and unaffected controls, but was not as significant as the APOE 

 case-controls. Our findings illustrate how genetic risk modification in AD can be 

driven by common AD-associated variants beyond the APOE locus, and that this risk 

modification may partially explain the phenotypic diversity amongst APOE 4 homozygotes.  
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Our extreme phenotyping study design increased the ability to detect this PRS modifying 

effect. Extreme phenotyping is known to increase statistical power and variant effect sizes, 

enabling better identification of SNPs strongly associated with a trait [504]. For AD, an 

extreme phenotyping study translates to comparing risk factors between those at the highest 

risk i.e. AD cases with APOE  and onset <65 years, with those who are most resilient to 

AD, being those with APOE  genotype, aged >75 years and no AD [644]. Here, we have 

identified a PRS that modifies risk between the phenotypic extreme ends of the APOE  

spectrum. This finding has important implications for the potential risk-stratification of this 

high-risk genotype.  

 

The loci that yielded the 21 SNPs forming risk-modifying PRS in this study have all been 

previously described in AD GWAS with no new loci found in this study. This shows that the 

currently know non-APOE loci still play an important role in risk modification. Thus far, up 

to 44 loci have been reported to be associated with AD in large GWAS [93, 94, 601, 619, 

647, 657]. However, it remains unresolved if AD is oligogenic, with risk determined by a 

smaller number of SNPs compared to other common diseases such as coronary artery disease 

and cancer; or is polygenic with similar genetic architecture to these diseases [95, 647]. The 

present analysis has demonstrated that a detectable risk-modifying effect in APOE  

extremes is driven by a relatively small number of SNPs in the common frequency range. 

Our study showed that a lower burden of some non-APOE SNPs in APOE  homozygotes 

could buffer disease risk and delay AD onset to >75 years.  

 

An improved understanding of the modifying effect of PRS on the APOE  genotype 

could assist in increasing the accuracy of risk prediction for AD. Similar risk modification by 

PRS has been shown recently in the context of autosomal dominant adult-onset monogenic 
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conditions, where polygenic factors have been shown to modify the penetrance of clinically 

significant monogenic variants [658]. Such improved risk stratification is useful in 

identifying people at increased risk or at decreased risk despite their APOE  genotype. 

 

In the clinical setting, APOE genotype has posed several challenges. The variability in AD 

phenotype despite the high risk has meant that testing for the APOE 4 genotype has been 

discouraged by the American College of Medical Genetics and Genomics, especially in the 

predictive context in asymptomatic individuals [288]. Addition of PRS to the APOE  

genotyping increases the predictive value of such testing and may allow the incorporation 

of APOE  testing in the clinic, where more accurate prediction of the chances of 

developing AD is considered useful. It will also become more relevant as effective therapies 

for AD are developed. 

 

Although phenotypic variability may also be true for the heterozygous APOE  genotype, 

given that the elevated OR of developing LOAD in APOE  homozygotes (up to 14.9) is 

markedly different from having one APOE  allele (up to 4), the factors that modify the risk 

in APOE  heterozygotes will be much broader, possibly with smaller effect sizes compared 

to those modifying APOE  risk [97]. The predictive value for AD by inclusion of a 

modifying PRS in addition to APOE  genotyping would be significantly higher than the 

predictive value of adding a modifying PRS to APOE  heterozygotes. The APOE  

modifying PRS, especially in the extremes of phenotypes as described in this study, is 

therefore valuable in selecting appropriate participants for study of risk and resilience and 

will also contribute towards a better understanding of the genetic and non-genetic factors 

underpinning AD and how they interact. 
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We were able to successfully incorporate an extreme phenotype design to identify the 

modifying PRS by using well-phenotyped, resilient older controls in our study. Resilient 

controls are defined as those that do not develop a particular condition, despite being at a 

high risk for developing it. As the average age of onset of AD in APOE  homozygotes is 

68.4 years [371], those who have the APOE  genotype and aged at least 75 years or 

older without major cognitive impairments, can be considered to be harbouring factors that 

buffer the development of AD, despite their high risk.  In some previous AD case-control 

studies, participants too young be considered controls for AD have been used [105, 493, 

494]. This confounds the ability to accurately determine risk modifying factors, as many of 

the controls may go on to develop AD when older. In the current study, we had access to well 

phenotyped, advanced aged elderly control cohorts of APOE  participants, who fit the 

definition of resilience for AD. Using appropriately phenotyped extreme cases and controls 

strengthens the ability to find meaningful modifying factors.  

 

Although many lifestyle and environmental factors can also play a part in the modification of 

risk of AD, no single environmental/lifestyle risk factor has been shown to be strongly 

associated with AD [653]. A recent study analysing causal associations between various 

modifiable risk factors and the AD phenome, using PRS and Mendelian randomisation, 

showed only genetically determined education attainment was causally associated with 

decreased risk of AD, delayed AOO and increased cortical surface area and thickness [659]. 

Studies have shown that the effect of education is particularly prominent in early years and 

that the effect of education is difficult to separate out from overall cognitive ability [291, 

660]. In a large GWAS study, Lee et al. were able to show that the SNPs associated with 

education attainment explained a significant proportion of educational variance [655]. We 
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were also able to show that the difference in the APOE  modifying PRS was not 

influenced by the difference in education attainment PRS.  

 

Limitations: 

The main constraint in following an approach of extreme phenotyping for AD is the reduced 

number of participants available for the study. Although our results are encouraging, the 

number of participants in our study was still relatively small. It is likely that the current PRS 

used in our study only captures a fraction of the genetic variation or divergence that may 

drive phenotypic expression between APOE  extremes. The smaller size has limited the 

power of our study to identify novel SNPs from the existing GWAS data. A substantially 

larger number of participants would be required to perform an independent GWAS using the 

extreme phenotype approach or to investigate the role of rarer variants of strong effect. 

Larger independent studies are also needed to validate the results from our study. However, 

ascertaining individuals at either end of the APOE  risk spectrum is particularly 

challenging given that the population genotype frequency of APOE  in Europeans is 

only 2%. This necessitated combining samples from multiple cohorts in our analysis, which 

may have introduced some technical variation between cohorts and issues related to 

population stratification. We have tried to account for this by various QC checks and PCA, 

but acknowledge that despite this, there may be dissimilarities between the cohorts. 

 

Moreover, risk prediction for AD remains complicated due to the complex genetic-

environmental interactions and likely involvement of epigenetic mechanisms. We 

acknowledge that despite having small effect sizes individually, in combination, many 

lifestyle/environmental factors may play a larger part in modifying AD risk and this effect 

could not be accounted for in the present study [661].  
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There may also be other rare, high-effect genetic variants influencing risk or resilience that 

have not been captured by our analysis. In addition, our analysis does not cover genomic 

structural variants such as deletions, duplications and short tandem repeats that may 

contribute towards modification of AD risk. It is also to be noted that this PRS is not 

transferable to the non-Caucasian population as our study population was predominantly of 

European White ethnicity.  

 

Conclusions: 

In conclusion, our study demonstrates that a PRS for AD modifies the phenotypic expression 

of AD between extreme ends of the APOE  risk spectrum. This suggests that common 

genetic variants beyond the APOE locus contribute to risk modification in AD, yet it is likely 

that far more genetic and non-genetic factors contribute, beyond those captured by the PRS. 

Further studies are required to better understand the underlying biology of genetic risk 

modifiers in AD. Although not available in all our study cohorts, positron emission 

tomography (PET) or cerebrospinal fluid biomarkers of -amyloid should be explored in the 

resilient controls in future studies to investigate if the non-amyloidogenic loci represented by 

the 21 SNPs described here counter the effects of -amyloid in the brain.
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Supplements 

 

 

 

Details of cohorts included 

 

 
ADGC cohort details: 

 

The Alzheimer’s Disease Genetics Consortium (ADGC) is a National Institute of Aging 

(NIA) funded multicentre consortium aiming to identify genetic risk factors for AD [116]. It 

is a collaboration of more than 16 AD cohorts in the US. Enrolment criteria for each cohort 

were different, but all used generally accepted clinical guidelines for diagnosis of AD with 

the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV) or the National Institute 

of Neurological and Communicative Disorders and Stroke the Alzheimer's Disease and 

Related Disorders Association (NINDS-ADRDA) criteria or specific clinical assessment 

criteria used. Further details including individual cohort numbers and sequencing details are 

available through the NIAGADS website (https://www.niagads.org/resources/related-

projects/alzheimers-disease-genetics-consortium-adgc-collection). 

 

 

 
ASPREE cohort details: 

 

ASPREE is a cohort of 19,114 elderly individuals aged >70 years from Australia and >65 

years from the US who enrolled between 2011 and 2014 in the ASPREE clinical trial of low-

dose aspirin and its primary prevention effects on multiple diseases [626]. All participants 

tested and confirmed to have normal cognition and were generally healthy at entry. 

Systematic and detailed measures of cognitive function were undertaken on a two-yearly 

basis. These included the modified mini-mental state (3MS), Hopkins Verbal Learning Test – 

Revised (HVLT-R delayed recall), Symbol Digit Modalities Test (SDMT) and the Controlled 
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Oral Word Association Test (COWAT) tests. Any diagnosis of dementia during the study 

period was confirmed by specialist adjudicators.  

 

Participants who met one of the following criteria were considered as ‘triggering for 

dementia’:  

• A score <78 on the 3MS;  

• An age-adjusted decline of ≥10 points on the 3MS;  

• Participant report of memory problems/dementia diagnosis at a three month phone 

contact or visit; or  

• The participant’s medical records indicate a clinical dementia  

 

Ongoing follow-up has been continued since the completion of the trial component in mid 

2017, providing an average of six years of observation. The principal ASPREE end-point 

of ‘disability free survival’ has required the collection of detailed assessments of 

cognitive function and physical ability as well as a range of potential clinical, genetic, 

lifestyle and environmental predictors, which were available for analysis. 

