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Chapter 1

Frontotemporal dementia

Slight changes in cognitive abilities are part of the normal aging process. However, when 

severe and widespread degeneration of brain cells instigates progressive cognitive 

decline, compromising daily functioning and activities, this can lead to a diagnosis of 

dementia. Dependent on the brain regions involved, different cognitive domains can be 

impaired such as memory, language, and social cognition [1]. Dementia is not a specific 

disease, but an overall term covering a wide range of disorders, with Alzheimer’s disease 

as most common cause (Figure 1). The main focus of this dissertation is frontotemporal 

dementia, which primarily affects the frontal and temporal lobes of the brain.    

   

Others:
Parkinson’s

Huntington’s
<1%

DEMENTIA

Alzheimer’s
Dementia

~70%

Mixed Dementia: more than one cause

Fronto-
temporal
Dementia

~10%

Lewy Body
Dementia

~5%
Vascular

Dementia
~15%

DEMENTIA

Figure 1. Dementia can be seen 

as an umbrella term for a wide 

range of brain disorders affecting 

cognitive functioning.

The psychiatrist Arnold Pick was the first to describe a patient with progressive aphasia 

and focal atrophy of the frontal lobe in 1892. The disorder was considered as extremely rare 

over the following century. In the 1980s, however, multiple neurologists independently 

reported patients with language and behavioral problems accompanied by severe frontal 

and/or temporal neurodegeneration, referred to as Pick’s disease [2-5]. In the mid-

1990s, the term frontotemporal dementia (FTD) was introduced – now widely known as a 

severe and progressive neurodegenerative disorder [6]. Currently, FTD is used to indicate 

the clinical syndrome and frontotemporal lobar degeneration (FTLD) the underlying 

neuropathology.
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FTD disproportionally affects younger individuals below 65 years of age [7]. It accounts 

for approximately 3% of all dementia cases regardless of age, but up to 10% of dementia 

patients younger than 65 years [7]. Population-based prevalence estimates vary widely, 

ranging from 3 to 30 per 100,000 individuals below 65 years of age [7-9]. It must be noted 

that these numbers are likely an underestimation, as FTD is frequently underdiagnosed 

or misdiagnosed [10].

Clinical syndromes
FTD encompasses a wide clinical spectrum, including various forms that can converge as 

the disease progresses [11, 12]. The most common subtype is the behavioral variant of FTD 

(bvFTD) with behavioral and personality changes as most prominent feature, including 

disinhibition, loss of empathy, and impaired emotion recognition [13]. Patients with bvFTD 

often have limited disease insight. There is a considerable delay in establishing a correct 

diagnosis, frequently due to the fact that symptoms may be mistaken for psychiatric 

disease. The other two major clinical subtypes are the non-fluent and semantic variants of 

primary progressive aphasia (nfvPPA and svPPA), both characterized by gradual language 

impairment [14]. Patients with nfvPPA suffer from a slow and effortful speech due to 

difficulty in forming sounds and words (apraxia of speech), accompanied by agrammatism. 

The distinguishing feature of svPPA – previously named semantic dementia (SD) – is 

impaired confrontation naming and word comprehension. 

Besides these main phenotypes, the clinical landscape of FTD includes a broad range 

of movement-predominant forms such as corticobasal syndrome (CBS), progressive 

supranuclear palsy (PSP), and amyotrophic lateral sclerosis (ALS) [12]. 

Neuropathology
The neuropathological hallmark of FTLD is atrophy of the frontal and temporal lobes 

with accumulation of protein aggregates in the cytoplasm or nuclei of affected cells, 

referred to as inclusions [15]. Although pathology can be found throughout the central 

nervous system, each clinical syndrome is associated with distinct topographic patterns 

[16]. In bvFTD, the frontal and temporal lobes are usually affected symmetrically (though 

occasionally right-sided), nfvPPA shows predominant left frontotemporal involvement, 

and svPPA is associated with left anterior temporal degeneration. Subcortical areas can be 

affected, whereas the occipital cortex and cerebellum are relatively preserved. In FTD with 

motor neuron disease (e.g., FTD-ALS), the brainstem nuclei, motor cortical areas, lower 

motor neurons, and spinal cord are often involved [17]. Based on the deposited protein, 

cases can be classified into different molecular subgroups [18]. Correlations between the 

major clinical and pathological subtypes have been established, as shown in Figure 2.
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FTLD-TDP
Main subtypes
A/B/C/D FTLD-TAU

Pick’s disease
CBD
PSP

svPPA

nfvPPA

CBSFTD-MND

bvFTD

FTLD-FET
FTLD
-UPS

PSP

Figure 2. A simplified depiction of the clinical and neuropathological groups across the 

FTD spectrum. 

The grey boxes represent the various clinical presentations of FTD and the colored areas the underlying 

FTLD neuropathology. Abbreviations: bvFTD = behavioral variant of FTD; CBS = corticobasal syndrome; 

CBD = corticobasal degeneration, FET = FET family proteins; MND = motor neuron disease; nfvPPA 

= non-fluent variant of primary progressive aphasia; PSP = progressive supranuclear palsy; svPPA = 

semantic variant of primary progressive aphasia; TDP = transactive response DNA-binding protein; 

UPS = ubiquitin-proteasome system.

TDP-43 pathology

The largest group (~50%) encompasses FTLD-TDP, with ubiquitin-positive inclusions 

containing phosphorylated and aggregated TAR DNA-binding protein 43 (TDP-43) 

[19]. Under normal circumstances, TDP-43 is predominantly localized in the nucleus 

where it acts as an RNA binding protein involved in transcriptional regulation and RNA 

metabolism of a wide range of target genes [20]. Pathological TDP-43 immunoreactivity 

can be found in the form of neuronal cytoplasmic inclusions (NCIs), dystrophic neurites 

(DNs), neuronal intranuclear inclusions (NIIs), and glial cytoplasmic inclusions (GCIs). 

Based on the morphology and distribution of these structures, FTLD-TDP cases are 

typically classified into four main subtypes (types A-D) [21], though a minority presents as 

mixed type and some cases remain difficult to classify. 
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Tau pathology

In approximately 40% of FTLD cases, aggregates of the microtubule-associated protein 

tau are observed (FTLD-tau) in neuronal and glial cells, with variation in phosphorylated 

sites and presence of different tau isoforms [22]. Normal tau protein is ubiquitous in 

the adult brain, where it binds to axonal microtubules. More than 20 neurodegenerative 

disorders are known where insoluble tau accumulates to form fibrillary deposits, 

collectively classified as tauopathies [23]. As most common tauopathy, AD is characterized 

by the deposition of amyloid-β. Within the FTLD spectrum, the tauopathies include 

Pick’s disease, corticobasal degeneration, PSP, and FTD patients caused by a dominantly 

inherited pathogenic variant in the tau gene. Although the presence of pathological tau 

in all these diseases implies common mechanisms, they can be differentiated by distinct 

morphology, distribution, and progression pattern of tau inclusions [24].

Other pathologies

Besides FTLD-TDP and FTLD-tau, small subgroups include FTLD-FET (5-10%) with 

aggregation of FET family proteins (FUS, EWS, and TAF15), and the very rare form FTLD-

UPS (<1%) with inclusions only positive for markers of the ubiquitin-proteasome system 

(UPS) [19].

Genomics technologies

The biological building blocks of DNA are called nucleotides. These can be distinguished 

by four different types of nitrogen bases (A, C, G, and T). Each series of three nucleotides 

– a codon – corresponds to a specific amino acid, composing the basic code of genetic 

information. A development that revolutionized genomics was DNA sequencing, a 

technique that can determine the order of nucleotides of a DNA fragment. The first 

generation sequencing methods introduced in the 1970s (i.e., Sanger and Maxam-Gilbert 

technologies) were initially most commonly used. Further refinements and automation 

steadily enabled sequencing larger DNA fragments [25]. This especially bolstered the 

Human Genome Project, producing the first complete genome sequence in 2004, 

consisting of approximately 3 billion nucleotide pairs of DNA [26].

When considering all forms of genomic variation, it is estimated that ~1% of each 

person’s DNA differs from the human reference sequence [27]. Genetic variants are 

often distinguished as either common (frequency of >1% in the population), or rare 

(frequency <1%). Both types of variants may affect the functions of proteins – the 

products of genes – by directly altering the protein code or indirectly through diverse 
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regulatory mechanisms. Investigating different variant types and their impact on 

protein and cellular functioning, can help to understand physiological processes as well 

as disease mechanisms.

Next-generation sequencing
During the last two decades, a shift has taken place from the traditional sequencing 

methods towards a new era of faster sequencing technology, known as next-generation 

sequencing (NGS). It constitutes various strategies in which millions of DNA fragments 

can be sequenced in parallel, opening up new opportunities for genomic exploration [28]. 

Three types of NGS techniques are most frequently used: targeted sequencing, whole 

exome sequencing (WES) and whole genome sequencing (WGS). In targeted sequencing, 

a prespecified selection of genes is sequenced. Nowadays, evaluating a panel of 

associated genes is often performed in clinical practice in case of suspicion of a heritable 

neurodegenerative disorders [29]. A more exhaustive approach is preferred in search 

for novel genes. WES covers all coding regions (exons), whereas WGS is able to read 

sequences from the whole genome, including potentially relevant noncoding regions such 

as promotors and enhancers. The greatest challenge with WGS lies in translating variants 

in these noncoding parts to meaningful clinical interpretations, which is much more 

complex than for coding variants directly affecting protein structure and/or function. 

These and other obstacles (e.g., costs, data storage, and ethical issues) have hindered a 

widespread implementation of WGS in clinical practice [30-32].

The quality of WES and WGS is dependent on a range of technical aspects, and should 

be checked at all stages of data processing (raw data, alignment, and variant calling) 

[33]. The threshold of quality parameters may be adjusted to the specific aim of a study, 

emphasizing either sensitivity or specificity. Yet even with the most thorough quality 

control procedures, false-positive or false-negative results can evade these efforts. 

Although gradually more omitted owing to increased sequencing accuracy, additional 

methods such as Sanger sequencing are sometimes indicated to validate findings 

independently from NGS methods. 

Genotyping arrays
Despite the rapid emergence of NGS, other pre-existing genetic technologies remain 

relevant for many applications in both clinical and research setting. In particular 

genotyping arrays are popular techniques to assess single nucleotide polymorphisms 

(SNPs) among millions of markers across the genome [34]. Different hybridization-based 

technologies exist, of which so-called SNP arrays are often used to detect structural 

variation (e.g., duplications, deletions, and repeats), which are otherwise more challenging 
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to detect [35]. Moreover, as the technique relies on targeting a selection of known 

(usually common) SNPs, genotyping arrays come with much lower costs as compared 

to sequencing. This makes it easily scalable to larger population samples. As such, SNP 

arrays are widely applied in clinical diagnostics, but also in linkage studies and genome-

wide association studies (see next section).

Study designs in human genetics 

Dependent on the specific aim and types of variant under investigation, genetic studies 

take a variety of approaches, requiring different sampling schemes and DNA technologies. 

The ultimate goal is usually to either identify novel disease genes/variants or to further 

characterize previously associated genetic variants. Several commonly used study 

designs are discussed: family-based, case-cohort, case-control, and population-based 

studies (Figure 3). 

Cases Cases Controls

Case-control studyCase-cohort study

Population-based study

time

Family based study

Figure 3. A simplified schematic overview of the main study designs in genomic 

research.
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In families, multiple family members affected by disease (shown in black in the pedigree) may suggest 

an increased genetic risk. Family-based studies compare the genetic variation amongst affected and 

unaffected relatives, to identify candidate variants implicated in the disease. The occurrence of specific 

genetic variants (as indicated by yellow star) can be evaluated in case-cohorts, or compared across 

patients and healthy controls in a case-control design. A population-based study follows a selected 

set of individuals for a certain period, sometimes with participants entering and leaving the study 

over time. This study allows for repeated measurements and assessment of genetic/disease status at 

any given time. 

Family-based approach
When a certain disease occurs in a family with higher frequency than might be expected 

based on population incidence rates, termed familial aggregation, this may indicate an 

underlying genetic cause. Such families are specifically of interest for genetic studies. In 

the latter half of the twentieth century, linkage analysis was the primary method for the 

genetic mapping of traits with familial aggregation. It is based on the observation that 

genes located closely together on a chromosome remain linked during meiosis [36]. 

By analyzing the distribution of numerous SNPs with genotyping arrays, a particular 

chromosomal region related to the disease of interest can be identified. Targeted 

investigation of this region using sequencing is then performed to reveal the candidate 

variant as cause of disease. Subsequent testing of additional affected and unaffected 

relatives (segregation analysis) can help to establish further proof of causation. 

During the last decades, the focus has somewhat shifted towards directly performing 

WES or WGS in families. However, genetic linkage remains an important approach in 

conjunction with sequencing-based methods to identify genes and variants involved in 

disease etiology [37, 38]. 

Case-cohort studies
With the emergence of fast and affordable NGS technologies, systematic screening of larger 

patient cohorts has become a common strategy. In the context of dementia, patients can 

be selected based on family history and/or age at onset of disease, but also total cohorts of 

patients are genetically screened for variants in previously associated genes [39-41].

The use of different filtering steps in DNA data analysis aims to reduce the number of 

potentially causal variants, for instance, taking into account mode of inheritance, minor 

allele frequency, and predicted damaging effect on the protein product. Still, numerous 

variants may require follow-up to provide further evidence of an association with disease. 

This can be done in the form of segregation analysis in family members, by screening 
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additional unrelated patients or healthy controls, or by functional experiments to further 

characterize candidate genes. 

Case-control studies
Family-based linkage and DNA sequencing are powerful methods for the identification of 

rare genetic variants associated with high disease risk. However, they are less effective in 

complex disorders caused by multiple common variants with lower effect sizes. For these 

prevalent variants, case-control studies using genotyping arrays became the preferred 

method in the field of genetic epidemiology to compare the frequencies of variant alleles 

or genes across affected and unaffected individuals.

Different types of case-control studies can be distinguished. The first and pioneer in the 

field is the candidate gene study, which focuses on a specific gene or a selection of genes 

[42]. Putative candidates are chosen on the basis of prior knowledge on the function of 

a gene or its potential relevance to the disease of interest (e.g., following family-based 

analysis). SNPs are selected from these genes or linkage peaks, and their occurrence is 

observed in cases and control subjects. This type of analysis may also be referred to as 

replication analysis. Many bioinformatics tools are currently available to aid in prioritizing 

genes and tagging SNPs [42]. However, the candidate gene approach remains limited by 

its reliance on existing knowledge. 

Genotyping array data has opened up the era of genome-wide association studies (GWAS), 

which can help pinpoint new potential regions of interest in or near a candidate gene, by 

scanning the entire genome for common genetic variation [43]. A dramatic increase in 

array density has facilitated an explosion of GWAS aiming to identify genomic variants 

associated with human disease [44]. As hundreds and thousands of variants are being 

tested, large sample sizes are required to accommodate the multiple testing burden. 

Especially in complex and continuous traits, a larger sample size will increase the power to 

detect genome-wide significant associations. To illustrate, the UK Biobank has collected 

genotyping data of ~500,000 individuals and studied genetic associations for hundreds 

of different traits [45]. Importantly, although many associations can be found, they each 

only exert a modest effect and the precise link to disease pathophysiology is often more 

difficult to establish than in family-based or candidate gene studies.

Population-based studies
In population-based studies, typically a large number of individuals are followed over 

time, which can be selected from the general population or comprise a population of 

patients. Repeated measurements, for example of clinical symptoms, genomic data, or 
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environmental factors, enable the investigation of various factors in relation to disease 

onset and progression. Population studies provide the basis for many other studies, as 

the generated data can be evaluated at any given time in cross-sectional, prospective, 

or retrospective manner, either as case-cohort or in a case-control design. To illustrate, 

longitudinal studies of genetic FTD can provide insight into the presymptomatic changes 

in clinical biomarkers prior to the development of symptoms [46]. In genomic research, 

population-based studies are especially indispensable for dynamic studies which, for 

instance, investigate changes in the levels of gene expression or protein concentrations 

in disease-affected tissues.

The complex genetic architecture of FTD

FTD has an important genetic component, as around a third to half of the patients have a 

positive family history of dementia, of which ~10-15% with apparent autosomal dominant 

transmission [47]. The heritability varies substantially across clinical phenotypes; bvFTD 

is the commonly inherited form (~50%), while svPPA is rarely familial (~10% positive 

family history) [48]. 

Three major FTD genes
Using linkage analysis, pathogenic variants in the three major FTD genes were identified 

in affected families: microtubule-associated protein tau (MAPT) in 1998, followed by 

progranulin (GRN) in 2006, and chromosome 9 open reading frame 72 (C9orf72) in 2011 [49-

52]. Since then, over 60 pathogenic variants in MAPT and more than 100 in GRN have been 

reported [47]. Though identified last, the C9orf72 repeat expansion seems the most common 

cause of FTD worldwide, and is also the major genetic cause of ALS [53]. As shown in Figure 

4, cohort screens all over the world have revealed substantial geographical variability of 

the different genetic groups. For example, high occurrence of GRN variants is observed in 

Southern Europe, whereas C9orf72 predominates in Scandinavian countries [54, 55]. 

The three genetic groups demonstrate large variation in clinical presentation, but strong 

correlation to neuropathological subtypes [56]. Deposition of hyperphosphorylated tau 

(FTLD-tau) is observed in MAPT variant carriers, thought to occur due to abnormal tau 

function as microtubule stabilizer or caused by an imbalance of different tau isoforms 

[57]. Damaging variants in GRN are associated with TDP-43 proteinopathy (FTLD-TDP) 

type A, whereas FTD-TDP type B is usually found in C9orf72 repeat expansion carriers 

[19]. The precise pathogenic mechanisms following genetic defects in GRN and C9orf72 

are unknown, though various involved pathways have been suggested such as lysosomal/

endosomal dysfunction, neuroinflammation, and RNA toxicity [58].
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Figure 4. Global frequency of C9orf72, GRN, and MAPT pathogenic variants. 

The pie charts show the relative frequency of each of the three genetic groups within a geographical 

area, with the number in the center representing the number of cases included within that area. 

Populations outside Europe and the United States are underrepresented. The figure was adopted from 

Moore et al., Lancet Neurology, 2020 [55].

Rare genetic variants
In the field of FTD, WES has been widely applied to study families and larger cohorts 

of patients, gradually revealing its large genetic heterogeneity. The occurrence of rare 

pathogenic variants in other genes (besides MAPT, GRN, and C9orf72) cumulatively 

account for less than 5% of all FTD. Similar to C9orf72, these genes are often mutually 

linked to ALS or a combined phenotype (Table 1). Most were found in only a few families 

across the world. Nonetheless, the identification of these genes and the associated 

biological pathways contribute to our understanding of disease mechanisms, and provide 

the fundaments for subsequent investigation on proteomic and cellular level. 
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Table 1. Causal genes and risk modifiers associated with FTD and/or FTD-ALS. 

Gene
Locus 
(GRCh38)

Contribution 
FTD Main phenotypes Pathology Reference

C9orf72 9q21.2 5-10% FTD and/or ALS TDP type A/B [51, 52]

GRN 17q21.31 5-10% FTD, CBS TDP type A [50]

MAPT 17q21.31 5-10% FTD Tau [49]

TARDBP 1p36.22 1-2% FTD and/or ALS
TDP 
unspecified

[59]

TBK1 12q14.2 1-2% FTD and/or ALS TDP type A/B [60]

CHMP2B 3p11.2 <1% FTD UPS [61]

VCP 9p13.3 <1%
IBMPFD, FTD and/
or ALS

TDP type D [62]

OPTN 10p13 <1% FTD and/or ALS TDP type A [63, 64]

SQSTM1 5q35.3 <1% FTD and/or ALS TDP type B [65]

CHCHD10 22q11.23 <1% FTD and/or ALS Unspecified [66]

UBQLN2 Xp11.21 <1% FTD and/or ALS Unspecified [67]

hnRNPA1/
A2B1

12q13.13/7p15.2 <1%
ALS (FTD 
uncertain)

Unspecified [68]

FUS 16p11.2 <1%
ALS (FTD 
uncertain)

FUS [69, 70]

HLA locus 6p21.3 Risk FTD - [71]

RAB38/
CTSC locus

11q14 Risk FTD - [71]

SORT1 1p13.3 Risk FTD - [72]

TMEM106B 7p21.3 Risk FTD - [73]

TREM2 6p21.1 Risk FTD, AD - [74]

UNC13A 19p13.11 Risk FTD and/or ALS - [75]

The list provided here is not exhaustive and some genes, in particular the risk modifiers, require 

validation by additional studies. All genes are associated with autosomal dominant transmission, 

with the exception of OPTN, in which both dominant and recessive variants have been detected. 

Abbreviations: AD = Alzheimer’s disease; ALS = amyotrophic lateral sclerosis; FTD = frontotemporal 

dementia; FUS = fused in sarcoma; IBMPFD = inclusion body myopathy with early-onset Paget disease 

and frontotemporal dementia; TDP = transactive response DNA-binding protein; UPS = ubiquitin-

proteasome system. 



21

General introduction

1

Common genetic risk factors 
GWAS of AD patients have revealed numerous risk loci by including nearly 100,000 

patients [76-79]. In rare disorders as FTD, such sample sizes are utterly impossible to 

realize. Nevertheless, studies including several thousands of patients have disclosed 

some insightful genetic associations [73, 75, 80, 81]. The most replicated risk gene is 

the transmembrane protein 106B (TMEM106B), found to be particularly associated with 

GRN pathogenic variants [73, 82]. Other risk loci identified by GWAS include the HLA 

locus on chromosome 6p21.3 and RAB38/CTSC on chromosome 11q14 [71]. An interesting 

development is the potential association with autoimmunity, following the observation 

of immune-mediated genetic enrichment in FTD, particularly within the HLA region [83, 

84]. Lastly, rare variants in several genes have been associated with FTD including TREM2, 

SORT1, and UNC13A [72, 85, 86]. 

