Turun yliopisto
University of Turku

GENETICS OF INHERITED
DEMENTING DISORDERS

Special emphasis on Alzheimer's disease,
frontotemporal dementia, Parkinson's disease
and primary familial brain calcification

Petra Pasanen

TURUN YLIOPISTON JULKAISUJA - ANNALES UNIVERSITATIS TURKUENSIS

Sarja - ser. D osa - tom. 1266 | Medica - Odontologica | Turku 2017



University of Turku

Faculty of Medicine
Institute of Biomedicine

Department of Medical Biochemistry and Genetics

Turku Doctoral Programme of Molecular Medicine (TuDMM)
Tyks Microbiology and Genetics, Turku University Hospital

and

University of Helsinki
Faculty of Medicine

Department of Pathology and Department of Medical and Clinical Genetics

Supervised by

Adjunct Professor Minna Péyhénen, MD, Ph.D
Department of Clinical Genetics

Helsinki University Hospital

and

Department of Medical and Clinical Genetics,
Faculty of Medicine

University of Helsinki

Reviewed by

Adjunct Professor Katarina Pelin, Ph.D.
Department of Biosciences, Division of Genetics
University of Helsinki

Opponent

Adjunct Professor Peter Hackman, Ph.D.
Folkhélsan Institute of Genetics and
Department of Medical Genetics
University of Helsinki

Adjunct Professor Liisa Myllykangas, MD, Ph.D
Department of Pathology, Faculty of Medicine
University of Helsinki and

Helsinki University Hospital

Adjunct Professor Marc Baumann, Ph.D
Meilahti Clinical Proteomics Core Facility
Department of Biochemistry /
Developmental Biology

University of Helsinki

Adjunct Professor Maija Castrén, MD, Ph.D.
Faculty of Medicine, Physiology
University of Helsinki

The originality of this thesis has been checked in accordance with the University of Turku quality
assurance system using the Turnitin OriginalityCheck service.

ISBN 978-951-29-6694-3 (PRINT)
ISBN 978-951-29-6695-0 (PDF)

ISSN 0355-9483 (Print)

ISSN 2343-3213 (Online)
Painosalama Oy - Turku, Finland 2017



To my family



4 Abstract

ABSTRACT

Petra Pasanen

GENETICS OF INHERITED DEMENTING DISORDERS — Special emphasis on Alzheimer’s
disease, frontotemporal dementia, Parkinson’s disease and primary familial brain
calcification

University of Turku, Faculty of Medicine, Institute of Biomedicine, Department of
Medical Biochemistry and Genetics, Doctoral Programme of Molecular Medicine
(TubMM)

Annales Universitatis Turkuensis, Medica — Odontologica, Painosalama Oy, Turku,
Finland, 2016

Advances in genotyping and sequencing technologies have enabled the identification of
common and rare genetic variation associated with dementia. This thesis aimed to
examine the genetic background of inherited dementing diseases in the Finnish
population. Sixty families with several individuals affected by dementia were included
in the first study. Twelve of these families were found to carry C9orf72 expansions.
Exome sequencing was performed in 10 families with Alzheimer’s disease (AD) and two
families with frontotemporal dementia (FTD). A few potentially deleterious rare
variants were identified, but further studies are needed to clarify their putative role in
neurodegeneration. In the second study, a novel a-synuclein mutation was identified in
a family with Parkinson’s disease (PD) and multiple system atrophy (MSA) -type disease.
The third study showed that this mutation is a rare cause of PD and that, to date, all
known families with this mutation originate from a common founder. In the fourth
study we described a Finnish family with three patients diagnosed with primary familial
brain calcification. Whole—genome sequencing revealed a segregating heterozygous
deletion of ~578 kb in size on chromosome 8, supporting SLC20A2 haploinsufficiency as
a pathogenetic mechanism.

This study provided new information on the genetics of a-synucleinopathies and
primary familial brain calcification. It also confirmed that C9orf72 expansions are
common causes of dementia in Finland. Exome sequencing proved efficient in
identifying rare genetic variants, but further studies are warranted to prove their
potential association with dementia.

Key words: Alzheimer’'s disease, frontotemporal dementia, Parkinson’s disease,
multiple system atrophy, primary familial brain calcification, dementia,
neurodegeneration, haplotype, exome sequencing, genome sequencing
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TIVISTELMA

Petra Pasanen

PERINNOLLISTEN DEMENTOIVIEN SAIRAUKSIEN GENETIIKKAA — Alzheimerin tauti, otsa-
ohimolohkorappeuma, Parkinsonin tauti ja primaari familiaalinen basaaliganglioiden
kalkkeumatauti

Turun yliopisto, Ladketieteellinen tiedekunta, Biolddketieteen laitos, Ladketieteellinen
biokemia ja genetiikka, Turun molekyyliladketieteen tohtoriohjelma (TuDMM)

Annales Universitatis Turkuensis, Medica — Odontologica, Painosalama Oy, Turku,
Suomi, 2016

Dementiaan liittyvien yleisten ja harvinaisten geenivarianttien tunnistaminen on
tullut mahdolliseksi genotyypitys- ja sekvensointiteknologioiden kehittymisen myo6ta.
Taman vaitoskirjatyon tavoitteena oli tutkia periytyvien dementioiden geneettista
taustaa suomalaisessa  vdestdssd. Ensimmaisen osatyon aineisto  koostui
kuudestakymmenestd suvusta, joissa oli useita dementiaa sairastavia henkil6itd. Naista
suvuista kahdestatoista |6ytyi C9orf72-geenin toistojaksolaajentumamutaatio. Lopuista
suvuista valittiin 10 Alzheimerin tauti —sukua ja kaksi otsa-ohimolohkorappeumasukua
eksomisekvensointiin. Tutkimuksessa 16ytyi muutamia mahdollisesti haitallisia
geenivariantteja, mutta lisatutkimuksia tarvitaan varmistamaan, liittyvatkoé variantit
todella neurodegeneratiivisten dementioiden syntyyn. Toisessa osatydssa kuvattiin uusi
a-synukleiinimutaatio ja siihen liittyvdt neuropatologiset muutokset epatyypillista
Parkinsonin tautia sairastavassa suvussa. Kolmannessa osatydssa osoitettiiin, ettd tama
mutaatio on harvinainen Parkinsonin taudin aiheuttaja ja ettd kaikki tdhdan mennessa
Ioydetyt suvut ovat samaa geneettistd alkuperda. Neljannessa osatyossa tutkittiin
sukua, jossa oli kolme primaarista basaaliganglioiden kalkkeumatautia sairastavaa
henkil6a. Genomisekvensoinnin avulla 16ytyi taudin kanssa periytyva n. 578 kb:n
heterotsygoottinen deleetio ennestdaan tunnetun tautigeenin alueelta. Loydds sopii
hypoteesiin SLC20A2:n haploinsuffisienssista patogeneesimekanismina.

Vaitoskirjatyd tuo uutta tietoa a-synukleinopatioiden ja primaarisen basaali-
ganglioiden kalkkeumataudin genetiikasta. Tulokset myds vahvistivat C9orf72-
ekspansioiden vyleisyyden suomalaisilla dementiapotilailla. Eksomisekvensointi on
tehokas menetelma harvinaisten geenivarianttien etsimiseen, mutta niiden mahdollisen
dementia-assosiaation varmistaminen edellyttaa lisatutkimuksia.

Avainsanat: Alzheimerin tauti, otsa-ohimolohkorappeuma, Parkinsonin tauti,
monisysteemiatrofia, primaari familiaalinen basaaliganglioiden kalkkeumatauti,
dementia, neurodegeneraatio, haplotyyppi, eksomisekvensointi, genomisekvensointi
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All genes are italicised in the text. Human genes are written in capital. In mouse genes,
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1. INTRODUCTION

Dementia is a global concern, affecting an estimated 47 million people worldwide in 2015
(Prince et al. 2015). As average life expectancy continues to rise, an increase in dementia
prevalence is anticipated, too. The most common causes of dementia are Alzheimer’s
disease, vascular cognitive impairment, dementia with Lewy bodies, Parkinson’s disease
dementia, and frontotemporal dementia. Dementia typically afflicts older people, but a
significant proportion of patients are under 65 years of age at the time of diagnosis.

The diagnosis of the dementing disorder is based on the patient’s clinical picture,
imaging findings and a selective panel of laboratory tests. Because the cause of a
dementing disorder is most commonly neurodegeneration in the patient’s central
nervous system (brain), in many cases a definite diagnosis cannot be established until
post mortem. Then, the neuropathological examination of the deceased patient’s
nervous system commonly discloses findings which are specifically diagnostic for each
dementing disorder (Kovacs 2016).

Most dementia patients present as sporadic cases; thus, the physicians must rely on
the examinations above to determine the diagnosis and nature of the disorder. Familial
forms and Mendelian inheritance, often autosomal dominant, are seen especially in the
early-onset group of patients. Even though these inherited forms of dementias are rare,
they have provided pivotal clues for establishing the definite diagnosis and the
underlying pathogenetic mechanisms. Identifying the causative gene, the spectrum of
mutations and ultimately the cellular mechanisms by which these mutations exert their
damaging effects is crucial in order to identify potential therapeutic targets. The same
cellular pathways can be expected to be involved in the non-familial forms of the
diseases. Thus, the rare inherited forms have built a foundation for our understanding
of several neurodegenerative diseases.

Following the completion of the Human Genome Project in 2003, the field of human
genetics has undergone an unforeseen revolution. First, identifying most common
variation enabled genome-wide linkage studies (GWLS) and genome-wide association
studies (GWAS) to identify genetic variation predisposing to complex diseases. The
development of massively parallel sequencing, also known as next-generation
sequencing (NGS) technologies made it possible to sequence all coding genes or entire
genomes. As a consequence, the causative genes of several monogenic diseases have
been identified. NGS-based methods have also been applied to complex diseases to
identify rare variants that could not be found using genome-wide association studies.
Both GWAS and NGS have proven their strength in neurogenetics, identifying dozens of
risk loci and even new causative genes.

This thesis project aimed to explore the genetic background of dementia in the
Finnish population. We sought to characterise familial and inherited neurodegenerative
dementing disorders by utilising both targeted and genome-wide approaches of variant
detection. Specifically, this study concentrated on known and novel genetic variants
linked to Alzheimer’s disease, frontotemporal dementia, Parkinson’s disease, and
primary familial brain calcification.
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2. REVIEW OF THE LITERATURE

2.1. Dementia

According to the International Statistical Classification of Diseases and Related Health
Problems (ICD-10, www.who.int/classifications/icd10/), dementia refers to a clinical
syndrome with disturbances in ‘memory, thinking, orientation, comprehension,
calculation, learning capacity, language, and judgement’. It results in marked cognitive
decline which usually impairs the activities of daily living.

Age is an important risk factor for dementia, and the great rise in human life
expectancy during the 20t century has led to global increase in dementia prevalence.
The worldwide prevalence of dementia has been estimated to be 46.8 million in 2015
and it is expected to double every 20 years, resulting in 131.5 million affected by 2050
(Prince et al. 2015). In Finland, up to 70000 people are currently affected.
Approximately 14 500 persons are expected to become affected by memory
impairment every year (Viramo and Sulkava 2015).

The most common causes of progressive or permanent dementia are Alzheimer’s
disease, vascular cognitive impairment, dementia with Lewy bodies, Parkinson’s disease
dementia and frontotemporal dementia. In most cases, dementia occurs sporadically
but a genetic component is obvious in a significant proportion of cases. Familial or
inherited dementia is most common in the early-onset (< 65 years) group with up to
10% of patients having a family history compatible with autosomal dominant
inheritance (Cohn-Hokke et al. 2012).

2.2. Alzheimer’s disease

A case study of a patient with a ‘peculiar severe disease process of the cerebral cortex’
was presented by Alois Alzheimer in November 1906 in the 37th Meeting of South-
West German Psychiatrists (Hippius and Neundérfer 2003). The case report published
the following year (Alzheimer 1907) is the first written description of presenile
Alzheimer’s disease (AD, Online Mendelian Inheritance in Man, OMIM #104300) with its
distinctive histological findings that later became known as neuritic plaques and
neurofibrillary tangles. The disease was named after Dr. Alzheimer as early as 1910
(Kraepelin 1910), but it was not recognised as the most common form of dementia until
1968, when indistinguishable neuropathological features between presenile AD and
senile dementia led to the conclusion that these diseases must represent a single entity
(Blessed et al. 1968). The implications of increasing human life span and AD prevalence
were soon realised (Katzman 1976).
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2.2.1. Epidemiology

Alzheimer’s disease is the most common neurodegenerative dementia worldwide
accounting for from 60 to 70% of all dementia cases (Jellinger et al. 1990). A large meta-
analysis of published population-based studies of dementia in people over 60 years of
age showed that the mean dementia prevalence varies between 5.6% and 7.6%; the
highest standardised prevalence was observed in North Africa/Middle East (8.7%) and
Latin America (8.4%), while the lowest prevalence of 4.7% was seen in Central Europe
(Prince et al. 2015).

The incidence of AD increases with increasing age, doubles every 6 years, peaks
between the ages of 80 — 89 years and declines in the oldest age group. Women are
more often affected than males, most likely due to overpresentation of women in the
older age groups (Prince et al. 2015).

2.2.2. Clinical features

Alzheimer’s disease is characterised by progressive loss of memory. The onset is gradual
and typically presents as difficulties in learning new things and remembering recently
learned information, that is, deficits in anterograde episodic memory. Impairment of
other cognitive functions such as language (deficits in word-finding), executive
functions (judgement and reasoning, problem solving) and visuospatial functions (e.g.
spatial cognition, face recognition and understanding written language) develop as the
disease progresses (McKhann et al. 2011).

The key criteria for diagnosing AD have been the National Institute of Neurological
and Communicative Disorders and Stroke and Alzheimer’s Disease and Related
Disorders Association (NINCDS—ADRDA) criteria, first published in 1984 (McKhann et al.
1984) and revised in 2011 (McKhann et al. 2011). AD is diagnosed based on typical
clinical symptoms, combined with laboratory and imaging findings. Impairment of
episodic memory can be confirmed in a clinical examination with the CERAD
(Consortium to Establish a Registry for Alzheimer's Disease) test (Morris et al. 1989).
Brain magnetic resonance imaging (MRI) typically shows medial temporal lobe atrophy
and hippocampal atrophy. Positron emission tomography (PET) imaging reveals
cerebral changes in fluorodeoxyglucose metabolism or evidence of deposition of B-
amyloid in the brain. Cerebrospinal fluid (CSF) biomarkers, low AB42 and elevated tau
or phospho-tau, are also indicative of AD (McKhann et al. 2011). However, a
neuropathological examination is required for a definite AD diagnosis as only 70 — 80%
of patients with clinical AD actually have AD brain pathology (Jicha et al. 2006).

Most cases develop the disease after 65 years of age (late-onset AD, LOAD), but up
to 10% of patients develop symptoms earlier in life, as early as in their 30s (early-onset
AD, EOAD) (Prince et al. 2015).

2.2.3. Neuropathology

Gross visual examination of an AD brain shows a symmetric pattern of cortical atrophy.
The atrophy is most pronounced in the inferior temporal and the superior and middle
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frontal gyri; the inferior frontal and the orbitofrontal gyri are mostly spared (Duyckaerts
et al. 2009). Microscopically, the two most essential lesions of AD are neurofibrillary
tangles (NFTs) and senile plaques (Alzheimer 1907, Hyman et al. 2012) (Figure 1).

Neurofibrillary tangles are intraneuronal filamentous aggregates in neuronal
perikarya that consist of hyperphosphorylated and misfolded microtubule-associated
protein tau (Grundke-lgbal et al. 1986a, Grundke-lgbal et al. 1986b). The progression of
NFT pathology follows a stereotypical spatiotemporal pattern: the first lesions appear in
the transentorhinal cortex, spread to the limbic structures and finally to all isocortical
areas (Arnold et al. 1991, Braak and Braak 1991). Hyperphosphorylated tau also
accumulates in neuronal processes appearing as neuropil threads (Hyman et al. 2012).
NFTs are not specific to AD; they are also seen in frontotemporal dementia with
tauopathy (Cairns et al. 2007) and chronic traumatic encephalopathy (McKee et al.
2009), for example.

Senile plaques are extracellular spherical lesions consisting of amyloid beta (ApB)
(Glenner and Wong 1984). Based on their morphology, the plaques can be classified as
diffuse or neuritic plaques. Neuritic plaques are associated with deleterious effects on
the neuropil, while diffuse plaques are also seen in the normal ageing brain (Davies et
al. 1988). Neuritic plagues have an amyloid core and are surrounded by dystrophic
neurites (Knowles et al. 1999), reactive astrocytes, and microglial cells (ltagaki et al.
1989).