 

 

 

AIBL cohort details: 

 

The Australian Imaging, Biomarker & Lifestyle Flagship Study of Ageing (AIBL) is 

comprised of an Australian cohort of >1100 participants with AD, mild cognitive impairment 

as well as cognitively normal controls with ongoing annual assessment of >4.5 years [627].  

 

Cognitive assessments covering multiple domains were performed annually in all participants 

in AIBL. The tests performed included the mini mental-state examination (MMSE) [628], 

California Verbal Learning Test – Second edition (CVLT-II), Wechsler Logical Memory I 
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and II, Delis-Kaplan Executive Function System verbal fluency test, 30-item Boston Naming 

Test (BNT) [629], Wechsler Test of Adult Reading (WTAR), Digit Span and Digit Symbol-

Coding subtests of the Wechsler Adult Intelligence Scale – Third edition (WAIS–III), the 

Stroop task (Victoria version), and the Rey Complex Figure Test (RCFT). Participants also 

completed a computerised test called the CogState battery (www.cogstate.com). 

 

AIBL also used an adjudicating committee to assess if any of the control participants 

converted to mild cognitive impairment or dementia. AD was defined by the National 

Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer's 

Disease and Related Disorders Association (NINCDS-ADRDA) criteria [121]. Dementia 

severity was rated for all participants using the Clinical Dementia Rating scale (CDR) [630]. 

The participants also had genotyping/WGS information available.
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Table S1: Details of the 21 SNPs used to form the APOE  risk modifying PRS from 

IGAP stage 1 and stage 2 
CH

R 

Chr Pos of SNP 

(GRCh37/hg19)  

REF ALT ALT 

AF 

P  rsID OR 

(95%CI) 

Closest 

gene(s) 

Location 

2 127892810 C T 0.407 6.94E-44 rs6733839 1.21 
(1.18-1.25) 

BIN1 Intergenic 

11 85867875 A G 0.644 9.32E-26 rs10792832 1.15 

(1.12-0.89) 

PICALM Intergenic 

8 27467686 C T 0.623 2.77E-25 rs9331896 1.16 
(1.13-0.89) 

CLU Intron 

1 207692049 A G 0.811 5.69E-24 rs6656401 0.85 

(0.82-1.22) 

CR1 Intron 

11 59923508 A G 0.403 6.14E-16 rs983392 0.90 
(0.87-0.92) 

MS4A2 Intergenic 

19 1063443 A G 0.812 1.06E-15 rs4147929 0.87 

(0.84-1.19) 

ABCA7 Intron 

8 27195121 T C 0.364 7.37E-14 rs28834970 1.10 
(1.08-1.13) 

PTK2B Intron 

7 143110762 G A 0.344 1.12E-13 rs11771145 0.90 

(0.88-0.93) 

EPHA1-

AS1 

Intron 

6 32578530 C A 0.735 2.94E-12 rs9271192 1.11 
(0.87-1.15) 

HLA-
DRB1, 

HLA-

DQA1 

Intergenic 

6 47487762 A G 0.278 5.20E-11 rs10948363 1.10 
(1.07-1.13) 

CD2AP Intron 

7 100004446 C T 0.716 5.58E-10 rs1476679 1.09 

(1.06-0.94) 

ZCWPW1 Intron 

2 127875384 C T 0.168 1.45E-09 rs34745987 1.11 

(1.07-1.15) 

BIN1 Intron 

19 1028149 G A 0.152 2.28E-09 rs75364577 1.67 

(1.11-1.23) 

CNN2 Intron 

11 121435470 G A 0.113 3.21E-09 rs9665907 0.88 

(0.84-0.92) 

SORL1 Intron 

7 37841534 A G 0.369 4.76E-09 rs2718058 0.93 

(0.90-095) 

NME8 Intron 

14 92926952 G T 0.218 5.54E-09 rs10498633 0.91 

(0.88-0.94) 

SLC24A4 Intron 

14 53400629 T C 0.092 7.95E-09 rs17125944 1.14 

(1.09-1.19) 

FERMT2 Intron 

11 47557871 T C 0.322 1.12E-08 rs10838725 1.08 

(1.05-1.11) 

CELF1 Intron 

20 55018260 T C 0.086 2.46E-08 rs7274581 0.88 

(0.84-0.92) 

CASS4 Intron 

2 234068476 C T 0.476 3.17E-08 rs35349669 1.08 

(1.05-1.11) 

INPP5D Intron 

5 88223420 G A 0.614 3.23E-08 rs190982 1.07 

(1.05-0.95) 

MEF2C-

AS1 

Intron 

CHR=Chromosome number; Chr Pos= Chromosomal position (GRCh37/hg19);  REF=Reference allele; 

ALT= Alternate allele; AF=Allele frequency
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Genotyping and Quality Control Methods: 

DNA samples from the ASPREE participants were genotyped using the Axiom 2.0 Precision 

Medicine Diversity Research Array (Thermo Fisher Scientific, CA, USA) following standard 

protocols. Variant calling was performed using a custom script. A total of 12,978 samples 

passed QC filters based on gender, relatedness and European ancestry (including only 

individuals of Non-Finnish European descent). Imputation of ASPREE samples was 

performed using the haplotype reference consortium European panel [631]. 

 

APOE genotyping in AIBL was performed from whole blood samples  in the participants 

using a QIAamp DNA Blood Midi Kit and APOE genotype was determined through either 

PCR amplification and restriction enzyme digestions [632], or through TaqMan genotyping 

assays. Whole genome sequencing data was also available in APOE  cases and controls 

for AIBL and was performed on Illumina HiSeq X sequencers at the Kinghorn Centre for 

Clinical Genomics (KCCG), Sydney, Australia, using paired-end Illumina TruSeq Nano 

DNA HT libraries and v2.5 clustering and sequencing reagents. The WGS sequence reads 

were aligned to GRCh37 using Burrows-Wheeler Aligner (BWA) and sequence data were 

processed using Genome Analysis Toolkit (GATK) best practices pipelines [574, 575]. 

 

The cohorts participating in ADGC used different genotyping platforms including Illumina 

Human660, Affymetrix 500, Affymetrix 6.0, Illumina OmniExpress, Illumina HumanHap300 

and Illumina Human610. Further genotyping details in the cohorts is detailed in Kunkle et al., 

2019 [93].  

 

Samples across all cohorts passed QC filters based on sex, relatedness and European 

ancestry. Before merging cohorts, we excluded variants with a call-rate <95% and variants 
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that were likely to have been improperly genotyped or imputed based on a test of Hardy-

Weinberg Equilibrium (HWE; P < 1e-10 with mid-p adjustment 

[https://doi.org/10.1515/sagmb-2012-0039] for all cohorts except for AIBL, where a different 

exact test [https://doi.org/10.1086/429864] was used). We also removed variants that were 

palindromic, duplicated. We then ensured all variants were forward-strand reference aligned 

to hg19 to check for appropriate merging. After merging cohorts, we once again removed any 

variants that had a call-rate  <95% or were out of HWE (p<1x106), and also removed any 

variants that were differentially missing (p<1x10-4 Fisher’s exact test with Lancaster's mid-p 

adjustment) in order to prevent false signals due to heterogeneity of missingness. We 

performed PCA on the merged cohorts to control for both remaining population stratification 

and differences in cohort genotyping for our PRS analyses. 

 

Sex discordance was analysed based on X chromosome heterozygosity in PLINK. The 

relationship inference software KING was used to check for relatedness. Principal component 

analysis (PCA) was >6 standard deviations (SD) in any of the 10 principal components 

analysed. Samples with outlying heterozygosity (>3SD from mean in each cohort) were 

removed from ADGC samples, which were composed of multiple sub-cohorts. In addition, 

samples with call rates <95% were removed. The genome build used was hg19. Imputation 

was performed separately in each cohort using haplotype reference consortium panel on the 

University of Michigan imputation server [631]. Post-imputation QC removed any variants 

with low imputation quality scores (r2 < 0.3). Ambiguous and duplicate single nucleotide 

polymorphisms (SNPs) were excluded across all samples. To determine APOE haplotype, the 

two directly genotyped variants (rs7412 and rs429358) extracted using PLINK version 1.9 

were used [633].
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 PRS Calculation using Clumping and Thresholding: 

 

Variant IDs and odds ratios from publicly available AD GWAS summary statistics from the 

International Genomics of Alzheimer's Project (IGAP) were used to select AD-associated 

SNPs and derive a PRS. The IGAP discovery dataset used to derive the PRS was comprised 

of 17,008 AD cases and 37,154 controls from four consortia across the United States of 

America, England, France, Holland, and Iceland. Further details of the consortia included in 

IGAP can be seen in supplement 1 and the original GWAS study [94]. Genotyped or imputed 

data was available for 7,055,881 SNPs from IGAP stage 1 data.  

 

To calculate PRS without APOE, variants within 750 kilobases of the start or end of the 

APOE gene (chr19:44659011- 46162650, hg19) were excluded. SNPs with a minor allele 

frequency <0.05 were excluded and the remaining SNPs clumped at r2>0.1 in 1000-kilobase 

windows, thereby selecting only the most significant variant in each window. SNPs reaching 

significance with a p<5x10-08 were then chosen to calculate the PRS. The software PRSice-2 

was used to calculate and optimize PRS using clumping and thresholding [635, 636]. The 

same method was followed in both AD PRS generation and education PRS generation. 
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CHAPTER 6: OPTIMISING CLINICAL GENETICS CARE FOR 

PEOPLE WITH DEMENTIA 

 

 

 

CURRENT PATHWAYS TO GENETIC TESTING IN PATIENTS WITH 

DEMENTIA 

 
 

Due to the insidious nature of onset and the subtleties in symptom progression, family 

members and close contacts often fail to recognize the early signs of dementia [662]. This is 

especially true in younger people where the suspicion is low. 