In Figure 5, the genetic landscape of FTD is schematically depicted with estimated effects 

and frequencies of the genes, although this list is not exhaustive. It illustrates that genetic 

studies of FTD so far have disclosed many rare, high risk genes, as well as common variants 

with small effect sizes. More difficult to distinguish are genetic variants of intermediate 

risk and frequency. 
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Figure 5. Schematic overview of the current and future genetic landscape of 

frontotemporal dementia. 

The risk attributed to a variant in a gene associated to FTD (y-axis) is represented in function of the 

variant frequencies in the general population (x-axis). The sizes of the circles correspond approximately 

to the proportion of FTD caused by variants in the corresponding gene. The color represents the 

associated pathology. Multiple genes, depicted in red-dashed box, have also been associated with 

motor neuron disease. As indicated by the dashed circles, the most difficult variants to distinguish 

are those with a moderate-intermediate effect, which could act as disease modifiers in an oligogenic 

or polygenic model. Abbreviations: TDP = transactive response DNA-binding protein; UPS = ubiquitin-

proteasome system.

The proteomic approach 

As described by the central dogma of molecular biology [87], genes in the DNA can 

be activated and transcribed into RNA when a specific cellular function of the gene 

is required. Subsequently, RNA is transported to the ribosomes for translation into a 
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functional protein. As products of genes, directly affecting cellular functioning through 

diverse pathways, proteins may better reflect disease biology. Investigating changes at 

the protein level in cells, fluids, or tissues, is collectively referred to as proteomics [88]. 

Across the spectrum of disease, proteomics may contribute to understanding pathogenic 

mechanisms, differentiating molecular subtypes, and identifying targets for therapeutic 

intervention.

Mass spectrometry
Proteomics encompasses many different complementary approaches, including targeted 

studies mapping out the structure or functions of specific proteins, and quantitative 

technologies measuring protein levels across samples. For large-scale studies of proteins, 

also referred to as proteomic profiling, mass spectrometry (MS) has been the method of 

choice for many years [89]. 

In a typical MS workflow, proteins are first extracted from a biological source such as body 

fluids, cells or tissues, and digested into peptides. Liquid chromatography separates the 

peptides by ionization, enabling the analysis of complex peptide mixtures [90]. These 

are introduced to the mass spectrometer, which measures their mass-to-charge ratio 

with high accuracy. The generated peptide sequence information can then be matched 

to known peptide sequences, supporting a “bottom-up” protein assembly. Following 

quantification, bioinformatics analyses are needed to interpret and visualize the protein 

abundances in a biological context.

The use of algorithms matching MS data to organism-specific protein sequence databases, 

accelerated the maturation of MS-based approaches into a powerful exploratory tool to 

investigate proteins in an unbiased manner. As such, the current technology is able to 

measure protein translation of the majority of the ~20,000 coding genes [91]. In parallel to 

the technical advances, various bioinformatics methods are progressing to facilitate the 

mechanistic and biological interpretation of proteomic data [92].

Neuroproteomics 
The field of neuroproteomics is rapidly expanding in its effort to characterize the brain 

proteome [93, 94]. A comprehensive proteomic study of the mouse brain demonstrated 

the identification of >12,000 proteins in a single-run analysis, which indicates a coverage 

close to completion in terms of functionally expressed genes [95]. Large-scale initiatives 

such as the Human Protein Atlas (HPA) and The Human Brain Proteome Project (HBPP) 

provide ample resources for the accurate quantification of the brain proteome by in-

depth analyses of healthy, neuro-diseased, and aging human brains [93, 96]. 
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Due to its dynamic properties, in contrast to DNA, the measured proteome is highly 

dependent on the type of tissue/cells used, and the procedures during sample processing. 

As accessible body fluid in close contact with the brain, cerebrospinal fluid (CSF) has been 

studied extensively with MS for the discovery of biomarkers for neurodegenerative disease 

[97]. The large dynamic range of CSF proteins and variation in proteomic workflows 

challenge independent validation of proposed candidates [98]. Moreover, the process of 

candidate biomarkers to a validated diagnostic test is rigorous and time-consuming. With 

a few exceptions such as the validated AD biomarkers (i.e., Aβ-42, T-Tau and P-Tau), the 

majority of CSF biomarkers have not yet progressed to a clinically applied test [99].

Albeit difficult to perform during lifetime, proteomics of brain tissue offers a unique 

insight into physiological processes as well as pathogenic alterations leading to neuronal 

dysfunction [94, 100]. Despite many barriers to overcome, including large heterogeneity 

in protein expression across cells and regions of the brain, an increasing number of 

studies comparing patient and control brains are leading the path towards deciphering 

disease specific processes. For instance, proteomic studies of several brain regions and 

cells affected by AD have provided valuable information on involved molecular pathways 

[101-104]. These studies also demonstrated that complex disorders as AD are the outcome 

of a highly intricate web of molecular processes, extending far beyond the major disease 

proteins found in cellular aggregates [105]. The ultimate goal, unraveling which changes 

are disease specific and suitable for therapeutic intervention, still appears to be a long 

way ahead.

Outline of the dissertation

Despite rapid technological and strategic advancements, uncovering more and more 

pieces of the genetic landscape of FTD, its genetic etiology remains unclear in a substantial 

proportion of patients. This “missing heritability” indicates that novel genes and types of 

genetic defects remain to be discovered. Moreover, the fundamental disease mechanisms 

giving rise to the various forms of FTD are largely unknown, and disease modifying 

treatments are lacking. 

Exploring the genetic architecture of FTD will provide more insight into the functional 

pathways involved in disease onset and progression. Evidently, these genetic defects 

may be the driving force behind altered protein homeostasis, resulting in neuronal 

degeneration. A comprehensive analysis of the protein depositions and aberrant protein 

abundances in the brain is essential to apprehend the FTLD proteome, to discriminate 
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distinct subtypes, and to identify diagnostic biomarkers and therapeutic targets.

Chapter 2 describes an exome sequencing study of a large cohort of FTD patients (chapter 

2.1), providing an overview of known and novel genetic variants, as well as insightful 

clinical-genetic and clinical-pathologic correlations. Subsequent family-based studies 

provide more in-depth evaluation of several families of interest, carrying specific 

variants in the genes TARDBP (chapter 2.2) and TUBA4A (chapter 2.3). A comprehensive 

assessment of a large family presenting with cerebellar ataxia and cognitive impairment 

led to the discovery of a pathogenic STUB1 variant (chapter 2.4). Collectively, these studies 

demonstrate the utility of NGS for the discovery of rare genetic causes. 

Chapter 3 places the field of genetic research in a broader perspective, by evaluating genetic 

factors not standardly examined. For the first time, we reported the occurrence of somatic 

variants in the brains of patients affected by svPPA, a sporadic subtype of FTD (chapter 

3.1). And in a series of AD families, we assessed the possible multifactorial architecture 

of disease by evaluating a variety of genetic components using both sequencing and SNP 

array data (chapter 3.2). 

Chapter 4 introduces the proteomic approach to identify dysregulated proteins and 

molecular pathways in FTLD. We discuss various important considerations in the 

proteomic study design, followed by a narrative review of the proteomic findings in FTLD-

TDP brains so far (chapter 4.1). We then describe the proteomic changes in FTLD patients 

carrying GRN and MAPT pathogenic variants, which revealed a unique protein signature for 

each genetic subgroup (chapter 4.2). Finally, we performed an in-depth proteomic study 

of svPPA patients by investigating a specifically affected brain region of the hippocampus, 

the dentate gyrus (chapter 4.3). By integrating several types of bioinformatics analyses, 

we attempted to discriminate the most specific and disease relevant proteins altered in 

svPPA.

Chapter 5 reviews the main findings of this dissertation in the context of current literature. 

Important methodological considerations and recommendations for the genetic and 

proteomic assessment of FTD are discussed, as well as future outlooks concerning 

technological and strategic developments.
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Abstract

Frontotemporal dementia (FTD) presents with a wide variability in clinical syndromes, 

genetic etiologies, and underlying pathologies. Despite the discovery of pathogenic 

variants in several genes, many familial cases remain unsolved. In a large FTD cohort 

of 198 familial patients, we aimed to determine the types and frequencies of variants 

in genes related to FTD. Pathogenic or likely pathogenic variants were revealed in 74 

patients (37%), including four novel variants. The repeat expansion in C9orf72 was 

most common (21%), followed by variants in MAPT (6%), GRN (4.5%), and TARDBP (3.5%). 

Other pathogenic variants were found in VCP, TBK1, PSEN1, and a novel homozygous 

variant in OPTN. Furthermore, we identified 15 variants of uncertain significance (VUS), 

including a promising variant in TUBA4A and a frameshift in VCP, for which additional 

research is needed to confirm pathogenicity. The patients without identified genetic 

cause demonstrated a wide clinical and pathological variety. Our study contributes to the 

clinical characterization of the genetic subtypes and confirms the value of whole-exome 

sequencing in identifying novel genetic variants. 
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Introduction

Frontotemporal dementia (FTD) is one of the main causes of presenile dementia [1]. FTD 

constitutes a heterogeneous spectrum with large variability in clinical and pathological 

features [2, 3]. It has a strong genetic component, and autosomal dominant inheritance is 

observed in 10-25% of patients [4, 5]. Mutations in C9orf72, GRN, and MAPT account for ~30% 

of familial cases, with substantial geographical variability in mutation frequencies [5-11]. 

In the past decade, whole exome sequencing (WES) has emerged as a method to identify 

novel pathogenic variants in these genes, but also likely pathogenic variants or variants 

of uncertain significance in an increasing number of dementia-associated genes such as 

TARDBP, VCP, TBK1, and SQSTM1 [12-15]. Nonetheless, around two thirds of familial cases 

remains without a known genetic cause, implying yet undiscovered variants [16]. 

In this study, we systematically assessed a broad set of dementia related genes in our 

large cohort of FTD patients with a positive family history using WES, C9orf72 repeat-

primed PCR, and copy number variation analysis. Our objectives were to investigate the 

frequencies of pathogenic variants in the Netherlands, and to identify potential novel 

variants which might ultimately provide new pathophysiological insights.

Materials and Methods

Clinical data collection
Patients were selected from our large FTD cohort in the Netherlands (Erasmus Medical 

Center, Rotterdam) [5], which currently includes 656 patients with a clinical diagnosis 

of either the behavioral variant of FTD (bvFTD) or primary progressive aphasia (PPA), 

classified into three different forms (semantic variant [svPPA], non-fluent variant 

[nfvPPA], and logopenic variant [lvPPA]). We excluded patients and relatives with a 

pathological diagnosis other than frontotemporal lobar degeneration (FTLD). The family 

history was considered positive with the presence of at least one first or second degree 

relative affected by an FTLD spectrum disorder (besides bvFTD and PPA, this includes FTD 

with motor neuron disease [FTD-MND], amyotrophic lateral sclerosis [ALS], progressive 

supranuclear palsy [PSP], and corticobasal syndrome [CBS]), or another type of dementia 

or Parkinson’s disease (PD). Family history was further classified into one of the following 

adjusted Goldman categories [17]. Psychiatric disorders were not considered in this 

classification as this was not known for all patients.

1)  Autosomal dominant: ≥2 relatives with either an FTLD spectrum disorder at any age, or 
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another type of dementia or PD <65 years, occurring in at least two generations with one 

person being a first degree relative of both other two; 

2)  Familial aggregation: ≥3 relatives (first, second, or third degree) with an FTLD spectrum 

disorder, another type of dementia or PD at any age, not meeting criteria for autosomal 

dominant inheritance; 

3)  Possible familial: ≥1 first or second degree relative with an FTLD spectrum disorder at 

any age, or another type of dementia or PD <65 years; 

4)  Possible familial late-onset: ≥1 first degree relative with any type of dementia or PD > 

65 years; 

5)  Negative family history: none of the above. 

From the total cohort (n=656), we selected 198 unrelated patients with a positive family 

history (Goldman 1-4) and DNA availability (Supplementary Figure A.1). For 41 familial 

patients, DNA was not available. 

Sequencing and variant filtering
In 38 patients targeted Sanger sequencing of MAPT or GRN, or C9orf72 repeat-primed PCR 

had previously revealed a pathogenic variant. WES was performed in 151 patients and nine 

were whole genome sequenced (WGS) at the Mayo Clinic Genome Analysis Core as part 

of another study. As the data were collected from various sources, different capture kits 

were used (see Appendix A for bioinformatics details). The presence of a C9orf72 repeat 

expansion was tested either using repeat-primed PCR or a commercial kit (Asuragen® 

AmplideX PCR/CE) with repeat length ≥30 considered pathogenic [18].

We analyzed 26 prespecified genes, based on an extensive literature search of genes 

associated with FTD, FTD-ALS, and Alzheimer’s disease (AD), as AD may clinically resemble 

FTD (Supplementary Table A.1). Variants were selected based on the following criteria: 1) 

affecting coding (missense, nonsense, frameshift) or splicing regions; 2) with a minor 

allele frequency of <0.1% in the Genome Aggregation Database (GnomAD); and 3) with 

a QD score (quality by depth) ≥5. The UTR regions of the genes GRN, MAPT, and TARDBP 

were investigated for the presence of known pathogenic regulatory variants. Variants 

reported as pathogenic in the AD&FTD Mutation Database (http://www.molgen.ua.ac.be/ 

ADMutations) were classified accordingly. We classified novel variants as pathogenic, 

likely pathogenic, or as variant of uncertain significance (VUS) in a conservative and 

systematic approach according to the recently refined guidelines by The American 

College of Medical Genetics and Genomics (ACMG) [19, 20]. The following criteria were 

jointly considered to obtain evidence of pathogenicity: 1) bioinformatic in silico prediction 

scores: SIFT, PolyPhen2, Mutation Taster, FATHMM, CADD (score ≥10), Human Splicing 
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Finder, and MaxEnt; 2) presence in other online genetic databases (OMIM, HGMD, ClinVar, 

Alzgene, Healthy Exomes [HEX] [21]); 3) existing literature on the variant or a different 

variant in the same position; 4) segregation analysis if available; 5) functional biomarker 

if available (blood progranulin levels for GRN); and 6) pathological confirmation of disease 

if available. Variants reported in the previously mentioned genetic databases as likely 

benign were only discarded if these reports were consistent and in concordance with 

in silico prediction tools. Pathogenic and likely pathogenic variants were confirmed by 

Sanger sequencing. 

SNP array and CNV detection
We performed copy number variant (CNV) analysis of the same 26 genes using SNP 

array data to identify deletions or duplications in subjects without a pathogenic variant 

(including those with a VUS). The SNP array platform used was Illumina GSA beadchip 

GSA MD v2 (Illumina GSA Arrays “Infinium iSelect 24x1 HTS Custom Beadchip Kit”). 

Samples were processed using the Illumina manufacturer’s recommended protocol. CNV 

calling was performed using Nexus Copy Number software (v.4.1, BioDiscovery, Inc., El 

Segundo, CA) with default parameters.

Neuropathology
Neuropathological examination was available in 76 subjects (46 probands and 30 affected 

relatives). Immunohistochemistry was performed as previously described [5] and FTLD 

diagnosis was based on the criteria by Cairns et al. [22]. The pattern of FTLD-TDP/-

FET pathology was classified into different subtypes according to the morphology and 

distribution of neuronal inclusions as proposed by Neumann and Mackenzie [23]. 

Results

Frequencies of known pathogenic variants 
We detected a pathogenic or likely pathogenic genetic variant in 74 out of 198 patients 

(37%) (Table 1). The most common cause was the C9orf72 repeat expansion identified in 

21% (42/198), followed by pathogenic variants in MAPT in 6% (11/198; 6 unique variants), 

GRN in 4.5% (9/198; 8 unique variants, three of which were not reported previously), and 

TARDBP in 3.5% (7/198, 2 unique variants). Clinical and pathological characteristics of these 

four genetic variants are shown in Figure 1 and Supplementary Table A.2. Furthermore, we 

identified two different pathogenic missense variants in VCP (1%), one nonsense variant 

in TBK1 (0.5%), one missense variant in PSEN1 (0.5%), and one novel homozygous variant 

in OPTN (0.5%). Subsequent CNV analysis performed in all remaining cases (n=124) did not 
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reveal any deletions or duplications. No cases were identified with a double pathogenic 

variant, although this could not be excluded in 38 cases tested for single genes.

Figure 1. Clinical or pathological classification of Dutch FTD patients, stratified by genetic 

cause.

Circos plots showing correlations between the major genetic subtypes and clinical diagnosis in the left 

diagram (n=292), and pathological diagnosis in the right diagram (n=76), whereas large heterogeneity 

is revealed in cases without identified genetic cause. The size of the group is represented by the size of 

the outer ring fragments. The size of the overlap between genetic and clinical or pathological groups is 

demonstrated by the size of the connecting bands. Patients carrying variants in the genes OPTN, PSEN1, 

TBK1, and VCP were not included in these figures due to small numbers. The group ‘unknown’ includes 

patients with a VUS. Other = other clinical diagnosis (lvPPA, mixed PPA, or benign FTD). TDP-other = type 

D, type E, or unclassified. Details of all patients can be found in the Supplementary Tables A.2-3. 

Novel pathogenic and likely pathogenic variants
The novel OPTN variant is a homozygous splice-site variant (c.1242+1G>A) in a patient 

with lvPPA, decreased frontotemporal FDG-uptake on PET-CT, and a normal profile in 

cerebrospinal fluid of pTau and β-amyloid which is incompatible with AD. Family history 

revealed a sibling diagnosed with nfvPPA and consanguinity between parents (Goldman 

3). No other relatives were known to have dementia, PD or ALS. We considered the variant 

likely pathogenic for the following reasons: 1) it is extremely rare in GnomAD (MAF 8.8e-06) 

and has not been reported in homozygous state; 2) it is predicted to change the canonical 

splice donor site resulting in skipping of exon 12 (MaxEnt, NNSplice, HSF), leading to a 

shift of the open reading frame; 3) the variant segregates with disease as the sibling with 

nfvPPA carried the same homozygous variant.
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Three variants in GRN have not been reported previously, including two truncating 

(p.C388LfsX26 and p.C315X) and one missense variant (p.W7G). The truncating variants 

were found in two patients with bvFTD leading to death within 5 years. Family history 

revealed an autosomal dominant pattern in the patient with the C388LfsX26 variant 

(Goldman 1), while the patient with the C315X variant only had two relatives with dementia 

at old age (Goldman 4). Segregation analysis could not be performed due to lack of DNA 

from family members and no serum was available to measure progranulin levels. However, 

all truncating variants in GRN are currently considered as likely pathogenic. 

The GRN missense variant was identified in a patient who presented with apathy, severe 

visual hallucinations, fluctuations in cognitive functioning, and a mild asymmetrical 

hypokinetic rigid syndrome, leading to a differential diagnosis of dementia with Lewy 

bodies, bvFTD, and CBS. Neuroimaging showed severe left frontal atrophy, suggestive 

of underlying FTLD. The patient’s brother was clinically diagnosed with CBS and also 

suffered from prominent visual hallucinations. Their father had died at the age of 59 

with severe behavioral and memory disturbances. DNA of these affected relatives was 

not available for testing. Its pathogenicity is supported by absence in GnomAD, reduced 

serum progranulin levels (13.4 ng/ml) in the carrier, and the previous report of a different 

amino acid change in the same codon in two other families (p.W7R) [24]. 
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Table 1. Pathogenic variants identified in 8 out of 26 prespecified genes that were 

screened associated with FTD, FTD-ALS and AD.

Gene
Nucleotide
change

Amino acid
change

GnomAD
MAFa CADDb #Probands #Relatives

C9orf72 repeat expansion NA NA NA 42 16

GRN (NM_002087)

GRN c.243delC S82VfsX174 0 . 1 28

GRN c.373C>T Q125X 0 35.0 1 5

GRN c.1231_1232delGT V411Sfs*2 0 . 1 0

GRN c.945_946delTG C315X 0 . 1 0

GRN c.1160dupG C388LfsX26 0 . 1 0

GRN c.19T>G W7G 0 26.0 1 0

GRN c.19T>C W7R 0 25.9 2 0

GRN c.1A>C M1? (p.0) 0 23.9 1 0

MAPT (NM_005910)

MAPT c.902C>T P301L 0 32.0 3 34

MAPT c.815G>T G272V 0 29.8 2 6

MAPT c.944T>G L315R 0 31.0 1 6

MAPT c.1216C>T R406W 1.6e-05 29.8 3 3

MAPT c.959C>T S320F 0 32.0 1 0

MAPT c.841_843delAAG L281del 2.6-05 . 1 0

OPTN (NM_001008211)

OPTN c.1242+1G>A NA 4.0e-06 28.6 1 0

PSEN1 (NM_000021)

PSEN1 c.791C>T P264L 4.0e-06 32.0 1 0

TARDBP (NM_007375)

TARDBP c.1147A>G I383V 1.9e-05 18.6 6 1

TARDBP c.787A>G K263G 0 28.9 1 0

TBK1 (NM_013254)

TBK1 c.1335G>A W445X 0 39.0 1 1

VCP (NM_007126)

VCP c.785C>G T262S 0 23.2 1 0

VCP c.472A>G M158V 0 23.8 1 0

Total         74 100
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a Minor allele frequency of total population (141,456 exome/genome sequences).  
b Version CADD score: GRch37-v1.4.  
c Relatives are all confirmed carriers of the variant. NA = not available/applicable. 

Variants of uncertain significance
We found 15 different variants of uncertain significance (VUS) (Table 2 and Supplementary 

Table A.2). The variant we identified in TUBA4A (p.R105C) seems most relevant, as it was 

found in a proband with an autosomal dominant inheritance pattern and segregation 

analysis revealed the same variant in four additional affected relatives (two with bvFTD 

and two with unspecified dementia), while it was absent in an unaffected relative 

(aged>70). Its pathogenicity is further supported by its absence in GnomAD, and in silico 

tools predict a deleterious effect. FTLD-TDP pathology was confirmed in the proband, with 

features fitting subtype A. According to ACMG guidelines, without supporting functional 

data thus far, we interpreted the variant as VUS. 