Figure 1. Neuropathological findings in sporadic Alzheimer’s disease. (A) In two senile plaques of cored
type (black and white arrows) B-amyloid forms compact cores surrounded by a corona of more diffuse
deposits of B-amyloid. The third plaque (open arrow) is either a diffuse plaque or a tangential section of
another cored plaque. (B) Three neurons (black arrows) harbour neurofibrillary tangles strongly
immunopositive for hyperphosphorylated tau (hp-tau), whereas three other neurons (white arrows)
appear relatively intact. The three neuritic plaques (circled) contain irregularly shaped, hp-tau-
immunopositive dystrophic neurites, and in the background, there are very thin neuropil threads, also
immunopositive for hp-tau. Immunostaining (A) for B-amyloid and (B) for hp-tau with hematoxylin
counterstaining. Scale bars (A) 100 um, (B) 70 um. Courtesy of Professor Hannu Kalimo.
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2.2.4. Genetics

Genetic susceptibility is a significant factor in the occurrence of AD. A heritability of
~90% has been observed in the EOAD group (Wingo et al. 2012) while the estimated
heritability is 58 to 79% in LOAD (Gatz et al. 2006). Autosomal dominant inheritance is
seen in 35 to 60% of EOAD patients (Campion et al. 1999, Jarmolowicz et al. 2015).
Causative mutations have been described in amyloid protein precursor (APP), presenilin
1 (PSEN1) and presenilin 2 (PSEN2) genes, but these account for only from 5 to 10% of
EOAD cases (Cruts et al. 1998) (Table 1a).

The first genetic risk factor associated with AD, APOE €4 allele, was identified using
the candidate-gene approach (Corder et al. 1993, Strittmatter et al. 1993). The APOE €4
allele is the strongest known genetic risk factor for AD; homozygous individuals have a
10-fold risk for developing AD (Farrer et al. 1997). Most other known risk loci have only
a low impact on the disease susceptibility, and GWAS studies on large case-control
cohorts were required to identify them. Currently, more than 20 risk loci replicated in
several cohorts are known (Table 1b).

Identification of AD susceptibility genes and their functions has revealed novel
biological pathways implicated in AD pathogenesis, in addition to the well-known beta
amyloid cascade. These include lipid metabolism, innate immune responses and
inflammation, endocytosis, synaptic function, cytoskeleton function, axonal transport,
regulation of gene expression and post-translational protein modification (Table 1b).
Interestingly, the APOE €2 allele (Corder et al. 1994) and the p.Ala673Thr variant in APP
(Jonsson et al. 2012) have been suggested to be protective against AD, although the
APP variant is rare in most studied populations (Kero et al. 2013, Ting et al. 2013, Wang
et al. 2015). Functional studies have suggested that the APP A673T variant results in a
diminished aggregation propensity of the corresponding mutant AB42 (Benilova et al.
2014, Maloney et al. 2014, Zheng et al. 2015).

Table 1a. Known genetic loci causative of Alzheimer’s disease. Numbers of mutations in APP, PSEN1 and
PSEN2 reported as pathogenic are from the Alzheimer disease & frontotemporal dementia mutation
database (http://www.molgen.ua.ac.be/ADMutations/) (Cruts et al. 2012), accessed 08/2016, Alzforum
database (http://www.alzforum.org/mutations/), accessed 09/2016 and HGMD Professional (Qiagen),
accessed 10/2016.

Disease Pathway Number of Effect MAF Identified Reference
genes pathogenic with
mutations

APP AB processing more than 35  causative <0.1% linkage Goate et al.
(1991)

PSEN1 AB processing more than 250 causative <0.1% linkage Sherrington et
al. (1995)

PSEN2 AB processing ~30 causative <0.1% linkage Levy-Lahad et
al. (1995),

Rogaev et al.
(1995)
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Table 1b. Known genetic loci contributing to Alzheimer’s disease risk. GWAS = genome-wide association
study, MAF = minor allele frequency, OR = odds ratio, WES = whole exome sequencing, WGS = whole

genome sequencing.

Risk loci Pathway Risk Impact MAF Identified Reference
variant with
APOE lipid metabolism €4 (rs7412, high (OR > 2) >10% candidate Corderetal. (1993),
rs429358) gene Schmechel et al.
approach (1993), Strittmatter et
al. (1993)
CLU immune system, rs9331896 low (OR<2) >10%  GWAS Harold et al. (2009),
lipid metabolism Lambert et al. (2009)
CR1 immune system rs6656401 low (OR<2) >10%  GWAS Lambert et al. (2009)
PICALM endocytosis, rs10792832 low (OR < 2) >10% GWAS Harold et al.(2009)
synaptic function
BIN1 endocytosis, rs6733839 low (OR<2) >10% GWAS Seshadri et al. (2010)
synaptic function
MS4A6A/ immune system  rs983392  low (OR < 2) >10%  GWAS Hollingworth et al.
MS4A4E (2011) Naj et al. (2011)
ABCA7 immune system, rs4147929 low (OR < 2) >10%  GWAS Hollingworth et al.
lipid metabolism (2011)
CD2AP endocytosis, rs10948363 low (OR < 2) >10%  GWAS Hollingworth et al.
synaptic function (2011), Naj et al.
(2011)
CD33 immune system, rs3865444 low (OR < 2) >10%  GWAS Hollingworth et al.
synaptic function (2011), Naj et al (2011)
EPHA1 immune system, rs11771145 low (OR < 2) >10%  GWAS Hollingworth et al.
synaptic function (2011), Naj et al.
(2011)
PTK2B hippocampal rs28834970 low (OR < 2) >10%  GWAS Lambert et al. (2013)
synaptic function meta-
analysis
SORL1 endocytosis, rs11218343 low (OR < 2) >10%  candidate Rogaeva etal. (2007)
trafficking and gene
metabolism of approach
APP
SLC24A4/ putativerolein  rs10498633 low (OR < 2) >10%  GWAS Lambert et al. (2013)
RIN3 neural meta-
development analysis
INPP5D immune system  rs35349669 low (OR < 2) >10%  GWAS Lambert et al. (2013)
meta-
analysis
MEF2C immune system, rs190982 low (OR<2) >10%  GWAS Lambert et al. (2013)
hippocampal meta-
synaptic function analysis
NMES neuronal cell rs2718058 low (OR<2) >10%  GWAS Lambert et al. (2013)
proliferation and meta-
differentiation analysis
FERMT2 modulation of rs17125944 low (OR < 2) >10%  GWAS Lambert et al. (2013)
angiogenesis, meta-
actin assembly analysis

and cell shape
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Risk loci Pathway Risk Impact MAF Identified Reference
variant with
CASS4 regulation of cell rs7274581 low (OR < 2) >10%  GWAS Lambert et al. (2013)
spreading and meta-
adhesion analysis
ZCWPW1 epigenetic rs1476679 low (OR < 2) >10% GWAS Lambert et al. (2013)
regulation meta-
analysis
HLA-DRB5- immune system  rs9271192 low (OR<2) >10%  GWAS Lambert et al. (2013)
DRB1 meta-
analysis
CELF1 regulation of pre- rs10838725 low (OR < 2) >10%  GWAS Lambert et al. (2013)
mRNA alternative meta-
splicing analysis
Rare Pathway Risk Impact MAF Identified Reference
variants variant with

TREM?2 immune system  rs75932628 high (OR > 2) <1% WES, WGS Guerreiro et al. (2013),
Jonsson et al. (2013)

PLD3 APP processing  rs14599914 high (OR 2 2) <1% WES Cruchaga et al. (2014)
5
UNC5C neuronal cell rs13787585 high (OR > 2) <1% linkage, Wetzel-Smith et al.
death 8 WGSand (2014)
WES
AKAP9 signal rs14466244 high (OR > 2) <1% WES Logue et al. (2014)
transduction 5
ADAMI10  o-secretase rs2305421 unknown, N/A candidate Kim et al. (2009)
activity variants gene
suggested to approach
segregate with
LOAD in
families

2.2.5. Hypotheses on pathogenesis

As amyloid plaques are the typical finding in AD, an amyloid cascade hypothesis of
pathogenesis was proposed more than 20 years ago (Glenner and Wong 1984,
Beyreuther and Masters 1991, Hardy and Allsop 1991, Selkoe 1991, Hardy and Higgins
1992). According to the hypothesis, accumulation of AR protein is the root cause of
neuronal death, and other changes such as NFT formation are consequences of AB
accumulation. However, it is still unclear whether AP accumulation is causal or simply a
byproduct of other cellular dysfunctions.

APP is a widely expressed transmembrane precursor protein whose normal
physiological function is still elusive despite being extensively studied since its
identification. Suggested functions include neurite outgrowth (Hung et al. 1992) and
synaptogenesis (Moya et al. 1994), axonal protein transport (Kamal et al. 2000),
transmembrane signal transduction (Hass and Yankner 2005) and cell adhesion (Soba et
al. 2005).

APP is synthesised in the endoplastic reticulum and transported in vesicles to the
cell surface where it can be either cleaved to soluble fragments or re-internalised in
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clathrin-coated vesicles to the endosome (Nordstedt et al. 1993, Caporaso et al. 1994).
APP can be processed via two pathways to form amyloid polypeptides (Figure 2). The
non-amyloidogenic a-secretase pathway (Esch et al. 1990) is most active on the cell
surface (Sisodia 1992). APP is cleaved by a-secretase within the AB domain to release a
soluble ectodomain, s-APPa (Sisodia 1992), that regulates neuronal plasticity and
protects from excitotoxicity (Furukawa et al. 1996). Several proteins with a-secretase
activity are known, including members of the ADAM (a disintegrin and
metalloproteinase) family: ADAM9 (Koike et al. 1999), ADAM10 (Kuhn et al. 2010) and
ADAM17 (Buxbaum et al. 1998).

The amyloidogenic pathway mediated by the two B-secretases, BACE1 (beta-site
APP cleaving enzyme) (Sinha et al. 1999, Vassar et al. 1999, Yan et al. 1999) and BACE2
(Hussain et al. 2000, Solans et al. 2000), is mostly active in the endosome. B-secretase
cleaves APP at the junction of the AB domain and the ectodomain (B site in Figure 2) or
at a more carboxyterminal position (B’ site in Figure 2), releasing a soluble s-APPf
fragment. The B’ site cleavage eventually results in truncated AP peptides, AB11-40 and

AB11-42 (Vassar et al. 1999).
s-APPB ' I plaque formation

extracellular s-APPa %
space T . L
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Figure 2. Processing of APP by a- (ADAM9, ADAM10, ADAM17), B- (BACE1, BACE2) and y-secretases. For
clarity, only the most common cleavage sites and the most relevant AB peptides are presented in the upper
part of the figure. The figure is based on LaFerla et al. (2007), Chow et al. (2010) and Bulic et al. (2011).

After cleavage by a- and B-secretases, the C-terminal fragments of APP, CTF (C83)
produced by a-secretase and CTF (C99) or CTF (C89) produced by B-secretase, remain
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membrane-bound and are further processed via several y-secretase cleavages. The y-
secretase holoenzyme is composed of four proteins, PSEN, nicastrin, APH1 and PEN2
(De Strooper et al. 1998, Wolfe et al. 1999, Kimberly et al. 2003). The first
endopeptidase cleavage at the € or the alternative €’ cleavage site produces the APP
intracellular domain (AICD). In the non-amyloidogenic pathway, cleavage of C83
releases a small p3 peptide and the AICD fragment. In the amyloidogenic pathway, the
€ cleavage of C99 releases AICD in the cytosol. Subsequent carboxylpeptidase cleavages
of the membrane-bound peptide produce AB peptides of different lengths: AB38, AB40,
AB42 or AB43 (Qi-Takahara et al. 2005, Takami et al. 2009, Chavez-Gutiérrez et al.
2012). Of these, AB40 is the most common. The longer forms, especially AB42, have a
high propensity to polymerise into oligomers and form plaques.

All causative genes linked to EOAD are part of the APP processing cascade. Most
mutations cause an increase in the relative levels of AB42 (Scheuner et al. 1996).
Pathogenic APP mutations cluster in the AR domain, its vicinity or near the cleavage
sites of the secretases. APP mutations in the AB domain alter the resulting mutant
peptide’s tendency to self-aggregate (Nilsberth et al. 2001). PSEN1 and PSEN2
mutations seem to hamper the carboxylpeptidase activity of the y-secretase complex,
resulting in increased production of longer AB isoforms (Okochi et al. 2013, Fernandez
etal. 2014).

The molecular mechanisms underlying LOAD are less well-known, though the recent
GWAS and NGS studies have shed light on the pathways that are involved in the
pathogenesis. In addition to the amyloid pathway, cholesterol/lipid metabolism,
endosomal vesicle recycling and the brain’s innate immune system and inflammatory
response are implicated by the functions of several AD risk genes (Table 1b, Figure 3).
Rare mutations in APP, PSEN1, PSEN2 and ADAM10 have been identified in large LOAD
families (Kim et al. 2009, Cruchaga et al. 2012), suggesting that variants in APP itself or
APP-processing genes can alter the risk for LOAD (Benitez et al. 2013) or even segregate
with the disease (Kim et al. 2009).

APOE and CLU are highly expressed apolipoproteins in the central nervous system
(CNS) (Roheim et al. 1979, May and Finch 1992), and ABCA7 is involved in the efflux of
lipids from cells to lipoproteins (Kim et al. 2008). SORL1 is a lipoprotein-binding
receptor mediating lipoprotein (including APOE) uptake (Rogaeva et al. 2007). All these
proteins, along with proteins coded by CR1 and PICALM, are also linked to AB clearance
from the brain (Lambert et al. 2009, Castellano et al. 2011, Kim et al. 2013, Zhao et al.
2015). SORL1, BIN1 and PICALM are involved in regulating endosomal vesicle recycling,
controlling the balance between non-amyloidogenic and amyloidogenic pathways.
SORL1 is directly involved in APP recycling via endocytic pathways and thus regulating
AB production (Rogaeva et al. 2007). PICALM regulates the production of AB42 by
modulating y-secretase activity (Kanatsu et al. 2014).

The brain’s innate immune system, particularly microglial clearance of AB has
emerged as an important pathway related to AD pathogenesis. Proteins coded by CR1,
CD33 and TREM2 are involved in the microglial response to AB accumulation (Lambert
et al. 2009, Griciuc et al. 2013, Ulrich et al. 2014).



24 Review of the Literature

Non-genetic factors also contribute to the pathogenesis and many of them act
through the amyloid pathway. Brain ischemia activates B-secretase cleavage resulting in
increased AP production (Sun et al. 2006). It also causes increased production of
reactive oxygen species (ROS) in the mitochondria which activates BACE1 and further
increases AP production (Guglielmotto et al. 2009). AP hinders the oxidative
phosphorylation capacity of mitochondria, leading to further increased ROS production
(Moreira et al. 2009). Glucose metabolism is also linked to AD. Both AB and insulin are
degraded by the same insulin degrading enzyme (Kurochkin and Goto 1994).
Furthermore, AB can bind to the insulin receptor, causing insulin resistance (Bedse et al.
2015). Thus, the pathogenesis of LOAD seems to result from a complex interplay of
genetic and environmental risk factors (Figure 3).

Lipid and
cholesterol AB clearance APP recycling Immune response Synaptic function
metabolism
CD2AP. CD33, EPHA1
APOE, CLU, ABCA?, SORL1, BIN1, PICALM CLU, CR1, ABCA7, CD33, ; , ,
APOE, CLU SORLY, CR1, PICALM| EPHA1, MS4A, HLA,  PTK28, MEF2C
INPP5D, MEF2C, TREM2
APP, .
— PSEN1, APP cleavage Increased AB Formation of
PSEN2 ¢ burden NFTs
Atherosclerosis, . . Mitochondrial
brain ischemia | Increased ROS Insulin metabolism dysfunction
t |
ECAD LOAD
t

Figure 3. A hypothetical model of the different pathways and genes linked to early-onset (EOAD) and
late-onset Alzheimer’s disease (LOAD). APP = amyloid beta precursor protein, NFT = neurofibrillary
tangle, ROS = reactive oxygen species.