 

Most families seek initial medical reviews through their general practitioners, where further 

delays in obtaining a diagnosis occur if early symptoms are not recognised in a timely fashion 

[663, 664]. With the passage of time and further symptomatic decline, a diagnosis of 

dementia is made, often after a battery of investigations and multiple appointments [250, 

665]. Subsequent to this initial evaluation, those with younger onset, strong family history or 

clinical features suspicious of a genetic dementia may be sent to quaternary centres where 

genetic testing can be performed. Some patients may undergo certain genetic tests such as 

APOE  testing or C9orf72 testing before being referred to a specialist neurogenetics clinic.  

 

This multistep approach before a referral to specialised neurogenetics clinics is initiated 

highlights the processes of delays that these patients and their families face even before 

contemplating the complex road to a genetic diagnosis (Figure 6.1). It is around this point 

that many families learn for the first time that in addition to their affected family member, 

they may also be at risk of inheriting this progressive, as yet incurable disease [666, 667]. 

The incremental genetic testing approach that follows, not only adds to the delays 
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experienced, but also adversely affects some major decisions such as family planning for 

some [668]. A delay in diagnosis in such circumstances could have troubling consequences 

for some families, with some facing relationship crises, some others making difficult 

employment or family planning decisions with very little certainty regarding their own risks 

[266, 669]. 

 

Any step that can be reasonably taken to reduce the time to a genetic diagnosis in a supported 

environment will reduce anxiety and assist these families with future planning [670]. One 

avenue to expedite a genetic diagnosis would be to incorporate a genetics team in a 

multidisciplinary tertiary dementia referral centre to by-pass the current hierarchical system 

of referrals. Another effective step, as shown by this study, is to use WGS as a first-line test 

in patients with suspected genetic dementias (Figure 6.1 and Figure 6.2). 

 

 

Figure 6.1: Current pathways to genetic testing in patients with dementia.  
GP: General Practitioner; NAD: Nothing abnormal detected; P/LP: Pathogenic/ Likely pathogenic; *Initial 

test depends on clinical sub-type of dementia

Subtle early symptoms

Delay in recognition by family members/ close contacts

Patient/ 
family 
factors

Referrer 
factors

Initial investigations by GP Referral to neurologist/ aged care physician/ neuropsychiatrist

Further investigations by specialist(s) Suspicion of genetic dementia

Possible initial investigations: APOE/C9orf72 If no answers, referral to neurogenetics

Clinical 
genetics 
factors

Pre-test genetic counselling If testing sought, targeted panel or C9orf72*

If NAD, SV testing if suspicion still high If NAD, further STR testing in some patients

12-13% may have a clear genetic answer ERF not discussed in those without P/LP variants

Family testing if relevant Utility in diagnostic/family planning/ clinical trial decisions
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GAPS IDENTIFIED IN CLINICAL GENETICS CARE OF PATIENTS WITH 

DEMENTIA 

 
There are many gaps in current pathways for patients obtaining a timely precision diagnosis  

in dementia. Although these delays occur at multiple levels, certain aspects can be addressed 

to improve access to testing and improve outcomes for these patients and their families. Some 

of the identified gaps are listed below and the section on future directions proposes some 

ways to address these gaps. 

 

• Raising Awareness and Defining Criteria for Referral: 

Many referring clinicians may be unaware of the availability of specialised clinical 

genomics multidisciplinary clinics with trained genetic counsellors, clinical 

geneticists and neurologists. Education and raising awareness regarding the nuances 

involved in genetic testing and when to refer to clinical genomics services is 

important in preventing unsatisfactory outcomes [671-673]. Comprehensive genetic 

testing, taking into account the clinical dementia syndrome and appropriate 

discussions of the pros and cons with patients and families is best done by 

professionals trained in this field, especially if prenatal decisions are to be made [674, 

675].  

 

Due to inequity in resources across various neurogenetics services, the pathways to 

referring patients to these specialised services remains unclear. Clear guidelines need 

to be drawn up to define the criteria for referral to a clinical genetics service. 

 

• Genetic Counselling: 

Whilst genetic testing is a meaningful addition to the diagnostic tests used in a patient 

with dementia, there are many pros and cons to consider before a patient is subjected 
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to such testing [676]. Genetic testing for dementia is ideally done with the support of 

staff trained in genetic counselling issues pertaining to dementia.  It is important to 

recognise that genetic testing may reveal not only the results for the affected person, 

but also the possible risks for their family members. Therefore, genetic counselling to 

explore motivations for genetic testing helps to ensure that a decision to proceed with 

testing is an informed choice regarding family risks and not simply another blood test 

to find out the cause for their dementia [380, 677]. Many family members may not 

have contemplated their own risk and may be ill-prepared to receive such news [677].  

 

If appropriate pre-test genetic counselling is not provided, many of these patients and 

families may face various adverse events.  The pre- and post-test counselling is 

important in facilitating adaptation to the result, and avoiding family conflicts which 

can frequently arise when relatives have strong reactions to the concept of a genetic 

cause for dementia in the family, especially if they were unaware that genetic testing 

had been done and did not have a chance to express a preference on whether they 

would want to be informed or not [426]. Relatives may have opposing coping 

strategies such as avoidance and information-seeking [424, 678]. The issue of suicidal 

ideation in at-risk family members is well studied in related neurodegenerative 

conditions such as Huntington disease [427, 679, 680]. For these reasons and to avoid 

many other adverse results, especially in a setting where the patient may have limited 

capacity to consent, genetic counselling support is extremely important when 

contemplating genetic testing in people with dementia [425]. 

 

One of the major problems noticed in people with early symptoms of dementia or 

family members of those with dementia is the increasing trend in direct-to-consumer 
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genetic testing to find out their APOE genotype [681, 682]. Fuelled by wide publicity 

and easy availability of this test, many people take it in their own hands to perform 

the research surrounding the APOE genotypes [561, 683]. As noticed in this thesis, 

there are many modifiers, still under investigation, that could act to vary the risk 

posed by the APOE  genotype, even in its highest risk form APOE .  

 

Despite the increased uptake of this test by the public, there has been a general 

reluctance in the clinical genetics community in not only discussing, but also 

disclosing these results if found through clinical or research testing [380]. This could 

lead to further uncertainty and adverse outcomes for people who undergo such tests. 

Moreover, the recent approval in the US by the food and drug administration 

authority (FDA) of the A directed antibody aducanumab (Aduhelm), despite the 

recent controversies in the interpretation of the trial results, may increase the number 

of patients turning to such self-directed testing 

(https://www.accessdata.fda.gov/scripts/cder/daf/index.cfm?event=overview.process

&ApplNo=761178). [84, 684-690]. 

 

Other risk factor variants (e.g., GBA) are also published in the literature and clinical 

genetics professionals should keep abreast of these variants and be able to educate 

their clients in a clinically informative way. Another important aspect of dementia 

genetic counselling, especially pertaining to AD is the imminence of clinical 

application of PRS and issues pertaining to how well the workforce is prepared to 

translate this to clinical practice.
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• Identifying Risk Modifiers and Resilience Factors: 

As recognised through this study, there are insufficient reports in the literature 

regarding the factors that contribute to the diversity in the AOO and the extent of 

cognitive decline in people with dementia, especially those with AD and the APOE 

 genotype. These modifiers could include genomic as well as non-genomic 

factors [291, 661, 691]. 

 

A recent large meta-analysis (currently in a pre-print archive) of 39,106 AD cases, 

46,828 family members at high risk and 401,477 controls suggests 75 risk loci for AD 

including 42 loci that are novel (doi: https://doi.org/10.1101/2020.10.01.20200659). 

This opens up the possibility that the polygenic risk of AD is influenced by many 

more SNPs/loci and pathways than previously known. It is expected that many of 

these variants and pathways will also be influencing the modifying effects of APOE 

 risk.  

 

Outside of genome wide association studies, a poly-T polymorphism in TOMM40 is a 

strong contender for a genomic modifier of AD, with longer poly-T tail being 

associated with higher risk [640]. However, as this polymorphism is in linkage 

disequilibrium with the APOE risk alleles, the independence of this finding is still 

being argued [692]. When it comes to modifiable risk factors, although many factors 

have been proposed, level of education has shown the strongest association with 

cognitive health [659].  
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In addition to the well-established protective effect of the APOE  variant to AD 

[693], a recent report suggested a protective effect of homozygous APOE 

Christchurch variants (APOE3ch; APOE  R136S) in a PSEN1 mutation carrier, who 

did not develop cognitive decline until her seventies [694, 695]. This patient belonged 

to a large kindred of PSEN1 carriers where others developed AD in their forties. 

These findings are not validated in subsequent studies, but larger numbers of 

participants will be needed to find more definitive answers [696, 697]. 

 

Heterozygosity for two missense variants in the gene KL (encoding Klotho) (F352V 

[rs9536314] and C370S [rs9527025]) has been implicated as contributing to longevity 

to promote cognitive resilience [698, 699]. A 2020 study by Belloy et al., showed that 

this SNP combination (denoted in literature as KL-VS) was associated with reduced 

AD risk and amyloid  burden in participants with APOE   A further meta-

analysis, confirmed this association [700]. However, similar to the problem 

encountered in the systematic review, the APOE  heterozygous and homozygous 

participants were combined as e4+, thereby, not enabling inference of the protective 

effect in APOE  homozygote participants separately. Overall, there are no studies 

conducted specifically in APOE  homozygotes for protective factors, which remains 

a large gap in the literature. 

 

Genomic modifiers are also being investigated in other types of dementias. Factors 

modulating the AOO in people with C9orf72 expansion related FTD is being explored 

with many likely candidates, but no definitive results have been obtained yet [701-

703]. Genomic modifiers that explain the penetrance and AOO modification in people 
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with Parkinson disease due to genetic variants in LRRK2 and GBA are also being 

examined [704, 705]. 