Three other variants (K389Rfs*23 in VCP, p.W541C in GRN, and p.P1084S in DCTN1) in 

patients with familial aggregation (Goldman 2) are potential candidates, but DNA of family 

members was not available for segregation analysis. The frameshift variant in VCP, due to 

an insertion resulting in a truncated protein, was found in a patient with bvFTD. Family 

history was positive for dementia and PD. Its pathogenicity is unknown as frameshift or 

nonsense variants have not been previously reported in VCP. Therefore, this variant was 

classified as VUS. The missense variant in GRN (p.W541C), predicted to be damaging, was 

found in a nfvPPA patient, but plasma progranulin levels were not available. The p.P1084S 

variant in DCTN1 was found in a bvFTD patient with additional semantic deficits, without 

parkinsonism or motor neuron disease. 

For the remaining 11 variants, pathogenicity remains questionable either because of 

benign or contradictory in silico predictions, or because DNA from other family members 

was not available for segregation analyses. Of note, the VUS in SQSTM1 (p.A33V) was 

detected in two unrelated patients. This variant was also found in the Healthy Exomes 

database (MAF 0.004).

Patients with unknown genetic cause
We did not identify any pathogenic, likely pathogenic, or VUS in the 26 screened genes 

in the remaining 108 patients (55%). Although >75% had Goldman scores 3-4, this group 

also included six patients with Goldman 1 (6%) and 18 with Goldman 2 (17%). The majority 

was diagnosed with bvFTD (65%); a relatively large proportion in this group had svPPA 

(21%). Other diagnoses included nfvPPA (13%) and lvPPA (1%). Concomitant parkinsonism 
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was present in 14 patients and six suffered from ALS. Seventeen patients underwent 

pathological examination and showed a variety of FTLD pathologies (Supplementary 

Tables A.3 and A.4). 

Discussion

In the present study of a large cohort of familial FTD, we revealed pathogenic variants in 

eight FTD related genes, with the C9orf72 repeat expansion as most common, followed 

by variants in MAPT and GRN. Furthermore, we identified an unexpected high frequency 

of the p.I383V variant in TARDBP, a novel homozygous OPTN variant, and three novel 

GRN variants. Finally, we found 15 variants of uncertain significance (VUS), including a 

promising variant in TUBA4A that cosegregated with the disease. The overall frequency 

of pathogenic variants sums up to 37%. Confining the analysis to patients with a strong 

family history (Goldman 1-2; n=70) raises this to 57%. Nonetheless, it indicates that still a 

substantial proportion of familial cases remains genetically unresolved.

Frequencies of known pathogenic variants
We found relatively high frequencies of variants in MAPT (6%) and TARDBP (3.5%) compared 

to other cohorts (Supplementary Table A.5). Variants in TARDBP have been reported 

in around 4% of familial ALS [25], but much less often in FTD [12-14]. Surprisingly, five 

unrelated TARDBP carriers harbored the same variant (p.I383V), suggestive of a possible 

founder effect. The same variant was found in other FTD cohort screens across the world 

[12, 14, 26]. Family history of our patients was not consistent with autosomal dominant 

transmission (i.e., high Goldman scores), possibly indicating reduced penetrance of this 

variant, as also suggested by others [26]. 

The repeat expansion in C9orf72 is the most common genetic cause of familial FTD in our 

cohort, accounting for 21% of cases. This is in line with previous studies revealing it as the 

major genetic cause of familial and sporadic FTD and ALS [27]. However, there is substantial 

geographical variation with frequencies up to 40% in Scandinavian countries [7, 8, 12], 

contrasting with its absence in Asian cohorts [9, 10]. We found a GRN variant in 4.5%, which is 

less than in other cohorts, especially compared to an Italian study that reported a remarkably 

high frequency [7] (Supplementary Table A.5). The pathogenic variant in TBK1 (p.W445X) 

identified in a proband and an affected sibling is the first FTD kindred caused by a variant 

in TBK1 in the Netherlands. In contrast, other studies have reported variants in TBK1 as the 

fourth most common genetic cause in FTD [28]. Studies of French and Belgian cohorts found 

frequencies between 1 and 2% in bvFTD and even higher frequencies in FTD-ALS [29-31].
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Novel likely pathogenic variant in OPTN
The presence of a novel homozygous splice-site variant in OPTN (c.1242+1G>A) in a patient 

with lvPPA extends the clinical spectrum of OPTN variants, as it has never been associated 

with this phenotype. OPTN variants are extremely rare in FTD; only a few cases have been 

described with variants in compound heterozygous state or in combination with a TBK1 

variant, which are functionally related genes [32, 33]. Homozygous nonsense/missense 

OPTN variants were first described to cause autosomal recessive ALS [34]. Subsequently, 

numerous heterozygous variants were reported in ALS as either disease-causing or 

as risk factor [35]. Thus far, the proband and sibling with nfvPPA are the first FTD cases 

without motor neuron disease caused by a homozygous OPTN variant. The parents of 

our patient were unaffected. A heterozygous variant in the same position was reported 

in a familial ALS patient (c.1242+1delGinsAA) [36]. In this case, a second defect – possibly 

intronic or a copy number variation – in either OPTN or TBK1 cannot be ruled out, since 

the authors performed targeted sequencing of OPTN only. Others have also suggested a 

complex mode of inheritance regarding OPTN with an oligogenic basis [32]. A recent study 

on dementia patients identified a heterozygous missense variants in OPTN, but functional 

or segregation analyses were not available [37]. 

Variants of uncertain significance
The segregation of a TUBA4A variant (p.R105C) – a gene mostly associated with ALS – in 

several affected family members seems promising. Neuropathologic findings in the 

proband resembled FTLD-TDP pathology type A. Other groups have also reported likely 

pathogenic TUBA4A variants in clinical ALS and FTD cases, yet without neuropathologic 

confirmation, suggesting a plausible role for this gene [38, 39]. Functional studies 

investigating the pathogenicity of the p.R105C variant are currently ongoing. 

A novel frameshift variant in VCP (p.K389Rfs*23) is also a plausible candidate. This variant 

was found in a bvFTD patient with familial aggregation, without any symptoms of motor 

neuron disease or myopathy. Variants in VCP are associated with the classical phenotype 

of inclusion body myopathy with Paget disease of bone and frontotemporal dementia 

(IBMPFD) [40], but cases with pure FTD or ALS have also been described, including two 

other patients in our cohort [41, 42]. Some of the previously reported variants are located 

in the same D1 domain as this frameshift variant [40, 43], which is predicted to lead to 

a truncated protein. A loss of function mechanism has not been described for VCP. 

Therefore, segregation and/or neuropathological findings consistent with previous VCP 

cases, are needed to confirm its pathogenicity.

For the other identified VUS in our cohort (Table 2), genetic screens in additional cohorts, 

segregation analyses, and functional studies should provide further insight. Of note, the 
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p.A33V variant in SQSTM1 has been considered as pathogenic despite lack of functional 

evidence [15, 44, 45], and it was detected in controls in another study [46]. 

Patients with unknown genetic cause
The wide variety of clinical syndromes and pathologies in the FTD patients without an 

identified genetic cause, likely fit various underlying molecular mechanisms. The tau 

pathology in four patients may suggest the presence of unknown causal variants in genes 

related to MAPT, which may have an impact in its transcription or on the physiology of the 

tau protein. The strong family history in two svPPA cases with confirmed TDP type C was 

remarkable, as svPPA is nearly always sporadic [4]. Also, the presence of FUS pathology in 

a patient with a family history of dementia, Parkinson’s disease, and psychiatric disorders 

contrasts with the sporadic occurrence of FUS cases in the literature [23]. As FUS is part 

of the FET-protein family, an undefined variant in one of the other FET-genes, TAF15 or 

EWSR1, could be considered. Variants in these genes have been reported in a small number 

of patients, though these were not confirmed to have FUS pathology [12]. In our patient, 

we did not identify any potential causal variants in these genes.

We have not identified variants in bvFTD patients with concomitant parkinsonism 

or motor neuron disease, but could not exclude variants in all genes related to these 

disorders. It might be worthwhile to extend genetic screening to a larger set of genes, as 

a recent study on sporadic FTD has shown potential variants in genes associated with 

a variety of disorders [47]. Such genetic pleiotropy alludes to an important issue in all 

next-generation sequencing studies: the list of genes associated with neurodegeneration 

continuously grows and the phenotypical spectra of different subtypes coincide. In this 

study, we confined to genes associated with FTD, FTD-ALS, and AD to avoid large numbers 

of VUS, and report those that justify further investigation. Fortunately, as the sequencing 

data permits constant reanalysis of novel genes, we expect that more and more cases will 

be resolved over time. 

Limitations of the study
As our objective was to give an overview of familial FTD, we focused on cases with a 

positive family history, representing 43% of our total cohort. Despite our interpretation 

of a positive family history being rather unconstrained, we might have missed de novo 

variants or variants with incomplete penetrance in sporadic cases. Several previous 

studies have revealed GRN variants and C9orf72 repeat expansions in sporadic patients 

[8, 12, 13]. Nonetheless, we believe that this work reflects clinical practice, where generally 

familial patients are selected for genetic assessment. As we have not included patients 

with exclusively psychiatric disorders in the family history, we may have missed the 
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presence of several GRN or C9orf72 carriers [48]. Finally, as a substantial number of 

pathogenic variants was identified by targeted single-gene testing, we could not exclude 

the co-existence of pathogenic variants in other genes (e.g., in C9orf72 carriers) [49, 50].

Conclusion

We present the genetic screen of a large cohort of familial FTD in which we identified a 

genetic cause in 37% of the patients, including novel pathogenic variants in OPTN and GRN. 

A large proportion of carriers of the p.I383V variant in TARDBP was found, suggestive of a 

common founder. We found several VUS, of which the novel variants in TUBA4A and VCP 

seem most promising. Future studies are needed to confirm their potential pathogenicity. 

As a whole, our study contributes to the disentanglement of the wide genetic landscape 

of FTD. 

Supplementary information

Available online at: Chapter 2.1 - Supplementary Data. 
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Abstract

Objective
Frontotemporal dementia (FTD) and amyotrophic lateral sclerosis (ALS) are closely related 

disorders, pathologically linked by the TAR DNA-binding protein-43 (TDP-43). Pathogenic 

variants in TARDBP encoding for TDP-43 have been described in both FTD and ALS patients, 

but the occurrence in FTD is much less prevalent. We present a collection of patients with 

the same I383V variant in TARDBP, to delineate the clinical and pathological features of 

TARDBP related FTD, and to provide evidence for the pathogenicity of this specific variant.

Methods
We included 13 FTD patients with the I383V variant in TARDBP, alongside four relatives 

affected by ALS. All patients underwent clinical and neuroimaging assessment, including 

quantitative measurement of brain atrophy. We performed genealogical research to 

investigate possible relatedness between our index patients. Brain autopsy was performed 

in two patients, enabling neuropathologic examination.

Results
All FTD patients presented with behavioral changes and semantic deficits, and strikingly 

isolated bitemporal lobe atrophy on neuroimaging. Eight FTD patients and three relatives 

with ALS could be linked to one large pedigree, providing insight into the variable 

phenotype and demonstrating incomplete penetrance. Neuropathologic examination 

of two patients revealed surprisingly scarce TDP-43 inclusions and one patient had 

concomitant tau pathology, illustrating the complexity of the neurodegenerative changes 

in FTD caused by variants in TARDBP. 

Conclusions
Our findings provide robust evidence for the pathogenicity of the I383V variant and 

contribute to the characterization of TARDBP related FTD. Marked isolated bitemporal 

volume loss in FTD patients should prompt clinicians to genetically test for causal variants 

in TARDBP.



59

2

Genetic appraisal and genotype-phenotype correlations 

59

Introduction

Frontotemporal dementia (FTD) is a common cause of early-onset dementia, 

predominantly affecting the frontal and temporal lobes and characterized by progressive 

behavioral changes and language disturbances. Considerable overlap exists between FTD 

and amyotrophic lateral sclerosis (ALS), as approximately 10-15% of patients with FTD 

also develops ALS, and around the same proportion of ALS patients fulfills the criteria 

for a diagnosis of FTD [1, 2]. FTD and ALS are pathologically and genetically linked by the 

TAR DNA-binding protein-43 (TDP-43) [3]. TDP-43 is the major disease protein in the 

ubiquitinated inclusions in the neurons of both disorders. Moreover, pathogenic variants 

in the TARDBP gene encoding for TDP-43 have been found in patients with ALS and/or 

FTD [4-7]. Up till now, over 50 pathogenic variants in TARDBP have been reported [8], but 

clinicopathological studies are scarce [9-13]. In a Dutch cohort of FTD patients we found 

a high frequency of the I383V variant in apparently unrelated patients [14]. This variant 

was previously identified in small families with a broad range of phenotypes, covering 

the whole FTD-ALS spectrum [15-19]. However, information regarding penetrance and 

characteristic phenotypical features is lacking, which complicates genetic counseling 

of patients and their family members. Here, we report the clinical and pathological 

characterization of the largest collection (n=17) of FTD and ALS patients with the I383V 

variant in TARDBP thus far.

Materials and methods

Patient selection
We included all FTD patients (n=13) with the I383V variant (NM_007375.3: c.1147A>G, 

p.Ile383Val) in TARDBP from a large combined cohort of dementia patients who underwent 

clinical and genetic evaluation in two medical centers in the Netherlands (Amsterdam 

UMC, Vrije Universiteit Amsterdam, and Erasmus Medical Center, Rotterdam). All but 

one patient were included in either the Amsterdam Dementia Cohort [20] or an ongoing 

genetic-epidemiologic study of FTD [21]. Subsequently, ALS patients (n=4) with the I383V 

variant in TARDBP were selected from the largest ALS cohort in the Netherlands (ALS 

Center, University Medical Center Utrecht), comprising over 4000 ALS patients included 

in Project MinE [22]. 

Neurological examination and neuroimaging
All FTD patients included in this study underwent neurological and cognitive assessment, 

and routine neuroimaging (MRI or CT) as part of standard clinical practice. Cognitive status 
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was evaluated in ALS patients on indication only. Clinical diagnoses were made according 

to international consensus criteria [23-25]. Brain imaging (CT or MRI) was available for 

all FTD patients. Quantitative assessment of volume loss across lobar brain regions was 

performed in those patients with T1-weighted MRI images of sufficient quality (n=5), 

and compared to a gender-/age-matched reference population using Quantib® ND 1.6 

software (Quantib, Rotterdam, The Netherlands).

Genetic testing
In all FTD patients, whole exome sequencing (WES) or whole genome sequencing (WGS) 

was performed in either clinical or research setting. Besides the I383V variant, concurrent 

pathogenic variants in 20 other genes associated with ALS, FTD or other forms of dementia 

were excluded (Supplementary Table 1). The presence of a C9orf72 hexanucleotide repeat 

expansion was excluded by repeat-primed PCR or using a commercial kit (Asuragen® 

AmplideX). A repeat length of ≥30 was considered pathogenic [26]. The variant I383V in 

TARDBP was confirmed by Sanger sequencing. Detailed information on the genetic analyses 

can be found in the Supplementary Methods. ALS patients from the Utrecht cohort were 

previously screened for the I383V variant in TARDBP by WGS, as part of another study [22]. 

Genealogical analysis
Family histories for FTLD spectrum disorders (bvFTD, PPA, ALS, CBS or PSP) were classified 

into one of the following Goldman categories, which were adjusted and described in more 

detail previously [14]: 1) Autosomal dominant pattern; 2) Familial aggregation; 3) Possible 

familial with onset <65 years; 4) Possible familial with onset >65 years; 5) Negative family 

history for a FTLD spectrum disorder, any other type of dementia, or Parkinson’s disease 

(PD). Psychiatric family history was assessed separately. 

To investigate possible relatedness between the index patients, we calculated a kinship 

coefficient using the VCF files (Variant Call Format) of the WES data (VCFtools relatedness2 

option). Previous studies demonstrated that the algorithm reliably infers up to third 

degree relationships [27]. Additionally, we performed genealogical research to trace a 

common link between the FTD patients and the ALS patients. The used sources included 

Dutch civil registries of births, marriages and deaths (1811-2020) and church archives with 

baptism, marriage, and death registers (before 1811).

Pathological examination
Brain autopsy was performed in two FTD patients by the Netherlands Brain Bank (NBB) 

within four hours after death. Routine immunohistochemistry was also carried out by 

the NBB and FTLD diagnosis was confirmed by a neuropathologist based on the criteria 
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by Cairns et al. [28]. We performed additional immunohistochemistry on multiple brain 

regions including all cortical areas, hippocampus and caudate/putamen as previously 

described [21]. One patient (4M) was reported previously as M008015-001 [13].

Results 

Clinical features
We ascertained 13 FTD patients with the variant I383V in TARDBP (Table 1). The median 

age at onset was 54 years (range 42-69). Four patients (1F, 1G, 4M, and 5O) died after a 

median disease duration of 12.5 years (range 7-23). The remaining patients are still alive 

with a disease duration ranging from 5-17 years. All patients presented with a combination 

of behavioral changes and semantic deficits (Table 1). Therefore, a distinction between 

the behavioral variant of FTD (bvFTD) and the semantic variant of primary progressive 

aphasia (svPPA) was not always clear-cut. Prosopagnosia was a common additional 

feature. Episodic memory deficits were present in five patients, but never as predominant 

symptom. Motor symptoms were only present in patient 4M, who showed atrophic hand 

musculature, upper limb rigidity, and motor restlessness. The patient did not fulfill El 

Escorial criteria for ALS (EMG was not performed). 

In the ALS cohort, four patients were identified with the I383V variant in TARDBP (Table 2). 

Three patients had a relatively slow progression, with the longest disease duration of nine 

years (patient 3J). One patient (3I) was diagnosed with progressive spinal muscular atrophy 

(PSMA) due to slowly progressive, symmetrical weakness of upper and lower extremities. 

Alternative diagnoses such as myopathy were excluded. None of these patients exhibited 

cognitive or behavioral symptoms. 

Family history 
Two out of the 13 FTD patients with the I383V variant were second degree relatives, 

based on their self-reported family histories (patients 1C and 1E). This was confirmed 

by calculating the kinship coefficient (0.16 vs. <0.06 in unrelated patients). Segregation 

analysis revealed the presence of the variant in another affected relative (patient 1D). 

Following genealogical research, we were able to connect three other FTD patients (1A, 

1F, and 1G) and 1 ALS patient (1B) – all confirmed carriers of the variant – to the same 

large pedigree (family 1), as shown in Figure 1. Additionally, two FTD patients and two ALS 

patients (families 2 and 3) could be linked to family 1 through a distant common ancestor. 

In family 1, multiple family members were affected by either FTD, ALS, PSMA, or unspecified 

dementia. Penetrance appears to be incomplete as several obligate carriers were reported 
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to be unaffected, even at an advanced age (>80 years) (generations VI and VII). This is also 

illustrated by the variable Goldman scores for the index patients, ranging from 1 to 5.

Table 1. 

Patients are numbered according to their ID in the pedigrees (Figure 1). Four out of 13 patients have 

died (disease duration marked with asterisk), whereas current disease duration is presented for the 

nine living patients. Clinical diagnoses: bvFTD = behavioral variant of FTD; svPPA = semantic variant 

of primary progressive aphasia. Clinical symptoms: - = absent; ± = mild; + = moderate; ++ = severe. 

Neuroimaging: R = right; L = left; S = symmetric. The numbers in brackets indicate the number of years 

after symptom onset when neuroimaging was performed. a Neuropathologic examination. b Goldman 

score based on family history (up till second degree). c Computed tomography (CT) was performed 

instead of Magnetic Resonance Imaging (MRI).

Table 2. Clinical characteristics of four ALS patients carrying I383V TARDBP variant.

Patient ID 1B 3I 3J 5N

Gender M F F M

Age at onset 39 53 59 62

Disease duration (years) 6* 6 9* 1*

Clinical diagnosis ALS PSMA ALS ALS

Clinical symptoms

Onset Spinal Spinal Spinal Spinal

EMG affected regions (N)a 1 0d 2 3

Diagnostic delay (months)b 12 64 24 8

Cognitive impairment - - - -

Family historyc

Goldman score 1 5 5 5

Psychiatric Family history - - - -

Patients are numbered according to their ID in the pedigrees (Figure 1). Three patients have died 

(marked with asterisk), whereas current disease duration is presented for patient 3I. Neuroimaging 

was not performed in these patients. Clinical diagnoses: ALS = amyotrophic lateral sclerosis; PSMA = 

progressive spinal muscular atrophy. a Number of regions with features consistent with ALS according 

to the revised El Escorial criteria [23]. b The diagnostic delay is presented to indicate the relative slow 

progression in patients 3I and 3J. c Goldman score based on family history (up till second degree). d 

Denervation and reinnervation changes were present, though not fulfilling El Escorial criteria. 
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Two other FTD patients (4L and 4M) were also found to have a common ancestor and 

could genealogically not be connected to family 1-3, although they came from the same 

geographical area. Finally, one FTD patient and one ALS patient (5N and 5O) could be 

traced back to shared ancestors originating in France and Germany. No relatedness was 

discovered between the remaining two FTD patients (6P and 7Q).

The remaining smaller families did not show a clear pattern of autosomal dominant 

inheritance (Goldman 2-4), and one patient (4L) reported no family history for dementia, 

ALS or PD (Goldman 5). The mother of patient 6P was diagnosed with late-onset Alzheimer’s 

disease (LOAD) due to memory impairment and executive dysfunction (onset >85 years), 

and was a confirmed carrier of the I383V variant. She died at the age of 93 years. Four 

patients had a positive family history for psychiatric disorders, including psychosis and 

schizophrenia; DNA was not available from those family members. 
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Figure 1. Pedigrees of the families.

Seven pedigrees are presented including 13 FTD patients and 4 ALS patients with a confirmed I383V 

variant in TARDPB (numbered A-Q). Families 1-3 were found to have a common ancestor following 

genealogical research. Fully colored symbols represent confirmed carriers of the I383V variant in 

TARDBP (n=18), including one relative clinically diagnosed with LOAD. Half colored symbols represent 

patients with a clinical diagnosis without genetic testing. Red = clinical diagnosis of FTD or PPA; 

black = clinical diagnosis of ALS or PSMA; grey = relatives of index patients affected by other forms 

of dementia or psychiatric disorder. Numbers inside symbols represent additional family members 

without further clinical information. Numbers below the symbols indicate age at death or current 

age. Clinical diagnoses: bvFTD = behavioral variant of frontotemporal dementia; svPPA = semantic 
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variant of primary progressive aphasia; ALS = amyotrophic lateral sclerosis; PSMA = progressive spinal 

muscular atrophy; AD = Alzheimer’s disease; PD = Parkinson’s disease; UD = unspecified dementia; 

Psych. = psychiatric disorder; NA = not affected based on family history; unk = disease status unknown. 