2.3. Frontotemporal dementia

Frontotemporal dementia (FTD, OMIM #600274) is a clinical term referring to a group
of progressive neurodegenerative diseases that are clinically characterised by changes
in behaviour, deficits in understanding and producing language, and cognitive decline
(Bang et al. 2015). In 1892, Arnold Pick described a patient with presenile dementia,
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aphasia and lobar atrophy (Pick 1892). The distinctive argyrophilic globular neuronal
cytoplasmic inclusions and swollen cells were detected by A. Alzheimer (Alzheimer
1911). These histological lesions became known as Pick bodies and Pick cells and the
disease was accordingly named Pick’s disease (Gans 1925, Onari and Spatz 1926).

Despite the early description of the phenotype, frontotemporal dementia remained
mainly unrecognised until the 1980s and most patients were diagnosed as AD
(Gustafson 1987, Neary et al. 1988). The clinical and neuropathological criteria for
diagnosing FTD were suggested in 1994 (The Lund and Manchester groups 1994). The
historical term Pick’s disease is currently only used to describe a single FTD subgroup
with the tau-positive Pick body inclusions.

2.3.1. Epidemiology

Considering all age groups, FTD is the third most common form of degenerative
dementia worldwide, preceded by AD and dementia with Lewy bodies (DLB) (Bang et al.
2015). In the early-onset group (< 65 years) it is the second most common dementia
(Ratnavalli et al. 2002, Rascovsky et al. 2011) but the estimates on overall prevalence in
all age groups vary from 2.7 / 100 000 in the Netherlands (Rosso et al. 2003) to 35 /
100 000 in Italy (Bernardi et al. 2012, Gilberti et al. 2012). In Finland the prevalence of
FTD is 26.8 / 100 000 in the age group of 45 — 70 year-olds (Luukkainen et al. 2015).

Studies on the incidence of FTD are scarce. The reported incidences range from 1.3
/ 100 000 (Garre-Olmo et al. 2010) to 3.5 — 4 / 100 000 (Mercy et al. 2008, Knopman
and Roberts 2011). The mean incidence during a 5-year period was 5.54 / 100 000 in
the age group 45 — 65 years in Northern Finland (Luukkainen et al. 2015).

2.3.2. Clinical features

FTD can be divided into two main categories depending on the initial clinical
manifestations. The behavioural-variant FTD (bvFTD) presents with changes in
personality and behaviour, and deficits in executive functions (Rascovsky et al. 2011).
This type is the most common FTD, comprising 50% of FTD patients, with the typical age
of onset before 65 years (Johnson et al. 2005, Josephs et al. 2011). The other category
is characterised by language difficulties as the presenting symptom. Patients with non-
fluent variant primary progressive aphasia (NFV-PPA) have progressive impairment of
speech production and grammar, while patients with semantic-variant primary
progressive aphasia (SV-PPA) have progressive difficulties in naming objects and
impairment of single-word comprehension but preserved speech production (Gorno-
Tempini et al. 2011). NFV-PPA is the second most common type of FTD that accounts
for 25% of patients, the remaining 20 to 25% of FTD being SV-PPA (Johnson et al. 2005).
As the disease progresses, the distinctive clinical features of behavioural and language
variants begin to converge. The degenerative pathological process leads to global
cognitive impairment and motor deficits (Bang et al. 2015). Mild motor neuron disease
develops in up to 40% of FTD patients, more often associated with the bvFTD variant
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(Burrell et al. 2011). Parkinsonism is seen in 20% of patients, again more prominent in
the bvFTD group (Bang et al. 2015).

A brain MRI or CT reveals bilateral frontal and anterior temporal lobe atrophy
(Rosen et al. 2002). Hypoperfusion or hypometabolism of the affected brain areas are
demonstrable with functional brain imaging, such as fluorodeoxyglucose-PET (FDG-
PET), functional MRI or SPECT (single-photon emission computed tomography) (Le Ber
et al. 2006).

2.3.3. Neuropathology

The clinical manifestations of FTD result from different entities of frontotemporal lobar
degenerations (FTLD). The different clinical presentations reflect the underlying
patterns of brain atrophy. In bvFTD, symmetrical atrophy of the frontal lobes, insula,
anterior cingulate and anterior temporal lobes is the typical pattern. SV-FTD results
from asymmetric atrophy of the left anterior inferior temporal lobe. NFV-PPA is
characterised by asymmetric atrophy of the perisylvian cortex. (Rosen et al. 2002)

Microscopical examination of the brain of a FTD patient reveals neuronal loss, gliosis
and microvacuolar changes (spongiosis) in frontal lobes, anterior temporal lobes,
anterior cingulate cortex and the insular cortex (Rosen et al. 2002). Abnormal protein
inclusions are seen in neurons and glia cells (Figure 4). Based on the composition of
these inclusions, FTLD can be divided into three main types: FTLD-TAU (with
microtubule-associated protein tau -positive inclusions), FTLD-TDP (with transactive
response (TAR) DNA-binding protein 43, TDP-43-positive inclusions) and FTLD-FUS (with
fused-in-sarcoma, FUS-positive inclusions). These three types comprise nearly all FTLD.
Rare FTLD cases, different from the main types, such as FTLD-UPS (with ubiquitin
proteasome system/p62, UPS-positive inclusions) are also known (Mackenzie et al.
2010).

\ A B

- i -
Figure 4. Frontotemporal dementia with parkinsonism due to the tau S305S mutation. (A) A frontal
cortical neuron harbours a prominent cytoplasmic inclusion positive for hp-tau (open arrow). The
cytoplasms of an astrocyte (long arrow) and an oligodendrocyte (short arrow) are more weakly
immunopositive for hp-tau. (B) The cytoplasm of one oligodendrocyte (short black arrow) and that of
one astrocyte (long black arrow) are hp-tau positive. Another oligodendrocyte (short white arrow) is
hp-tau negative as is also the cytoplasm of two neurons (open arrows). Courtesy of Professor Hannu
Kalimo.
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FTLD-TAU accounts for 36 — 50% of all FTLD. It is characterised by paired helical or
straight filaments of hyperphosphorylated tau protein in neurons and glia cells. The
most common subtypes are Pick’s disease, corticobasal degeneration (CBD) and
progressive supranuclear palsy (PSP) (Baborie et al. 2011, Josephs et al. 2011, Sieben et
al. 2012). Other, less common, subtypes of FTLD-TAU are argyrophilic grain disease
(Braak and Braak 1987), multiple system tauopathy with dementia (Bigio et al. 2001)
and diffuse neurofibrillary tangle dementia with calcifications (Kosaka 1994). The
different types are identifiable by the distinctive morphology of the tau-inclusions:
Rounded cytoplasmic Pick bodies are seen in neurons in Pick’s disease (Dickson 2001),
astrocytic plaques, pre-tangles, neuritic threads, ballooned neurons and
oligodendroglial coiled bodies are typical of CBD (Dickson et al. 2002) and PSP is
characterised by astrocytic lesions (tufted astrocytes), granular neuronal inclusions and
globose tangles (Dickson 1999).

FTLD-TDP accounts for approximately 50% of all FTLD cases (Josephs et al. 2011,
Sieben et al. 2012). This group can be divided into four subtypes (A, B, C and D) based
on the morphology and distribution of the TDP43-positive inclusions (Mackenzie et al.
2006, Sampathu et al. 2006, Mackenzie et al. 2011b). FTLD-TDP type A is the most
common form. It is characterised by short dystrophic neurites (DN) and crescent-
shaped or oval neuronal cytoplasmic inclusions (NCI) in neocortical layer 2. Moderate
numbers of NCls, but no dystrophic neurites are seen in all cortical layers in type B.
Long dystrophic neurites but only a few NCIs can be detected in the upper cortical
layers in type C, and short DNs and neuronal intranuclear inclusions are typical of type
D (Mackenzie et al. 2011b).

Approximately 10% of FTLD cases are classified as FTLD-FUS (Mackenzie et al.
2011a). This group includes atypical FTLD with ubiquitin inclusions (aFTLD-U) that
clinically manifests as sporadic, early-onset FTD with behavioural disturbances but no
language impairment or motor symptoms (Mackenzie et al. 2008, Roeber et al. 2008,
Neumann et al. 2009a). Other FUS pathologies are neuronal intermediate filament
inclusion disease (Neumann et al. 2009b) and basophilic inclusion body disease (Munoz
et al. 2009). The FUS inclusions in aFTLD-U, NClIs and vermiform neuronal intranuclear
inclusions, are prominent in the dentate gyrus (Mackenzie et al. 2011a).

2.3.4. Genetics

Up to 40% of FTD patients have a family history of dementia and autosomal dominant
inheritance is evident in 10 — 15% of all cases (Goldman et al. 2005, Rohrer et al. 2009).
Mutations in four genes cover more than half of all inherited cases (Table 2a): the most
common mutation is the hexanucleotide repeat expansion in chromosome 9 open
reading frame 72 (C9orf72), followed by mutations in granulin (GRN) and microtubule-
associated protein tau (MAPT).
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Table 2a. Genes causative of frontotemporal dementia (FTD). ALS = amyotrophic lateral sclerosis, MND
= motor neuron disease. Frequency indicates proportion of inherited FTD. Rare variants are seen in less
than 5% of patients. Data adapted from Bang et al. (2015) and Woollacott and Rohrer (2016).

Genes Frequency Pathways Clinical Neuropathological Reference
presentation presentation

CYorf72 13-50%  endosomal bvFTD (with  FTLD-TDP type B or Delesus-Hernandez et al.
trafficking, RNA-  or without C (2011), Renton et al.
foci formation, MND), ALS (2011)
transcription
processing

GRN 5-20% lysosome- bvFTD,NFV-  FTLD-TDP type A Baker et al (2006), Cruts
mediated protein  PPA, CBD et al. (2006)
degradation,
neurotrophic
function,
inflammatory
reaction

MAPT 5-20% microtubule bvFTD, FTLD-TAU, CBD, Wilhelmsen et al. (1994),
stabilisation parkinsonism PSP Hutton et al. (1998)

TARDBP rare transcription, FTD-MND, FTLD-TDP A or B Borroni et al. (2009),
translation, MND Synofzik et al. (2014)
splicing, RNA
transport

FUS rare transcription, FTD-MND, FTLD-FUS Kwiatkowski et al.
translation, MND, bvFTD (2009), Ticozzi et al.
splicing, RNA (2009), Van Langenhove
transport, DNA et al. (2010)
damage repair

VCP rare ubiquitin- FTD FTLD-TDP type D, Watts et al. (2004)
proteasome- FTLD-FUS
mediated protein
degradation

CHMP2B rare lysosome- bvFTD, FTD-  FTLD-UPS Skibinski et al. (2005)
mediated protein MND
degradation,
autophagy

TBK1 rare autophagy, bvFTD with or TDP-43 Freischmidt et al. (2015),
protein without Gijselinck et al. (2015), Le
homeostasis, MND, PPA Ber et al. (2015), Pottier et
vesicle transport al. (2015)

SQSTM1 rare autophagy, FTD-MND TDP-43? Le Ber et al. (2013)
protein
homeostasis,
vesicle transport

UBQLN2 rare autophagy, ALS-FTD TDP-43? Gellera et al. (2013)
protein
homeostasis,
vesicle transport

CCNF rare ubiquitin- ALS-FTD not known Williams et al. (2016)
mediated protein
degradation

CHCHD10 rare mitochondrial ALS-FTD not known Bannwarth et al. (2014)

function
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Table 2b. Genes associated with frontotemporal dementia (FTD). OR = odds ratio, MAF = minor allele
frequency. Data adapted from Bang et al. (2015) and Woollacott and Rohrer (2016).

Associated Pathway Risk Impact MAF Reference

loci variant

TMEM106B  protein metabolism, RNA rs1990622 low (OR<2) >10% Van Deerlinetal.
metabolism (2010)

RAB38/ CTSC lysosomal function rs302668 low (OR<2) >10% Ferrari et al. (2014)

HLA-DRA, immune response rs9268877 low (OR<2) >10% Ferrari et al. (2014)

HLA-DRB5

The C9orf72 hexanucleotide expansion was identified in FTD and ALS patients using
NGS-based methods (Delesus-Hernandez et al. 2011, Renton et al. 2011). The
expansion is a common cause for both ALS and FTD in the Finnish population; it was
detected in 113 of 402 ALS patients (28.1%) and in 22 of 75 FTD patients (29.3%)
(Renton et al. 2011). Worldwide, GRN and MAPT mutations are common in FTD, but
among Finnish FTD patients they are rare. Two studies on FTD patients from Northern
Finland identified no causative mutations in either GRN (Krlger et al. 2009) or MAPT
(Kaivorinne et al. 2008). Thus far, only one causative MAPT mutation (p.S305S resulting
in increased exon 10 splicing and 4R tau in cell models) has been described in Finland
(Skoglund et al. 2008). Based on data from the Alzheimer Disease & Frontotemporal
Dementia Mutation Database (Cruts et al. 2012) and the most recent publications, 82
different pathogenic mutations have been reported in GRN in different populations
(Cioffi et al. 2016, Shi et al. 2016, Taghdiri et al. 2016), and at least 50 causal MAPT
mutations are currently known (Tacik et al. 2015a, Tacik et al. 2015b, Shi et al. 2016,
Tacik et al. 2016, Tang et al. 2016). Causal mutations in the other associated genes
besides GRN and MAPT are rare in pure FTD (Bang et al. 2015). Three risk modifying loci
have been identified using GWAS (Table 2b).

2.3.5. Hypotheses on pathogenesis

As FTD is associated with genetic variation in several genes with different biological
functions, it is expected that multiple disease mechanisms are involved in the
pathogenetic process. It is noteworthy that there is no clear correlation between
genetics and neuropathology. A small number of FTD-TAU cases have mutations in the
MAPT gene, and FTD-TDP is more often linked to mutations in GRN and C9orf72 than
TARDBP (Table 2a). This suggests that the neuropathology results from more complex
interactions.

Known functions of the FTD-associated genes cluster in different pathways.
Dysregulation of RNA metabolism (transcription, processing, transport and
degradation) is implicated by C9orf72, TARDBP and FUS. Different possible
pathogenetic mechanisms of C9orf72 expansions have been proposed. Several studies
point to a gain-of-function mechanism, either by protein-sequestering RNA molecules
or dipeptide repeat protein-mediated toxicity. Both have been suggested to induce
nuclear stress and impair nucleocytoplasmic trafficking (reviewed by Hausler et al.
(2016).
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Recent co-expression network analysis by Ferrari et al. (2016) implicated three
pathways (Figure 5): (1) the DNA and chromatin pathway (MAPT and GRN), (2) immune-
and lysosomal-related processes in microglia (the HLA locus, CTSC, GRN (Lui et al.
2016)), and (3) autophagy and ubiquitin-mediated protein degradation (TMEM1068,
C9orf72, VCP, UBQLN2).

DNA, RNA and

chromatin biology Immune response

Protein homeostasis

MAPT, GRN, C9orf72, TARDBP, FUS GRN, HLA, CTSC TMEM106B, C9orf72, VCP, UBQLN?Z,

TBK1, CHMP2B, SQSTM1, CCNF

Impaired protection from
apoptosis; aberrant
transcription and
RNA metabolism

Microglial activation,
phagocytosis, lysosomal
processing

Impaired clearance
of protein aggregates

Accumulation of abnormal protein inclusions;
neurodegeneration

Figure 5. A hypothetical model of the pathways involved in the pathogenesis of frontotemporal lobar
degeneration (FTLD). Data adapted from Ferrari et al. (2016) and the publications listed in Tables 2a and
2b.

2.4. a-synucleinopathies

The term a-synucleinopathy is used to describe a spectrum of neurodegenerative
diseases characterised by the neuropathological hallmark of abnormal accumulation of
insoluble a-synuclein aggregates in neuronal or glial cells (Spillantini et al. 1997). The
characteristic neuronal intracytoplasmic eosinophilic inclusions (Lewy bodies) were first
described by Friedrich Lewy in 1912 (Lewy 1912). The group of a-synucleinopathies
includes Parkinson’s disease (PD), dementia with Lewy bodies (DLB) and multiple
system atrophy (MSA), now thought to represent a continuum of the same underlying
pathology.



Review of the Literature 31

2.4.1. Parkinson’s disease

In 1817, James Parkinson described a series of patients with shaking palsy. The patients
had resting tremor, disturbances of posture and gait, and diminished muscle strength
(Parkinson 1817). This clinical presentation was later named Parkinson’s disease (OMIM
#168600).