 

Genome wide association studies have not been as successful compared to AD in 

delineating polygenic or high-risk SNPs for FTD [405, 406]. FTD is highly heritable 

with ~10-25% of affected families displaying an autosomal dominant inheritance 

pattern [37-44]. This suggests that FTD is predominantly monogenic or oligogenic. 

This could at least partly explain why a reliable PRS has not been formulated for 

FTD. An additional reason a reliable PRS cannot easily be formulated for FTD is that 

unlike AD, FTD has many pathological subtypes involving different molecular 

pathways. All AD is driven by amyloid beta, but FTD can be secondary to FTLD-tau, 

TDP-43 or FUS pathology. Therefore, it is not a homogenous group to calculate a 

polygenic risk score on. Subdividing FTD into the various pathological categories 

will further decrease the already small numbers of patients with FTD, decreasing the 

reliability of GWAS studies and hence a PRS. This limitation should be borne in mind 

when counselling patients with FTD. 

 

Identifying risk modifiers and resilience factors not only adds to the accuracy of risk 

prediction in dementia, but also paves the path to deeper study of pathways leading to 

protection, which could benefit the search for a cure for the various types of 

dementias. Moreover, combining the modifiers into a single risk prediction model (as 

discussed in the future directions section) will be beneficial in assessing the overall 

risk profile for an individual. 
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• Data Re-analysis and File Reviews: 

It is not sufficient that patients with dementia are seen at one point of time and genetic 

testing performed. The data from DNA studies, especially WES or WGS should be 

periodically re-analysed and the case files reviewed to check for updated genetic 

information that may be relevant to the patient. Newer phenotypic information may 

also become available from the family, which may help narrow the search for the 

genetic cause for dementia.  

 

LESSONS FROM THE WGS STUDY 

 
The WGS study has shown that WGS as a first-line test can identify the different genetic 

pathologies that are clinically relevant in dementia. In addition to point mutations, small 

deletions and duplications, larger SVs and also STRs can be identified accurately using 

WGS. This is particularly relevant for patients with FTD, where C9orf72 STR expansions 

can be examined along with other genes at the same time, reducing the time to diagnosis. A 

large proportion of people with early onset AD have a high PRS. This finding has 

emphasised the fact that incorporating PRS in AD genetic investigations will yield better 

results, instead of the current approach of investigating only monogenic causes clinically. In 

conclusion, WGS is an effective first-line genetic test for investigating genetic causes of 

dementia. 

 

LESSONS FROM THE APOE  MODIFIER STUDY 

 
Although not an explanation for all of the phenotypic variation found in people with APOE 

, the results from the PRS in this study show that polygenic genomic modifiers at least 

in part affect the AOO. This confirms that in addition to the modulation caused by the APOE 



224 
 

 genotype, there are other loci, regulating various pathways, that can influence risk and 

resilience to AD.



225 
 

FUTURE DIRECTIONS 

 

• Proposed Changes to Improve Clinical Genetic Testing Outcomes in People with 

Dementia: 

 

 

Figure 6.2. Proposed changes to genetic testing pathways for patients with dementia 
GP: General Practitioner; NAD: Nothing abnormal detected; P/LP: Pathogenic/ Likely pathogenic; *Initial 

test depends on clinical sub-type of dementia 

 

 

Some of the factors causing delays in obtaining a genetic diagnosis for patients with 

possible genetic dementias can be addressed by modifying the current pathways as 

shown in Figure 6.2.  

 

Incorporating clinical genetics service at the point of referral to a neurologist/aged 

care physician or neuropsychiatrist will reduce further delays that these patients 

experience after the initial assessments. This enables the ability to have a 

multidisciplinary platform to discuss genetic testing in specialised quaternary 

dementia referral centres compared with the current approach where each department 
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works in different silos. It would also assist in a “one stop” referral process for 

general practitioners to follow. Expanding such services should also be a priority in 

addressing the clinical care of this vulnerable population. Where eligible, offering 

WGS as a first-line test will prevent further delays (Figure 6.2).  

 

• Addressing Referrer Factors – Criteria for Referral: 

Although genetic testing pathways for dementia have been proposed in the literature, 

there are no clear pathways defined for referral of patients to clinical genetics services 

for further discussion of the pros and cons of genetic testing and assess eligibility 

[260, 281, 339]. Each department or jurisdiction should consider having their own 

referral pathways for referral of patients with dementia to their service. To offer 

genetic testing or not may depend on various factors such as availability of a reliable 

three generational family history, obtaining permissions to access medical records, 

patient and family perceptions of utility of genetic testing and the economic resources 

of each department. One proposed referral pathway is shown below in Figure 6.3. 
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Figure 6.3: An example of a referral pathway 
CADASIL= Cerebral Autosomal Dominant Arteriopathy with Sub-cortical Infarcts and 

Leukoencephalopathy; AD=Alzheimer’s disease; FTD=Fronto-temporal dementia; FHx=Family History; 

P/LP=Pathogenic or likely pathogenic; PT=Predictive Test. *likely polygenic and could consider clinical 

PRS/PHS when available; #some of these patients will need to be discussed in a triage meeting; ^in some 

cases a review of the affected family member may be warranted 

 

 

• Optimising Genetic Counselling Outcomes: 

It is important to understand the motivations for genetic testing in patients and 

families who seek testing. Many patients undergo genetic testing in order to clarify 

the risk for family members, especially children, whereas some others are disinclined 

for the same reason. Formal studies to understand the reasons behind such variation is 

important to refine genetic counselling for these patients. A qualitative analysis to 

understand the motivations behind genetic testing is being planned by this author. 
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A large randomized controlled trial showed that there was no difference in measures 

of anxiety, depression or test-related distress between the APOE genotyping result 

disclosure group and non-disclosure group [706]. Many studies have analysed the 

ethical and practice issues of disclosure of APOE results [283, 707] and have reported 

on appropriate genetic counselling protocols [708, 709]. Further clinically oriented 

studies of APOE genotype disclosure should be conducted with an aim to updating the 

current practice protocols. 

 

• Proposed Steps to Optimise Clinical Genetic Testing in Dementia: 

Regardless of the method of initial genetic testing, a formal regular review of the 

genetic testing data should be employed by the laboratories. Many studies have shown 

improved diagnostic rates with re-analysis of WES data using updated bio-informatic 

tools and novel gene discoveries [710-713]. Recently, a point based system for 

classification of genomic variants, based on a Bayesian probabilistic framework, has 

been proposed for clinical variant curation [714]. With such new variant classification 

models being proposed, it becomes even more important to review variants to check 

for any re-classifications. When well validated protective rare variants become 

available, they need to be added to any future classification systems to refine risk 

assessments [715]. 

 

The issue of secondary (or incidental) findings from analysing a large number of 

genes is best dealt with prior to commencement of analysing by masking genes 

unrelated to the phenotype being interrogated [716]. Despite this, in some cases, a 

true “Mendeliome” study may become necessary. If this type of analysis is 

anticipated, prior informed consent should be obtained from the patients or their next-
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of-kin / guardian. The ACMG has released a set of 73 genes considered to have 

important treatment implications if a P/LP variant is found [717]. Where prior consent 

is available, secondary findings from these genes should be related to patients and/or 

their family members for appropriate screening or other medical procedures.  

 

Studies that report PRS for AD should be verified against the recently published 

reporting standards for PRS to ensure that a robust methodology has been followed in 

deriving the PRS, before proceeding to validation studies or application in the clinical 

setting [718, 719]. Families, especially those where a VUS has been found, should be 

encouraged, where possible, to report any other family members with 

neurodegenerative diagnoses, as testing them may aid with variant re-classification 

[422, 720]. 

 

Ideally, in patients with early onset dementia, WGS should be offered where feasible. 

This allows for more thorough re-analysis of data as newer information becomes 

available in the future, in addition to allowing for better SV and STR analysis, as 

shown in this thesis. However, WGS can be more expensive and the variant curation 

more labour intensive compared to other methods. Data storage costs are also 

considerably large for WGS. For these reasons, a formal cost-effectiveness analysis of 

current standard practice (of incremental genetic testing) versus offering WGS as an 

initial testing method should be performed to analyse the cost-benefit ratio and to 

check practical economic feasibilities for hospital departments. A future multi-cohort 

whole genome study including point mutation, small insertion/deletion analysis, SV, 

STR analysis and mitochondrial genome analysis, along with investigation of cost 

effectiveness analysis and quality of life is planned.
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• Studying Resilience as a Phenotype: 

Many approaches have been employed to examine genomic factors contributing to 

cognitive resilience in AD. For example, Kim et al., recently demonstrated the 

benefits of investigating the ‘paradoxical phenotypes’ of APOE  and APOE  in a 

whole exome sequenced cohort. Using network analysis, they identified that genes 

affecting the pathways involved in synaptic biology, dendritic spine pruning and 

inflammation could potentially modify AD risk in these paradoxical phenotype 

groups [721]. Another study by Dumitrescu et al., has suggested that the genetic 

architecture of resilience is distinct from AD risk architecture and previously 

unrecognised biological pathways may be influencing cognitive resilience [294].  

 

GWAS loci and pathways implicated in longevity have been suggested as potential 

resilience factors against dementia [722]. One of the main issues with longevity 

genome wide association studies has been the small numbers of people who have 

lived to exceptionally old age available for analysis, therefore, impacting on the 

statistical power of the studies. However, more recent studies have performed GWAS 

on larger cohorts by combining different phenotypic definitions for longevity such as 

years lived in good health, total years lived and survival until an exceptional old age 

and have derived 24 genome wide significant loci [723]. SNPs associated with 

telomere shortening are also being studied in order to understand if lack of telomere 

shortening is associated with resilience against AD [724]. 