*Neuropathologic examination (patients 1F and 4M).

Radiological features
Profound bitemporal atrophy (global cortical atrophy score 3 and knife blade aspect of 

gyri) was seen in all FTD patients with the I383V variant, with relative sparing of the other 

lobes (Table 1 and Figure 2). Invariably, temporal lobe atrophy was most pronounced in 

the anterior temporal pole and basal temporal area with relative sparing of the medial 

temporal lobe (including the hippocampal area). In five out of seven patients with initially 

asymmetric atrophy, the right side was more severely affected than left. Follow-up 

imaging was performed in three patients, showing progression of the temporal volume 

loss with a more symmetrical atrophy distribution in two patients (1C and 1E). In the third 

patient (3K), the atrophy pattern remained asymmetric up till 11 years after onset. 

Quantitative analyses of brain atrophy per region further emphasized the severe localized 

temporal volume loss (Figure 3), while other brain areas were relatively spared. For 

comparison, we identified an FTD patient from our cohort with another TARDBP variant 

(K263E) who showed profound parietal volume loss, and only subtle temporal atrophy 

(Figure 2). MRI of the relative with LOAD carrying the I383V variant (family 6) also showed 

a different pattern with moderate generalized brain atrophy and hippocampal atrophy, 

along with periventricular and pontine white matter hyperintensities (not shown). 

Neuroimaging of the patients affected by ALS was not available.
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Figure 2. Neuroimaging of five FTD patients carrying the I383V TARDBP variant, 

compared to a FTD patient with the K263E variant.

Patients are numbered according to their ID in the pedigrees (Figure 1). In the five patients with the 

I383V variant, a predominant pattern of bitemporal atrophy is observed, whereas the MRI of the 

patient with the K263E variant barely reveals temporal atrophy. In patients 1A, 1C, and 4L the right 

temporal lobe was more affected, whereas subtle asymmetry was observed in patient 1E with the left 

side more affected. MRI scans were obtained three years (1A), seven years (1C), six years (1E), nine years 

(2H), four years (4L), and three years (K263E patient) after symptom onset. 
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Figure 3. Brain volumetric quantification of five FTD patients carrying the I383V TARDBP 

variant. 

Patients are numbered according to their ID in the pedigrees (Figure 1). Volume loss across different 

brain regions was assessed in five patients using Quantib® ND 1.6 software and compared to a gender 

and age matched reference population, using so-called reference percentile curves. On the y-axis, 
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age-specific and gender-specific percentile values are shown for left and right temporal, frontal, and 

parietal lobes. In general, percentile values <5% are considered abnormal. Clearly visible is the marked 

bitemporal volume loss in all five patients. More subtle atrophy of the frontal lobes is present in thee 

patients (1A, 2H, 4L). Asymmetry between the left and right temporal lobe, as visually observed, was 

not found with this method likely due to a floor effect. 

Pathological features 
Gross examination of patient 1F revealed severe atrophy of the temporal cortex, and to 

lesser extent the frontal and parietal cortex. Microscopically, loss of laminar structure in 

the temporal cortex was observed with extensive neuron loss and gliosis. Other cortical 

areas and the basal ganglia were relatively spared. The pons, medulla oblongata, and 

cervical spinal cord showed no abnormalities. Immunohistochemistry with anti-phospho-

TDP-43 (pTDP) did not reveal any inclusions in the severely degenerated temporal 

cortex. Several neuronal pTDP positive cytoplasmic inclusions (NCI) were observed in 

the second layer of the frontal cortex of various morphologies, including ring-like and 

round aggregates (Figure 4A). A small number of long and thin dystrophic neurites were 

found. Intranuclear inclusions were absent in both p62 and pTDP stainings. A few pTDP 

positive NCI were also present in the dentate gyrus, and more frequently in caudate/

putamen (Figure 4B-C). AT8 staining was negative in all cortical regions, but the dentate 

gyrus and amygdala contained several tau positive cytoplasmic inclusions, and a few 

tufted astrocytes were observed in caudate/putamen (Figure 4D-F), which are normally 

not present in healthy aged individuals. Amyloid antibody showed scarce diffuse senile 

plaques and deposits, no tangles (Braak 3, A). Stainings with α-synuclein and FUS were 

all negative. The pathologic diagnosis was FTLD-TDP with concomitant tau pathology, not 

further classified. Neuropathological changes observed in patient 4M were previously 

described, which included TDP-43 positive NCI in the hippocampus, frontal cortex, and 

putamen. Tau stainings were negative in this patient [13].
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Figure 4. Immunohistochemistry of patient 1F showing pTDP-43 positive inclusions with 

concomitant tau pathology.

Upper row: Several pTDP-43 positive neuronal cytoplasmic inclusions (NCI) of various morphologies 

were observed in frontal cortex (A), nucleus caudate (B), and dentate gyrus (C). Compared to 

other FTLD-TDP cases, the amount of inclusions is low and intranuclear inclusions were not 

found. Therefore, this patient could not be readily classified into one of the FTLD-TDP subtypes.  

Lower row: Staining with AT8 antibody revealed NCI in the amygdala (D), tufted astrocytes in nucleus 

caudate (E), and NCI in the hippocampus (F). Although this patient was 81 years at death, the observed 

tau pathology is not compatible with normal aging.

Discussion 

In this paper, we report a large case series of FTD patients with the I383V variant in TARDBP 

so far, presenting with prevalent semantic deficits and distinctive isolated bitemporal 

atrophy. Although nearly all patients appeared unrelated at presentation, seven could be 

traced back to one large family with a common ancestor revealing intrafamilial variability 

and reduced penetrance. Our findings provide strong evidence for the pathogenicity of 

the I383V variant and contribute to the characterization of TARDBP related FTD.

The variable clinical phenotype and reduced penetrance of  
the I383V variant
All I383V FTD patients presented with a combination of behavioral changes and semantic 

impairment. This is intriguing since svPPA is usually considered a sporadic disorder. 

Nonetheless, this is in concordance with the literature where a substantial number of I383V 
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FTD patients have been diagnosed with svPPA (Table 2). Like many TARDBP variants, the I383V 

variant has also been described in ALS patients. No concomitant motor features consistent 

with a clinical diagnosis of ALS were found in any of our FTD patients. However, several 

(distant) relatives were affected by ALS/PSMA without dementia or behavioral changes. 

The variable phenotype of the I383V variant is exemplified by family 1 (Figure 1), in which 

different family members were affected by ALS, PSMA, svPPA, bvFTD, or unspecified 

dementia, with a wide range in age of onset (44-69 years) and a large variability in disease 

duration (7-23 years). Interestingly, several obligate carriers were unaffected suggesting 

incomplete penetrance even at an advanced age (>80 years). This has been previously 

described for the I383V variant and for other TARDBP variants [13, 29].

In family 6, an affected relative with the I383V variant was clinically diagnosed with 

Alzheimer disease (AD), but AD biomarker changes were not evaluated in cerebrospinal 

fluid. A possible explanation is that the dementia in this patient is coincidental and 

unrelated to the I383V variant. Alternatively, increased susceptibility for AD caused by the 

I383V variant may be considered, as this has also been suggested for other TARDBP variants 

[30]. Another interesting hypothesis is that TARDBP variants might also be associated with 

limbic-predominant age-related TDP-43 encephalopathy (LATE), a common age-related 

disorder with TDP-43 proteinopathy that clinically mimics AD [31]. This only recently 

recognized entity has gained much attention over the last years. Only several risk alleles 

have been associated with LATE, including variants in GRN and TMEM106B. Unfortunately, 

neuropathology was not available of this patients to investigate the presence of features 

suggestive of LATE.

Several other relatives, including obligate carriers, were affected by psychiatric disorders 

such as psychosis and schizophrenia with onset around 40-50 years of age. Unfortunately, 

detailed clinical information or DNA were not available for these subjects. Whether 

psychiatric disorders are part of the I383V-TARDPB spectrum, similar to the C9orf72 

repeat expansion [32], remains to be investigated in future studies. Altogether, our results 

illustrate large phenotypic variability of the I383V variant and incomplete penetrance 

is evident. This might be explained by the influence of other genetic, epigenetic or 

environmental factors, as previously proposed [18, 33].

Isolated bitemporal atrophy in FTD patients with the I383V variant
The most discriminating feature is the predominant and severe atrophy of the temporal 

lobes in all our I383V patients affected by FTD, with relative sparing of the other lobes 

(Figure 2 and 3). This is in concordance with previous observations in I383V FTD 
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patients (summarized in Table 3) and the frequent occurrence of semantic deficits and 

prosopagnosia in our patients. In the majority of the patients, the temporal atrophy 

was asymmetric early in the disease course with the right side more affected. Other 

pathogenic TARDBP variants (e.g., K263E) are associated with a more variable pattern of 

lobar atrophy [13, 34, 35]. However, predominant temporal involvement has also been 

reported for other TARDBP variants located nearby the I383V variant (e.g., A382T) [12], 

suggesting a specific effect of missense variants in this part of the C-terminal domain 

of TDP-43. Further functional studies are needed to investigate the specific molecular 

changes for variants in different domains, and to elucidate possible genotype-phenotype 

correlations. Nevertheless, pronounced bitemporal atrophy should prompt clinicians to 

test for pathogenic variants in TARDBP. 

Heterogeneous pathological features in TARDBP patients
A remarkable observation is the scarcity of TPD-43 reactivity in the cortical areas of our 

patient, (patient 1F and the previously reported patient 4M [13]) despite the underlying 

pathogenic TARDBP variant. Only several cytoplasmic inclusions were found in the frontal 

cortex, whereas more inclusions were observed in subcortical areas. A possible explanation 

for the scarce temporal pathology might be the severe temporal degeneration itself, 

especially considering the long disease duration of patient 1F (23 years). Interestingly, we 

also detected tauopathy positive inclusions in the hippocampus and tufted astrocytes in 

the putamen and caudate nucleus. A single other neuropathological study of a I383V carrier 

reported similar low amounts of TDP-43 inclusions, and the presence of α-synuclein 

deposits and tauopathy, including tufted astrocytes in the amygdala [16]. Reports of other 

TARDBP variants are scarce, describing highly variable pathologic findings with diverse 

morphologies and distributions [35-37]. It appears that the neuropathological changes in 

FTD caused by variants in TARDBP are not readily classifiable. Whether the detected co-

pathologies occurred by chance needs to be determined in additional cases with TDP-43 

variants.

Classification of the I383V variant as likely pathogenic
Our findings indicate a pathogenic effect of the I383V variant, which was previously 

debated due to the more conservative amino acid substitution and the benign in silico 

predictions by SIFT and Poly-Phen [15]. However, previous biochemical analysis in a 

patient with the I383V variant from an ALS family revealed a substantial increase in TDP-

43 caspase cleaved fragments, similar to other variants known to cause ALS (M337V, 

N345K) [38]. The current families, especially family 1, clearly show segregation of the 

I383V variant with disease. In addition to the patients described here, the I383V variant 

was previously reported in 16 FTD and eight ALS patients (Table 3), with frequencies 
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ranging from 0-0.9% in ALS cohorts [9, 15, 17, 39-42] and from 0-2.5% in clinical FTD 

cohorts [43-45], while the variant is consistently absent in large groups of healthy controls 

from different populations [9, 15, 44-47]. The rare occurrence of the I383V variant in – 

apparently – healthy controls in GnomAD (1.9e-05) might be explained by age related and 

incomplete penetrance. Altogether, we believe that sufficient evidence has accumulated 

to consider the I383V variant at least as likely pathogenic, although penetrance appears 

incomplete. This conclusion has clinical implications for genetic counseling of patients 

and unaffected family members, to whom presymptomatic testing and counselling can 

now be offered.

Table 3. Clinical characteristics of previously reported patients carrying the I383V 

TARDBP variant.

Authors
#Patients 
(families)

Age at 
onset

Clinical 
Diagnosis

Predominant 
atrophy 
distribution Family history

Ramos et al. [45] 4 (2) ND FTD ND Positive

Ramos et al. [44] 3 (3)

60 bvFTD T (left>right) Negative

58 svPPA T (bilateral) + F Positive

66 svPPA T (left>right) + F Positive

Gelpi et al. [16] 1 (1) 60 svPPA
T (left, bilateral at 
autopsy)

Dementia

Caroppo et al. [13] 4 (3)

65 bvFTD-ALS
T (bilateral) + P 
(mild) 

ALS

63 bvFTD T (bilateral) + F bvFTD

51 bvFTD T (right>left) + F + H bvFTD

51 svPPA T (left>right) Negative

Cheng et al. [18] 3 (1)

38 ALS No atrophy FTD, ALS

64 svPPA T (left>right) FTD, ALS

62 bvFTD-ALS T (bilateral) + F FTD, ALS

Coyle-Gilchrist et 
al. [48]

1 (1) 49 svPPA T (bilateral) Unknown

Gonzalez-
Sanchez et al. [19]

2 (1)

51 svPPA T (left>right) Dementia, ALS

52 ALS ND
Dementia, 
svPPA
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Authors
#Patients 
(families)

Age at 
onset

Clinical 
Diagnosis

Predominant 
atrophy 
distribution Family history

Rutherford et al. 
[15]

1 (1) 59 ALS ND ALS

Ticozzi et al. [40] 3 (1)

66 ALS ND ALS

25 ALS ND ALS

57 ALS ND ALS

Ozoguz et al. [17] 2 (1) 
42 ALS ND ALS

47 ALS ND ALS

A total of 24 patients with the I383V variant from 17 different families have been reported in the literature. 

Eight of these patients were diagnosed with isolated ALS, whereas the majority was diagnosed with 

FTD or FTD-ALS. Neuroimaging of most FTD patients described the presence of temporal atrophy, in 

some cases combined with volume loss in other areas. Clinical diagnoses: ALS = amyotrophic lateral 

sclerosis; svPPA = semantic variant of primary progressive aphasia; bvFTD = behavioral variant of FTD. 

Atrophy distribution: T = temporal; F = frontal; P = parietal; H = hippocampal; ND = not described.

Limitations
This study has some limitations. Since patients carrying a variant in TARDBP were 

retrospectively selected from our cohort of dementia patients, we were unable to report 

the prevalence of the I383V variant in a clearly defined cohort of FTD patients. Another 

limitation is that no segregation analyses could be performed among family members 

affected by psychiatric disorders or among unaffected relatives. However, we were able 

to construct a large pedigree including seven FTD/ALS patients, providing evidence for 

segregation of the variant. Finally, we have not applied advanced techniques to genetically 

link the remaining families as this was not the main object of our study, although we do 

suspect that the I383V variant represents a common founder mutation. 

Conclusion

Our study provides sufficient evidence for the pathogenicity of the I383V variant and 

contribute to the characterization of TARDBP-related FTD. We demonstrate the large 

phenotypic variability and incomplete penetrance of the I383V variant. Marked isolated 

bitemporal volume loss in all FTD patients should prompt clinicians to genetically test for 

causal variants in TARDBP.
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Abstract

Objective
Despite the strong genetic component of frontotemporal dementia (FTD), a substantial 

proportion of patients remains genetically unresolved. We performed an in-depth study 

of a family with an autosomal dominant form of FTD, to investigate the underlying genetic 

cause. 

Methods
Following clinical and pathological characterization of the family, genetic studies 

included haplotype sharing analysis and exome sequencing. Subsequently, we performed 

immunohistochemistry, immunoblotting and a microtubule repolymerization assay to 

investigate the potential impact of the candidate variant in TUBA4A. 

Results
The clinical presentation in this family is heterogeneous, including behavioral changes, 

parkinsonian features, and uncharacterized dementia. Neuropathological examination of 

two patients revealed TDP-43 pathology with abundant dystrophic neurites and neuronal 

intranuclear inclusions, consistent with FTLD-TDP type A. We identified a likely pathogenic 

variant in Tubulin alpha 4a (TUBA4A) segregating with disease. TUBA4A encodes for 

α-tubulin which is a major component of the microtubule network. Variants in TUBA4A 

have been suggested as a rare genetic cause of amyotrophic lateral sclerosis (ALS), and 

have sporadically been reported in FTD patients without supporting genetic segregation. 

A decreased trend of TUBA4A protein abundance was observed in patients compared to 

controls, and a microtubule repolymerization assay demonstrated disrupted α-tubulin 

function. As opposed to variants found in ALS, TUBA4A variants associated with FTD 

appear more localized to the N-terminus, indicating different pathogenic mechanisms.

Conclusion
Our findings support the role of TUBA4A variants as rare genetic cause of familial FTD.
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Introduction

Frontotemporal dementia (FTD) is a common type of early-onset dementia, characterized 

by behavioral changes and cognitive impairment [1]. Up to 15% of patients develops 

comorbid amyotrophic lateral sclerosis (ALS) [2]. Due to overlap in clinical, genetic, and 

pathological features, both disorders are now considered part of a disease continuum [3]. 

Around a third of FTD patients has a strong family history, although heritability is highly 

variable across subtypes [4]. The behavioral variant (bvFTD) is the most commonly 

inherited form (~45%), followed by FTD with concomitant motor neuron disease (FTD-

MND). In contrast, most patients with a language variant (primary progressive aphasia) 

are sporadic. The majority of familial FTD is caused by pathogenic changes in either MAPT, 

GRN, or C9orf72. Each genetic subtype accounts for ~5-10% of all FTD, but geographical 

variability is evident such as high occurrence of GRN variants in Southern Europe [5]. 

Genetic forms of ALS represent approximately 5-10% of the total number of ALS patients 

[6, 7]. Worldwide, the C9orf72 repeat expansion is the most frequent cause of familial FTD, 

and by far the most common cause of familial ALS (~30%) [7]. Less prevalent variants 

causing FTD and/or ALS have been identified in >10 other genes such as TARDBP, TBK1, VCP, 

and TUBA4A [8, 9]. Despite these rapid advances in the genetic architecture of FTD, many 

studies describe a subset of familial patients without identified genetic defect [10-14]. 

This suggests the existence of yet undiscovered genes playing a role in the pathogenesis 

of FTD. 

In this study, we describe the clinical and neuropathological presentation of a family 

with autosomal dominant FTD and previously unknown genetic defect. Genetic analyses 

revealed a novel TUBA4A variant segregating with disease. Additional functional 

experiments strengthen the likely pathogenic role of TUBA4A variants in FTD.

Materials and methods

Ascertainment of patients
We studied eight patients with dementia (onset ≤70 years) in a Dutch family across two 

generations. Three patients (II:8, III:6, and III:8) were clinically diagnosed with bvFTD by 

the investigators according to international consensus criteria (Figure 1) [15]. One patient 

(III:5) had unspecified dementia with parkinsonism, as clinically determined by the 

investigators. The remaining four patients were diagnosed with unspecified dementia or 

Parkinson’s disease (PD) prior to this study (II:1, II:2, II:3, and III:1). As these four patients 
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were deceased, further clinical data was collected by interviewing relatives and reviewing 

medical records from hospitals or nursing homes. Additionally, a relative with clinical 

late-onset Alzheimer’s disease [LOAD] (II:9) and two unaffected relatives (III:2 and III:12) 

were included. Blood-derived DNA was obtained from all three clinically diagnosed bvFTD 

patients, one patient with unspecified dementia (III:5), the relative affected by LOAD, and 

the two unaffected relatives. For a second patient with unspecified dementia (III:1), DNA 

was extracted from formalin fixed paraffin-embedded lymph node tissue, as previously 

described [16]. Brain autopsy was performed in two patients with bvFTD (II:8 and III:6), and 

confirmed the diagnosis frontotemporal lobar degeneration (FTLD). Neuropathology was 

not available from the other deceased patients.

Histology and immunohistochemistry
Neuropathology was available from two patients clinically diagnosed with bvFTD (II:8 

and III:6). Brain autopsy was performed by the Netherlands Brain Bank (NBB) within 

eight hours after death. Routine immunohistochemistry was also carried out by the 

NBB. We performed additional staining on multiple brain regions including all cortical 

areas, hippocampus, and caudate/putamen. The following antibodies were used: p62 (Lck 

Ligand, 610833, BD Transduction Laboratories™, 1:100), Phospho-Tau (Ser202, Thr205), 

Monoclonal Antibody AT8 (MN1020, Thermo Fisher Scientific, 1:400), Purified anti-β-

Amyloid (4G8, 800701, Biolegend, 1:1000), and pTDP-43 (CAC-TIP-PTD-M01, Cosmo Bio, 

1:1000). The pattern of TDP-43 pathology was classified into subtypes according to the 

morphology and distribution of neuronal inclusions as proposed by Neumann et al. [17].

Genetic analyses
We performed Sanger sequencing and repeat-primed PCR in two bvFTD patients (II:8 and 

III:6), to exclude a pathogenic or likely pathogenic variant in MAPT and GRN (according 

to ACMG guidelines) [18], or a hexanucleotide repeat expansion in C9orf72 (≥30 repeats 

regarded as pathogenic) [19].

All three bvFTD patients and one patient with unspecified dementia (III:5) were genotyped 

using Infinium Global Screening Array-24 v3.0 (Illumina, San Diego, CA) according to 

manufacturer’s protocols. Genotypes were called using GenomeStudio 2.0 and quality 

control was performed using PLINK [20]. We performed a haplotype sharing analysis by 

scanning all SNPs and computing the length of the shared haplotypes in megabase (Mb) 

as described previously [21].

The same three bvFTD patients, two patients with unspecified dementia (III:5 and III:1), 

and one unaffected relative (III:2) were selected for exome sequencing by Centogene AG 
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(Rostock, Germany) using the Nextera Rapid Capture Exome Kit (Illumina, Inc., San Diego, 

CA). The included patients all had an early onset of disease and the unaffected relative had 

passed this age. Unfortunately, DNA of patient III:1 was scarce and therefore this patient 

could not be included in both the array and the exome sequencing. 