2.4.1.1. Epidemiology

The estimated mean worldwide prevalence of PD is 300 / 100 000 (range 31 — 970 /
100 000) (Wirdefeldt et al. 2011). In Finland, the prevalence has been estimated at 166
/ 100 000 (Kuopio et al. 1999). The frequency increases with increasing age with an
estimated 1% of people over 60 years and 4% of people over 80 years of age affected
(de Lau and Breteler 2006).

PD incidence across all age groups varies from 1.5 to 22 / 100 000 person-years. A
marked increase in incidence, 410 — 529 / 100 000 person-years, is seen in the older age
groups (> 65 years of age) (Wirdefeldt et al. 2011).

2.4.1.2. Clinical features

PD is characterised by resting tremor, bradykinesia, rigidity and impairment of postural
reflexes. The diagnosis is based on these typical clinical symptoms, exclusion of other
possible causes and supportive features, such as unilateral onset of the symptoms
(Hughes et al. 1992).

The first symptoms typically start unilaterally and contralateral symptoms develop
within a few years. The patients may develop a shuffling gait and absent arm swing.
Bradykinesia may cause hypomimia and decreased letter size in hand writing,
micrographia. Limb tremor, especially pill-rolling type of hand tremor, is commonly
seen (Jankovic 2008). Impairment of postural reflexes may lead to falls and injuries.

The patients may also have pre-motor symptoms which can appear even a decade
before the typical PD symptoms. These include disturbances in autonomic function
(orthostatic hypotension, constipation, excessive sweating), sleep disturbances (shallow
sleep, frequent awakenings, excessive daytime sleepiness), neuropsychiatric symptoms
(visual hallucinations, impulse control disorders, depression, anxiety), dementia and
sensory symptoms (olfactory loss, limb pain) (reviewed by Sveinbjornsdottir (2016)).

Conventional MRI or CT imaging are not diagnostic in PD (Hu et al. 2001), but MRI
can be used to rule out other causes for parkinsonism, such as basal ganglia tumours.
Functional imaging can be used to monitor cerebral flow and hypometabolism (PET) or
dopamine transporter activity (DaT-SPECT) (Benamer et al. 2003).

2.4.1.3. Neuropathology

The pathology of PD primarily affects the dopaminergic neurons of the substantia nigra
that project to the putamen and caudate nucleus in the midbrain. This neuronal loss
can be seen as depigmentation in the substantia nigra and locus coeruleus, correlating
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with loss of dopaminergic and noradrenergic neurons in these brain areas (Dickson
2012). Microscopically, the typical finding in PD is the presence of Lewy bodies (LB) and
Lewy neurites (LN), collectively referred to as Lewy-related pathology (LRP) (Figure 7).
LBs are cytoplasmic inclusions composed of fibrillary a-synuclein, whereas LNs are
depositions of a-synuclein in neuronal processes (Spillantini et al. 1997). LBs are not
restricted to the SN; instead, they are seen in multiple brain areas (Jellinger 1991). A
staging scheme of a-synuclein pathology based on Lewy neurites has been proposed
(Braak et al. 2004). The model suggests that a-synuclein inclusions first appear in the
dorsal vagal nucleus and in the anterior olfactory nucleus, then the locus coeruleus and
substantia nigra, and in the later stages spread to the basal forebrain, amygdala and the
medial temporal lobe. The hypothesis is that non-motor symptoms correlate with the
earliest a-synuclein pathology and the typical motor symptoms follow when the
pathology reaches the substantia nigra. The last stages with cortical a-synuclein
pathology would then be associated with cognitive problems. The general principles of
this hypothesis have been confirmed in several PD cohorts (Jellinger 2003, Parkkinen et
al. 2003), but the model does not fit all LB disorders equally well (Dickson et al. 2010).

2.4.1.4. Genetics

Most PD cases are sporadic with late onset. Approximately 10% of patients have a
positive family history, sometimes compatible with autosomal dominant inheritance
(Barrett et al. 2015). In the Finnish EOPD cohort a positive family history was reported
by 30.6% of the patients with 11.8% of the patients having an affected first-degree
relative (Ylikotila et al. 2015).

The first causative mutation linked to PD, p.Ala53Thr in the gene coding for a-
synuclein (SNCA), was found in a large Italian kindred and in Greek PD families
(Polymeropoulos et al. 1997). Haplotype analysis suggested that the Italian and Greek
families originated from a common ancestor (Athanassiadou et al. 1999). Only a few
other SNCA point mutations have been described, p.Ala30Pro (Kriiger et al. 1998),
p.Glud6bLys (Zarranz et al. 2004), p.His50GIn (Appel-Cresswell et al. 2013), and
p.Gly51Asp (Kiely et al. 2013), suggesting that they are rare causes of inherited PD.
Triplications (Singleton et al. 2003) and duplications (Chartier-Harlin et al. 2004) of
SNCA are also causative of autosomal dominant PD and have a dosage-dependent
effect on the clinical presentation (Fuchs et al. 2007). Genetic variation in SNCA has also
proven to be associated with a risk for sporadic PD (Nalls et al. 2011).

Linkage analyses in large families allowed the identification or several other loci
causative of familial PD. In addition to SNCA, LRRK2 and VPS35 have been linked to
autosomal dominant PD. Eight genes have been detected in autosomal recessive PD:
PARK2, PINK1, DJ-1/PARK7, ATP13A2, PLA2G6, FBXO7, DNAJC6, and SYNJ1. However, these
causative genes explain only a small fraction of all PD cases. The clinical presentation varies
from typical early-onset PD to atypical parkinsonism with juvenile onset (Table 3a).

Family-based studies and candidate gene studies identified high-risk variants in
LRRK2 and GBA. GWAS on sporadic PD have identified 25 additional predisposing loci
with common variants that confer a low risk (Table 3b).
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2.4.1.5. Hypotheses on pathogenesis

Several molecular pathways interacting with environmental factors are involved in the
pathogenesis of PD (Figure 6), but the exact mechanisms are still elusive. The central
pathway involves the formation of a-synuclein aggregates and defective clearance of
these aggregates leads to the accumulation of LBs and LNs. Several PD-associated genes
are known to regulate mitochondrial function, especially mitochondrial dynamics.
Mitochondrial dysfunction is linked to oxidative damage, a-synuclein aggregation,
toxins, Ca?* metabolism and glutamate-mediated excitotoxicity (Ryan et al. 2015).
Excitotoxicity is also controlled by dopamine (Vaarmann et al. 2013). Local immune
response (microglial activation) is suggested by DJ-1/PARK7. Impairment of synaptic
function is implicated by several risk genes.

Mitochondrial
dysfunction: redox state,
dynamics, mitophagy

| t f
PINK1, Parkin, FBXO7, PLA2GS,
ATP13A2, DJ-1, LRRK2
mtDNA mutations and haplotype

Oxidative stress Toxins (MPTP, rotenone) Ca” dysregulation

Glutamate-mediated

excitotoxicity
alpha-synuclein aggregation Defective degradation
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Figure 6. A hypothetical presentation of the pathways implicated in the pathogenesis of Parkinson’s
disease (PD). MPTP = 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine.

2.4.2. Dementia with Lewy bodies

Dementia with Lewy bodies (DLB, OMIM #127750) is a common form of dementia,
estimated to represent up to 20% of all dementias (McKeith et al. 2004). The
association between dementia and cortical Lewy bodies was noted by Okazaki et al.
(1961). Some twenty years later, the disease entity was named ‘diffuse Lewy body
disease’ (Kosaka et al. 1984) but variable terminology was in use until the consensus
term ‘dementia with Lewy bodies’ was adopted in 1996 (McKeith et al. 1996).
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2.4.2.1. Epidemiology

The estimated prevalence of DLB varies greatly between studies. A recent systematic
review of 22 studies by Hogan et al. (2016) showed point prevalence estimates from
0.02 to 33.3 per 1000 person years, increasing with age. The highest of these point
prevalences (33.3/1000) was from a Finnish population-based study (Rahkonen et al.
2003). The incidence of DLB ranged from 0.5 to 1.6 per 1000 person years (Hogan et al.
2016).

2.4.2.2. Clinical features

Clinically, DLB typically manifests as a combination of dementia and parkinsonism. The
revised diagnostic criteria of DLB list the defining clinical features. The central feature of
DLB is progressive fluctuating cognitive decline that interferes with daily living. The
clinical findings overlap those seen in Parkinson’s disease dementia (PDD) (Lippa et al.
2007). Cognitive impairment is often the first symptom in DLB, and its onset is used for
distinguishing DLB from PDD: when dementia develops within 12 months of the onset
of parkinsonian symptoms (if they are present), the primary diagnosis is DLB. Two of
the core features, fluctuating cognition, visual hallucinations and parkinsonian
symptoms, are required for DLB diagnosis (McKeith et al. 2005, Fujishiro et al. 2008).

2.4.2.3. Neuropathology

In addition to the typical Lewy bodies and Lewy neurites (Figure 7), neuritic plagues and
neurofibrillary tangles are frequently seen in DLB (Mattila et al. 1998). Consequently,
the neuropathological diagnosis of DLB is based on the abundance and distribution of
Lewy-related pathology and absence of concurrent severe (= Braak stage V)
neurofibrillary AD pathology (McKeith et al. 2005). Three patterns of LRP, i.e. brainstem
predominant, limbic and neocortical, have been described and thus the severity of LRP
in all these brain areas should be scored (McKeith et al. 2005).

Figure 7. Dementia with Lewy bodies (DLB). a-synuclein immunostaining discloses two rounded Lewy
bodies (red inclusions; black arrows), a discontinuous thickened Lewy neurite (open arrow) and tiny
scattered background threads in the hippocampal CA2-sector of a patient with DLB. a-synuclein and
hematoxylin counterstaining. Courtesy of Professor Hannu Kalimo.
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2.4.2.4. Genetics

DLB has been considered a sporadic disorder, but familial aggregation of the clinical
core features has been observed (Nervi et al. 2011). Large case-control studies have
identified AD- and PD-related genes, such as APOE, LRRK2 and GBA, as risk factors for
developing DLB (Table 4). Causal segregating variants have not been identified. Linkage
to 2g35-36 has been reported in one large family, but the causal gene has not been
identified despite extensive candidate gene screening (Bogaerts et al. 2007). However,
individuals with pathogenic variants in AD- and PD-related genes may have clinical or
neuropathological findings compatible with DLB (Table 4). Well-known examples of this
clinical variability are the SNCA mutations (triplication, p.Glu46Lys and p.Ala53Thr) with
diverse phenotypes ranging from typical PD to DLB even within families. The same
phenomenon has been noticed for the APP (Guyant-Marechal et al. 2008), PSEN1 and
PSEN2 mutations (Meeus et al. 2012), supporting the hypothesis that AD, PDD and DLB
might in fact represent different clinical presentations of the same underlying
pathological continuum.

Table 4. Genes linked to dementia with Lewy bodies (DLB). N/A = not analysed, OR = odds ratio.

Gene / locus Mutation Reference
SNCA triplication Singleton et al. (2003)
p.Glud6Lys Zarranz et al. (2004)
p.Ala53Thr Morfis and Cordato (2006)
unknown locus on  not known Bogaerts et al. (2007)
2935-36
Risk genes Variant Impact Reference
APOE €4 high (OR>2) Hardy et al. (1994), Bras et al.
(2014)
GBA pathogenic mutations high (OR>2) Clark et al. (2009), Tsuang et
(p.Asn370Ser the most frequent) al. (2012)
LRRK2 p.Gly2019Ser N/A Ross et al. (2006)
SCARB2 rs6812193 low (OR<2) Brasetal (2014)
SPTBN1 rs7595929 N/A Peuralinna et al. (2015)
HLA-DPA1/DPB1 rs9277685 N/A Peuralinna et al. (2015)

2.4.2.5. Hypotheses on pathogenesis

The pathogenetic mechanisms leading to DLB are poorly known. As mutations in PD- and
AD-linked genes may also manifest as DLB, it can be presumed that the same molecular
mechnisms apply to them all. Lysosomal function is suggested to be involved in the
aetiology of DLB based on associations with GBA and SCARB2 (Bras et al. 2014). The role
of environmental or epigenetic factors has not been studied. The role of a-synuclein
inclusions in the pathogenesis of PD, DLB and MSA is discussed in Chapter 2.4.4.2.
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2.4.3. Multiple system atrophy

Multiple system atrophy (MSA, OMIM #146500) is a rare neurodegenerative disease
with progressive autonomic failure, parkinsonism and cerebellar and pyramidal
features. The clinical features can occur in various combinations. Early reports of
patients with possible MSA date back to the early 1900s (Dejerine and Thomas 1900,
Bradbury and Eggleston 1925). For decades, varying nomenclature was used to describe
the disease then thought to represent three different entities: olivopontocerebellar
atrophy (Dejerine and Thomas 1900), striatonigral degeneration (Adams et al. 1964)
and Shy—Drager syndrome (Shy and Drager 1960). The term ‘multiple system atrophy’
was suggested by Graham and Oppenheimer (1969) to combine the three
manifestations under a single entity for practical reasons. This practical approach
proved to be correct on the neuropathological level when glial cytoplasmic inclusions
(GCls) in oligodendrocytes were identified in the brains of patients from all three
entities (Papp et al. 1989).

2.4.3.1. Epidemiology

The epidemiology of MSA is poorly known. Based on two retrospective studies, the
estimated point prevalence of MSA is 3.4 — 4.9 per 100 000 person years and 7.8 per
100 000 when considering the age group of over 40 year-olds (Schrag et al. 1999).
Incidence is estimated to be 0.6 — 0.7 per 100 000 person years (Bower et al. 1997).

2.4.3.2. Clinical features

The characterisctic clinical features of MSA are autonomic failure, parkinsonism,
cerebellar ataxia and/or corticospinal tract dysfunction (Gilman et al. 2008). The mean
age of onset is 55 — 58 years and the mean survival 7 — 9 years (O'Sullivan et al. 2008).
Autonomic symptoms involve the gastrointestinal, cardiovascular and urogenital
systems. Typical symptoms include bladder or erectile dysfunction and orthostatic
hypotension. Parkinsonism including bradykinesia with rigidity, tremor or postural
instability is seen in most MSA patients. However, the typical pill-rolling rest tremor of
PD is uncommon and postural instability is worse in MSA than in PD. Cerebellar ataxia
typically manifests as gait ataxia and concurrent cerebellar dysarthria (Gilman et al.
2008). Recent reports suggest cognitive decline of variable degree in 14 — 18% of cases
(O'Sullivan et al. 2008, Brown et al. 2010).

Based on the most prominent motor symptom at the time of evaluation, MSA is
divided into two categories: MSA with predominant parkinsonism (MSA-P) and MSA
with predominant cerebellar ataxia (MSA-C). Diagnostic classification is divided into
three classes of probable, possible and definite MSA. Probable MSA can be diagnosed in
a sporadic patient with adult-onset severe autonomic failure and poorly levodopa-
responsive parkinsonism or cerebellar syndrome. Parkinsonism or cerebellar syndrome
combined with at least one symptom suggestive of autonomic dysfunction and one
additional feature (e.g. structural or functional brain imaging findings suggesting
possible MSA-P or MSA-C) are required in possible MSA (Gilman et al. 1999).
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Neuropathological confirmation of a-synuclein positive glial cytoplasmic inclusions
(GCIs) in oligodendrocytes together with neurodegenerative changes in
olivopontocerebellar and striatonigral structures is required for a definite MSA
diagnosis (Gilman et al. 2008).

Structural and functional brain imaging can be useful in diagnostics. Atrophy of the
putamen, pontine, and middle cerebellar peduncle revealed by MRI is suggestive of
MSA (Seppi et al. 2005). Functional FDG-PET imaging can be used to demonstrate
striatal or brainstem hypometabolism and differentiate between parkinsonian and
cerebellar MSA (Gilman 2005).

2.4.3.3. Neuropathology

Macroscopic examination of an MSA brain shows olivopontocerebellar or striatonigral
atrophy of varying degree, broadly corresponding to clinical MSA-C and MSA-P,
respectively. Depigmentation of the substantia nigra is a typical finding, especially in
MSA-P (Ahmed et al. 2012).