 

Pathological study of brain tissue using deep learning algorithms suggested a lower 

burden of phosphorylated tau associated with neurofibrillary tangles in brains of 
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cognitively resilient individuals, indicating that pathways affecting tau may be 

involved in resilience [725, 726]. Functional brain imaging studies have put forward a 

formal assessment of the brain’s capacity to recruit additional neural resources called 

‘structural network efficiency’ as a surrogate for cognitive resilience to AD, indirectly 

suggesting that genes involved in neuronal synaptic activity may contribute to 

resilience [727, 728]. In fact, in a genome wide association study of amyloid-PET 

positive older adults without AD, Ramanan et al. report that loci in chromosome 8, 

possibly tagging CNOT7, a gene linked to synaptic plasticity, were found to be most 

associated with cognitive resilience [729]. 

 

Despite the studies and methodologies listed above, investigation of ‘resilience’ or 

‘protective factors’ in dementia, using cognitive resilience as a phenotype, is not 

widely adopted in the literature. Reporting on risk, but not on resilience may skew 

risk estimates [715]. As reported in the systematic review in chapter 3, family studies 

as well as extreme phenotype analyses are effective ways to examine resilience 

factors and should be actively explored. 

 

• Translating the Various Modifiers into a Single Risk Prediction Model: 

The aim of any study exploring risk or resilience factors in dementia is to ultimately 

be able to translate the findings into meaningful risk prediction models. At the current 

time, many risk and resilience factors and their effect sizes in dementia are still being 

determined. The eventual aim, especially from the point of view of clinical care, 

would be to combine the various risk and resilience factors into one risk prediction 

model similar to the Framingham risk score for coronary artery disease risk [730] or 

the CanRisk tool for prediction of breast cancer and ovarian cancer risk [731], except 
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with the addition of well-established resilience factors as well to the model. Figure 6.4 

is a schematic representation of what such a model could look like.  

 

 

Figure 6.4: A futuristic depiction of what a combined dementia risk prediction model 

could look like 

 

 

CONCLUSION 

 
This thesis has shown the clinical impact of genomic studies in dementia. Although many 

studies are conducting genomic analyses in various aspects of dementia, clinicians involved 

in the care of patients with dementia should ensure these are translated in a clinically 

meaningful way to the care of their patients. To this end, this study was conducted to analyse 

the current models of clinical genetic care of patients and explore two key aspects i.e., the 

efficacy of WGS in identifying genomic variants relevant to dementia and to identify 

genomic modifiers/ resilience factors affecting APOE  risk.  
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The WGS analysis now confirms its efficacy as a single genomic testing modality that can 

reliably identify genomic determinants of dementia risk. A modifying PRS has demonstrated 

its ability to improve risk prediction in those with the APOE  genotype. This project has 

shown that the fast-paced growth in the field of genomic technologies can be successfully 

translated to positive outcomes in the clinic. The various studies conducted as a part of this 

thesis, also highlight the benefits of multi-disciplinary collaboration for better outcomes for 

patients, which is imperative in a field with accelerating discovery rates of genomic findings. 

Moreover, it is possible to transfer the underlying principles of this study to conditions 

beyond dementia.
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APPENDIX A: PARTICIPANT INFORMATION AND CONSENT FORM (PICF) 

Royal Melbourne Hospital 

1. Introduction 

You are invited to take part in this research project. This is because you or a close relative 
may have dementia, particularly at a young age or with many affected relatives. The 
research project is aiming to understand the genetic basis of dementia. It is possible that 
dementia at a young age is caused due to a genetic alteration in that person. We also know 
that some people do not develop dementia despite having certain genetic alterations. This 
study aims to find any genetic cause that may be present in individuals who develop young 
onset dementia and also to find any protective factors in the elderly who do not develop 
dementia despite having certain genetic alterations. 

This Participant Information and Consent Form tells you about the research project. It 
explains the procedures involved. Knowing what is involved will help you decide if you want 
to take part in the research. 

Please read this information carefully. Ask questions about anything that you don’t 
understand or want to know more about. Before deciding whether or not to take part, you 
might want to talk about it with a relative, friend or healthcare worker. 

Participation in this research is voluntary. If you don’t wish to take part, you don’t have to. 
You will receive the best possible care whether you take part or not. 

If you decide you want to take part in the research project, you will be asked to sign the 
consent section. By signing it you are telling us that you: 

• understand what you have read;  

• consent to take part in the research project; 

• consent to participate in the research processes that are described; 

• consent to the use of your personal and health information as described 
 
You will be given a copy of this Participant Information and Consent Form to keep. The 
information collected in this research will be used as part of Dr. Huq’s PhD project under the 
supervision of Prof. Ingrid Winship. 

Title 
Genetic biomarkers of early onset dementia and investigating genetic and 
environmental resilience factors to Alzheimer’s Disease 
 
 

Short Title Genetics of dementia 

Project Sponsor Yulgilbar foundation 

MH Project No: 2018:033 
 HREC No: HREC/17/MH/444. 

Principal 
Investigator 

Prof Ingrid Winship 

Associate 
Investigator(s) 

Dr Aamira Huq, Prof. Dennis Velakoulis, A/Prof Paul James, Prof. Martin 
Delatycki, Dr.Mathew Wallis, Prof. Colin Masters, Prof. Kaarin Anstey, 
A/Prof. Amy Brodtman, Dr Paul Lacaze, Prof. Melanie Bahlo 
 
 
Win 

Recruitment Centres 

Royal Melbourne Hospital, Austin Health, Eastern Cognitive Disorders 
Clinic, The Alfred centre (Monash University - ASPREE), The Florey 
Institute Of Neuroscience and Mental Health Research (AIBL), Research 
School of population health – The Australian National University. 

Location for 
participant visits for 
this site 

Royal Melbourne Hospital 
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2. What is the purpose of this research project? 

The cells in our bodies all contain genes. Genes are inherited from our parents (both mother 
and father).  Genes provide the information that determines the structure and function of our 
cells and therefore our physical features such as hair and eye colour. Genes are made up of 
DNA.  These are molecules that carry the genetic information in our cells. Occasionally, 
genes may be altered or different and this is called a genetic mutation. Sometimes, this may 
be linked to the development of a disease. Genetic research is the study of genes. 

Individuals and families who are affected by young onset dementia are investigated at our 
clinics. Often, despite extensive investigation into the cause for young onset dementia, no 
answer is found. This study aims to investigate the genetic basis of young onset dementia in 
people who have had clinical investigations without a definite diagnosis to date.  We will do 
this by a few testing methods including linking in to studies of “next generation” sequencing.  
This is a new method of genetic testing known as exome sequencing or whole genome 
sequencing. This technology looks at all the genes at the same time, rather than one by one.  

In addition, some individuals, despite having a genetic predisposition, do not develop 
dementia. We will be looking at information gathered from participants with dementia and 
compare them to these “resilient” individuals to find if there are any protective factors. 

3. What does participation in this research project involve? 

 
Your doctors/ genetic counsellors from Neuropsychiatry unit or Genetics department 
indicated that you are interested in participating in this research project. As such, we have 
sent you this consent form. We will give you a call in 2 weeks to see if you are interested in 
participating in this project and answer any questions you may have about the project. If 
you are interested in being a participant in this project, then we will arrange a face to face 
meeting with you at a time convenient to you and we will ask you to sign this consent form. 
During this meeting, some clinical information and your family history will be collected, in 
addition to blood sample (1 tablespoon of blood) for DNA testing. If we already have taken a 
blood test recently then we will use that sample so that we do not need to take blood again.  
(Alternatively, you may have your blood taken at a private pathology service or blood 

collection facility convenient to your location and they will send it to us). 

 
We will collect information on your ethnicity, age, gender and the history of the specific genetic 
disorder in your family in addition to information such as years of education, your blood 
pressure, diabetes, depression, smoking history as well as other clinical information. It is 
possible that you may have already provided this information and that it has been entered in 
your medical record, in which case, we seek permission to review your medical records to 
collect this information. 
 
You will not be paid for your participation in this research, but you will be reimbursed for any 
travel expenses and parking costs that you incur as a result of participating in this research 
project.  

4. What will happen to my test samples? 

Your sample will be labelled with a study code number, not your name or hospital number, 
prior to being sent to the laboratory in Sydney where the testing will be undertaken. If you 
have already had a blood test done as part of another research study or through a clinic, we 
may access that sample to avoid having to take your blood again. The only person who will 
be able to link your personal information and the data generated in the study to you will be 
the study’s Principal Investigator. 
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To find new disease causing genes, we will use whole genome sequencing or exome 
sequencing, which are newer technologies to determine the DNA sequence of every gene in 
your genome (all of your genes).  Once we have obtained the DNA sequence, we will 
search for the presence of any mutations which could be causing your young onset 
dementia.  If a genetic change (mutation) is found, and you have opted to receive the 
results, you will be informed of the results of the genetic testing by a clinical geneticist or 
genetic counsellor at a Neurogenetics clinic. You can also opt to simply participate in the 
research and not receive any results. If a mutation is found, it is important to know that the 
same gene mutation may be present in other members of your family. At times, if an unclear 
genetic change is found, the clinic may ask permission to test other family members to 
clarify if that alteration causes dementia or not.  
 
You having this genetic test may affect either your ability or that of other family members 
from obtaining life insurance/ income protection insurance. Finding out that you or a family 
member carry a genetic variant that puts you or them at an increased risk for dementia may 
increase stress/ anxiety levels. You may want to discuss these issues with your family 
members or another health care provider before considering this study. Please feel free to 
discuss any questions with the researcher(s) before making your decision regarding 
participation in this research. 
 
If a gene change is found in you and a family member is interested in undergoing genetic 
testing to find out their own risk, they will be offered an appointment with genetic counsellors 
at a neurogenetics clinic to consider the pros and cons of genetic testing for themselves, 
prior to making their decision. 