Bioinformatic details can be found in the Supplementary Methods. Variants were 

annotated using ANNOVAR [22], and only those variants with a quality score >200 and 

coverage >50 in each sample were considered for subsequent analysis. Filtering was 

applied to include the following variants: 1) segregating heterozygous with disease in the 

five affected patients and one unaffected relative; 2) nonsynonymous or protein truncating, 

including frameshift indels; 3) minor allele frequency of <0.01% in Genome Aggregation 

Database (GnomAD). The remaining candidate variants were evaluated regarding average 

brain expression (GTEx Project) and Combined Annotation Dependent Depletion (CADD) 

score [23], and validated by Sanger sequencing (Applied Biosystems, CA, USA). 

TUBA4A immunohistochemistry and immunoblotting
Immunohistochemistry was performed using anti-TUBA4A (228701, Abcam, 1:500) on 

frontal and temporal cortex tissue of patients II:8 and III:6 (aged 75 and 70, respectively), 

three non-demented controls (age range 88-92), three unrelated patients with FTLD-

TDP type A due to pathogenic variant in GRN (age range 58-76 [p.Ser82ValfsX174 and 

p.Gln300X]), three unrelated patients with FTLD-TDP type B due to a C9orf72 repeat 

expansion (age range 67-80), and three unrelated AD patients (age range 64-75). 

Protein was extracted from post-mortem frozen temporal cortex tissue of the same two 

patients, five unrelated non-demented controls (mean age 78; range 56-92), two unrelated 

FTD patients with a pathogenic variant in GRN (aged 63 [p.Cys105fs] and 66 [p.Gln300X]), 

and two unrelated AD patients (aged 90 and 91). Immunoblotting was performed on these 

cases in biological triplicates with separate protein isolations from 30um tissue sections. 

Each isolate was subsequently blotted in duplicates. The following primary antibodies 

were used: rabbit anti-TUBA4A (1:8000, AP13535b, Abcepta) and rabbit anti-GAPDH 

(1:1000, GTX100118, Genetex). GAPDH was used as housekeeping gene to normalize 

between blots. Further details can be found in the Supplementary Methods. Results were 

quantified and the relative abundances of TUBA4A in patients were normalized to the 

mean of non-demented controls. 

Microtubule repolymerization assay
COS1 and COS7 cells were cultured in DMEM supplemented with 10% FBS and 1% Pen/

Strep, and transfected using Xtremegene HD (Roche) according to the manufacturer’s 
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instructions, with either HA-tagged wild-type (WT) tubulin, R105C, or R320C mutant 

constructs. The expression levels of the constructs were assessed by immunoblotting 

and we evaluated cell viability of WT compared to the R105C construct by fixing the cells 

after 24, 48, and 72 hours. Twenty-four hours after transfection, COS1 cells were treated 

with 10 µM nocodazole (a potent microtubule depolymerizing agent) for 2 hours at 37°C, 

and allowed to recover in nocodazole-free medium for 0, 5, 10, and 30 minutes before 

fixation with cold methanol at -20°C for 10 minutes. The following primary antibodies 

were used: rabbit anti-β-tubulin antibody (Abcam, ab6046) and mouse anti-HA antibody 

(Cell Signaling Technologies, #2367). To assess recovery after nocodazole washout, we 

acquired 8-10 images by confocal microscopy using identical settings for each condition 

and time point. We counted the number of transfected cells positive for: a) endogenous 

asters and/or microtubule staining as visualized with anti-β-tubulin antibody; and b) HA-

TUBA4A WT, R105C and R320C incorporation at asters and microtubules visualized with 

anti-HA antibody. Results were combined from two independent experiments.

Microtubule integrity assay
To examine the integrity of the microtubules upon expression of the various TUBA4A 

constructs, we  co-transfected COS7 cells with HA-tagged tubulin and EMTB-mCherry, 

an indirect fluorescent marker of microtubules [24]. After transfection, cells were fixed 

and mCherry signal was imaged and quantified to assess the overall integrity of the 

microtubule network as described previously [25]. A more detailed description of the 

experiments is provided in the Supplementary Methods.

Results

Clinical findings
Multiple relatives presented with different forms of dementia in our clinic with an 

apparent autosomal dominant inheritance pattern. The family structure is presented in 

Figure 1 and the main clinical features of all eight patients are summarized in Table 1. 

The median age at onset was 65.5 years (range 59-70); seven patients died after a median 

disease duration of eight years (range 6-11). 

Three patients (II:8, III:6, and III:8) were diagnosed with bvFTD. Primary symptoms included 

disinhibition, emotional blunting, self-neglect, and lack of initiative. Patients III:6 and 

III:8 also experienced gait disturbances with stiffness and the occasional fall, though 

without evident parkinsonian symptoms or ataxia at neurological examination. No clinical 

signs of motor neuron disease were found. Neuropsychological assessment in all three 
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patients revealed a frontal syndrome with apathy, deficits in abstract reasoning, language 

impairment, and executive dysfunction, with relative preservation of episodic memory. 

Frontotemporal atrophy was observed in patient II:8 on CT scan. FDG-PET in patients III:6 

and III:8 revealed frontal hypometabolism, consistent with the diagnosis of bvFTD.

Another patient (III:5) presented primarily with memory deficits from the age of 65 years 

without prominent behavioral symptoms, and complaints of an unsteady gait. Neurologic 

examination revealed hypomimia, bradykinesia, a shuffling gait, and slight rigidity in the 

upper limbs; unresponsive to treatment with levodopa. Repeated neuropsychological 

evaluation exposed an apathetic presentation with passivity and perseverance, deficits 

in attention, visual perception, and executive functioning, but intact orientation, which 

did not fit AD nor FTD. Brain MRI showed mild generalized cortical atrophy and moderate 

hippocampal atrophy. The patient deteriorated rapidly over the following years and died 

at the age of 71. 

Three patients (III:1, II:1, and II:3) were diagnosed elsewhere with unspecified dementia 

with onset ≤70 years. Medical records of patient III:1 described prominent behavioral 

changes with excessive spending, wandering, suspicion, and self-neglect, suggestive of 

bvFTD. Relatives indicated that patient II:1 (parent of III:1) had shown similar symptoms. 

One additional patient (II:2) was reported to have PD from the age of 66 with gait 

disturbances, dysarthria, and mild cognitive impairment. Two unaffected relatives (III:2 

and III:12) were examined at ages 77 and 49, respectively, and showed no cognitive or 

behavioral symptoms. 

 

Figure 1. Pedigree of the family. 

Filled black symbols represent affected patients. Deceased patients are marked by a diagonal line. 

Numbers within the symbols represent additional unaffected relatives. Numbers in parentheses 
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indicate age at death or age at last evaluation. Brain autopsy was performed in the two patients marked 

by asterisk. Individual II:9 was considered a sporadic late onset AD patient and was not included in the 

initial genetic analyses. Four patients (blue marks) were included in the haplotype sharing analysis. 

Exome sequencing was performed including these four patients and two relatives (red marks). Two 

additional relatives were tested for the TUBA4A R105C variant by Sanger sequencing. Men and woman 

were affected equally (sex masked for anonymity). TUBA4A R105C status: +/- = carrier, -/- = non-carrier; 

upper row whole exome sequencing (WES), lower row Sanger sequencing. Patient III:1 was not tested 

by Sanger due to lack of DNA. Abbreviations: UD = unspecified dementia; PD = Parkinson’s disease; 

bvFTD = behavioral variant of frontotemporal dementia; AD = Alzheimer’s disease; na = not available.

Histology and immunohistochemistry
Pathology was available of patients III:6 and II:8, both clinically diagnosed with bvFTD and 

deceased at ages 70 and 75, respectively. Gross examination of patient III:6 revealed a 

small symmetrical brain (1160 gr) with slight bilateral frontal atrophy and dilatation of the 

ventricles. At microscopy, the frontal cortex showed mild gliosis and spongiosis especially 

of the third layer. Moderate to severe neuronal loss was seen in the hippocampus in 

entorhinal cortex, CA1, and subiculum. Low numbers of AT8 positive neurofibrillary 

tangles and neuropil threads were found in the transentorhinal region, and amyloid 

plaques in all isocortical areas (Braak stage I-II, amyloid B). 

FTLD-TDP pathology was confirmed by abundant p62 and phospho-TDP immunoreactive 

short dystrophic neurites (DN), neuronal cytoplasmic inclusions (NCI), and neuronal 

intranuclear inclusion (NII) of various morphologies, observed primarily in the superficial 

layers of the temporal cortex (Figure 2A-B). No white matter glial inclusions were found. 

TDP pathology was also present in the frontal cortex, hippocampus, and putamen/caudate 

nucleus, which displayed many NCI and sporadically a lentiform NII. The parietal cortex 

contained a few NCI, but lacked NII. According to Neumann et al. [17], these findings are 

mostly consistent with FTLD-TDP subtype A. Neuropathology of patient II:8 (brain weight 

1216 gr) revealed a similar distribution of TDP pathology most apparent in the temporal 

cortex and hippocampus (Figure 2C-D). 
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Figure 2. Immunohistochemistry of patients III:6 and II:8 confirming FTLD-TDP 

pathology.

The pathological subtype of both patients resembles TDP type A considering the short and thick 

dystrophic neurites (DN), compact neuronal cytoplasmic inclusions (NCI), and lentiform neuronal 

intranuclear inclusions (NII) mostly in the superficial layers of the cortex. The deeper layers were also 

affected, but to lesser extent. A) Images of P62 staining (including three insets of a variety of neuronal 

inclusions); and B) pTDP staining in patient III:6 show the DN, NCI, and NII in the second layer of 

temporal cortex. Staining with pTDP of patient II:8 revealed similar findings, with inclusions in C) 

the dentate gyrus of hippocampus; and D) second layer of temporal cortex (including three insets of 

neuronal inclusions). Scale bar: 20 µm.

Genetic analyses
Haplotype sharing analysis of three patients with clinical bvFTD (II:8, III:6, and III:8) and 

one patient with unspecified dementia (III:5) revealed multiple shared haplotype blocks 

(Supplementary Figure 1). Filtering of exome sequencing data of the same four patients, 

another relative affected by unspecified dementia (III:1), and one unaffected relative (III:2) 

revealed four candidate missense variants located in the genes TUBA4A, ZNF142, PTPRE, 

and ARAP3 (Supplementary Table 1), which all overlapped with the shared haplotype 

blocks. Amongst these, only TUBA4A has previously been associated with ALS/FTD. The 
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heterozygous TUBA4A variant NM_006000.2:c.313C>T (p.R105C) is located in exon 3 in 

the intermediate protein domain GTPase, is absent in GnomAD, and in silico predictions 

indicate a pathogenic effect (CADD 32; SIFT: 0; PolyPhen 0.9; Mutation Taster: D). The 

genetic variants in the other three genes are not associated with neurodegenerative 

disease. Although nonsense and frameshift variants in ZNF142 have been associated with 

a complex neurodevelopmental disorder [26], the average brain expression in adults is 

much lower compared to TUBA4A (Supplementary Table 1). Altogether, TUBA4A was the 

most likely candidate and prioritized for additional analyses.

All four variants were confirmed by Sanger sequencing in all three bvFTD patients and one 

patient with unspecified dementia (III:5) (Figure 1 and Table 1). Patient III:1 was not tested 

by Sanger due to lack of DNA. Additional sequencing of the TUBA4A variant confirmed 

absence in two unaffected relatives (III:2 and III:12) and a relative clinically diagnosed with 

LOAD (II:9). 

TUBA4A immunohistochemistry and immunoblotting
Additional immunohistochemistry with TUBA4A antibody in patients III:6 and II:8 

revealed faint staining of neuronal cytoplasm including its axons and dendrites, 

not different to non-demented controls or to patients with FTLD-TDP type A/B or AD 

pathology (data not shown). 

Next, we investigated TUBA4A protein abundance in the R105C carriers to explore a 

possible haploinsufficient effect. Western blots measuring TUBA4A abundance were 

performed using temporal cortex tissue of patients II:8 and III:6, five unrelated non-

demented controls, two FTD patients with a pathogenic variant in GRN and TDP type A 

pathology, and two AD patients (Figure 3). In both patients, protein levels were significantly 

lower compared to healthy controls and AD patients. In comparison with FTD-GRN, 

patient II:6 showed a significant decrease (P-value 0.002), whereas a decreased trend was 

observed in patient III:8 (P-value 0.20). 
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Figure 3. Immunoblotting showing a decreased trend of TUBA4A protein abundance in 

patients.

A) Protein was extracted for immunoblotting from temporal cortex tissues of two patients (III:6 and 

II:8), two patients with FTLD-TDP type A caused by a pathogenic GRN variant (GRN), two patients with 

Alzheimer’s disease (AD), and five non-demented controls (NDC). Blots were performed in technical 

duplicates and normalized to the housekeeping gene GAPDH. Immunoblots are shown of the first 

isolation, with technical duplicates of TUBA4A. 

B) The relative TUBA4A protein abundance of biological triplicates was normalized to the mean 

abundance of the five NDCs. A visible trend is observed of decreased TUBA4A protein levels in patients 

compared to NDCs and disease controls, although a high degree of variation exits among NDCs. III:6 

vs. NDC, P=0.005; III:6 vs. AD, P<0.001; III:6 vs. GRN, P=0.002; II:8 vs. NDC, P=0.03; II:8 vs. AD, P=0.002; II:8 

vs. GRN, P=0.20 (unpaired t-tests).
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Microtubule repolymerization and integrity assays
To examine wether microtubule behaviour is affected by the identified R105C variant, wild-

type (WT) and R105C proteins were expressed in transfected cells. Transfection of the R105C 

mutant did not cause adverse effects in terms of cell viability, and did not significantly alter 

microtubule integrity (Supplementary Figures 2A-C). The ALS-associated variant R320C 

did show a mild effect on microtubule integrity, consistent with previous results [25]. 

To compare the ability of cells to recover after transient microtubule depolymerization, 

transfected cells were exposed to a high dose of nocodazole to completely depolymerize 

all microtubules (Supplementary Figure 3), and subsequently allowed to recover for 

various time points upon nocodazole washout. Anti-β-tubulin staining of the microtubule 

network shows that both R105C- and R320-transfected cells recovered normally with 

regrowth of endogenous microtubules (Figure 4). However, after 10 minutes, only ~30% 

of R105C-transfected cells and ~20% of cells containing R320C showed incorporation of 

mutant TUBA4A into newly formed microtubules, significantly lower than WT (P<0.05). 

These results indicate that the R105C variant at least partially disrupts tubulin function, 

preventing incorporation of the mutant protein into microtubules.
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Figure 4. Microtubule repolymerization assay showing cells after 10 minutes of 

nocodazole washout. 

COS1 cells were transfected either with HA-tagged wild-type (WT) tubulin, R105C or R320C mutant 

constructs and exposed to high dose of nocodazole to completely depolymerize all microtubules. 

We studied the repolymerization potential of microtubules at 0, 5, 10, and 30 minutes following 

nocodazole washout. The cells were stained to visualize endogenous tubulin with anti-β-tubulin 

(green) and the constructs using anti-HA antibody (red). Magnified insets show the cellular area where 
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the centrosome is located, as indicated by the arrows. At the 0 minute time point, the centrosomes 

are absent (Supplementary Figure 3), yet each time point thereafter shows an increase of cells with 

visible centrosome and newly formed microtubules. The images show examples of cells fixed after 

10 minutes. The graphs below depict the quantified fraction of cells with recovered microtubules 

at the different time points. Neither of the two mutant tubulins significantly affect recovery of the 

microtubule network (anti-β-tubulin; left graph), but both mutants do not incorporate efficiently into 

the newly formed microtubule network (anti-HA; right graph). Anti-HA at 10 minute recovery: WT vs. 

R105C, P<0.05; WT vs. R320C, P<0.001. Anti-HA at 30 minute recovery: WT vs. R105C, P<0.01; WT vs. 

R320C, P<0.01 (unpaired t-tests). Scale bar: 10 µm.

Discussion

This is the first study providing segregation of a likely pathogenic TUBA4A variant in a 

family with FTD without concomitant ALS. The clinical picture of this family is relatively 

heterogeneous, though all patients had a symptom onset before the age of 70. FTLD-TDP 

pathology was confirmed in two patients, resembling FTLD-TDP type A. 

Clinical characterization
Despite the clear autosomal dominant inheritance pattern, the clinical presentation in this 

family is distinct from the typical genetic variants associated with FTD; no concomitant 

ALS or neuropsychiatric symptoms such as in C9orf72 carriers, no repetitive/stereotyped 

behaviors or semantic impairment as often observed in MAPT carriers, and no non-fluent 

aphasia which is associated with GRN variants [27]. Instead, several patients presented 

with bvFTD with prominent disinhibited behavior and parkinsonian-like gait disturbances. 

One patient suffered from unspecified dementia and concomitant parkinsonism, and 

another relative was clinically diagnosed with PD. Parkinsonism is a common clinical 

presentation of FTD, and has been observed in up to 38.7% of FTD patients [28, 29]. Various 

motor symptoms can be seen in FTD patients, often including bradykinesia, followed by 

parkinsonian gait, and postural instability. The symptoms are typically unresponsive 

to levodopa, as with our patient [28]. Interestingly, one previously reported FTD patient 

with the p.Arg64Glyfs*90 variant in TUBA4A exhibited an inexhaustible glabellar reflex 

and stooped posture with decreased arm swing [30]. The father and grandmother of this 

patient suffered from PD with onset <65 years. These observations support that TUBA4A 

variants may be associated with FTD with parkinsonism, as apparent in the currently 

described family, although additional reports are required to confirm this. 
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Neuropathologic characterization
We describe the first two neuropathological cases associated with a likely pathogenic 

variant in TUBA4A, largely consistent with FTLD-TDP pathology type A. Genetically, this 

subtype is usually associated with pathogenic variants in GRN [17]. However, we did 

not find any pathogenic variant in GRN. The TDP pathology in our patients was most 

prominent in the temporal cortex, marked by the presence of neuronal inclusions and 

short dystrophic neurites mainly in the superficial layers. Compared to FTLD-TDP caused 

by a GRN pathogenic variant, the number of inclusions was somewhat lower and glial 

inclusions were absent. This is in line with a previous study where cases without GRN 

mutations were associated with fewer TDP-43 neurons and neurites as compared to 

mutation carriers [31]. Additional neuropathological studies of FTD patients with TUBA4A 

variants are needed for further characterization, and we urge others to consider genetic 

testing of TUBA4A in similar pathological cases with unknown genetic defect. 

Novel genetic TUBA4A variant R105C 
The causal role of the TUBA4A R105C variant in this family is supported by familial 

segregation with disease and the prior identification of likely pathogenic TUBA4A variants 

in ALS and FTD patients. R105C is located in a highly conserved codon and its pathogenicity 

is supported by in silico predictions. The variant is absent in GnomAD and the region is 

intolerant to genetic variation (overall missense Z-score 3.3).

TUBA4A encodes an α-tubulin subunit, which together with β-tubulin constitutes the 

tubulin heterodimer, the building block of microtubules [32]. Mutations in both α- and 

β-tubulin encoding genes are associated with brain abnormalities, and compromised 

microtubule function has often been linked to neurodegeneration [32-34]. ALS-

associated TUBA4A variants are suggested to dysregulate neuronal function by disruption 

of microtubule dynamics and stability [25]. To our knowledge, no evidence of TUBA4A 

variant segregation has yet been demonstrated in extended FTD and/or ALS families. 

In Figure 5 and Supplementary Table 2, we provide an overview of all currently reported 

candidate variants. Eight TUBA4A variants were initially associated with familial ALS, 

with functional assays supporting pathogenicity of at least five variants [25, 35]. One 

ALS patient with a TUBA4A variant had a first degree relative with FTD. When analyzing 

a cohort of sporadic ALS patients, the authors found four novel heterozygous variants 

with a possibly damaging effect [36]. The first TUBA4A variant in FTD without ALS was 

identified in a Belgian patient diagnosed with semantic dementia [30]. This frameshift 

variant (p.Arg64Glyfs*90) occurred in exon 2, leading to a truncated protein. Family 

history was positive for PD and cognitive impairment. However, segregation analysis was 
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not performed. The lack of familial segregation, neuropathologic confirmation, and low 

incidence of likely pathogenic variants in TUBA4A, has left the significance of TUBA4A 

variants on ALS and FTD disease risk uncertain [37-39].

Figure 5. Schematic representation of the TUBA4A 

protein structure with identified and previously 

reported variants. 

The genetic variants in TUBA4A are organized according 

to clinical phenotype, revealing that all variants associated 

with FTD or ALS-FTD are located in the GTPase domain. The 

majority of the variants found in ALS patients are localized 

in exon 4 in the C-terminal domain. For one variant (V7I), the 

phenotype was not described. The R015C variant identified 

in this study (red box) is the only variant located in exon 3. 

Underlined variants: positive family history for dementia; bold 

variants: functional assay supporting variant. Abbreviations: 

FTD = frontotemporal dementia; ALS = amyotrophic lateral 

sclerosis. Additional details for each variant can be found in 

Supplementary Table 2.
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The R105C variant disrupts tubulin function
Based on different microtubule-based assays, we demonstrate that the novel variant 

R105C behaves similar, though not identical to the ALS-associated variant R320C [25]. Our 

results clearly indicate that R105C mutant tubulin does not incorporate efficiently into 

repolymerizing microtubules, similar to R320C. The incorporation of endogenous tubulin 

is not affected, as shown by overall intact microtubule integrity and repolymerization 

potential. Immunoblots in post-mortem brain tissue showed a trend of decreased 

TUBA4A protein abundance in TUBA4A carriers compared to healthy and disease 

controls, suggesting that the mutant protein may be more susceptible for degradation. 

The absence of altered TUBA4A staining in our two patients indicates that R105C tubulin 

does not lead to formation of TUBA4A aggregates. Together, these data suggest that the 

R105C variant may affect the ability of TUBA4A to assemble into growing filaments, but 

once the filaments are formed, their stability is not altered. Additional experiments will 

be required to shed more light on the molecular mechanisms underlying the effects of 

the R105C variant on tubulin synthesis/turnover and on the structure of the neuronal 

microtubule network, ultimately affecting neuronal functioning. 