Microscopically, MSA is characterised by neuronal loss, gliosis, myelin loss and axonal
degeneration (Ahmed et al. 2012). Severe neuronal loss is seen especially in the
substantia nigra (Ozawa et al. 2004). The defining neuropathological finding in MSA is the
presence of glial cytoplasmic inclusions in a widespread distribution in multiple brain
areas (Figure 8). These inclusions are found in oligodendrocytes near the nucleus or
surrounding it. Additionally, neuronal cytoplasmic, neuronal nuclear and glial nuclear a-
synuclein-positive inclusions may be detected (Ahmed et al. 2012). The morphology of
GCls is variable, with triangular, sickle, half-moon, oval and conical inclusions being the
most common (Papp et al. 1989). The main constituent of GCls is a-synuclein (Spillantini
et al. 1998, Wakabayashi et al. 1998), but immunohistochemistry has revealed several
other proteins (e.g. ubiquitin, LRRK2, Parkin, p25a) to be part of the protein aggregates
(Jellinger and Lantos 2010). GCls are especially abundant in pyramidal, extrapyramidal,
corticocerebellar and preganglionic autonomic regions (Papp and Lantos 1994).
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Figure 8. Multiple system atrophy (MSA): In a striatal bundle of myelinated nerve fibres (running from
upper left to lower right) the majority of oligodendroglial cells harbour a-synuclein positive cytoplasmic
inclusions (brown dots). a-synuclein and hematoxylin counterstaining. Courtesy of Professor Hannu
Kalimo.
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2.4.3.4. Genetics

Most MSA cases are sporadic. However, a few families with autosomal dominant or
recessive inheritance have been described (Soma et al. 2006, Hara et al. 2007, Wiillner
et al. 2009, Multiple-System Atrophy Research Collaboration 2013, Itoh et al. 2014). For
most cases, the underlying mutation is unknown. SNCA seems to be involved in two
ways. Pathogenic mutations such as p.Gly51Asp and multiplications may result in MSA-
like clinical and neuropathological features (Fuchs et al. 2007, Kiely et al. 2013).
Furthermore, certain variants in SNCA have been demonstrated to increase MSA risk in
European patient cohorts (Al-Chalabi et al. 2009, Scholz et al. 2009). However, a recent
larger GWAS on MSA patients of European ancestry failed to confirm this association
(Sailer et al. 2016).

An association between MSA and variants in COQ2 coding for coenzyme Q; has been
proposed in Japanese patients (Multiple-System Atrophy Research Collaboration 2013),
but the finding has not been replicated in other populations (Schottlaender et al. 2014,
Sharma et al. 2014). Similarly, copy number variations of SHC2 have been linked to MSA
in Japanese patients (Sasaki et al. 2011), but this association was not replicated in a US
patient cohort (Ferguson et al. 2014). These discordant findings in different populations
suggest a specific genetic aetiology for MSA in Japan.

2.4.3.5. Hypotheses on pathogenesis

The pathogenetic mechanisms of MSA are poorly known. However, a hypothetical
model of primary oligodendroglial degeneration has been proposed (Ahmed et al. 2012,
Fanciulli and Wenning 2015) (Figure 9): in situ immunofluorescence protein localisation
assays on a human MSA brain have suggested relocalisation of the myelin-stabilising
protein p25a from the myelin into the soma of oligodendroglia (Song et al. 2007),
causing myelin dysfunction, oligodendrocyte swelling and abnormal uptake or
overexpression of a-synuclein in the oligodendrocytes (Asi et al. 2014, Reyes et al.
2014). Myelin dysfunction leads to microglial activation. Oligodendroglial a-synuclein
forms fibrils that aggregate into GCls along with p25a, resulting in the death of
oligodendroglia and further microglial activation (Ahmed et al. 2012). Misfolded a-
synuclein is released into the extracellular space from the dysfunctional
oligodendrocytes and may spread in a prion-like manner to other brain areas (Watts et
al. 2013, Goedert 2015).
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Figure 9. A hypothetical model for the pathogenesis of multiple system atrophy (MSA). Figure based on
Ahmed et al. (2012), and Fanciulli and Wenning (2015). GCI = glial cytoplasmic inclusion.

2.4.4. Mechanisms of a-synuclein aggregation

2.4.4.1. The structure and function of a-synuclein

SNCA codes for a member of the synuclein protein family. The gene consists of six
exons and produces a polypeptide of 140 amino acids. Three different domains have
been identified. The N-terminal end (amino acid residues 1 — 60) contains six
apolipoprotein binding motifs that can form amphipatic helices, followed by a central
hydrophobic NAC region (non AR component) essential for aggregation (amino acid
residues 61 — 95), and an acidic carboxyterminus (amino acid residues 96 — 140) (Figure
10) (Stefanis 2012).
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Figure 10. Schematic presentation of the SNCA gene with the locations of pathogenic point mutations
marked in pink, based on Stefanis (2012). The N-terminal apolipoprotein binding motifs contain the
pathogenic mutations. The NAC domain is essential for B-sheet formation. The N-terminal acidic tail does
not form secondary stuctures. Pathogenic point mutations (marked in pink) cluster in the N-terminal
portion.

SNCA is highly expressed in the nervous systems, especially in the presynaptic
terminals (Maroteaux et al. 1988, Jakes et al. 1994). The exact functions of SNCA are
still somewhat unclear, but it is likely involved in modulation of synaptic activity by
participating in vesicle release (Bendor et al. 2013). The structure of SNCA is still under
debate, but under physiological conditions it seems to reside in the cytoplasm,
predominantly as unfolded monomers that interact with membranes forming a-helical
assemblies (Fauvet et al. 2012, Theillet et al. 2016). The balance between unfolded and
a-helical structures may be shaken by disease or normal ageing (Gibb and Lees 1988,
Parkkinen et al. 2003), resulting in excessive amounts of unfolded monomers (Peelaerts
and Baekelandt 2016b). The unfolded state is thermodynamically unfavourable,
resulting in aggregation of small oligomeric assemblies stabilised by B-sheet formations.
These oligomers can assemble into insoluble protofibrils that stack together to form
amyloidogenic fibrils (Peelaerts and Baekelandt 2016a).

2.4.4.2. Formation of a-synuclein inclusions

Increased expression resulting from duplications and triplications of wild-type SNCA is
sufficient to cause aggregation of the protein resulting in neurodegeneration (Singleton
et al. 2003, Ross et al. 2008a, Devine et al. 2011). All pathogenic point mutations
identified thus far cluster in the N-terminal domain that can form alpha-helical
structures upon binding to lipids (Figure 6). They may alter the fibrillisation rate
(Conway et al. 1998), aggregation propensity (Rutherford et al. 2014) and membrane-
binding capacity of the protein (Jensen et al. 1998).

Oligomeric and fibrillar forms of a-synuclein are toxic to neurons (Winner et al.
2011, Pieri et al. 2012). They have been shown to impair synaptic (Cheng et al. 2011)
and mitochondrial function (Elkon et al. 2002), increase production of intracellular
reactive oxygen species (Junn and Mouradian 2002), disrupt plasma membrane
integrity (Volles et al. 2001, Volles and Lansbury 2002), and inhibit ubiquitin-mediated
protein degradation (Emmanouilidou et al. 2010). The oligomers seem capable of
spreading from cell to cell and by ‘seeding’ even initiate pathology, in a similar manner
to prions (Yonetani et al. 2009, Luk et al. 2012, Goedert et al. 2016).
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Recent reports by Guo et al. (2013) and Peelaerts et al. (2015) suggest that different
a-synuclein fibrillary polymorphs with different conformations (also called strains) lead
to different disease phenotypes in mouse models. This concept could well explain the
neuropathological and clinical variability observed in a-synucleinopathies.

2.5. Primary familial brain calcification

Primary familial brain calcification (PFBC, OMIM #213600) has previously been known
as idiopathic basal ganglia calcification (IBGC) and Fahr’s disease. The case described by
Theodor Fahr (1930) was generally considered the first report of PFBC and thus the
term ‘Fahr’s disease’ was widely adopted to describe the radiological and pathological
findings of this disease. However, the calcifications were predominantly found in the
white matter and were virtually absent in the basal ganglia (Fahr 1930). According to
current knowledge, the calcifications and clinical presentation of this patient could be
attributable to hypoparathyroidism (Klein and Vieregge 1998). Additionally, bilateral
striatal calcifications in an elderly demented patient were described in the 1850s
(Delacour 1850), more likely representing a true case of bilateral basal ganglia
calcification. IBGC was the other term used for this disease, but it can no longer be
regarded as idiopathic since the genetic aetiology is known in many cases. In addition,
the calcifications are not limited to basal ganglia (discussed in detail in Chapter 2.5.3).
Consequently, the term ‘primary familial brain calcification’ is currently the preferred
term for this clinical entity (Sobrido et al. 2014).

2.5.1. Epidemiology

Bilateral calcifications in the basal ganglia, cerebellum, thalamus and brainstem may be
encountered upon brain imaging in 1 — 20% of elderly individuals (Simoni et al. 2008,
Yamada et al. 2013). Most commonly, the calcifications are isolated findings that may
be related to ageing (Westenberger and Klein 2014). The calcifications can also be
secondary findings caused, for example, by hypoparathyroidism, infection and
inflammation, autoimmune disease (lupus erythematosus) and mitochondrial (Kearns-
Sayre syndrome), sporadic (Down syndrome) or inherited genetic disease
(pseudohypoparathyroidism, Krabbe disease) (Baba et al. 2005, Sobrido et al. 2014).

PFBC is a rare cause of brain calcifications with an estimated prevalence of less than
1 / 100000 (Ellie et al. 1989, Manyam et al. 2001b) and unknown incidence. Some
studies have suggested male predominance (Manyam et al. 2001b, Nicolas et al.
2013a).

2.5.2. Clinical features

PFBC is a progressive disease with clinical manifestations limited to the nervous system.
The clinical symptoms of PFBC typically start at the fourth decade of life, but the age at
onset can vary from 30 to 60 years even within families (Manyam et al. 2001b, Nicolas
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et al. 2013a). In a large series of PFBC patients, the most common manifestations were
cognitive impairment, psychiatric symptoms and movement disorders (Nicolas et al.
2013a). The manifestation of the neuropsychiatric symptoms may range from mild
disturbances in memory and focus to psychosis and dementia (Geschwind et al. 1999,
Benke et al. 2004, Shakibai et al. 2005, Nicolas et al. 2013a). The movement disorder
may manifest with parkinsonian features (bradykinesia, rigidity, unsteady gait, mask-
like face, diminished blinking, hypophonia) or as hyperkinesia (dystonia, tremor,
chorea, dyskinesia) (Manyam et al. 2001b). The clinical presentation is variable within
and between families and even asymptomatic individuals with calcifications are known
(Manyam et al. 2001a, Dai et al. 2010, Wang et al. 2012, Nicolas et al. 2013a).
Anticipation has been observed in several families, but the contributory factors are not
known (Kobari et al. 1997, Geschwind et al. 1999, Shirahama et al. 2010).

PFBC patients have normal serum levels of calcium, phosphorus, alkaline
phosphatase, calcitonin and parathyroid hormone, in contrast to patients with calcium
metabolism disorders (Bonazza et al. 2011).

Brain imaging with CT or MRI reveals bilateral calcifications in the basal ganglia,
especially in the internal globus pallidus. The putamen, thalami, caudate and dentate
nuclei are often also affected (Manyam et al. 1992). Calcifications may also be detected
in other brain areas, such as cerebellar gyri, the centrum semiovale, subcortical white
matter and the brain stem (Manyam 2005). These calcifications often appear several
years before the onset of the clinical symptoms (Manyam et al. 2001b) and a 4-year old
invididual with a pathogenic mutation and calcifications visible on CT has been reported
(Zhang et al. 2013). The radiological penetrance of the disease has been estimated to
be 95% by 50 years of age (Sobrido et al. 2014).

2.5.3. Neuropathology

Reports on autopsied PFBC cases have revealed underlying microvascular pathology:
the calcifications are seen in capillary walls, arteries and arterioles (Larsen et al. 1985,
Kobayashi et al. 1987, Miklossy et al. 2005, Wszolek et al. 2006, Wider et al. 2009,
Kimura et al. 2015). The lesions consist of hydroxyapatite, iron, zinc, magnesium, traces
of other heavy metals and mucopolysaccharides (Smeyers-Verbeke et al. 1975, Duckett
et al. 1977, Kimura et al. 2015). Neuronal degeneration and gliosis has been reported
(Kozik and Kulczycki 1978), but usually the neuron morphology is preserved (Miklossy et
al. 2005, Kimura et al. 2015).

2.5.4. Genetics

PBFC is typically inherited in an autosomal dominant manner. Linkage analyses in large
kindreds suggested genetic heterogeneity with significant LOD scores at 8p21.1-q11.23
(Dai et al. 2010), 14913 (Geschwind et al. 1999) and 2q37 (Volpato et al. 2009). The
genetics of PFBC began to be unravelled in 2012, when the first causative mutations
were identified in SLC20A2 (solute carrier family 20 member 2) (Wang et al. 2012).
Pathogenic mutations in SLC20A2 have later been found in the pedigrees that defined
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linkages to 14q13 and 237, demonstrating that phenocopies with brain calcifications
can lead linkage studies astray (Hsu et al. 2013, Gritz et al. 2016). Mutations in
SLC20A2 are detectable in up to 50% of familial cases and 5% of the seemingly sporadic
cases (Hsu et al. 2013, Nicolas et al. 2013a, Yamada et al. 2014). Most mutations are
missense or nonsense mutations, small deletions or splice site mutations. A large
deletion covering the entire coding region has been detected in one family (Baker et al.
2014) and smaller exonic deletions in four patients (David et al. 2016).

Three other causative genes are currently known. Mutations in PDGFRB (platelet
derived growth factor receptor beta) were identified by the whole exome sequencing of
two affected individuals from a large PFBC pedigree (Nicolas et al. 2013b). Soon
thereafter, mutations in PDGFB (platelet derived growth factor beta, coding for the
ligand of PDGFRB) were detected in six other families (Keller et al. 2013). Mutations in
these genes are typically missense or nonsense mutations. One partial deletion
covering exons 3 — 5 of PDGFB has also been reported (Nicolas et al. 2014b). The most
recently identified causative gene is XPR1 (xenotropic and polytropic retrovirus
receptor 1). However, SLC20A2 is the most commonly mutated gene in PFBC. Mutations
in other genes are rare, accounting for approximately 20 — 30% of patients (Table 5).
Therefore, new causative genes may still exist.

Patients with brain calcifications in the absence of postitive family history are
frequently encountered, but it is difficult to determine whether they are actual sporadic
cases or examples of incomplete clinical penetrance in the family (de Oliveira et al.
2013). However, truly sporadic cases can occur as de novo mutations have been
described in PDGFB (Nicolas et al. 2014a) and SLC20A2 (Ferreira et al. 2014).

Table 5. Known causative genes in primary familial brain calcification (PFBC). The number of pathogenic
mutations was retrieved from the LOVD database (Leiden Open Variation Database at Coppola Lab,
https://coppolalab.ucla.edu/lovd/genes), accessed 09/2016. WES = whole exome sequencing, WGS =
whole genome sequencing.

Gene Pathway Proportion Mutationtypes Number of Identified Reference
of PFBC pathogenic  with
mutations
SLC20A2 phosphate 40-50% point mutations 61 linkage, fine Wanget al.
homeostasis (coding and mapping, (2012)
splicing), small candidate
indels, exonic and gene analysis
whole gene
deletions
PDGFRB pericyte <10% point mutations 4 WES Nicolas et al.
function (2013b)
PDGFB pericyte < 10% point mutations, 12 WGS Keller et al.
function exonic deletion (2013)
XPR1 phosphate <10% point mutations 4 WES Legati et al.

homeostasis (2015)
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2.5.5. Hypotheses on pathogenesis

Both SLC20A2 and XPR1 are involved in the regulation of phosphate metabolism.
SLC20A2 codes for PiT-2, a member of the type lll sodium-dependent phosphate
transporter family (Wang et al. 2012), which is a transmembrane protein that imports
inorganic phosphate into the cell together with Na+ (Kavanaugh et al. 1994, Olah et al.
1994). XPR1 is also a transmembrane protein that mediates Pi export across the cell
membrane (Giovannini et al. 2013).

Studies on S/c20a2 knock-out mice have confirmed that the calcification begins
around the inside walls of brain vessels (Wang et al. 2012, Jensen et al. 2013).
Functional studies of Pi transport in a cell model suggested that the deleterious
consequences of SLC20A2 mutations are due to haploinsufficiency rather than
dominant-negative effects (Wang et al. 2012). This hypothesis is supported by the
observation of exonic and whole-gene deletions in PFBC patients (Baker et al. 2014,
David et al. 2016). Work on the Slc20a2 knock-out mouse model has suggested that the
impaired Pi uptake into cells might lead to an increased extracellular Pi concentration,
which in turn could result in passive accumulation of calcium-phosphate products in the
vulnerable brain areas. Either the local increase in [Pi] alone or in the calcium-
phosphate compounds could activate a cell-mediated mineralisation process (Jensen et
al. 2013). XPR1 mutations have been shown to impair Pi export from the intracellular
compartment and lead to an increased concentration of intracellular Pi in human
embryonic kidney cells and peripheral blood mononuclear cells (Legati et al. 2015).