 
No other genetic changes other than that for dementia will be looked for as part of this study. 
However, the genetic data may contain information pertaining to genetic conditions other 
than what we are testing for. These are called incidental findings. Only results that are 
related to dementia and are clinically validated will be discussed with the participant or their 
family. Any research findings that are not clinically validated will not be returned to you or 
your family. However, there may be future ethically approved research projects which may 
be able to look at the data collected through your genetic testing, which may be able to 
identify other genetic changes unrelated to dementia. You can opt to be contacted or not 
contacted by these future researchers by indicating this in the attached consent form. Again, 
finding out this information may affect you or your families’ wellbeing and/or their ability to 
obtain life insurance or certain types of employment. It is important that you carefully 
consider whether you want this or future genetic testing to be carried out prior to making this 
decision. We recommend that you discuss this with family members or your genetic 
counsellor.  

Any clinically relevant result will be related in a Neurogenetics clinic either at the Royal 
Melbourne Hospital or at the Austin Hospital and support from trained genetic counsellors 
will be available. Ongoing care after that will be through those respective clinics. You will 
only be contacted with an appointment to the Neurogenetics clinic if there is a clinically 
relevant result. 

You may request at any time that your tissue sample be destroyed.  However, any results of 
tests that have already been performed using the sample will be kept.  If you wish to 
withdraw your sample please contact Professor Winship or Dr. Aamira Huq. 

5. What are the possible benefits? 

There is no guarantee that this research will benefit you directly, but your participation in this 
research may help to clarify the cause for your young onset dementia or genetic causes of 
protection against dementia. As future treatment trials become available, having this 
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information may give you or similarly affected family members an opportunity to participate 
in these trials. 

6. What are the possible risks? 

Having a blood sample taken may cause some discomfort or bruising. Sometimes, the blood 
vessel may swell, or blood may clot in the blood vessel, or the spot from which tissue is 
taken could become inflamed. Rarely, there could be a minor infection or bleeding. If this 
happens, it can be easily treated. 

You having this genetic test may affect either your ability or that of other family members 
from obtaining life insurance/ income protection insurance. Finding out that they carry a 
genetic variant that puts them or other family members at an increased risk for dementia 
may increase stress/ anxiety levels in your relatives. You may want to discuss these issues 
with your family members or another health care provider before considering this study. 
Please feel free to discuss any questions with the researcher(s) before making your decision 
regarding participation in this research. 
 
If a gene change is found in you and a family member is interested in undergoing genetic 
testing to find out their own risk, they will be offered an appointment with genetic counsellors 
at a neurogenetics clinic to consider the pros and cons of genetic testing for themselves, 
prior to making their decision. 
Any genetic testing results will be given at a Neurogenetics clinic with trained Genetic 
counsellors present. You may experience some distress regarding finding out about a 
genetic mutation; in the event, please inform your doctors or genetic counsellors and 
ongoing support and if necessary appropriate referral to a psychologist will be made for you 
and/or your family members. 
 

7. What if new information arises during this research project? 

New information may arise during this research project with relevance to you or your family. 
You will be given the opportunity to choose if you wish to learn this information or not in the 
future through the current research or related other research projects. This may relate to the 
problem under investigation, or may be information found which has health relevance, but 
may not be part of the reason you are participating in the research 

8. Do I have to take part in this research project? 

Participation in any research project is voluntary. If you do not wish to take part you don’t 
have to. If you decide to take part and later change your mind, you are free to withdraw from 
the project at any stage. 

Your decision whether to take part or not to take part, or to take part and then withdraw, will 
not affect your relationship with the Royal Melbourne Hospital or any of the staff who care for 
you or your family. 

9. What if I withdraw from this research project? 

If you decide to leave the project, the researchers will keep the personal and health 
information about you that has been collected. This is to help them make sure that the 
results of the research can be measured properly. If you do not want them to do this, you 
should choose not to donate the sample. 
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11. How will I be informed of the results of this research project? 

If you wish to know the results of the overall entire project, please indicate to Professor 
Winship or Dr. Huq and a summary will be provided at the conclusion of the project. Please 
note that this may take more than 12 months to a few years.   
 

12. What else do I need to know? 

• What will happen to information about me? 

Any information obtained for the purpose of this research project that can identify you will be 
treated as confidential and securely stored.  It will be disclosed only with your permission, or 
as required by law. In any publication and/or presentation, information will be provided in 
such a way that you cannot be identified. 

Data that is initially collected by Professor Winship and Dr. Huq, will be stored as a 
password-protected electronic file which will be stored on Professor Winship’s department 
computer. This file can only be accessed by researchers directly involved in the research. 

Your personal information may be reviewed by representatives of the MH Human Research 
Ethics Committee in order to verify the correct conduct of this research. 

• How can I access my information? 

In accordance with relevant Australian and/or Victorian privacy and other relevant laws, you 
have the right to access the information collected and stored by the researchers about you. 
You also have the right to request that any information, with which you disagree, be 
corrected. Please contact one of the researchers named at the end of this document if you 
would like to access your information. 

• What happens if I am injured as a result of participating in this research 
project? 

If you suffer an injury as a result of participating in this research project, hospital care and 
treatment will be provided by the public health service at no extra cost to you if you elect to 
be treated as a public patient. 

• Is this research project approved? 

The ethical aspects of this research project have been approved by the Melbourne Health 
Human Research Ethics Committee.   

This project will be carried out according to the National Statement on Ethical Conduct in 
Human Research (2007) produced by the National Health and Medical Research Council of 
Australia. This statement has been developed to protect the interests of people who agree to 
participate in human research studies. 

 

13. Consent 

Title 
Genetic biomarkers of early onset dementia and investigating genetic 
and environmental resilience factors to Alzheimer Disease 
 

Short Title Genetics of dementia 

Protocol Number V 1.1 
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Declaration by Participant 
I have read or someone has read to me in a language that I understand the Participant 

Information Consent Form (PICF).  I understand the purposes, procedures and risks of the 

research described in the project. I have had an opportunity to ask questions and I am satisfied 

with the answers I have received. I freely agree to take part in this research project as 

described and I understand that I am free to withdraw at any time without affecting my future 

health care. I understand that I will be given a signed copy of this document to keep. 

 

I give permission for doctors, other health professionals, hospitals or laboratories outside this 

hospital to release information to the Royal Melbourne Hospital / The University of Melbourne 

concerning my condition and treatment for the purposes of this project. I understand that such 

information will remain confidential.  

 

 Yes No 

I wish to receive results that are related to the research question about 
my known genetic disorder or predisposition to dementia   Initials Initials 

  

In respect to the storage and use of my genetic samples, I give permission 

for the use of my DNA and/or tissue for the purpose of: 

 

Yes No 

1. This research project only. Initials Initials 

2. This research project and any closely related future research projects. Initials Initials 

3. Future research projects that may or may not be related to this research. Initials Initials 

 

You are asked to choose if you wish to be contacted by other researchers 

who may be able to use this genetic information to look for other genetic 

findings: 

Yes No 

1. Related to the research question about dementia only  Initials Initials 

2. Any other information found which does not relate to dementia, but may have an 

impact on the participant’s health, present or future. 
Initials Initials 

Project Sponsor Royal Melbourne Hospital, The University of Melbourne  

MH Project No: 2018:033 
 HREC No: HREC/17/MH/444. 

Principal 
Investigator 

Prof Ingrid Winship 

Associate 
Investigator(s) 

Dr Aamira Huq, Prof. Dennis Velakoulis, A/Prof Paul James, Prof. 
Martin Delatycki, Prof. Colin Masters, Prof. Kaarin Anstey, A/Prof. 
Amy Brodtman, Dr Paul Lacaze, Prof. Melanie Bahlo 
 
 
 
Win 

Recruitment 
Centres 

Royal Melbourne Hospital, Austin Health, Eastern Cognitive 
Disorders Clinic, The Alfred centre (Monash University - ASPREE), 
The Florey Institute Of Neuroscience and Mental Health Research 
(AIBL), Research School of Population Health – The Australian 
National University. Location for 

participant visits 
for this site 

Royal Melbourne Hospital 
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Name of Participant (please print)______________________________________________________ 
 
Signature _______________________________________ Date_______________________________ 
 
 

 

 

Declaration by researcher*: I have given a verbal explanation of the research project, its 
procedures and risks and I believe that the participant has understood that explanation. 

Researcher’s name (printed) 
____________________________________________________ 

Signature ____________________________________Date 
___________________________ 

* A senior member of the research team must provide the explanation and provision 
of information concerning the research project.  

Note: All parties signing the consent section must date their own signature. 

 

14. Who can I contact? 

Who you may need to contact will depend on the nature of your query, therefore, please 
note the following: 

For further information or appointments: 

If you want any further information concerning this project you can contact the principal 
researcher. 

Name: Professor Ingrid Winship 

Role: Principal Investigator 

Telephone: 03 9342 7151 

  

Interpreter (Required when English is not the participant’s preferred language)  

Name of Interpreter ( please print) _________________________________________________ 

 

Signature ____________________________________ Date____________________________ 
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Reviewing HREC approving this research and HREC Executive Officer: 

The Melbourne Health Human Research Ethics Committee (HREC) has approved this study. 
If you have any complaints or questions about any aspect of the project, the way it is being 
conducted or about being a research participant in general, you may contact 

Reviewing HREC 
name 

Melbourne Health HREC 

HREC Executive 
Officer 

Manager HREC 

Telephone 03 9342 8530 

Email research@mh.org.au 

mailto:research@mh.org.au
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PARTICIPANT INFORMATION AND CONSENT FORM (PICF) - CARER 

Royal Melbourne Hospital 

1. Introduction 

You are invited to take part in this research project on behalf of your relative/ family member 
or because you are a legal guardian of the participant. This is because your relative or the 
person for whom you are a legal guardian may have/ have had dementia, particularly at a 
young age or with many affected relatives. The research project is aiming to understand the 
genetic basis of dementia. It is possible that dementia at a young age is caused due to a 
genetic alteration in that person. We also know that some people do not develop dementia 
despite having certain genetic alterations. This study aims to find any genetic cause that 
may be present in individuals who develop young onset dementia and also to find any 
protective factors in the elderly who do not develop dementia despite having certain genetic 
alterations. 