Previous experiments demonstrated that ALS-associated TUBA4A variants destabilize the 

microtubule network, with variable penetrance depending on the specific mutant [25]. 

The truncating variant W407X located at the C-terminus yielded the most profound effect, 

dependent on aggregation of the mutant protein. Missense variants located upstream 

(R320C and A383T) showed a different and somewhat less severe impact. Two variants 

were identified in ALS-FTD patients; R215C resulted in a milder effect on microtubule 

stability, whereas no differences were detected for G43V. These variants are located in the 

GTPase domain instead of the C-terminus, similar to R105C (Figure 5). The variable effects 

of variants in the two domains, and whether this translates to a specific constellation of 

phenotypes, remains to be clarified. We hypothesize that variation in the C-terminus of 

TUBA4A, which interacts with the kinesin motor domains and other MAPs, is prone to 

cause or contribute to ALS due to impaired microtubule stability and/or function. The 

N-terminus and GTPase domains are predominantly involved in protein folding and 

conformation, and variants in these domains appear to be more associated with an FTD 

phenotype, or FTD with concomitant ALS.

Further insight may be ascertained from other tubulin genes which have been studied 

more extensively. For example, a combination of defects has been demonstrated for 

TUBB3, including altered microtubule dynamics, disrupted interaction with kinesin 

motors, and reduced heterodimer formation [40]. Structural modeling and additional 

experiments are essential to evaluate the functional importance of individual TUBA4A 
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domains, and to understand how TUBA4A variation contributes to neurodegenerative 

disorders.

Limitations
Although we did not observe motor neuron symptoms in the reported patients, we cannot 

rule out the existence of subtle neurophysiological changes, as EMG was not performed. 

Another limitation of this study is the small size of the family, which limited us from 

performing a classical linkage analysis. Instead, we used genome-wide genotyping arrays 

to identify common haplotype blocks, which complemented our analysis of the exome 

sequencing data. We distinguished the variant in TUBA4A as most likely cause, although 

we cannot completely rule out the other three shared variants. However, the observed 

functional impact of the TUBA4A variant supports a pathogenic role.

Conclusion

Our data support the contribution of TUBA4A variants to FTD without ALS. For the first 

time, we provide evidence of familial segregation with FTD, detailed clinical features 

of eight patients and neuropathology of two FTD patients. We demonstrate a severe 

impact of the variant on tubulin function. Our findings indicate that patients with a likely 

pathogenic variant in TUBA4A may clinically manifest with bvFTD symptoms, possibly 

including parkinsonism, and pathologically resemble FTLD-TDP type A. We suggest that 

FTD patients, especially with positive family history and/or TDP pathology, should be 

screened for TUBA4A variants to further characterize this class of genetic variants.

Supplementary information

Available online at: Chapter 2.3 - Supplementary Data.
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Abstract

Objective
To describe the clinical and pathological features of a novel pedigree with heterozygous 

STUB1 mutation causing SCA48. 

Methods
We report a large pedigree of Dutch decent. Clinical and pathological data were reviewed 

and genetic analyses (whole exome sequencing, whole genome sequencing, and linkage 

analysis) performed on multiple family members. 

Results
Patients presented with adult-onset gait disturbance (ataxia or parkinsonism), combined 

with prominent cognitive decline and behavioral changes. Whole exome sequencing 

identified a novel heterozygous frameshift variant c.731_732delGC (p.C244Yfs*24) in STUB1 

segregating with the disease. This variant was present in a linkage peak on chromosome 

16p13.3. Neuropathological examination of three cases revealed a consistent pattern of 

ubiquitin-, p62-positive neuronal inclusions in cerebellum, neocortex, and brainstem. In 

addition, tau pathology was present in one case. 

Conclusion
This study confirms previous findings of heterozygous STUB1 mutations as the cause 

of SCA48 and highlights its prominent cognitive involvement, besides cerebellar ataxia 

and movement disorders as cardinal features. The presence of intranuclear inclusions is 

a pathological hallmark of the disease. Future studies will provide more insight into its 

pathological heterogeneity. 
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Introduction

Spinocerebellar ataxias (SCAs) comprise a heterogeneous group of disorders characterized 

by progressive cerebellar ataxia in combination with non-cerebellar signs, including 

(extra) pyramidal features, peripheral neuropathy, and cognitive impairment [1]. In most 

cases prominent loss of cerebellar Purkinje neurons is observed, yet neuropathological 

changes can be diverse with degeneration extending to all brain areas. Frequently, 

intranuclear neuronal inclusions serve as a morphological marker [2]. 

Currently, over 40 autosomal dominant SCAs have been identified [1]. Polyglutamine 

SCAs caused by CAG repeat expansion represent the most common form. Other genetic 

causes include repeat expansion in non-coding regions and conventional mutations 

[3]. A large percentage of familial SCA patients (30-48%) remains without an identified 

genetic defect [4]. In the past decade an increasing number of rare causal variants have 

been recognized, in both dominant and recessive forms of ataxia [5]. Amongst these are 

variants in STUB1 (STIP1 homologous and U box-containing protein 1; OMIM#607207), 

the gene encoding the protein CHIP. This molecular co-chaperone plays a prominent 

role in protein-quality control processes and the cellular stress response [6]. Recessive 

STUB1 mutations were identified in families with SCAR16, showing a wide variability of 

symptoms, including hypogonadism, epilepsy, autonomic dysfunction, and dementia 

[7, 8]. More recently, heterozygous variants in STUB1 have been implicated in autosomal 

dominant SCA (SCA48; OMIM#618093), characterized by a complex phenotype including 

cognitive/affective symptoms and movement disorders [9-12]. 

In this study, we present a large Dutch SCA48 family associated with a novel heterozygous 

frameshift mutation in the U-box domain of STUB1, and describe the neuropathological 

features of three patients in this family. 

Materials and methods

Clinical data
Medical records and neuroimaging of nine affected individuals from one large family of 

Dutch ancestry were collected and reviewed (Figure 1, Table 1). Seven of them underwent 

a single clinical assessment by neurologists from the research group (EB, JvS, LDK) during 

a local visit. Blood samples were collected from seven affected and five unaffected family 

members; DNA was extracted using standard procedures. 
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Linkage analysis
SNP-array genotyping (Illumina Human OmniExpress-24 v1.0 BeadChip) was performed 

on seven patients (III-8, III-9, III-10, III-11, III-12, III-13, and IV-1). CSV files containing 

SNP call data were adapted by GenomeStudio (Illumina) for linkage analyses using 

Allegro, implemented in easyLINKAGE Plus [13, 14]. An affected only linkage analysis was 

performed. Mendelian inheritance check was performed with the program PedCheck [15]. 

SNPs showing Mendelian inconsistencies were excluded from the calculations. Multipoint 

linkage analysis was performed with a SNP spacing of 0.3 cM. LOD scores were calculated 

under the assumption of an autosomal dominant disorder.

Whole exome and genome sequencing 
Whole exome sequencing (WES) was performed on the same seven patients as those 

included in the linkage analysis. Whole genome sequencing (WGS) was performed on three 

of these patients (III-12, III-13, and IV-1). Genomic DNA was fragmented to 150 to 200 base 

pairs (bp), end paired, adenylated, and ligated to adapters. The SeqCap capturing kit for 

Illumina Paired-End Sequencing library (version 2.0.1; NimbleGen) was used. The captured 

fragments were purified and sequenced on an Illumina Hiseq2000 platform using 100 bp 

paired-end reads. WGS was performed by Novogene on an Illumina Hiseq2000 platform 

using 150 bp paired-end reads. Bioinformatic analysis was performed using an in-house 

pipeline based on published tools. Briefly, sequence reads were aligned to the human 

reference genome (UCSC hg19) using Burrows-Wheeler Aligner (BWA, version 0.7.3a) [16]. 

Subsequently, alignment data was processed and recalibrated using Picard (version 1.90) 

and the Genome-Analysis ToolKit (GATK version 2.5.2). SNPs and small indels were called 

using GATK’s HaplotypeCaller and Variant recalibration following best practices [17]. 

The WES and WGS datasets were generated separately. The lists of variants from the WES 

data were annotated with ANNOVAR [18] and filtered to include: a) exonic and splice-

site variants; b) nonsynonymous; c) with rare occurrence in publicly available databases 

(1000G, ExAC, ESP; minor allele frequency <0.1%); and d) QD score >5 (QUAL score 

normalized by allele depth). Functional predictions by SIFT and/or Polyphen-2 were taken 

into account. 

In addition, to detect the possible presence of expanded polyglutamine repeats, Short 

Tandem Repeats (STRs) were called using WGS data in the chr16p13.3 linkage peak using 

LobSTR (v3.0.3) according to best practices [19]. STRs were filtered for heterozygosity in 

all three carriers. The repeat motif and number of copies per carrier were extracted and 

analyzed manually. Refseq gene annotation was added using ANNOVAR [18]. The candidate 

variant was checked by Sanger sequencing (details provided in Supplementary File).
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Neuropathology
Three patients died during follow-up (III-10, III-12, and III-13). Brain autopsy was performed 

by the Netherlands Brain Bank within four hours after death. Formalin fixed (10%) and 

paraffin embedded tissue blocks were available for examination. Eight-micrometer 

sections of all cortical regions, subcortical nuclei, brainstem, and cerebellum underwent 

routine staining. Immunohistochemistry was performed using the following antibodies: 

hyperphosphorylated tau (AT8, Innogenetics, Ghent, Belgium; 1:40), beta-amyloid 

(anti-amyloid, DAKO, Glostrup, Denmark; 1:100, following formic acid pretreatment), 

alpha-synuclein (anti-synuclein, Zymed Laboratories, San Francisco, CA; undiluted, 

following formic acid pretreatment), TDP-43 (anti-phospho TDP-43, Cosmo Bio, 1:100 

and Proteintech Group, 1:100), ubiqituin (anti-ubiquitin, DAKO, Glostrup, Denmark; 1:500, 

following 80°C antigen retrieval), p62 (mouse D3 Clone, Santa Cruz, 1:100), 1C2 (mouse 

5TF1-1C2-172 Clone, Chemicon, 1:3200), and STUB1 (rabbit anti-STUB1 Abcam ab2917, 

1:100).

Results

Clinical characteristics
The pedigree structure is presented in Figure 1 and the main clinical features of nine 

affected individuals are summarized in Table 1. Individuals II-2, II-3, III-1, III-2, III-3, III-5, 

and III-6 were deceased before the start of the study and DNA was not available. Patient 

III-4 was not included in the genetic analyses (linkage and WES) because the clinical signs 

did not fully match with the other family members (i.e., isolated cognitive dysfunction 

suggestive of Alzheimer’s disease without ataxia or movement disorders). Mean age at 

onset of disease in the nine patients was 65.3 ± 6.6 years. These patients deceased after a 

mean disease duration of 13.2 ± 2.4 years. 

The presenting features consisted of slowly progressive gait disturbance (mainly ataxic and 

frequently described as a “waddled gait”) combined with prominent cognitive dysfunction 

and behavioral changes with impaired insight, disinhibition, and perseverations. The 

cognitive deficits were amongst the first symptoms in some patients, showing a gradual 

decline in memory performance and executive functioning. Imaging in six out of nine 

patients showed cerebellar atrophy; two had moderate to severe generalized atrophy 

(for one patient no scan was available). Initial clinical diagnoses by reviewing medical 

records were olivopontocerebellar atrophy (OPCA), Huntington’s disease (without genetic 

confirmation), unspecified chorea, progressive supranuclear palsy (PSP), Alzheimer’s 

disease (AD), frontotemporal dementia (FTD), and unspecified dementia.
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Two patients are further described in more detail: Patient III-10 presented at the age of 65 

years with a parkinsonian gait, frequent falls, and bradykinesia unresponsive to levodopa. 

Subsequently, memory problems developed together with behavioral changes and 

impulsiveness. On neurological examination, dysarthria, an upward gaze palsy, bilateral 

bradykinesia, a shuffling gait with freezing, and abnormal postural reflexes were found. 

Neuroimaging with MRI showed generalized atrophy, including cerebellar volume loss. 

This patient died 18 years after disease onset at 83 years of age. 

Patient III-13 presented with progressive behavioral changes from the age of 50 years, 

including inappropriate laughing, aggressiveness, and perseverations. Neurological 

examination revealed dysarthria, diffuse motor restlessness, and stereotypic movements. 

Neuropsychological evaluation indicated pronounced frontal symptoms and semantic 

deficits, but with preservation of episodic memory. On MRI, severe cerebellar and bilateral 

parietal atrophy was observed. The hippocampus, frontal, and temporal lobes showed no 

apparent degeneration. This patient died after a disease duration of 14 years. 

Figure 1. Pedigree of the family. 

Filled black symbols represent patients who were personally examined by the researchers. Filled 

grey symbols are affected individuals based on medical records (III-2, III-3) or on reports from family 

members (II-2, III-1, III-5, III-6). Individuals III-7, III-14, III-15, III-16, and III-17 were clinically unaffected 

and all deceased >75 years of age. Individual II-3 is an obligate carrier, but did not have neurological 

symptoms according to the family. Individual III-4 was diagnosed with Alzheimer’s disease without 

motor symptoms and without cerebellar atrophy, and not considered to have the same phenotype. The 

numbers inside the symbols represent the number of individuals. Gender is not specified in order to 

protect anonymity. Transmission was independent of gender (including male to male transmission) . 

+ = mutated allele; – = wild-type. 
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Genetic analyses
Diagnostic testing excluded mutations in MAPT, C9orf72, PSEN1, PRNP, HD, DRPLA, FXTAS, 

SCA1, SCA2, SCA3, SCA6, SCA7 and SCA17. Genome wide linkage analysis using SNP-array 

data did not reveal a significance linkage peak (LOD-score >3). However, a few regions 

showed suggestive linkage, including the region on chromosome 16p13.3 with a LOD score 

of 2.35. After filtering, WES data of seven patients revealed five candidate variants, all of 

them in heterozygous state and located on chromosome 16p13.3. These included four 

nonsynonymous missense variants (AXIN1, IGFALS, PDK1, THOC6) and one frameshift 

variant (STUB1). Analysis of WGS data of three patients using the same filtering steps 

confirmed these five variants; no additional variants were found. In these patients, 

LobSTR was used on the chromosome 16p13.3 linkage area to identify possible expanded 

polyglutamine repeats, but none were detected.

Of these five candidates, the frameshift variant in STUB1 is the most likely candidate 

because this gene has recently been linked to both recessive (SCAR16) and dominant 

ataxia (SCA48). The two basepair deletion c.731_732delGC (p.C244Yfs*24) is located in exon 

6, which encodes the U-box domain together with the last exon. This variant is absent 

in publicly available databases and SIFT predicts a damaging effect (confidence score 

0.86). The mutation was confirmed by Sanger sequencing (Figure e-1). Subsequently, 

five unaffected relatives were tested (III-7, III-14, III-15, III-16, III-17) and in four out of 

five the variant was absent. Individual III-4, who was not considered to have the same 

phenotype, did not have the STUB1 variant. There was no report of neurological symptoms 

in individual II-3, who is an obligate carrier of the STUB1 variant, but died at 64 years of age 

due to a myocardial infarction. 

Neuropathology
Neuropathological examination was performed in three patients (III-10, III-12, and III-

13). Brain weight varied slightly (1304, 1223, and 1090 grams, respectively). Macroscopic 

inspection showed cerebellar atrophy of vermis and hemispheres in all three cases, though 

less profound in III-10. Routine staining on the three brains showed no abnormalities in 

cortical areas, except for focal neuron loss in the parietal and occipital cortices in III-13. 

Cases III-12 and III-13 contained no apparent hippocampal plaques or tangles (Braak 

stage 1), whereas a few tangles and neuropil threads were seen in the Ammon’s horn in 

III-10 (Braak stage 2). All three cases showed nearly complete loss of Purkinje cells with 

Bergmann gliosis (Figure 2A-B) and severe neuronal loss in mesencephalon and medulla 

oblongata. In III-10, the subthalamic nucleus also showed atrophy with severe gliosis. 

Staining of the cerebellum of III-13 with ubiquitin showed several neuronal intranuclear 

inclusions (NII) in cerebellar granular cells (Figure 2C). 
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Figure 2. Histopathological features of affected cases III-13 (A-H) and III-10 (I-J).

A-B) Nearly complete loss of Purkinje cells, loss of neurons, and spongiosis in the cerebellar granular 

layer of the patient (A) compared to control brain (B) in H/E staining; C-D) NII in the cerebellar 

granular layer with ubiquitin (C) and p62 staining (D); E) NII in occipital cortex with p62 staining; 

F) DNS in occipital cortex with 1C2 staining; G) DNS in inferior olive with 1C2 staining; H) Granular 

CI in hypoglossal nucleus with 1C2 staining; I) AT8 positive neurons, neurites and glial staining in 

thalamic nuclei; J) AT8 positive tufted astrocyte in putamen. Abbreviations: NII = neuronal intranuclear 

inclusions; DNS = diffuse nuclear staining; CI = cytoplasmic inclusions.
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In all three cases, immunohistochemistry with p62 showed similar NII in cerebellum 

(Figure 2D) and in all cortical areas; most prevalent in posterior regions (Figure 2E). NII 

were also present in substantia nigra and deep pontine nuclei. In the hippocampus many 

p62 positive inclusions were found, whereas dentate gyrus showed punctuate cytoplasmic 

inclusions (CI) and occasional diffuse nuclear staining (DNS). 

Staining with 1C2-antibody in III-13 showed DNS in granular and stellate neurons of 

cerebellum and in cortical areas (Figure 2F). In the substantia nigra CI were observed, and 

the gyrus cinguli showed CI, DNS, and dystrophic neurites. 1C2 staining also exposed DNS 

in the inferior olives (Figure 2G) and CI in the hypoglossal nucleus with a granular pattern 

(Figure 2H). In III-10, faint 1C2 reactivity was seen in the cerebellum; less prominent 

than with p62. In cortical regions, similar DNS was seen as in III-13. 1C2 staining was not 

performed in III-12. 

Staining with the antibody against CHIP in III-13 showed a diffuse staining of neurons, not 

different from controls (data not shown). AT8 staining in cases III-12 and III-13 showed few 

abnormalities, except for a few positive neurons in the temporal neocortex (III-12) and a 

moderate number of pre-tangles (III-13). 

Interestingly, AT8 staining in III-10 showed many tufted astrocytes, glial staining, and 

tangles in the thalamus and subthalamic nucleus (Figure 2I). Tau pathology was also 

present in many other regions (i.e., temporal cortex (Figure 2J), hippocampus, caudate, 

putamen, substantia nigra, locus coeruleus, cerebellar dentate nucleus, and spinal motor 

neurons. Immunohistochemistry for alpha-synuclein and TDP-43 antibodies in several 

selected brain regions were negative in all three cases. 

Discussion

We present a multigenerational family with late-onset ataxia associated with a novel 

heterozygous STUB1 mutation, fitting the diagnosis of SCA48. Although the various initial 

diagnoses of the patients illustrate the clinical heterogeneity of this new SCA subtype, 

there are some strongly overlapping features. The clinical presentation is dominated by 

cognitive decline and profound behavioral changes, combined with cerebellar ataxia and 

movement disorders. 

Cognitive impairment has been found in other SCA subtypes, but is usually preceded 

by cerebellar symptoms [20]. Here, it was present in all affected family members and 
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occasionally as the first manifestation. One case was initially diagnosed as FTD, although 

frontal and temporal atrophy were lacking. Other published SCA48 pedigrees with 

mutations in close proximity to the current mutation, showed a broad range of cognitive 

symptoms [9-12]. Another interesting observation is the presence of other movement 

disorders besides gait ataxia. Chorea or uncontrolled motor activity was frequently 

reported, showing resemblance with the chorea described in several other families [10-

12]. Parkinsonism was also present in four out of 11 described Italian patients with SCA48 

[11]. Atypical parkinsonism with features resembling progressive supranuclear palsy 

(PSP) was observed in one patient. The combination of cognitive and movement disorders 

in SCA48 also resembles SCA17 and dentorubal pallidoluysian atrophy (DRPLA). In both 

disorders, dementia and chorea are part of the clinical features [1, 21].

The clinical presentation of SCA48 shows overlap with SCAR16. The latter is more complex 

with a myriad of phenotypes, and seems to constitute a multisystemic disorder usually 

presenting at an earlier age [7, 22]. Endocrine abnormalities have been described as a 

major feature of SCAR16 and hypogonadism was present in a patients with SCA48 [11]. 

Although not formally tested, endocrine abnormalities were not reported in the medical 

records of the current pedigree. 

The homozygous and compound heterozygous STUB1 mutations in SCAR16, and the recent 

identification of heterozygous STUB1 mutations in adult-onset familial ataxia, support 

STUB1 as the most likely candidate gene in this family. The identified frameshift variant 

is predicted to result in a premature stop codon and is located in the highly conserved 

U-box domain, similar to previously reported variants causing SCAR16 and SCA48 [8, 9, 

11, 23]. The protein encoded by STUB1, C-terminus of Hsp70-interacting protein (CHIP), 

regulates several proteins involved in neurodegenerative disorders [6]. Through its 

tetratricopeptide repeat (TPR) domain, CHIP interacts with chaperones (Hsp70 and 

Hsp90) and a broad range of co-chaperones. The ubiquitin ligase region (U-box), is 

responsible for the ubiquitination of misfolded proteins destined for elimination [24]. 

Missense mutations in the U-box domain of CHIP impair the intracellular degradation 

of ataxin-3 microaggregates by preventing their ubiquitination, thereby accelerating 

disease progression [25]. We hypothesize that a similar pathophysiologic mechanism is 

likely in SCA48 due to impaired function of CHIP. 