Recent work has shown that SLC20A2 has an important role in maintaining the
normal low level of Pi in the cerebrospinal fluid (Jensen et al. 2016, Wallingford et al.
2016). A hypothesis of increased CSF Pi concentration due to defective PiT-2, leading to
pericyte transformation to a mineralising cell type, and thus calcification of blood
vessels was proposed by Jensen et al. (2016). However, no evidence of this kind of cell
phenotype change was observed by Wallingford et al. (2016). SCL20A2 also seems to
have an anti-calcific property that could protect vascular smooth muscle cells from the
effects of increased Pi concentration (Keasey et al. 2016, Wallingford et al. 2016). XPR1
is also expressed in the choroid plexus. Jensen et al. (2016) hypothesised a possible link
between SLC20A2 and XPR1: Impaired Pi export from cells due to defective XPR1 could
lead to increased cellular [Pi], which has been shown to downregulate PiT-2 expression
in cell models. This decrease in PiT-2 expression could reduce Pi uptake from the CSF,
resulting in elevated CSF Pi concentration.

A different pathogenetic route is suggested by the known functions of PDGFRP and
PDGFB. PDGFRPB codes for a tyrosine-kinase receptor expressed in neurons, vascular
smooth muscle cells and pericytes in the brain (Andrae et al. 2008, Nicolas et al.
2013b). PDGFp is the ligand of PDGFRPB. Binding of PDGFB to PDGFRp triggers the
downstream signalling cascade that controls cell proliferation, differentiation, survival
and migration (Andrae et al. 2008). Deficient PDGF signalling is damaging to vascular
smooth muscle cells and pericytes, leading to hypoplasia or complete lack of pericytes,
endothelial hyperplasia, increase in vessel diameter and vascular permeability (Lindahl
et al. 1997, Hellstrom et al. 2001, Tallquist et al. 2003). Additionally, it is linked to
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impairment of the blood-brain-barrier integrity in mouse models (Armulik et al. 2010,
Keller et al. 2013). The pathogenic mutations linked to PFBC identified thus far have
been shown to result in reduced PDGFRB expression and autophosphorylation
(Sanchez-Contreras et al. 2014) or haploinsufficiency of PDGFB (Keller et al. 2013,
Nicolas et al. 20144, Nicolas et al. 2014b).

Although the molecular mechanisms of the known PFBC genes are beginning to
unravel (Figure 11), it is still unclear how defects in such different pathways as Pi
metabolism and growth factor signalling eventually lead to identical brain pathology
and clinical presentation.

Mutated SLC20A2 Mutated XPR1 Mutated PDGFRB Mutated PDGFB
Reduced Pi uptake Reduced Pi export
Pericyte dysfunction
Increased extracellular Pi Increased intracellular Pi
concentration concentration 1

Impaired blood-brain-barrier

Increased CSF Pi
concentration

Formation of calcifications

Figure 11. A hypothetical model of the pathogenesis of primary familial brain calcification (PFBC). CSF =
cerebrospinal fluid, Pi = inorganic phosphate.

2.6. Approaches to mutation detection in neurogenetics

The methods for identifying disease-causing mutations and risk variants have changed
dramatically since the completion of the Human Genome Project (International Human
Genome Sequencing Consortium 2004). Prior to the post-genomic era, linkage analysis
followed by positional cloning and candidate gene sequencing was needed to identify a
causative mutation. Identifying disease suspectibility loci relied on the candidate gene
approach in a case — control setting, based on a priori assumptioms on the possible
functions of the selected genes. Currently, disease-associated genes, causative mutations
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and risk variants can be searched for using both targeted and untargeted genome-wide
methods.

2.6.1. Targeted screening of known causative genes

Direct screening of known disease genes is sensible in situations where there are a
limited number of causative genes and the patient’s clinical phenotype or
neuropathological findings are strongly suggestive of a particular trait. Major mutations
in monogenic diseases can be readily identified using PCR-based methods such as RFLP
(restriction fragment length polymorphism), TagMan assays (Holland et al. 1991) and
Sanger sequencing (Sanger and Coulson 1975). Sanger sequencing can also be used to
determine the sequence of selected region, for example the coding regions of a known
disease gene. However, Sanger sequencing is unable to detect copy number variants
larger than the expected size of the PCR amplicon. The only exceptions are homozygous
deletions that prevent PCR amplification of a particular genomic region and the fact
that a lack of the specific PCR product can be regarded as an indirect evidence of the
deletion. Alternative methods are thus needed to identify exonic or whole gene copy
number variants. The most commonly used methods are quantitative real-time PCR —
based assays, multiplex ligation-dependent probe amplification (MLPA), array
comparative genomic hybridisation (aCGH) and SNP arrays.

2.6.2. Genome-wide genotyping

Genome-wide approaches enable the assesment of genetic variation across the entire
genome, thus removing the bias introduced by selecting candidate genes based on
biological plausibility (Manolio et al. 2009). The data from the International HapMap
project (International HapMap Consortium 2005) demonstrated that genotyping
~500 000 selected haplotype-tagging SNPs reveals most of the common variation
present in the human genome. This enabled genome-wide linkage (GWLS) and genome-
wide association studies (GWAS) of complex diseases. Of these, GWAS proved effective
in uncovering several risk variants for different complex neurological diseases.
However, GWAS assesses common variants with small effect size. Hence, extremely
large case and control cohorts are needed to reach statistically significant associations
in complex diseases such as AD and PD. Meta-analysis combining several GWASs have
proven a succesful approach, identifying several AD- and PD-associated risk genes that
could not have been detected in smaller studies (Lambert et al. 2013, Nalls et al. 2014).
GWAS studies also miss rare variants (frequency < 5% in the population) that may well
have a significant effect on a disease risk (Hardy and Singleton 2009).

2.6.3. Next-generation sequencing

The first next-generation sequencing systems were introduced in 2005. The concept is
based on massively parallel sequencing of clonally amplified (short-read sequencing) or
single strand (long-read sequencing) templates. The basic workflow is similar in all
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applications, including template preparation, sequencing and data acquisition (e.g.
fluorescence or change in ion concentration), and analysis of the resulting sequences.
Short-read sequencing approaches use either sequencing by ligation or sequencing by
synthesis. Currently, sequencing by synthesis is the most widely used short-read
sequencing method (Goodwin et al. 2016). The NGS instruments produce a vast amount
of data for a relatively low cost, enabling the sequencing of entire genomes. NGS can be
applied in assessing various aspects of the genome. Variant detection can be achieved
by targeted sequencing of a set of genes (gene panels), whole exome sequencing (WES)
or whole genome sequencing (WGS). RNAseq allows the analysis of gene expression
and splice isoforms. DNA—protein interactions can be analysed with Chip-seq and
epigenetic changes such as methylation with methyl-seq (Goodwin et al. 2016).

WES has been successfully used in neurogenetics to identify new disease genes,
such as VPS35 in PD (Vilarifio-Guell et al. 2011, Zimprich et al. 2011), and risk variants,
such as R47H in TREM2 (Guerreiro et al. 2013). The main limitation of WES is the poor
or absent coverage of some genes, especially in GC-rich regions. Different algorithms
for CNV detection from WES data have been developed, but these can be affected by
uneven read coverage within and between samples, resulting in erroneous calls.

WGS produces a sequence from the entire genome at a reasonably uniform
coverage. Consequently, it also covers the entire exome. Copy number variations and
structural variants can be reliably detected from the sequence data (Lelieveld et al.
2015). However, the vast amount of data originates mainly from the noncoding regions
of the genome, making the data filtering and analysis step laborious and time-
consuming.

2.6.4. Assessing the pathogenicity and origin of rare variants

NGS techniques have enabled the detection of rare variants from the entire exome or
genome. The data from the 1000 Genomes and more recently, the Exome Aggregation
Consortium (ExAC), demonstrated that variation is far more common than previously
thought. Any given human genome contains on average approximately 4 million
variants (SNVs and indels) and ~25 000 of these occur in the protein coding parts of the
genome (Abecasis et al. 2010) and ~100 of them are rare loss-of-function variants
predicted to hamper gene function (Sulem et al. 2015). EXAC data revealed an
unexpectedly high number of rare and singleton variants and also a set of ~3000 genes
that could be implicated in human disease due to their intolerance of protein truncating
variants (Lek et al. 2016). The data also revealed that variants in causative dominant
disease genes are found in EXAC, probably reflecting false assignment of pathogenicity
and incomplete penetrance (Minikel et al. 2016).

These facts warrant careful population-based allele frequency filtering when
determining the possible effects of a novel variant. Sequence data from 10 490 Finnish
samples has been gathered by The Sequencing Initiative Suomi project (SISu, Institute
for Molecular Medicine Finland (FIMM), University of Helsinki, Finland), providing a
population-specific reference database. Segregation analysis in a family setting or
enrichment of deleterious variants in the putative disease gene in cases compared
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against appropriately population-matched controls are powerful approaches in
assigning pathogenicity (Lek et al. 2016). Functional analyses can be used to
demonstrate that the putative pathogenic variant produces a measurable effect on
gene function. However, not all variants with functional effects are pathogenic
(MacArthur et al. 2014).

Rare disease mutations may be recurrent or derived from a single mutation event in
the past. Recurrent mutations represent so-called hot spots of the genome, that is,
positions that are prone to mutation, typically a CpG dinucleotide (Kong et al. 2012). A
possible shared origin for a given variant may be determined by haplotype analysis
using microsatellites or SNPs. The phase of the markers can be determined from the
segregation patterns in a pedigree or by computational methods using haplotype
structures derived from population-based data. More recent mutations show a longer
flanking region of linkage disequilibrium between markers, whereas the haplotype has
decayed due to recombination events in the case of ancestral mutations.
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3. AIMS OF THE STUDY

The general aim of this study was assess the genetic background of inherited
dementing diseases in the Finnish population.

The specific aims of this study were:

1. To examine the genetics of Alzheimer’s disease and frontotemporal dementia in
a cohort of 60 Finnish families. (l)

2. To characterise a new SNCA mutation in a Finnish family with atypical Parkinson’s
disease. (I1)
3. To assess the prevalence of the novel SNCA mutation in a larger cohort of

Parkinson’s disease patients and to determine if the mutation is derived from a
common founder in the Finnish patients. (lll)

4, To identify the causative mutation in a Finnish family with primary familial brain
calcification. (1V)
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4. SUBIJECTS AND METHODS

4.1. Subjects

4.1.1. The AD and FTD families (l)

Sixty (60) families were included in this study. 364 blood-derived DNA samples were
available from both affected and unaffected family members. The clinical diagnosis was
AD in 38 families, FTD in 10 families, DLB in one family and unspecified dementia in 11
families. The samples included in the SNP array and exome sequencing studies are
listed in Table 6.

Table 6. Samples from the twelve Alzheimer’s disease (AD) or frontotemporal dementia (FTD) families
selected for SNP array and whole exome sequencing (WES).

Family ID Individual Affected / diagnosis SNP array WES
Fam-13 11:2 yes / FTD yes yes
11:3 no yes
I1:5 yes / FTD yes
Fam-15 I1:4 yes / AD yes yes
I:4 yes / AD yes
Fam-29 I:1 yes / AD yes yes
1:2 yes / AD yes
Fam-32 1:1 yes / AD yes yes
11:4 no yes
I1:5 yes / AD yes
Fam-35 13 yes / AD yes yes
1:13 yes / AD yes
11:17 no yes
Fam-38 I:1 yes / AD yes
1:2 yes / AD yes yes
Fam-49 11:2 yes / AD yes yes
11:3 yes / AD yes
11:5 no yes
Fam-52 I:1 possibly / AD yes
1:3 yes / AD yes
I1:5 yes / AD yes yes
Fam-55 11:4 no yes
11:6 yes / AD yes
11:7 yes / AD yes yes
Fam-56 11:3 yes / AD yes yes
I:4 yes / AD yes
11:5 no yes
Fam-57 I:1 yes / AD yes yes
11:2 yes / AD yes
Fam-59 1:2 yes / FTD yes
1:4 yes / FTD yes yes

11:5 no yes
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4.1.2. The SNCA family (li, 11I)

Three affected patients of a Finnish family with PD-like phenotype were included in the
study. An autopsy-derived liver sample was available for DNA extraction from the index
patient. EDTA blood samples were drawn from the other two patients. The causative
mutation was identified in a diagnostic laboratory (Medizinische Laboratorien
Westmecklenburg, Germany). DNA samples from two unaffected family members were
available for segregation analysis and haplotyping.

4.1.3. SNCA mutation screening and haplotype analysis (lll, unpublished)

This study included samples from three separate Finnish families with PD due to the
same novel mutation in SNCA. Three affected patients and two unaffected family
members were included from the first family (reported in study ll), two affected
patients from family 2 originally reported by Martikainen et al. (2015) and one affected
patient from a third family (reported in 1ll). DNA extracted from peripheral EDTA blood
was available from these patients.

An additional 160 DNA samples from PD patients were screened for the SNCA
mutation. Of these, 80 were DNAs from autopsy-derived brain samples (45 males and
35 females) and 80 blood-derived DNA samples (50 males and 30 females). Information
on age at onset and disease duration was available from 45 autopsied patients (24
males, 21 females): the mean age at disease onset was 64.2 years (range 47 — 80 years,
SD + 4.4 years), the mean disease duration 11.5 years (range 3 — 20 years, SD + 4.4
years) and the mean age of death 75.7 years (range 50 — 88 years, SD + 7.3 years). The
age at onset and disease duration was known of 65 PD patients (40 males, 25 females)
from whom a blood-derived DNA samples were available: the mean age at onset was
57.8 years (range 37 — 79 years, SD * 9 years) and the mean disease duration 10.3 years
(range 2 —21, SD £ 5.6 years).

4.1.4. The PFBC family (V)

Two affected patients and five unaffected subjects belonging to a single family were
included in the study. EDTA blood samples were drawn after obtaining informed
consent.

4.2. Ethical aspects

All individuals included in this study were adults. Informed consent was obtained from
all participants or their appropriate next of kin.

Study | was approved by the Ethics committee of the Neurology department at
HUCH (4.6.1997 and 11.1.2012) and the HUCH Ethics Committee of Medicine
(Dnro104/13/03/01/14). Approval for using patient tissue specimens (studies I, II, Ill)
was given by Valvira (Dnro 2855/06.01.03.01/2012). Approval for using medical records
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and autopsy reports of the patients living outside the HUS district (study I) was
obtained from the National Institute for Health and Welfare (Dnro
THL/701/5.05.00/2013). The PFBC study (IV) was approved by the Ethics Committee of
Oulu University Hospital. Approval for genetic analysis of the PD samples (Ill) was
obtained from the ethics review board of Turku University Hospital (Dnro
ETMK:69/1801/2015).

4.3. Methods

The molecular genetic methods used in the study are listed in Table 7 and described
briefly in the following chapters.

Table 7. Molecular genetic methods used in this study. PCR = polymerase chain reaction, RP-PCR =
repeat-primed PCR, MLPA = multiplex ligation-dependent probe amplification, STR = short tandem
repeat, SNP = single nucleotide polymorphism.

Method

DNA extraction
from blood leucocytes 1, 11, IV
from deep-frozen brain tissue Il

PCR 1,0, 0, 1V
RP-PCR |

MLPA 1l

Used in study

Sanger sequencing

Haplotype analysis with STR markers
Genome-wide SNP array

Whole exome sequencing

Whole genome sequencing

LA, 1V
I}

LA, v

1, IV

IV

4.3.1. DNA extraction (I, llI, IV)

Leukocyte DNA was extracted from EDTA blood with the lllustra Nucleon BACC3
Genomic DNA Extraction Kit (GEHealthcare, Little Chalfont, Buckinghamshire, UK). DNA
from fresh-frozen brain tissue samples was extracted with the NucleoSpin Tissue Kit
(Macherey-Nagel, Diren, Germany).