This Participant Information and Consent Form tells you about the research project. It 
explains the procedures involved. Knowing what is involved will help you decide if you want 
to consent for the research on behalf of the participant. 

Please read this information carefully. Ask questions about anything that you don’t 
understand or want to know more about. Before deciding whether or not to take part, you 
might want to talk about it with a relative, friend or healthcare worker. 

Participation in this research is voluntary. If you don’t wish to take part, you don’t have to. 
Your relative will receive the best possible care whether you consent to take part or not. 

If you decide you want to take part in the research project, you will be asked to sign the 
consent section on behalf of the participant. By signing it you are telling us that you: 

• understand what you have read;  

• consent to take part in the research project; 

• consent to participate in the research processes that are described; 

• consent to the use of your personal and health information as described 

Title 
Genetic biomarkers of early onset dementia and investigating 
genetic and environmental resilience factors to Alzheimer’s Disease 
 
 

Short Title Genetics of dementia 

Project Sponsor Yulgilbar foundation 

MH Project No: 2018:033 
 HREC No: HREC/17/MH/444. 

Principal 
Investigator 

Prof Ingrid Winship 

Associate 
Investigator(s) 

Dr Aamira Huq, Prof. Dennis Velakoulis, A/Prof Paul James, Prof. 
Martin Delatycki, Dr.Mathew Wallis, Prof. Colin Masters, Prof. Kaarin 
Anstey, A/Prof. Amy Brodtman, Dr Paul Lacaze, Prof. Melanie Bahlo 
 
 
Win Recruitment 

Centres 

Royal Melbourne Hospital, Austin Health, Eastern Cognitive 
Disorders Clinic, The Alfred centre (Monash University - ASPREE), 
The Florey Institute Of Neuroscience and Mental Health Research 
(AIBL), Research School of population health – The Australian 
National University. 

Location for 
participant visits 
for this site 

Royal Melbourne Hospital 
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You will be given a copy of this Participant Information and Consent Form to keep. The 
information collected in this research will be used as part of Dr. Huq’s PhD project under the 
supervision of Prof. Ingrid Winship. 

2. What is the purpose of this research project? 

The cells in our bodies all contain genes. Genes are inherited from our parents (both mother 
and father).  Genes provide the information that determines the structure and function of our 
cells and therefore our physical features such as hair and eye colour. Genes are made up of 
DNA.  These are molecules that carry the genetic information in our cells. Occasionally, 
genes may be altered or different and this is called a genetic mutation. Sometimes, this may 
be linked to the development of a disease. Genetic research is the study of genes. 

Individuals and families who are affected by young onset dementia are investigated at our 
clinics. Often, despite extensive investigation into the cause for young onset dementia, no 
answer is found. This study aims to investigate the genetic basis of young onset dementia in 
people who have had clinical investigations without a definite diagnosis to date.  We will do 
this by a few testing methods including linking in to studies of “next generation” sequencing.  
This is a new method of genetic testing known as exome sequencing or whole genome 
sequencing. This technology looks at all the genes at the same time, rather than one by one.  

In addition, some individuals, despite having a genetic predisposition, do not develop 
dementia. We will be looking at information gathered from participants with dementia and 
compare them to these “resilient” individuals to find if there are any protective factors. 

3. What does participation in this research project involve? 

Your doctors/ genetic counsellors from Neuropsychiatry unit or Genetics department 
indicated that you are interested in participating in this research project. As such, we have 
sent you this consent form. We will give you a call in 2 weeks to see if you are interested in 
participating in this project and answer any questions you may have about the project. If 
you are interested in being a participant in this project, then we will arrange a face to face 
meeting with you at a time convenient to you and we will ask you to sign this consent form. 
During this meeting, some clinical information and your family history will be collected, in 
addition to blood sample (1 tablespoon of blood) for DNA testing. If we already have taken a 
blood test recently then we will use that sample so that we do not need to take blood again.  
(Alternatively, you may have your blood taken at a private pathology service or blood 

collection facility convenient to your location and they will send it to us). 

 
We will collect information on your ethnicity, age, gender and the history of the specific genetic 
disorder in your family in addition to information such as years of education, your blood 
pressure, diabetes, depression, smoking history as well as other clinical information. It is 
possible that you may have already provided this information and that it has been entered in 
your medical record, in which case, we seek permission to review your medical records to 
collect this information. 
 
You will not be paid for your participation in this research, but you will be reimbursed for any 
travel expenses and parking costs that you incur as a result of participating in this research 
project.  

4. What will happen to my relative’s test samples? 

Your relative’s sample will be labelled with a study code number, not their name or hospital 
number, prior to being sent to the laboratory in Sydney where the testing will be undertaken. 
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If they have already had a blood test done as part of another research study or through a 
clinic, we may access that sample to avoid having to take their blood again. The only person 
who will be able to link their personal information and the data generated in the study to 
them will be the study’s Principal Investigator. 

 
To find new disease causing genes, we will use whole genome sequencing or exome 
sequencing, which are newer technologies to determine the DNA sequence of every gene in 
their genome (all of their genes).  Once we have obtained the DNA sequence, we will 
search for the presence of any mutations which could be causing their young onset 
dementia.  If a genetic change (mutation) is found, and you have opted to receive the results 
on behalf of the participant, you will be informed of the results of the genetic testing by a 
clinical geneticist or genetic counsellor at a Neurogenetics clinic. You can also opt to simply 
participate in the research and not receive any results. If a mutation is found, it is important 
to know that the same gene mutation may be present in other members of their family. At 
times, if an unclear genetic change is found, the clinic may ask permission to test other 
family members to clarify if that alteration causes dementia or not.  
 
Them having this genetic test may affect either their ability or that of other family members 
from obtaining life insurance/ income protection insurance. For an unaffected family 
member, finding out that they carry a genetic variant that puts them at an increased risk for 
dementia may increase stress/ anxiety levels. You may want to discuss these issues with 
the participant’s family members or another health care provider before considering this 
study. Please feel free to discuss any questions with the researcher(s) before making your 
decision regarding participation in this research. 
 
If a gene change is found in the participant and a family member is interested in undergoing 
genetic testing to find out their own risk, they will be offered an appointment with genetic 
counsellors at a neurogenetics clinic to consider the pros and cons of genetic testing for 
themselves, prior to making their decision. 

 
No other genetic changes other than that for dementia will be looked for as part of this study. 
However, the genetic data may contain information pertaining to genetic conditions other 
than what we are testing for. These are called incidental findings. Only results that are 
related to dementia and are clinically validated will be discussed with the participant or their 
family. Any research findings that are not clinically validated will not be returned to you or the 
participant or their family. However, there may be future ethically approved research projects 
which may be able to look at the data collected through their whole genome genetic testing, 
which may be able to identify other genetic changes unrelated to dementia. You can opt, on 
behalf of the participant, to be contacted or not contacted by these future researchers by 
indicating this in the attached consent form. Again, finding out this information may affect the 
participant or their families’ wellbeing and/or their ability to obtain life insurance or certain 
types of employment. It is important that you carefully consider whether you want this or 
future genetic testing to be carried out in the participant prior to making this decision. We 
recommend that you discuss this with family members or your genetic counsellor.  

Any clinically relevant result will be related in a Neurogenetics clinic either at the Royal 
Melbourne Hospital or at the Austin Hospital and support from trained genetic counsellors 
will be available. Ongoing care after that will be through those respective clinics. You will 
only be contacted with an appointment to the Neurogenetics clinic if there is a clinically 
relevant result. 

You may request at any time that your tissue sample be destroyed.  However, any results of 
tests that have already been performed using the sample will be kept.  If you wish to 
withdraw the participant’s sample please contact Professor Winship or Dr. Aamira Huq. 
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5. What are the possible benefits? 

There is no guarantee that this research will benefit you or the participant directly, but their 
participation in this research may help to clarify the cause for their young onset dementia or 
genetic causes of protection against dementia. As future treatment trials become available, 
having this information may give them or similarly affected family members an opportunity to 
participate in these trials. 

6. What are the possible risks? 

Having a blood sample taken may cause some discomfort or bruising. Sometimes, the blood 
vessel may swell, or blood may clot in the blood vessel, or the spot from which tissue is 
taken could become inflamed. Rarely, there could be a minor infection or bleeding. If this 
happens, it can be easily treated. 

The participant having this genetic test may affect either their ability or that of other family 
members from obtaining life insurance/ income protection insurance. For unaffected family 
members, finding out that they carry a genetic variant that puts them at an increased risk for 
dementia may increase stress/ anxiety levels in unaffected relatives. You may want to 
discuss these issues with the participant’s family members or another health care provider 
before considering this study. Please feel free to discuss any questions with the 
researcher(s) before making your decision regarding participation in this research. 
 
If a gene change is found in the participant and a family member is interested in undergoing 
genetic testing to find out their own risk, they will be offered an appointment with genetic 
counsellors at a neurogenetics clinic to consider the pros and cons of genetic testing for 
themselves, prior to making their decision. 
Any genetic testing results will be given at a Neurogenetics clinic with trained Genetic 
counsellors present. The participant/ their relatives or you may experience some distress 
regarding finding out about a genetic mutation; in the event, please inform your doctors or 
genetic counsellors and ongoing support and if necessary appropriate referral to a 
psychologist will be made for them, their family members or you. 
 

7. What if new information arises during this research project? 

New information may arise during this research project with relevance to the participant or 
their family. You will be given the opportunity to choose if you wish to learn this information 
on their behalf or not in the future through the current research or related other research 
projects. This may relate to the problem under investigation, or may be information found 
which has health relevance, but may not be part of the reason you consented for this 
research. 

8. Does my relative (participant) have to take part in this research project? 

Participation in any research project is voluntary. If either the participant or you do not wish 
to take part you don’t have to. If you decide to consent on their behalf and later change your 
mind, you are free to withdraw them from the project at any stage. 