Earlier work has shown that mutations in the U-box domain causing SCAR16 destabilize 

CHIP, supporting a loss-of-function mechanism [26]. CHIP null mice and animal models 

with homozygous missense mutation (p.T246M) exhibited striking similarities with 

characteristics seen in SCAR16 patients, including neuronal degeneration and ataxic 
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motor disturbances [7, 27]. Patients with recessive STUB1 mutations had decreased CHIP 

protein levels in isolated fibroblasts in varying degrees, dependent on specific mutations 

[27]. The U-box domain is especially important, as mutations in this domain have a 

stronger effect on the overall loss of CHIP function, and strongly associate with cognitive 

dysfunction [28]. Indeed, most frameshift mutations identified so far in SCA48 are located 

in the U-box domain (Supplementary Table 1) [9, 11]. Whether this results in nonsense 

mediated RNA decay or a truncated protein – with a possible dominant negative effect – 

remains to be elucidated. 

Additional functional studies on different mutations in STUB1 are essential to provide 

more insight why some mutations cause SCA48 in heterozygous state and others SCAR16 

in a recessive trait. The co-occurrence of recessive and dominant mutations in the same 

gene has been described before. For example, mutations in HTRA1 are responsible for a 

recessive form of heritable small vessel disease (CARASIL), while heterozygous mutations 

causing a late-onset form of small vessel disease have been reported [29]. Likewise, 

truncating heterozygous GRN mutations cause FTD, whereas homozygous mutations 

lead to neuronal ceroid lipofuscinosis [30]. 

In the current study two carriers of the STUB1 mutation did not develop symptoms: one 

unaffected carrier died over 75 years of age and another (obligate) carrier died at 64 years 

without neurological disease. This could indicate incomplete penetrance, or it could 

reflect the diversity in phenotypical expression, given the large variety in ages at onset 

in the present family (50-72 years). Therefore, it cannot be excluded that parents of some 

patients with SCAR16 are at risk of developing SCA48. 

It would also be of interest to investigate other genetic factors that could influence disease 

penetrance and progression. Previous studies have shown that expanded ataxin-2 repeats 

predispose to other neurodegenerative disorders besides SCA2 [31]. In line with this, it 

would be interesting to explore whether repeat length variation in ataxin-3, a known 

interactor of CHIP, might interfere with the function of CHIP and influence the clinical 

variability in SCA48. Although we have not found toxic exposures in patients (data not 

shown), it is worthwhile to study more systematically whether environmental factors can 

trigger the unfolded protein response, and may therefore have an effect on disease onset 

or progression in STUB1 related disorders. 

Neuropathological changes were present in cerebellar, but also neocortical areas, 

suggesting diffuse involvement of the brain. The almost complete loss of Purkinje cells in 

the present three cases resembles that of most other SCAs [2]. Neuropathological studies 
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of other STUB1 cases are scarce, with a single neuropathological report of a SCAR16 

patient [32]. This case showed similar severe Purkinje cell loss and p62 positive neuronal 

intranuclear inclusions (NII), and CHIP staining revealed nuclear staining in neurons of 

the deep layers of the frontal cortex. We also observed diffuse staining of neurons with 

CHIP-antibody, but not different from controls (data not shown). 

Neuronal intranuclear inclusions (NII) have been considered the hallmark of disorders 

with repeat expansions [33]. However, several studies have demonstrated the presence 

of NII in the absence of pathologically expanded polyglutamine repeats [34]. Moreover, 

NII in the present cases did not show 1C2 positivity, which is typically present in SCA 

caused by polyglutamine repeat expansion [2]. Instead, we did observe a pattern of diffuse 

nuclear staining (DNS) with 1C2. Granular cytoplasmic and DNS of 1C2 as an earlier stage 

in aggregate formation have been described in both SCA3 and Huntington’s disease [35]. 

Other studies have demonstrated that 1C2 recognizes non-expanded ataxin-3 present 

in NII [36, 37]. It is possible that recruitment of ataxin-3 into the nucleus is involved in 

the pathogenesis of STUB1 disease [38]. Finally, 1C2-immunoreactivity might be less 

specific, as it has also been detected in non-repeat disorder, such as a SCA6 case with 

22-24 polyglutamine stretches [39], and in healthy controls [40]. Future investigations 

are needed to clarify the exact meaning of the different types of staining patterns on the 

cellular (dys)function. 

Intriguingly, extensive tau pathology was found one patient with clinical similarities to 

PSP (III-10). This has up till now only been seen in SCA11, a pure progressive cerebellar 

ataxia [2]. Several studies highlight the role of CHIP in tau pathology. It attenuates the 

pathological changes associated with tau, playing a primary role in tau ubiquitination 

and degradation [41]. CHIP levels were found to be elevated in AD suggesting a role in 

tangle maturation [42], and CHIP depletion in mice was associated with accumulation of 

hyperphosphorylated tau [43]. The discovery of different pathologies within one kindred 

is known to occur also in other (genetic) neurodegenerative diseases [44]. 
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Conclusion

The present pedigree along with the recently described families underscores the 

association between heterozygous STUB1 mutations and SCA48. The combination of 

familial late-onset gait ataxia, cognitive decline with behavioral changes, and other 

movement disorders (parkinsonism, chorea, stereotypic movements) is indicative of 

SCA48. We show that the pathology of SCA48 is dominated by Purkinje cell loss, p62 positive 

intranuclear inclusions, and may also include tau pathology. Additional functional studies 

and reports of newly identified SCA48 and SCAR16 families will provide more insight into 

the heterogeneous spectrum of STUB1 related disorders.

Supplementary information

Available online at: Chapter 2.4 - Supplementary Data.
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Abstract

The etiology of late-onset neurodegenerative diseases is largely unknown. Here we 

investigated whether de novo somatic variants for semantic dementia can be detected, 

thereby arguing for a more general role of somatic variants in neurodegenerative disease. 

Semantic dementia is characterized by a non-familial occurrence, early onset (<65 

years), focal temporal atrophy and TDP-43 pathology. To test whether somatic variants 

in neural progenitor cells during brain development might lead to semantic dementia, 

we compared deep exome sequencing data of DNA derived from brain and blood of 16 

semantic dementia cases. Somatic variants observed in brain tissue and absent in blood 

were validated using amplicon sequencing and digital PCR. We identified two variants in 

exon one of the TARDBP gene (L41F and R42H) at low level (1-3%) in cortical regions and 

in dentate gyrus in two semantic dementia brains, respectively. The pathogenicity of both 

variants is supported by demonstrating impaired splicing regulation of TDP-43 and by 

altered subcellular localization of the mutant TDP-43 protein. These findings indicate that 

somatic variants may cause semantic dementia as a non-hereditary neurodegenerative 

disease, which might be exemplary for other late-onset neurodegenerative disorders.
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Introduction

Multifactorial etiology, including genetic and environmental factors, has been invoked 

to explain most late-onset neurodegenerative diseases. Only a small percentage of cases 

with autosomal dominant inheritance is caused by germline variants in specific genes, for 

example PSEN1 and APP variants in Alzheimer’s disease, MAPT and GRN in frontotemporal 

dementia (FTD) and C9orf72 and TARDBP in both amyotrophic lateral sclerosis and FTD 

[1-3]. There is an increasing interest in the potential pathogenic role of de novo variants in 

patients with neurodegenerative diseases with a negative family history [4, 5]. A few cases 

with de novo germline variants have been identified in early-onset Alzheimer’s disease 

[6]. For neurodevelopmental diseases, low-level (≤20% of cells) somatic variants in mTOR, 

AKT3 and CCND arising from the ventricular or subventricular zone have been identified 

by deep sequencing of candidate genes in affected brain tissue [7-24]. The hypothesis 

is that post-zygotic variants (after fertilization) or late-somatic variants during brain 

development might explain the sporadic presentation of neurodegenerative diseases 

with a negative family history. 

The most ideal approach to determine the role of late-somatic variants in 

neurodegenerative diseases would be the comparison between blood- and brain-derived 

DNA within the same patients. However, brain tissue for DNA isolation was often not 

available during life, and DNA derived from blood was often not collected during life in 

deceased patients. Recent brain-derived DNA studies without matched DNA samples 

from blood have tried to detect somatic variants in Alzheimer’s and Parkinson’s disease 

[6, 10, 16-20, 25-32]. A higher number of low-level mosaic variants in causative genes 

(APP, SNCA) in DNA of Alzheimer’s disease or Parkinson’s disease brains compared to 

controls [25, 30]. Only the study by Park et al. performing deep sequencing of hippocampal 

formation and matched blood tissues found an enrichment of somatic DNA variation 

in the Tau signaling pathway in Alzheimer’s disease patients compared to controls [27]. 

Specifically, a single carrier of a somatic variant in PIN1 was suggested as potential causal 

factor in the respective Alzheimer’s disease patient [27]. 

In the present study, we uniquely investigated the presence of low-level somatic variants 

in the temporal cortex and dentate gyrus of brains of semantic dementia patients, 

which were absent in their blood-derived DNA. Semantic dementia is a well-defined 

clinical and pathological subtype of FTD, mostly occurring before the age of 65 [33-35]. 

The disease is characterized by a very circumscribed asymmetric atrophy of the anterior 

temporal cortex, suggesting a very local disease process [36, 37]. Severe neuronal loss 

with pathological TDP-43 protein accumulation in neurites and neurons in the temporal 
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cortex and dentate gyrus of the hippocampus are the defining salient and consistent 

neuropathological features of semantic dementia, most commonly classified as FTD-TDP 

type C [38-41]. Semantic dementia has a sporadic, non-familial occurrence, and a current 

lack of mechanistic insight in the disease process precludes a therapeutic strategy. 

We performed deep exome sequencing (310x–658x) of middle temporal gyrus and dentate 

gyrus tissue of semantic dementia patients with pathologically confirmed FTD-TDP type 

C, and compared data with blood DNA samples of the same patients. We identified somatic 

TARDBP variants in the brains of two semantic dementia patients that were absent in 

blood. These variants were validated using custom amplicon panel sequencing and digital 

droplet PCR. In addition, we confirmed the disruptive effects of these TARDBP variants by 

demonstrating altered cellular distribution of the mutant TDP-43 proteins. Our results 

indicate that somatic variants in TARDBP contribute to semantic dementia pathogenesis.

Materials and methods

Patient tissue DNA collection
For the present study, we used fresh-frozen brain samples from 16 semantic dementia 

patients with confirmed FTD-TDP type C pathology, obtained from the Netherlands Brain 

Bank (Table 1) [42]. Informed consent was obtained from all patients for brain autopsy and 

the use of tissue and clinical information for research purposes. DNA was extracted from 

fresh frozen brain samples of middle temporal gyrus (n=14) and from the dentate gyrus 

(n=13). From all cases, DNA from blood was available, obtained during life in 12 patients 

from the Dutch FTD study and extracted from blood obtained at the time of autopsy in 

the remaining four cases [43, 44]. The average age at death was 69 (range 62-74), 50% 

of patients were female. Medical records and neuroimaging (either CT or MRI) were 

collected and reviewed, if available. For 14 patients the left hemisphere of the brain was 

fresh-frozen for research, versus the right hemisphere for two patients. 
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Table 1. Patient characteristics. 

Patient Sex
Age at 
onset

Disease 
duration

Dominant side 
pathology

Brain 
tissue side

Dominant 
side MTG DG

SD01 F 60 10 Both Left No Yes No

SD02 M 48 14 Left Left Yes No Yes

SD03 F 60 8 Both Left Na Yes No

SD04 F 45 20 Both Left Na Yes Yes

SD05 M 56 10 Both Left No Yes Yes

SD06 M 51 12 Both Left No Yes Yes

SD07 F 53 11 Both Left No No Yes

SD08 M 57 12 Left Left Yes Yes Yes

SD09 F 63 11 Both Left Na Yes Yes

SD10 M 55 13 Left Right No Yes Yes

SD11 M 51 15 Both Left No Yes Yes

SD12 F 60 12 Both Left No Yes Yes

SD13 F 63 9 Left Right No Yes Yes

SD14 M 57 15 Both Right No Yes Yes

SD15 F 66 8 Left Left Yes Yes No

SD16 M 61 13 Both Left Yes Yes Yes

Contains clinical and pathological information on the patients examined in this study. Pathological 

diagnosis, as extracted from the reports from the Netherlands Brain Bank. The most affected side of 

the brain is reported according following post-mortem pathological examination. Brain tissue side: 

the side of the brain fresh frozen and used in this study. Dominant side: yes/no; whether the side 

studied was the one most affected according to neuroimaging (NA = not applicable, as both sides were 

equally affected). MTG and DG indicate whether the middle temporal gyrus and dentate gyrus were 

available and included in the study.

Whole exome sequencing
Blood-derived DNA of 16 patients and brain-derived DNA from middle temporal gyrus 

(n=14) and/or dentate gyrus (n=13) of semantic dementia brains (n=16) was captured using 

Nimblegen’s SeqCap or MedExome library prep kits and sequenced to an average depth of 

139x, 496x and 395x, respectively. Reads were mapped to the hg19 reference genome using 

BWA and processed using picard and GATK, following best practices. Candidate variants 

were called using thresholds to detect variants present in the brain (>5 reads), but absent 
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in blood (≤1 read). The next three filtering steps for candidate variants were: 1) a custom 

signal to noise filter (S2N ≥5) as described in the Supplementary material; 2) a minor allele 

frequency less than 0.01% in the ExAC database; and 3) a CADD score above 10. 

Validation amplicon panel sequencing
We validated a selection of candidate variants (present in brain, absent in blood) to 

confirm true-positive variants, and two candidate genes (GRN and TARDBP) to exclude 

false negatives, by amplicon panel sequencing of the same DNA samples used in the 

discovery whole exome sequencing. All candidate variants in these targets were included 

in a custom amplicon panel (SWIFT, product code SW CP-ER6161) and sequenced to an 

average depth of 1,601x on a MiSeq v3 with 600 cycles. A second round of amplicon panel 

sequencing was carried out for further classification of somatic variants of interest in 

DNA from additional cortex regions (middle frontal gyrus, superior parietal lobe) and 

cerebellum of two semantic dementia brains, and in DNA from middle temporal gyrus 

of 66 non-demented control brains from the Netherlands Brain Bank. Data analysis of 

the panel was done similarly to the discovery. Candidate somatic variants were validated 

when: 1) read depth in the validation was at least 100; 2) the variant allele count was at least 

20 in DNA of the brain; 3) the variant allele frequency was at least 1% in DNA of the brain; 

and 4) variant allele frequency was <1% in blood of the same patient. 

Validation of TARDBP variants
We performed additional validation using digital droplet PCR of two TARDBP somatic 

variant carriers. In short, custom LNA FAM+HEX probes for each variant were designed 

and optimized by TATAA Biocenter. Synthetic DNA fragments (gBlockTM) with these 

variants were generated to serve as positive controls and as a dilution ladder for technical 

evaluation of the assay. Negative controls were water and DNA of middle temporal gyrus 

from two unrelated non-demented controls. Each assay was tested on five brain regions of 

the carrier (medial temporal gyrus, medial frontal gyrus, superior parietal gyrus, dentate 

gyrus and cerebellum), blood and the two negative controls. Droplets were generated 

using Bio-Rad’s Droplet Generation Oil for Probes (cat#1863005) in combination with the 

qPCR Droplet PCR supermix (no dUTP, Bio-Rad cat#1863024) on a Bio-Rad QX200 Droplet 

Generator. The PCR plate was measured using the QX200 Droplet Reader (Bio-Rad) and 

analyzed with the Quantasoft Analysis Pro software (Bio-Rad). Reactions with fewer than 

10,000 accepted droplets were not used in the analysis. Sensitivity rates of the assays 

were established using 0.1%, 1.0% and 2.5% spiked positive control gBlockTM mutation 

fragments and subsequently used to estimated variant allele frequencies by the ratio of 

FAM-positive droplets over HEX-positive droplets.
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Germline variants in blood and brain 
To exclude (de novo) germline variants in 12 FTD (CHMP2B, DPP6, FUS, GRN, MAPT, OPTN, 

SQSTM1, TARDBP, TBK1, TREM2, UNC13A, and VCP) candidate genes we performed regular 

germline variant calling using GATK’s Haplotypecaller using best practices [1-3, 45]. 

Variants were annotated using ANNOVAR and were manually evaluated based on exonic 

function, CADD score, frequency in GnomAD, variant allele frequency and presence in the 

other tissues of the same patient. 

Functional analysis of somatic TARDBP variants 
The functional impact of both somatic TARDBP variants on the TDP-43 protein was 

assessed by a previously published add-back splicing assay and by immuno-fluorescent 

microscopy of TDP-43 in HeLa cells [46]. In short; the splicing assay contains a minigene 

construct containing CFTR exon 9 carrying a mutation (C155T) in an exonic splicing 

enhancer sequence in order to have an approximately 50% of in- or out-splicing of exon 

9. Using wild-type TDP-43 as positive control, and complete loss-of-function F4L mutated 

TDP-43 as negative control, the relative impact of L41F and R42H on TDP-43 function could 

be ascertained. To obtain P-values, an unpaired t-test was carried out using GraphPad 

software (GraphPad Software, La Jolla California, USA). For the immunofluorescence 

assays, Hela cells were transfected with wild-type TDP-43 or with TDP-43 carrying variants 

L41F or R42H. Nuclei were located by chromatic staining of DAPI, and co-localization of 

TDP-43 is identified by FLAG-TDP-43 protein, as published previously [47]. FLAG TDP-

43 staining was quantified using regions of interest for nuclear and cytoplasmic signal 

using Fiji ImageJ software. The percentage of nuclear and cytoplasmic fluorescent signal 

was measured for nine cells each for the wild-type, L41F and R42H TDP-43 expressing 

cells. Statistical tests were performed using two-way ANOVA in GraphPad for nuclear-

cytoplasmic TDP-43 localization within each cell-line, as well as between the wild-type 

and the L41F or R42H TDP-43 transfected cells.

Cell-type specificity of somatic R42H TARDBP variant
For the R42H TARDBP variant carrier, we performed fluorescence-activated nuclear 

sorting (FANS) on the frontal lobe and parietal lobe, then isolated DNA from the nuclei 

with QIAamp DNA Micro Kit (QIAGEN). Using NeuN and Olig2 as cell surface markers, we 

separated neurons (NeuN-positive) and oligodendrocytes (Olig2-positive) from microglia, 

astrocytes and any other nuclei (double negative). Parietal cortex tissue from a dementia 

patient unrelated to this study was similarly sorted and used as negative control. Each 

resulting DNA sample was amplicon sequenced and analyzed using the described 

procedures.
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Data availability
All main results are available through Tables 1, 2 and Supplementary Tables 1-3. Additional 

data from the raw results are available on request from the authors.

Results

Deep whole exome sequencing 
All DNA samples from middle temporal gyrus (n=14), dentate gyrus (n=13) and blood (n=16) 

were sequenced to an average depth of 496 (range 429-658), 395 (range 310-520) and 139 

(range 72-229), respectively.

Exclusion of causal germline variants 
Germline variant analysis in the whole exome sequencing data of all semantic dementia 

patients did not result in known pathogenic variants in any of the 12 known FTD genes. 

One patient was identified as germline carrier of the V90A variant in TARDBP, which was 

also reported in controls and thus considered of uncertain significance (Supplementary 

Table 1) [48-50].

Discovery and validation of somatic variants in semantic dementia brains
After signal to noise, minor allele frequency and CADD score filtering we retained on average 

172 variants for dentate gyrus and 57 for middle temporal gyrus per patient (Figure 1 and 

Supplementary Figure 1). We detected variants in 1,450 genes from the dentate gyrus and/

or middle temporal gyrus of at least one semantic dementia patient and absent in blood. To 

confirm true-positive variants, we selected a set of 305 variants for validation in a panel of 

amplicon sequencing based on one of the two following criteria: 1) somatic variants present 

in at least five brains (resulting in 252 variants in a total of 128 genes); or 2) variants in 

candidate genes involved in neurodevelopmental or neurodegenerative diseases (resulting 

in 53 variants in 51 genes present in one to four brains). Amongst the 51 candidate genes 

fulfilling the second criterion were single variant carriers in TARDBP (R42H) and in GRN. 

We identified a total of eight true-positive variants in the panel of amplicon sequencing 

(≥100x depth in both brain and blood, variant observed ≥20 times in the brain, variant allele 

frequency of ≥1% in brain and ≤1% in blood). Seven of those were previously detected with 

exome sequencing, whereas the eighth variant was not detected in exome sequencing but 

identified though rescreening of the TARDBP gene in the amplicon sequencing data (Table 

2). The nonsynonymous variant (R42H) in TARDBP; chr1:11073909-G/A with a CADD score 

of 20 was the most significantly replicated variant (271 out of 18,990 sequenced fragments 
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in middle temporal gyrus, and none out of 5,126 fragments in blood) and completely 

absent from gnomad (variant allele frequency of 1.4% in the middle temporal gyrus of a 

single semantic dementia brain).

Figure 1. Flowchart of data filtering and analysis. 

From top left: raw somatic variant calling using blood and dentate gyrus (DG) or medial temporal gyrus 

(MTG) deep exome sequencing data (WES), signal to noise filter (S2N), minor allele frequency filter 

(MAF), CADD score filter, annotating and grouping per gene, resulting in the genes affected in each 

SD patient. Right: grouping genes affecting multiple patients (>5) or affecting candidate genes in fewer 

patients (1-4) to be included in the validation amplicon panel. To excluded false negative findings in the 

WES data in FTD-TDP known germline causal genes GRN and TARDBP, all exons in these genes were 

included in the validation panel. The first validation round was performed on the same tissues as the 

discovery WES to confirm true positive variants from the WES, or identify false negative findings in 

GRN or TARDBP. The second round of validation further classified true positive variants in additional 

brain tissues and non-demented controls.
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A second non-synonymous variant in the same exon; chr1:11073905-C/T (L41F) in the 

TARDBP gene was detected in the dentate gyrus of another patient with variant allele 

frequency of 2.0% in the amplicon panel sequencing data [152 out of 7,533 fragments; 

P=2.8x10-47; odds ratio (OR) = 47; 95% confidence interval (CI) = 18-175, compared to blood]. 

This variant with a CADD score of 28 was also absent from the population databases, and 

was not observed in blood-derived DNA or any of other brain regions of the same patient 

(Figure 2). Both variants observed in a single patient each were taken forward for further 

validation by digital PCR and functional testing, as germline variants in TARDBP are known 

to cause FTD and/or amyotrophic lateral sclerosis with TDP-43 pathology [48-50]. 