4.3.2. PCR and Sanger sequencing (1, 11, 11, IV)

Standard PCR in 25 pl reaction volume was used in all studies for amplifying specific
DNA fragments prior to Sanger sequencing. Purified PCR products were sequenced in
both directions using the BigDyeTerminator v3.1 Cycle Sequencing Kit (Applied
Biosystems) and run using a capillary sequencer, the ABI3730xI DNA Analyzer (Applied
Biosystems, Foster City, CA, USA). Sequence quality was assessed with the Sequence
Scanner v1.0 software (Applied Biosystems). All chromatograms were also checked
visually and compared to the appropriate reference sequences manually.
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4.3.3. Repeat-primed PCR (1)

Repeat-primed PCR (RP-PCR) was used to detect the C9orf72 hexanucleotide repeat
expansion. The primers and PCR conditions were adapted from Renton et al. (2011);
the resulting 6-FAM-labelled PCR products were run on an ABI 3730xl| capillary
sequencer (Applied Biosystems, Foster City, CA, USA) and analysed with the
GeneMapper software (Applied Biosystems, Foster City, CA, USA).

4.3.4. Multiplex ligation-dependent probe amplification (Il)

Multiplex-ligation dependent probe amplification (MLPA) was used to assess the copy
number of the SNCA gene. Commercial probe mix P051 (MRC-Holland, Amsterdam, the
Netherlands) was used in this analysis. The MLPA analysis was performed by
Medizinische Laboratorien Westmecklenburg, Germany.

4.3.5. Haplotype analysis with STR markers (1l1)

Short tandem repeat (STR) markers are di-, tri- or tetranucleotide repeat sequences
that are highly polymorphic in length between individuals. Their polymorphic nature
makes them highly informative in, for example, haplotype analysis. Eight markers
(D4S2361, DA4S2460, D4S2371, D4S2461, DAS1089, D4S3006, D4S414, and D4S2380)
flanking a 10 Mb area around the SNCA locus were selected based on previous
publications (Athanassiadou et al. 1999, Puschmann et al. 2009). 6-FAM-labelled
reverse primer was used in PCR. The PCR products were run using an ABI 3730xl
capillary sequencer (Applied Biosystems, Foster City, CA, USA) and analysed with the
GeneMarker software (Softgenetics LLC, State College, PA, USA). Haplotype phasing
was performed manually from the parent-offspring pairs in PD families 1 and 2.

4.3.6. Genome-wide SNP array (I, llI, IV)

SNP arrays were used in three studies (I, lll and IV). In study three, an SNP array was
used to determine the extent of haplotype sharing in the three PD families carrying the
same SNCA mutation. The genotyping was performed by the Institute for Molecular
Medicine Finland FIMM Technology Centre, University of Helsinki using the Human
CoreExome BeadChip (lllumina, San Diego, CA, USA). The region of interest on
chromosome 4 was extracted from the genome-wide SNP profiles with PLINK (Purcell et
al. 2007). Haplotype phases were determined manually from the parent-offspring pairs
in PD families 1 and 2. The haplotype of the patient from family 3 could not be phased
due to lack of other samples from the family, but the possible shared haplotype was
determined as a segment with at least one allele at each position consistent with the
phased haplotypes from families 1 and 2.

In studies | and 1V, a SNP array was used to detect copy number changes and loss of
heterozygosity. The HumanOmniExpress Bead Chip (lllumina, San Diego, CA, USA) was
used in both studies. The data were checked visually and analysed with CNVPartition in
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the Genome Studio (Illumina, San Diego, CA, USA). Resulting CNVs were checked
against the Database of Genomic Variants (MacDonald et al. 2014).

4.3.7. Whole exome sequencing (I, IV)

Whole exome sequencing of three members, two affected and one unaffected, of the
PFBC family (1V) was performed by the Institute for Molecular Medicine Finland (FIMM,
University of Helsinki, Finland). The target enrichment was carried out using the SeqCap
EZ Human Exome Library v3.0 (Roche Nimblegen, Basel, Switzerland), and the resulting
libraries were sequenced on the Illumina HiSEQ platform (lllumina, San Diego, CA, USA).

Exome sequencing of the AD and FTD families (l) was performed by the University
College London (UCL, London, UK). Exome enrichment was carried out with the TruSeq
Exome Capture kit (lllumina, San Diego, CA, USA). The sequencing run was performed
on HiSeq 2000 (lllumina, San Diego, CA, USA).

In both experiments, the reads were aligned to GRCh37/hgl9. Variants were
annotated with ANNOVAR (Wang et al. 2010). In silico analysis of the functional effects
of coding non-synonymous variants was performed with SIFT (Kumar et al. 2009),
Polyphen2 (Adzhubei et al. 2010), MutationTaster (Schwarz et al. 2014),
MutationAssessor (Reva et al. 2011), and CADD (Kircher et al. 2014).

Variants were filtered based on the inheritance model and their frequency in the
control populations (dbSNP (Sherry et al. 2001), 1000G (Auton et al. 2015), ESP
(http://evs.gs.washington.edu/EVS/) , EXAC, and SISu). Validation of selected variants
was done by Sanger sequencing as described in section 4.3.2.

4.3.8. Whole genome sequencing (IV)

Whole genome sequencing of one affected patient from the PFBC family was
performed by NGI Sweden (The National Genomics Infrastructure, Science for Life
Laboratory, Solna, Sweden). Libraries were prepared using the TruSeq DNA PCR-free kit
and sequenced on a HiSeq X Platform (lllumina, San Diego, CA, USA). Reads were
aligned to GRCh37/hgl9 and variants called according to the GATK best practice
guidelines. Small indels and SNVs were annotated with SnpEff (Cingolani et al. 2012)
and ANNOVAR (Wang et al. 2010). Structural variants and larger copy number variants
were identified by cn.mops (Klambauer et al. 2012) and Manta
(https://github.com/Illumina/manta).

Variants in the coding and splice site regions were analysed in addition to large
structural variants and CNVs. Intergenic regions were excluded from analyses at this
stage.

4.3.9. Imaging and histological methods

The imaging and histological methods used in this study are listed in Table 8. Details
of these methods can be found in the original publications marked with their assigned
Roman numerals.
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Table 8. Imaging and histological methods used in this study. CT = computed tomography, MRI =
magnetic resonance imaging.

Method Used in study
Brain CT \Y,
Brain MRI \Y,

Histopathological and immunohistochemical stainings
Haematoxylin & Eosin I, 1
pTDP-43 1,1
SNCA I
amyloid beta Il
p62 I
tau Il
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5. RESULTS AND DISCUSSION

5.1. The genetic background of Alzheimer’s disease and frontotemporal
dementia in a Finnish family cohort (1)

Application of GWAS and NGS-based methods has widened our understanding of the
genetics of dementia. Several risk loci with small effect sizes have been identified and
the NGS methods have revealed rare variants with significant impact on the disease
risk.

In this study, we combined traditional gene-based analyses and genome-wide
methods to dissect the molecular genetics of dementia in 60 Finnish families. All
families were first screened for the C9orf72 expansion. From the families with no
expansion, we selected 12 families for disease-gene screening, exome sequencing and
SNP array studies (Table 6).

5.1.1. The C90rf72 repeat expansions are common among Finnish dementia patients

The C9orf72 repeat expansion was screened in all available members of the 60
dementia families. Expansions were detected in 12 families, representing 20% of the
cohort. The clinical diagnosis was FTD in seven families, AD or variant AD in four
families and unspecified degenerative disease in one family. The expansion explained
most FTD cases in our cohort (7 / 10 families, 70%). The C9orf72 expansion was
exceptionally common in our small sample as the frequency of the C9orf72 expansion
has previously been estimated to be 48.1% in Finnish familial FTD cases (Majounie et al.
2012b).

In addition to ALS and FTD, the C9orf72 repeat expansion has been linked to several
other neurological diseases, such as PD, AD and Huntington’s disease phenocopies (Chi
et al. 2016). The possible association between AD and C9orf72 remains controversial.
Rare examples of clinically diagnosed (Majounie et al. 2012a, Cacace et al. 2013, Harms
et al. 2013, Saint-Aubert et al. 2014) and neuropathologically verified AD patients
(Murray et al. 2011, Kohli et al. 2013) with the C9orf72 expansion have been reported.
Some patients with clinical AD had a CSF biomarker profile indicative of AD (Wallon et
al. 2012, Cacace et al. 2013). However, recent work by Kéamaldinen and coworkers
(2015) demonstrated that a reduced CSF ABi.4; level may be seen in 25% of patients
with the C9orf72 expansion and clinical bvFTD. Several clinically diagnosed AD patients
actually had TDP-43 pathology consistent with FTLD on autopsy (Murray et al. 2011,
Majounie et al. 2012a). Thus, many clinically diagnosed AD cases with the C9orf72
expansion may well represent misclassification of actual FTD as AD, possibly due to
early memory impairment, and some of them may show concomitant AD pathology on
autopsy (Majounie et al. 2012a). However, the rare patients with definite AD
neuropathology and no evidence of FTLD (Kohli et al. 2013) cannot be regarded as
misdiagnosed FTD. Hence, it is possible that the C9orf72 expansion could contribute to



Results and Discussion 59

the pathogenesis of AD but the molecular mechanisms behind this putative association
are still elusive.

We noted that in four families, the C9orf72 expansions were segregating with the
clinical diagnosis of AD or variant AD. Since the samples had been collected in the late
1990s, the clinical diagnosis was based on the guidelines and methods available at that
time. Retrospective examination of patient records and available neuropathological
data suggested that in at least some families the clinical presentation could also reflect
FTD.

5.1.2. Mutations in APP, PSEN1, PSEN2 and GRN are rare in Finland

Sanger sequencing of the known causative genes revealed no mutations in APP, PSEN1
or PSEN2 in the 10 AD families or in GRN in the two FTD families. This result is in
agreement with previous studies on larger Finnish cohorts. The screening of APP, PSEN1
and PSENZ2 in a cohort of 140 Finnish EOAD patients revealed no pathogenic mutations
in these genes (Kriiger et al. 2012). Only a few PSEN1 mutations have thus far been
reported in the Finnish AD patients. A 4.6-kb deletion, A9Finn (c.869_955del) (Crook et
al. 1998, Prihar et al. 1999, Hiltunen et al. 2000) has been linked to presenile dementia
frequently combined with spastic paraparesis and cotton wool plaques on
neuropathological examination (Verkkoniemi et al. 2000). The p.Metl146Val mutation
has been found in a Swedish family of Finnish descent (Alzheimer's Disease
Collaborative Group 1995), and p.Pro264Leu in a family with three affected patients
(one with AD and spastic paraparesis and two with either probabale or possible DLB)
(Martikainen et al. 2010).

The APP duplication (Rovelet-Lecrux et al. 2006) was not present in our series of 10
AD families, nor was it detected in 64 Finnish familial EOAD cases (Blom et al. 2008).
Only one Finnish family with an APP duplication and early-onset dementia, cerebral
amyloid angiopathy and frequent intracerebral haemorrhages has been reported
before (Rovelet-Lecrux et al. 2007).

GRN mutations are also rare among Finnish FTD patients (Krlger et al. 2009), even
though they are seen in up to 20% of familial FTD cases in other populations. The first
pathogenic GRN mutation (p.Tyr229X) in a Finnish family was characterised only
recently (Kuuluvainen et al. 2016).

5.1.3. Applying whole exome sequencing to the search for rare variants

Whole exome sequencing, WES, was performed on at least two affected patients from
each of the twelve selected families. When available, the oldest unaffected family
member was exome sequenced as a control (Table 6).

The variants were filtered based on the predicted effect (non-synonymous,
nonsense, frameshift, or splice site mutation) and frequency in 1000 Genomes, dbSNP,
Exome Variant Server, EXAC and SISu databases. We assumed a dominant inheritance
model and removed variants that were present in the unaffected family member.
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Potential variants were validated with Sanger sequencing and segregation was tested in
all available samples from the family.

We observed no mutations in the known causal genes for AD or FTD in the twelve
families. In addition, SNP array ruled out large genomic rearrangements or CNVs in
known AD and FTD genes.

5.1.3.1. Variants in known Alzheimer’s disease-associated genes

In two families, we found variants in genes associated with susceptibility to AD. The two
affected patients of family Fam-56 carried a heterozygous CLU c.608C>T (p.Thr203lle)
variant (rs41276297) (Table 9). The variant was not present in the four unaffected
family members from whom samples were available. A previous study identified this
rare variant in a cohort of British AD patients (frequency 0.003) as well as in unaffected
controls (frequency 0.006). Based on SISu and ExAC, this variant is present in the
Finnish population with a frequency of 0.000698324 to 0.00121. In silico predictions of
possible pathogenicity suggest that this variant has no deleterious effect. Based on this
evidence, we presume that this variant is a rare polymorphism even though it
segregates with AD in the small family reported here.

Two affected individuals of family Fam-15 had a heterozygous ¢.2279A>T
(p.Asp760Val) in PCDH11X (Table 9). This variant (rs781770086) is present as a singleton
in EXAC (a low-quality site) and in SISu. Segregation analysis by Sanger sequencing
showed that the variant was also present in two currently unaffected individuals (born
in the 1930s and 1940s) and in one individual with possible memory impairment but no
definite AD diagnosis. Two other unaffected family members did not have the variant.
In silico pathogenicity predictions suggested a possible deleterious effect (Table 9). The
role of PCDH11X in AD is controversial: two studies have reported an association with
AD (Carrasquillo et al. 2009, Jiao et al. 2015), but several studies habe failed to replicate
the association (Beecham et al. 2010, Lescai et al. 2010, Wu et al. 2010, Miar et al.
2011). PCDH11X is located in chromosome X. No male to male transmission of AD was
seen in the pedigree, making X-linked inheritance possible, but the segregation pattern
does not support a direct link to AD in family Fam-15.

5.1.3.2. Rare variants in other genes

In the remaining 10 families, no variants in known dementia-associated genes were
shared by the affected family members included in the exome sequencing. Therefore,
we searched for rare variants (MAF frequency less than 1%) in genes that could be
relevant in dementia. This approach yielded two genes, UNC13C and MARCH4 (Table 9).

The two affected patients from family Fam-49 shared an inframe deletion of 3 bp in
UNC13C. The variant (rs746069739) has been reported as a singleton in both EXAC and
SiSu. While variants in a related gene, UNC5C, have been implicated as risk factors for
AD (Wetzel-Smith et al. 2014), UNC13C has not been directly linked to any neurological
phenotype. The gene is highly expressed in the brain, especially in the cerebellum.
Functional studies on the mouse homologue, Munc13-3, have shown a role in
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regulating synapse function (Augustin et al. 1999, Chen et al. 2013) and controlling
critical-period neuronal plasticity in the visual cortex (Yang et al. 2002, Yang et al.
2007). Gene expression studies in human AD and control brain samples have shown
increased UNC13C expression in hippocampal CA3 relative to CA1l in Alzheimer patients
when compared to controls, suggesting that UNC13C might have a neuroprotective role
in the brain (Miller et al. 2013). The variant detected in WES is an inframe deletion, and
its possible effects on gene function and protein structure are unknown. While it is
compelling to speculate that the gene might be involved in AD pathogenesis by
hampering synaptic function, more evidence is needed to establish this putative
connection.

Exome sequencing revealed that the two affected patients of FTD-family Fam-13 had
an extremely rare missense variant, p.Lys211Glu (rs756981946) in MARCH4, which was
not present in the unaffected family member. Interestingly, two affected patients of the
other FTD-family, Fam-59, also shared a rare p.Trp13Cys variant (rs145386484) in this
same gene. Segregation analyses showed that p.Lys211Glu segregated with the disease
in family Fam-13, while several unaffected members of family Fam-59 had the
p.Trp13Cys variant, suggesting non-segregation. MARCH4 codes for an E3 ubiquitin
ligase predominantly expressed in the brain (Bartee et al. 2004). The p.Lys211Glu
variant affects a conserved amino acid residue, replacing a positively charged lysine
with a glutamic acid that has a negative charge. The position coding for the p.Trp13
residue is less well conserved. No protein model of MARCH4 is available, precluding any
conclusions on the possible effects of the observed variants on the protein structure. In
silico predictions suggested that p.Lys211Glu might be pathogenic, whereas p.Trp13Cys
might be a rare non-pathogenic variant.