Your decision for them to take part or not to take part, or to take part and then withdraw, will 
not affect their/ your relationship with the Royal Melbourne Hospital or any of the staff who 
care for them or their family. 

9. What if I withdraw the participant from this research project? 

If you decide for the participant to leave the project, the researchers will keep the personal 
and health information about them that has been collected. This is to help them make sure 
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that the results of the research can be measured properly. If you do not want them to do this, 
you should choose not to donate the sample. 

11. How will I be informed of the results of this research project? 

If you wish to know the results of the overall entire project, please indicate to Professor 
Winship or Dr. Huq and a summary will be provided at the conclusion of the project. Please 
note that this may take more than 12 months to a few years.   

12. What else do I need to know? 

• What will happen to information about my relative (participant)? 

Any information obtained for the purpose of this research project that can identify the 
participant will be treated as confidential and securely stored.  It will be disclosed only with 
your permission, or as required by law. In any publication and/or presentation, information 
will be provided in such a way that they cannot be identified. 

Data that is initially collected by Professor Winship and Dr. Huq, will be stored as a 
password-protected electronic file which will be stored on Professor Winship’s department 
computer. This file can only be accessed by researchers directly involved in the research. 

The participant’s personal information may be reviewed by representatives of the MH 
Human Research Ethics Committee in order to verify the correct conduct of this research. 

• How can I access my relative’s (participant’s) information? 

In accordance with relevant Australian and/or Victorian privacy and other relevant laws, if 
you are the medical power of attorney, you may have the right to access the information 
collected and stored by the researchers about the participant. You may also have the right to 
request that any information, with which you disagree, be corrected. Please contact one of 
the researchers named at the end of this document if you would like to access further 
information. 

• What happens if the participant is injured as a result of participating in this 
research project? 

If the participant suffers an injury as a result of participating in this research project, hospital 
care and treatment will be provided by the public health service at no extra cost to you/ them 
if you elect for them to be treated as a public patient. 

• Is this research project approved? 

The ethical aspects of this research project have been approved by the Melbourne Health 
Human Research Ethics Committee.   

This project will be carried out according to the National Statement on Ethical Conduct in 
Human Research (2007) produced by the National Health and Medical Research Council of 
Australia. This statement has been developed to protect the interests of people who agree to 
participate in human research studies
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13. Consent 

 
Declaration by Participant 
I have read or someone has read to me in a language that I understand the Participant 

Information Consent Form (PICF).  I understand the purposes, procedures and risks of the 

research described in the project. I have had an opportunity to ask questions and I am satisfied 

with the answers I have received. I freely agree for my relative (participant) to take part in this 

research project as described and I understand that I am free to withdraw them at any time 

without affecting their future health care. I understand that I will be given a signed copy of this 

document to keep. 

 

I give permission for doctors, other health professionals, hospitals or laboratories outside this 

hospital to release information to the Royal Melbourne Hospital / The University of Melbourne 

concerning my relative’s (participant’s) condition and treatment for the purposes of this project. 

I understand that such information will remain confidential.  

 

 Yes No 

I wish to receive results that are related to the research question about 
my relative’s (participant’s) known genetic disorder or predisposition to 
dementia   

Initials Initials 

  

In respect to the storage and use of the participant’s genetic samples, I 

give permission for the use of their  DNA and/or tissue for the purpose of: 

 

Yes No 

1. This research project only. Initials Initials 

2. This research project and any closely related future research projects. Initials Initials 

Title 
Genetic biomarkers of early onset dementia and investigating genetic 
and environmental resilience factors to Alzheimer Disease 
 

Short Title Genetics of dementia 

Protocol Number V 1.1 

Project Sponsor Royal Melbourne Hospital, The University of Melbourne  

MH Project No: 2018:033 
 HREC No: HREC/17/MH/444. 

Principal 
Investigator 

Prof Ingrid Winship 

Associate 
Investigator(s) 

Dr Aamira Huq, Prof. Dennis Velakoulis, A/Prof Paul James, Prof. 
martin Delatycki, Prof. Colin Masters, Prof. Kaarin Anstey, A/Prof. 
Amy Brodtman, Dr Paul Lacaze, Prof. Melanie Bahlo 
 
 
 
Win 

Recruitment 
Centres 

Royal Melbourne Hospital, Austin Health, Eastern Cognitive 
Disorders Clinic, The Alfred centre (Monash University - ASPREE), 
The Florey Institute Of Neuroscience and Mental Health Research 
(AIBL), Research School of Population Health – The Australian 
National University. Location for 

participant visits 
for this site 

Royal Melbourne Hospital 
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3. Future research projects that may or may not be related to this research. Initials Initials 

 

You are asked to choose if you wish to be contacted by other researchers 

who may be able to use this genetic information to look for other genetic 

findings: 

Yes No 

1. Related to the research question about dementia only  Initials Initials 

2. Any other information found which does not relate to dementia, but may have an 

impact on the participant’s health, present or future. 
Initials Initials 

 

 
Name of Participant (please print)______________________________________________________ 
 
Name of Relative/ legal guardian _______________________________________________________ 
 
Signature of relative/ legal guardian _______________________________________  
 
Date_______________________________ 
 
 

 

 

Declaration by researcher*: I have given a verbal explanation of the research project, its 
procedures and risks and I believe that the participant has understood that explanation. 

Researcher’s name (printed) 
____________________________________________________ 

Signature ____________________________________Date 
___________________________ 

* A senior member of the research team must provide the explanation and provision 
of information concerning the research project.  

Note: All parties signing the consent section must date their own signature. 

 

14. Who can I contact? 

Who you may need to contact will depend on the nature of your query, therefore, please 
note the following: 

  

Interpreter (Required when English is not the participant’s preferred language)  

Name of Interpreter ( please print) _________________________________________________ 

 

Signature ____________________________________ Date____________________________ 
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For further information or appointments: 

If you want any further information concerning this project you can contact the principal 
researcher. 

Name: Professor Ingrid Winship 

Role: Principal Investigator 

Telephone: 03 9342 7151 

 

Reviewing HREC approving this research and HREC Executive Officer: 

The Melbourne Health Human Research Ethics Committee (HREC) has approved this study. 
If you have any complaints or questions about any aspect of the project, the way it is being 
conducted or about being a research participant in general, you may contact: 

 

 

 
 

Reviewing HREC 
name 

Melbourne Health HREC 

HREC Executive 
Officer 

Manager HREC 

Telephone 03 9342 8530 

Email research@mh.org.au 

mailto:research@mh.org.au


  Address and ABN 

 
 

 

APPENDIX C: FORM FOR WITHDRAWAL OF 
PARTICIPATION 

 

Declaration by Participant / Healthy Control 
I wish to withdraw from participation in the above research project and understand that such 
withdrawal will not affect my routine treatment, my relationship with those treating me or 
my relationship with The Royal Melbourne Hospital 
 

 
 Name of Participant / healthy control (please print)    

 

 Signature   Date  

 
 

OR  
 

Declaration by Person Responsible 
 

I wish to withdraw the participant from taking part in the above research project and understand 
that such withdrawal will not affect their routine treatment, relationship with those treating 
them or relationship with The Royal Melbourne Hospital 
 

   
 Name of Participant (please print)  
   
 Name of Person Responsible (please print)  
   
 Relationship of Person Responsible to Participant  
   
 Signature of Person Responsible  Date  
 

 

In the event that the participant / health control’s decision to withdraw is communicated verbally, the Study 
Doctor/Senior Researcher will need to provide a description of the circumstances below. 

 
 
 
 

Signatures continue on next page. 

 
 

Title 
Genetic biomarkers of early onset dementia and investigating genetic and 
environmental resilience factors to Alzheimer Disease 
 Short Title Genetics of dementia 

Protocol Number V 1.0 

Project Sponsor Royal Melbourne Hospital, The University of Melbourne  

MH Project No: 2018:033 
 Principal Investigator Prof Ingrid Winship 

Associate 
Investigator(s) 

Dr Aamira Huq, Dr Samantha Loi, Dr Dennis Velakoulis 
 
 
Win 

Location Royal Melbourne Hospital  



  Address and ABN 

 
 

 

Declaration by Study Doctor/Senior Researcher† 

 

I have given a verbal explanation of the implications of withdrawal from the research project 
and I believe that the person responsible for the participant has understood that explanation. 
 

 Signature  Date   

 
† A senior member of the research team must provide the explanation of and information 
concerning withdrawal from the research project.  
Note: All parties signing the consent section must date their own signature 
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APPENDIX D: INVITE LETTER 
 
 
 

 
 
 
Dear __________________________, 
 
RE: Genetic biomarkers of early onset dementia and investigating genetic and 
environmental resilience factors to Alzheimer Disease 
 
Thank you for expressing your interest in the above study. Your doctors/ genetic counsellors 
from ______________ Department have conveyed your interest in participating in this 
study. This study is conducted by The Genomics Department at The Royal Melbourne 
Hospital in conjunction with the Neuropsychiatry Department. Enclosed is a detailed 
information and consent form which explains what is involved. A copy for the participant 
and a copy for the carer is enclosed. If the participant’s dementia prevents them from being 
able to read and understand the information attached, we request the participant’s next of 
kin or legal guardian to read the form and sign on their behalf.  
 
A member of the research team involved in this study will be contacting you shortly to 
answer any questions and make an appointment for a face to face meeting. Please retain 
the information sent to you as you will be asked to bring this with you if you decide to 
participate in the study. 
 
Please do not hesitate to contact me on 9342 7151 if you have any questions. 
 
 
Yours Sincerely, 
 
Dr. Aamira Huq MBBS FRACP 
PhD Candidate 
Department of Genomic Medicine 
The Royal Melbourne Hospital 
Grattan Street, Parkville, Victoria 3050 
Ph: +61 3 9342 7151 
Fax: +61 3 9342 4267 
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