The ubiquitin-related protein degregation pathway is implicated in several
neurodegenerative diseases (McKinnon and Tabrizi 2014). Recently, mutations in cyclin
F (CCNF), a member of an E3 ubiquitin-ligase complex, were identified in ALS-FTD
(Williams et al. 2016). E3 ligases function in the last step of ubiquitination by recruiting
the ubiquitin-carrying E2 enzyme and transferring ubiquitin from E2 to the target
protein (Chaugule and Walden 2016). MARCH4 is known to regulate the degradation of
cell-surface glycoproteins, such as CD81 (Bartee et al. 2004, Bartee et al. 2010), but it
has not been linked to neurodegeneration.
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5.2. SNCA p.Ala53Glu is linked to Parkinson’s disease and multiple system
atrophy -type pathology (ll)

A neuropathological examination of the index patient of family F1 revealed severe a-
synuclein pathology throughout the brain. This exceptionally grave pathology combined
with an early onset of the parkinsonian symptoms at 36 years of age suggested the
possibility of an inherited condition. At the time of the autopsy, the index patient’s
niece had also developed similar symptoms, further emphasising a probable genetic
component linked to the disease aetiology.

5.2.1. Neuropathological changes

After a disease duration of 24 years, the index patient’s brain weighed only 886 g.
Prominent frontotemporal and hippocampal atrophy as well as degeneration of the
substantia nigra were evident on macroscopic examination. Atrophy of the caudatus,
putamen, pallidus, thalamus, and subthalamic nuclei and the pallor of the locus
coeruleus were also noted. Severe neuronal loss, gliosis and spongiosis were
pronounced in the neocortical regions with eosinophilic cytoplasmic inclusions seen in
neurons and glial cells. Loss of dopaminergic neurons in the substantia nigra was almost
total, accompanied by severe gliosis. Diffuse mild neuronal loss was seen in the cornu
ammonis (CA) 1, CA2 and CA3 regions of the hippocampus. The cerebellum was intact.

SNCA immunoreactivity was seen in all brain areas and spinal cord sections
investigated. SNCA positive cytoplasmic inclusions of varying morphology were seen in
neurons and glial cells, the latter mostly in oligodendrocytes. Most inclusions were
crescent shaped or annular; globular LB-like inclusions were also seen. In most affected
areas, SNCA positive neurites and threads were present as well. The pathology was
most abundant in the cortical and subcortical areas. An especially pronounced SNCA
pathology was seen in the temporal and insular cortex, cingulate gyrus, putamen,
caudatus, amygdala and hippocampus. The hippocampal SNCA pathology was most
severe in the CA2 and CA3 areas.

Beta-amyloid staining was negative in all areas. Modest tau-positivity corresponding
to Braak stage Il was seen in the entorhinal cortex. Immunostaining with pTDP-43 and
p62 showed modest reactivity in the brain areas with SNCA pathology.

5.2.2. Characteristics of the SNCA p.Ala53Glu mutation

MLPA ruled out duplication or triplication of SNCA. Sanger sequencing of the coding
regions of SNCA revealed a heterozygous NM_0003435.3:¢.158C>A mutation, resulting
in the substitution of an alanine (Ala, A) with glutamic acid (Glu, E) at amino acid
position 53 (p.Ala53Glu, p.A53E). This mutation has not been described in any public
repositories (dbSNP, ESP, SISu, 1000 Genomes, and ExAC) of variants. Segregation
analysis showed that this variant is also present in the index patient’s sister and her
daughter.
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The p.Ala53Glu mutation affects the same amino acid residue as does the first
reported SNCA mutation, p.Ala53Thr (Polymeropoulos et al. 1997). Curiously, the
position coding for Ala53 is not well-conserved. Many higher order mammals have the
disease-associated Thr at the corresponding position, and the highly homologous
human y-synuclein also harbours Thr at this position (Kara et al. 2013).

The p.Ala53Glu replaces a hydrophobic, non-polar Ala residue with Glu that has a
negatively charged side chain. The mutation site is within the second a-helix of the
polypeptide (Ulmer et al. 2005), suggested to form the protein loop and hairpin
structure necessary for tetramer formation (Kara et al. 2013) (Figure 12). It was
hypothesised that the mutation might alter the secondary structure of SNCA thereby
altering the fibrillation kinetics of the resulting mutant a-synuclein.

Figure 12. The putative structure of the SNCA polypeptide and the locations of the pathogenic
mutations. The figure is adapted from Kara et al. (2013), available under the terms of the Creative
Commons Attribution Licence.

Subsequent functional studies confirmed some of these assumptions. An in vitro
analysis showed that in contrast to the p.Ala53Thr mutation, the p.Ala53Glu mutation
delays the fibrillation and aggregation of a-synuclein, likely resulting in increased
amounts of oligomeric a-synuclein (Ghosh et al. 2014, Rutherford and Giasson 2015).
Interestingly, the mutation does not seem to alter the secondary structure of the
protein, but the charged Glu residue may disrupt fibril formation (Rutherford and
Giasson 2015). Directly observable functional effects of the mutation include the lower
membrane-binding capacity of the resulting mutant a-synuclein (Ghosh et al. 2014) and
increased cellular toxicity in a cell model under mitochondrial stress (Rutherford and
Giasson 2015).

5.3. The SNCA p.Ala53Glu mutation is a rare cause for Parkinson’s disease in
Finland and originates from a common founder (111)

After the initial report describing the p.Ala53Glu mutation (l), another Finnish family
with the same mutation was reported (Martikainen et al. 2015). The families had no
known connection, but finding several patients with the same extremely rare mutation
raised the possibility of a shared ancestor. Thus, we proceeded to a haplotype analysis
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using both STR markers and SNP markers. We also screened a larger cohort of both
late-onset and early-onset PD patients to assess this mutation’s frequency among
Finnish PD patients.

5.3.1. Frequency in Parkinson’s disease cohorts

Two cohorts totalling 157 PD patients (110 with late-onset PD, 47 with familial early-
onset PD) were screened to assess the frequency of the p.Ala53Glu mutation. No
individuals with the mutation were detected in the cohort of 110 mostly late-onset PD
patients. This result was expected since the majority of patients had late-onset PD,
most likely representing sporadic cases. No detailed family history of these patients was
available.

Screening of 47 early-onset familial PD patients revealed one individual with the
p.Ala53Glu mutation. The patient was diagnosed with PD at the age of 41 years.
Progression of the symptoms was slow and no levodopa was required two years after
diagnosis. Family history was compatible with autosomal dominant inheritance: the
patient’s mother and sister both had PD, and the maternal grandmother may also have
been affected.

Thus far, only three families with the p.Ala53Glu mutation are known, suggesting
that this mutation is a rare cause of PD in Finland. SNCA mutations are also globally
rare, they are seen in only ~1% of all PD. Accordingly, another study of 22 Finnish
familial EOPD patients revealed no mutations in SNCA (Autere et al. 2002).

5.3.2. Evidence of a shared haplotype

Currently, three families with the same p.Ala53Glu mutation in SNCA are known. These
families had no known connections based on patient interviews. However, two of the
families originated from Southwestern Finland, raising the possibility of more distant
ancestry. In order to search for a shared genomic segment, haplotype analysis with STR
markers and SNP genotyping was performed. An analysis of eight STR markers flanking
SNCA showed an identical haplotype of 5.7 Mb (starting at marker D452371, genomic
location on chr4: 90132775 and extending to D4S2380, genomic location on chr4:
95883055) segregating in families F1 and F2. Allele sharing analysis suggested that the
affected patient of family F3 also carried this haplotype (Figure 1 in Ill). SNP genotyping
revealed definite breakages of the shared haplotype at SNP rs2116325 (chr4:
90,115,197) and rs6842919 (chr4: 106,958,170) located 16.8 Mb from each other.

5.3.3. Clinical manifestations of the p.Ala53Glu mutation

Clinical presentations linked to a single mutation can exhibit marked variability within
and between families. While SNCA mutations typically cause early-onset PD, variation in
age-at-onset is common. The index patient of family F1 developed symptoms at 36
years; her sister only noted the first symptoms at 62 years, whereas the index patient’s
niece was severely affected by 32 years. The same trend was noted in family F2 with
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the index patient presenting at 42 years and her daughter at 25 years of age. The index
patient from family F3 developed symptoms at 41 years of age. A similar variability in
age-at-onset has been reported for the p.Gly51Asp mutation with the youngest patient
presenting at 19 years and a patient from another family at 69 years of age (Kiely et al.
2015).

The clinical manifestations of the p.Ala53Glu mutation are also variable. The index
patient from family F1 developed levodopa-responsive parkinsonism with long disease
duration (24 years). A neuropathological examination showed features of both PD and
MSA. The two affected members of family F2 had hypokinetic-rigid PD and no clinical
signs of MSA. Both developed severe levodopa-induced dyskinesia. The affected patient
from family F3 had typical PD, but also severe dysarthria and dysphagia, which may
suggest cereberral involvement and thus features of an MSA-C type disease. Similar
variation in age-at-onset and clinical manifestations has been observed in other SNCA
mutations. The age-at-onset in three patients with the p.Gly51Asp mutation varied
from 19 to 69 years and their response to levodopa treatment was variable (Kiely et al.
2015).

5.4. Deletion of SLC20A2 5’ noncoding regions linked to primary familial brain
calcification (IV)

The genetic background of PFBC has proven heterogenous with four causative genes
identified thus far. We sought to identify the pathogenic mutation responsible for PFBC
in a Finnish family with three affected patients.

5.4.1. Identifying the mutation

Sanger sequencing of the coding and flanking splice site regions of SLC20A2, PDGFB and
PDGFRB revealed no mutations. WES was applied in order to search for variants shared
by the two affected patients and absent in one unaffected family member. Variants
were filtered based upon their frequencies in public databases and their predicted
functions. This approach failed to identify any plausible pathogenic variants related to
the disease. We hypothesised that the disease might be caused by a noncoding variant
or a copy number variant involving a known disease gene, or by a variant in a previously
unidentified gene. Thus, whole genome sequencing of one affected patient and an
unaffected family member was performed.

Analysis of the WGS data revealed a heterozygous deletion of ~578 kb on
chromosome 8pl11.2 (genomic coordinates chr8: 42,338,721 - 42,916,885) in the
affected patient. The telomeric breakpoint of the deletion maps to the 5’ noncoding
region of SLC20A2, removing the noncoding exon 1 and the putative promoter region of
the gene. The coding region remains intact. The centromeric breakpoint is located
between the second and third exons of FNTA. The deletion covers the entire coding
regions of SMIM19, CHRNB3, CHRNAG6, THAP1, RNF170, and HOOK3.
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The unaffected family member included in the WGS did not have the deletion. We
tested for co-segregation in all available family members using an SNP array. Only the
two affected patients and none of the unaffected family members harboured the
deletion, suggesting complete co-segregation with the disease.

5.4.2. Characteristics of the novel mutation

Most of the pathogenic mutations in SLC20A2 are missense and nonsense mutations,
small deletions or splice site mutations, readily detectable by Sanger sequencing
(Lemos et al. 2015). Initial functional studies suggested that mutations in SLC20A2 act
through haploinsufficiency rather than dominant negative effects (Wang et al. 2012).
Identification of a large deletion abolishing the whole coding region of SLC20A2 gave
further support for haploinsufficiency as the disease mechanism (Baker et al. 2014).
Recently, smaller exonic deletions were identified in several PFBC families (David et al.
2016, Gritz et al. 2016). We identified a deletion that only covers the 5’ noncoding
regions of SLC20A2, including the putative promoter region. Generally, no transcript is
produced if the promoter is missing. We thus propose that this deletion causes PFBC
through the haploinsufficiency of SLC20A2.

The deletion is almost identical in size to the whole-gene deletion reported by Baker
et al. (Baker et al. 2014) (Figure 13). Both deletions cover SMIM19, CHRNB3, CHRNAG,
THAP1 and RNF170. Of these genes, only THAP1 and RNF170 have been linked to
neurological disease. THAP1 mutations cause early-onset torsion dystonia (DYT6, OMIM
602629) (Fuchs et al. 2009), and a missense mutation of RNF170 has been reported as
causative of autosomal dominant sensory ataxia (Valdmanis et al. 2011). Interestingly,
dystonia was observed in the Finnish family and also in several members of a family
reported by Baker et al. (2014) and it could be related to the deletion of THAP1.

Chr 8
42,247,654 42,338,721 42,810,910 42,916,885
T 1 H
[ 1 Baker et al. This report
= <2 = = <= <o <= = =
VDAC3 SLC20A2 SMIM19 CHRNB3 CHRNA6  THAP1 RNF170 HOOK3 FNTA

3 5
ex 11 ex10 ex9 ex8 ex7 ex6 ex5 ex4 ex3 lfl ex1
L
delex 4 delex 2 del ex 1 onwards
| delex6-10 | delex4-5

Figure 13. A schematic presentation of the deletion identified in this study compared to other deletions
reported thus far (Baker et al. 2014, David et al. 2016, Gritz et al. 2016). Orientations of the genes are
marked with arrows. Modified from Figure 1cin IV.
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The results by David and coworkers (2016) show that it is possible to estimate CNVs
from exome sequencing data by assessing read-depth variation across samples. We
chose to assess CNVs by WGS and an SNP array. The partial SLC20A2 deletion would not
have been picked up by CNV analysis of our WES data, since the deletion only covers
the noncoding exon 1 of the SLC20A2 and this region was not captured by the exome
enrichment kit used. Using SNP array alone would have allowed us to see the deletion,
but the breakpoints could be more reliably identified from the WGS data.

Analysis of copy number variations is thus a crucial point in the molecular
diagnostics of PFBC. In addition to exome- and genome-wide methods, CNVs can be
analysed by targeted means, such as MLPA and QMPSF (quantitative multiplex PCR of
short fluorescent fragments), qPCR-based copy number assays or aCGH. Targeted
protocols often only include the coding regions of genes, but our results demonstrate
that CNV analysis should, if possible, also assess the noncoding and regulatory regions
of known causative genes. Failure to address CNVs may lead to underestimation of
mutation frequency in the known genes and unnecessary searching for mutations in
novel genes.
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6. CONCLUSIONS AND FUTURE PROSPECTS

1. The C9orf72 expansions are common causes of dementia in the Finnish population,
especially among FTD patients with or without a family history of ALS. Screening for the
C9orf72 repeat expansions could be worthwhile in most familial dementia cases.
Mutations in APP, PSEN1 and PSEN2 are rare, as are mutations in FTD-associated genes,
with the exception of the C9orf72 expansions. Exome sequencing can be used to search
for rare variants, but assigning pathogenicity warrants functional studies and evidence
of enrichment of variants in cases with the disease phenotype compared to unaffected
controls. This often requires combining several cohorts to reach statistical significance.

2. The SNCA p.Ala53Glu mutation has thus far only been identified in Finnish patients
with extrapyramidal symptoms. Segregation analyses and functional work support its
pathogenicity, making it the fifth known pathogenic point mutation in SNCA. The
clinical manifestations vary from patient to patient, ranging from typical early-onset PD
to more MSA-like disease.

3. Patients with the SNCA p.Ala53Glu mutation share a common haplotype, suggesting
that they originate from a common ancestor. Thus, more patients with this mutation
might be found in Finland, even though our initial screening of PD patients suggests
that this mutation is rare. Screening for SNCA is recommended particularly in severe,
early-onset PD with positive family history.

4. Whole genome sequencing was required to identify the causative mutation, partial
deletion of SLC20A2, in a Finnish PFBC family, even though the mutation affects a well-
established disease gene. Our results demonstrate that analysis of copy number
variation is essential when screening for mutations in known causative genes linked to
PFBC. Ideally, CNV analysis should not be limited to the coding regions, as causative
variants may reside outside them, in the regulatory regions.

5. Identifying the causative mutation provides a foundation upon which the follow-up
studies may be built. The known functions of the mutated gene often reveal pathways
that may result in neurodegeneration when disrupted. Functional studies are needed to
elucidate the pathogenetic mechanisms and to find possible ways to eventually treat or
even prevent the disease.
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ELECTRONIC RESOURCES

Alzforum mutation database (http://www.alzforum.org/mutations/)

Alzheimer disease & frontotemporal dementia mutation database
(http://www.molgen.ua.ac.be/ADMutations/)

The Exome Aggregation Consortium (ExAC) (http://exac.broadinstitute.org/)

Exome Variant Server, NHLBI GO Exome Sequencing Project (ESP), Seattle, WA
(http://evs.gs.washington.edu/EVS/)

International Classification of Diseases (http://www.who.int/classifications/icd10/)

Leiden Open Variation Database at Coppola Lab (https://coppolalab.ucla.edu/lovd/genes)

PLINK v1.07 and v1.09 (http://pngu.mgh.harvard.edu/purcell/plink/)

Sequencing Initiative Suomi project (SISu), Institute for Molecular Medicine Finland (FIMM),
University of Helsinki, Finland (http://sisuproject.fi), SISu v4.1, accessed 09/2016
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