Figure 2. Allele frequencies for L41F and R42H in all tested amplicon panel samples.

Each column is a sample, the tissues represented by color; blood (BL, blue), cerebellum (CER, green), 

dentate gyrus (DG, red), hippocampus (HIP, orange), middle temporal gyrus (MTG, purple), middle 

frontal gyrus (MFG, salmon) and superior parietal lobe (LPS, pink). The vertical axis shows the variant 

allele frequency in that respective tissue, with lines representing the 0.25% and 0.50% thresholds. The 

tissues with highest VAF are labelled with the patient identifier and respective tissue.
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Validation of TARDBP variant R42H by amplicon sequencing,  
digital droplet PCR
After confirming presence of this variant in middle temporal gyrus (271 of 18,990 fragments; 

P=8.9x10-29) and absence in 5,123 sequenced fragments from blood, we validated this 

variant in other cortical regions of the same brain. We observed this variant with similar 

frequency in the parietal lobe (1.2%, 12 of 973 fragments; P=2.3x10-10), in the frontal lobe 

(0.5%; 11 of 2,122 fragments; P=1.3x10-6), and at lower frequency in the hippocampus (0.3%; 

8 of 3021 fragments; P=3.6x10-4) and cerebellum (0.1%; 3 of 2,881 fragments; P=4.7x10-2), 

although the variant allele frequency observed in hippocampus and cerebellum were 

within the range observed in the other samples, as shown in Figure 2A. The variant was 

not observed among temporal cortex samples of 66 non-demented controls (0.03%; 

total 28 of 106,635 fragments; likely representing random sequencing errors). The R42H 

variant was then sequenced in only neuronal nuclei (NeuN-positive), oligodendrocyte 

nuclei (Olig2-positive) or the nuclear fraction containing, amongst others, astrocytes 

and microglia (and other NeuN/Olig2 double negative CNS cell nuclei) in both frontal 

and parietal lobe of the R42H carrier to an average depth of 3,579x. The R42H variant was 

detected in 2.4% of the neurons in the parietal lobe and 1.1% in the frontal lobe (74 and 

42 fragments of 3,093 and 3,806 in total, respectively). These frequencies were doubled 

compared the bulk parietal and frontal tissue (1.2% and 0.5%, respectively). The variant was 

not observed in the control sample (<0.1%) and at three to four times lower frequencies in 

the oligodendrocytes or double negative nuclear fraction (<0.5% in the parietal lobe and 

<0.4% in the frontal lobe, respectively).

Validation using digital droplet PCR confirmed the amplicon sequencing results, as shown 

by the allelic discrimination plots (Figure 3). The variant was observed in 242 droplets of 

13,048 non-empty droplets (variant allele frequency = 1.9%) in the temporal lobe which 

was significantly higher than the negative controls; blood of the same patient (0.1%; 1 of 

809 droplets; P=1.1x10-5) and temporal lobe of two non-demented controls (0.04%; 3 of 

7,698 droplets; P=1.5x10-44). Similarly, the variant was observed at significantly higher 

levels compared to the controls in the frontal lobe (1.3%; 126 droplets of 9,549; P=6.7x10-4 

and P=1.1x10-28) and parietal lobe (0.6%; 21 of 3,697 droplets; P=0.16 and P=3.5x10-8) and 

cerebellum (0.1%; 13 of 9,231 droplets; P=1.0 and P=0.04).
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Figure 3. Allelic discrimination plots of the digital droplet PCR for the R42H TARDBP 

somatic variant. 

Each marker represents a single droplet and its respective wild-type (horizontal axis) and variant 

(vertical axis) signal intensity. Five different tissues of the carrier were tested; blood, middle temporal 

gyrus (MTG), middle frontal gyrus (MFG), lateral parietal lobe (LPS), cerebellum (CER) and a negative 

control of water is shown. The gray droplets are considered empty, green droplets are wild-type only, 

orange is both wild-type and variant alleles, and blue droplets were harbouring only the variant allele.
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Validation of TARDBP variant L41F by amplicon sequencing,  
digital droplet PCR
The second TARDBP somatic variant in the same exon was detected in the dentate gyrus 

with a variant allele frequency of 2.0% in the amplicon panel sequencing data (152 of 7,533 

fragments; P=2.8 x 10-47) compared to blood (Figure 2B). The variant was not observed 

among temporal cortex samples of 66 non-demented controls (0.04%, total 39 of 106,632 

fragments, likely representing random sequencing errors). Validation with digital droplet 

PCR confirmed absence of the variant in blood, cerebellum, frontal lobe, temporal lobe 

and parietal lobe. Due to the low quantity of DNA from laser-capture microdissection-

derived dentate gyrus, this tissue could not be tested using dPCR. This may have also 

influenced the WES result, in which many PCR duplicates were observed for the dentate 

gyrus data. We did not find any other somatic variants in the TARDBP gene in any of the 

other semantic dementia brains (average coverage across the gene of 1,116) and also not 

in middle temporal gyrus of non-demented control samples (average coverage of 103× 

across the gene).

Clinicopathological description of the two cases with  
somatic TARDBP variants
Both patients carrying the TARDBP L41F or R42H somatic variant developed progressive 

problems with word finding and language comprehension, and visual agnosia at the age 

of 55 and 57, respectively. Compulsive-obsessive behavior, loss of initiative and emotional 

lability were salient features in both patients, similar to the other 14 patients. Profound 

left-sided temporal atrophy was observed by neuroimaging (CT, MRI) two and three years 

after onset in both TARDBP carriers, in contrast to asymmetric but bilateral atrophy in 

the other semantic dementia patients (Figure 4). Neuropathological examination after 

death (68 and 72 years, respectively) showed severe anterior temporal atrophy, left more 

pronounced than right in the L41F carrier and more symmetrical in R42H. Microscopically, 

neuropathological changes were consistent with TDP-pathology type C, with severe 

neuron loss, gliosis in the temporal cortex with long thick threads and round cytoplasmic 

inclusions in granular cells of the hippocampus. For the L41F carrier, DNA of the middle 

temporal gyrus from the right hemisphere was available in the Netherlands Brain Bank 

and used for all DNA analyses, for the carrier of the R42H variant this was the middle 

temporal gyrus of the left hemisphere.
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Figure 4. Axial T1-weighted MRI of the SD patient carrying somatic variant R42H, showing 

profound left sided temporal atrophy three years after disease onset.

Pathological examination 15 years after disease onset showed atrophy of both temporal poles. The 

middle image is from a patient without a somatic variant (four years after onset) showing atrophy of 

both temporal lobes. Right: A patient with the germline (p.I383V) TARDBP variant, showing a similar 

atrophy pattern bilaterally (four years after onset).

Functional analysis of TARDBP variants
TARDBP is a protein involved in RNA splicing [46, 51]. Therefore, the impact of both TARDBP 

variants on the activity and localization TDP-43 was established in two assays; splicing 

regulation and cellular localization. The splicing assay contains a minigene construct 

containing CFTR exon 9 carrying a mutation (C155T) in an exonic splicing enhancer 

sequence in order to have an approximately 50% of in- or out-splicing of exon 9. The 

splicing is mediated by TDP-43 binding to the UG-repeat sequences near the 3’ start site. 

Thus, when the function of TDP-43 is lost upon targeted small interfering RNA (siRNA) 

treatment, a decrease to ~20% of exon 9 skipping is observed. Exon 9 skipping is then 

rescued by adding back wild-type TDP-43 whose transcript has been made resistant 

to siRNA treatment. As negative control, we used a construct containing a TDP-43 that 

carries variant F4L, which is also resistant to the siRNA treatment but cannot bind RNA 

[51]. In the presence of these positive and negative controls, the impact of uncharacterized 

TDP-43 variants can then be evaluated by comparing the amount of exon 9 skipping of 

each expressed variant. Both variants significantly decreased exon 9 skipping compared 

to wild-type TDP-43, as shown in Figure 5. 
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Figure 5. Impact of both TARDBP variants on the splicing regulation functionality of TDP-

43, demonstrated by splice-in/out add-back assay of CFTR exon 9. 

Upper image, from left to right: The first two lanes show the baseline measurement with both splicing 

in and out of exon 9 in the absence (-) or presence of TDP-43 siRNA (+). Lane 3 shows that addition of 

si-resistant wild-type TDP-43 can rescue the splicing functionality (WT) but this cannot be achieved 

by a TDP-43 carrying the F4L mutation that does not allow the protein to bind RNA (lane 4). Lanes 5 

and 6 show the results obtained after the addition of mutated TDP-43 carrying the predicted damaging 

variants (R42H and L41F). Middle: Western blots showing equal expression of the flagged-TDP-43 WT 
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and mutants (pFlag-TDP-43s) following knock down of the endogenous protein (end. TDP-43). Tubulin 

was used as an internal control. Bottom: Quantification of the ratio of CFTR exon 9 inclusion. The SD 

and P-values are reported for three independent experiments. Unpaired t-test was performed for 

statistical analysis (*P <0.05).

Splicing impairment was stronger for the L41F variant than for the R42H variant, in 

accordance with the predicted impact with CADD scores of 28 and 20, respectively. The 

impact on TDP-43 function was smaller for both variants compared to the siRNA-resistant 

TDP-43 variant F4L, which blocks RNA binding completely. Immunofluorescent staining 

demonstrated significantly altered localization of the R42H mutant TDP-43 protein 

compared to wild-type TDP-43 (Figure 6). In the wild-type cells, 78% of the fluorescent 

signal was nuclear (n=9), versus 71% for the L41F cells (P=0.54) and 52% for the R42H cells 

(P=0.0004). Only in the R42H TDP-43 expressing cells was TDP-43 no longer significantly 

localized in nuclei compared to cytoplasm. Region of interest measurements and 

statistical results are provided in Supplementary Table 2. 
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Figure 6. Impact of TARDBP variants on the localization of flagged-TDP-43 wild type and 

mutant proteins overexpressed in Hela cells. 

The overexpressed proteins were visualized using anti-flag polyclonal antibody in a 100nm/pixel 

field. Scale bar = 10 nm. Top row: Wild-type flag TDP-43, followed by flagged TDP-43s carrying both 

variants; L41F and R42H. Left column: DAPI staining to indicate the chromatin in the nucleus in 

blue. Middle column: TDP-43 stained in red with a flag-specific antibody. Right column: Merged 

images demonstrating TDP-43 localization in the nucleus for WT TDP-43, whilst localizing also 

in the cytoplasm for both TDP43 with variant R42H and L41F. Bottom: Box plots showing quantified 

fluorescent TDP-43 signal in the nuclei and cytoplasms for nine cells of each line. The average ratio 

of nuclear and cytosolic signal is plotted and compared between groups. ***P <0.001 as calculated by 

two-way ANOVAs between the groups.
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Discussion

The present study identified the occurrence of two low-level pathogenic somatic variants 

in the TARDBP gene in brains of patients with semantic dementia. These two variants 

in the first exon of the gene are absent from public databases and significantly affect 

TDP-43 function and localization. Moreover, the temporal lobe atrophy observed by MRI 

neuroimaging three years after onset in one of the two somatic TARDBP variant carriers 

resembled classical FTD due to germline TARDBP variants. 

The observed low level (1-3%) of TARDBP somatic variants in brain-derived DNA was in 

accordance with the hypothesis that somatic variants occurred in one or more clones 

of neurons acquired in a single neural progenitor cells during brain development. 

Subsequently, the pathophysiological process arising from neurons carrying the somatic 

variants would then result in focal neurodegeneration later in life. The low percentage 

may further be attributed to by selective loss of neurons that carried the somatic variants 

in the affected brain region. The presence of somatic variants shared by (a) clone(s) of 

neurons in the temporal cortex or dentate gyrus was in contrast to recent studies, which 

investigated post-mitotic somatic mosaicism (pathogenic single-nucleotide variants and 

somatic copy-number variations) of known germline disease genes in individual cells [25, 

29, 30]. Such post-mitotic somatic variants increased with age in the latter studies and 

were found in significantly higher number in Alzheimer’s disease or Parkinson’s disease 

brains compared to controls [25, 29, 30]. Although these somatic DNA variations for 

age-associated brain diseases were potential interesting, their causal role could not be 

determined for sure [29]. 

Post-mitotic variants are a less likely cause for semantic dementia patients as the disease 

occurs at a relatively young onset age (<65 years) and its prevalence does not increase 

with age [52, 53]. Therefore, our sequencing of DNA from bulk tissue, aiming to identify 

variants shared by neurons, and estimating their variant-allele-frequencies resembled 

the study of Park et al. in which somatic variants were found per brain region (hippocampal 

formation) in both Alzheimer’s disease patients and controls [27].

The presence of single somatic variants (R42H and L41F) in the TARDBP gene in several 

neocortical regions (temporal, frontal and parietal) or dentate gyrus strongly points to the 

initial occurrence of somatic mosaicism in a single neural progenitor cell [54, 55]. Somatic 

variants in neurons arising from the ventricular or subventricular zone have also been 

shown in childhood or adult neurological diseases [13, 14]. By using blood-derived DNA 

from the same patients as control tissue, we could exclude somatic variants occurring 
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from non-ectodermal lineages [4]. Somatic TARDBP variants could be excluded from 66 

non-demented controls by using temporal cortex-derived DNA. As the specific somatic 

variant (R42H) was absent in both hippocampus and cerebellum of the same patient, the 

variant must have occurred in neural progenitor cells of the lateral segment of the pallium, 

which develops into the neocortex [54, 55]. The variant was enriched (twice as frequent 

compared to bulk cells) in the neuronal subpopulation of the parietal and frontal lobes, 

further suggesting the neural origin. A low signal (<20% of signal in the neuronal fraction) 

of the variant in the other nuclear fractions is a likely due to some residual neuronal 

nuclei present in the NeuN-negative fraction. Based on these results, we estimate that 

the R42H variant is present in 5.6%, 4.8% and 2.2% of the neurons in the temporal, 

parietal and frontal lobes, respectively. The second variant (L41F) was only detected in 

the hippocampus, suggesting that it occurred in neural progenitor cells of the medial 

segment of the pallium. The asymmetric onset of the disease pathology in these cases 

did not necessarily require the occurrence of the somatic variants after developmental 

separation of both hemispheres, as germline variants have also been associated with other 

asymmetric neurodegenerative disease processes [49, 56, 57]. Although of interest, due to 

the collection procedure in the Netherlands Brain Bank, freezing only one hemisphere, 

the occurrence of absence of the variants in the other hemisphere could not be tested. The 

similarity in clinical and pathological phenotype (i.e., severe temporal atrophy, TDP-43 

positive inclusions) between the somatic TARDBP variant carriers and germline TARDBP 

variant carriers supports the potential pathogenicity of these variants [49, 56].

Both TARDBP variants identified (L41F and R42H) are located in the first exon of TARDBP 

and are non-synonymous changes predicted to impact the N-terminal domain of the 

protein with CADD scores of 28 and 20 respectively [58-60]. Both variants are absent in 

human germline population databases ExAC and GnomAD; in fact, only eight germline 

variants in the first exon of TARDBP (amino acid 1-79) are described in the GnomAD 

database (120,000 participants), all extremely rare (<0.003%, 20 carriers across all eight 

variants combined). Our findings, identifying somatic variants in the N-terminal domain 

(amino acids 41 and 42) of TARDBP, are in contrast with all germline TARDBP gene variants 

for familial amyotrophic lateral sclerosis, and occasionally for familial FTD, reported in the 

glycine-rich region (GRR domain) between amino acids 262 and 414 of the TDP-43 protein 

[48-50, 61, 62].

Our functional assays convincingly demonstrate a disruptive effect of both variants 

on normal TARDBP protein function. The impact on TDP-43 activity via CFTR minigene 

splicing was stronger for L41F than for R42H, with ~75% and 40% decrease of TDP-43 

activity, respectively, compared to wild-type [46, 47]. Also, the redistribution of mutant 
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TDP-43 in HeLa cells, from mostly nuclear in unaffected control to both cytoplasmic 

and nuclear for the R42H variants, supports the cellular pathogenicity. Together, both 

assays suggest that a correctly folded N-terminal domain of TDP-43 is required for 

nuclear localization and function, and that neurons carrying these somatic variants have 

dysfunctional TDP-43 and redistribution of TDP-43 protein to the cytoplasm as observed 

in FTD and amyotrophic lateral sclerosis brains [47, 58-60, 63-66]. The resulting impact 

on TDP-43 function in shuttling RNA from the nucleus to the cytoplasm might lead to the 

protein aggregates observed in semantic dementia brains and subsequent pathogenicity 

for the cells and tissue in which the variants are present [62, 67]. 

It is unclear how dysfunction of a small percentage of affected neurons (2-6%, double 

the variant allele frequency) would lead or contribute to extensive degeneration of the 

temporal lobe and widespread pathology (10-15% of neurons) in the dentate gyrus. 

Potentially, neuronal dysfunction within one brain region can accumulate until neuron-

neuron signaling is sufficiently impaired to functionally disrupt the entire region. Another 

consideration is that the current study considers mosaicism in bulk DNA of all neurons 

in the temporal lobe and/or dentate gyrus, whereas many subtypes of neurons exist in 

these regions, leaving the possibility that the small number of affected neurons in these 

patients are enriched for a specific neuronal subtype. In Alzheimer’s disease, for instance, 

a selective loss of parvalbumin-positive GABAergic interneurons (~3% of the total neuronal 

population) has been observed [68], and the selective dysfunction of these neurons has 

been causally linked to global brain network changes and progressive amyloid pathology 

[69-71], indicating that small populations of affected neurons can indeed contribute to more 

widespread neurodegenerative processes. The challenges in interpreting selective neuronal 

dysfunction in the context of widespread neurodegeneration are exemplary of the overall 

discussion on how neurodegeneration starts and progresses (often differently between 

patients) throughout the brain, regardless of initial cause of the disease. Further work is 

needed to fully understand these processes and place the contribution of developmental 

and post-mitotic somatic DNA variation in the context of disrupted brain function. Cell-

specific studies of semantic dementia brains carrying these somatic TARDBP variants may 

determine in which neuronal subtypes the somatic variants were present.

An important question that remains is why somatic variants were not found in all 14 brains 

with semantic dementia. There are several potential explanations, some of which include 

limitations of this study: 1) The bioinformatic filtering steps (absent in blood, CADD score 

> 10) may have been too stringent and removed potentially causing somatic variants; 

2) pathogenic non-coding variants may have been not detected by the present exome 

sequencing, and low-level copy number variants missed by the present approach; 3) 
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causal somatic variants may have become undetectable (disappeared) due to neuron loss 

in medial temporal gyrus during the neurodegenerative process; 4) the disease may have 

originated from causal somatic variants that were only present in the temporal cortex 

or dentate gyrus opposite to the side of the examined fresh-frozen brain samples, even 

though we expected that somatic variants occurred prior to the hemisphere separation 

in brain development; 5) multifactorial genetic or non-genetic factors may be responsible 

for most of the semantic dementia cases. Finally, we may have overlooked relevant variant 

in the WES data by first focusing on shared variants or damaging variants in candidate 

genes, which may be less likely true variants. Additionally, the low-level (<0.5%) error rate 

of the sequencing requires stringent filtering which may exclude variants that could be 

detected through panel sequencing, and further investigation of the data may uncover 

additional relevant variants, as was observed for the L41F variant. Pathogenicity of the 

remaining six variants confirmed by panel sequencing validation must be validated by 

future studies.

An interesting issue is whether somatic variants present in TDP-43 related genes may 

trigger dysregulation in the TDP-43 pathway. In analogy to this, Park et al. reported a 

significant enrichment of somatic variants in the PI3K-AKT, MAPK and AMPK pathways 

in Alzheimer’s disease brains versus control brains [27]. Using a KEGG pathway 

overrepresentation analysis, they hypothesized that multiple disease-causing somatic 

variants converge onto pathways that potentially affect tau phosphorylation. In our 

view, the next step would be to perform amplicon panel sequencing of a set of FTD-TDP 

related genes on both semantic dementia brains and controls in order to detect potential 

additional causal somatic variants in the TDP-43 pathway. Moreover, investigating other 

series of semantic dementia brains may support our findings, and may give a better 

estimation of their frequency in semantic dementia. Finally, the present findings raise the 

question whether somatic variants may be causative in other types of FTD, for example 

somatic variants in MAPT causing sporadic Pick’s disease. Overall, it seems warranted to 

carry out such targeted deep sequencing in all well-defined dementia subtypes.

Finally, although our unbiased deep sequencing approach yielded a substantial number 

of false-positive variants, despite extensive efforts to identify the most likely true variants, 

it also resulted in the detection of true-positive variants in a well-known candidate gene 

causative for FTD with TDP-43 pathology. In our view, future studies may choose between 

two alternative approaches: 1) targeted deep sequencing of bulk tissue of a large number 

of candidate genes in one way or another related to the pathophysiology; or 2) single-cell 

whole genome sequencing generating more reliable data on true-positive variants. 
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Conclusion

Low-level somatic pathogenic variants in the TARDBP gene are an underlying genetic 

cause of non-familial semantic dementia. This phenomenon needs investigation in other 

cases of semantic dementia, as well as in other early-onset neurodegenerative diseases, 

for example non-familial FTD with tau pathology. Moreover, in other neurodegenerative 

diseases, such as Alzheimer’s disease or Parkinson’s disease, somatic variants may also 

play a causal or contributing role, and deserve further investigation. Further investigation 

of somatic variants in known disease genes is warranted, specifically in patients without 

positive family history and with clearly defined focal neurodegeneration. Our findings 

have implications for understanding of neurodegenerative disease and the specific role 

of germline versus somatic variants therein. Also, negative germline variant testing might 

be insufficient for some diseases, and may require DNA from the appropriate tissue 

instead to detect somatic variants in order to determine disease causes. Finally, studying 

the properties of somatic disease-causing genetic variants may reveal novel underlying 

disease processes and point towards new therapeutic strategies.
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Abstract

Background
Many families with clinical early-onset Alzheimer’s disease (EOAD) remain genetically 

unexplained. A combination of genetic factors is not standardly investigated. In addition 

to monogenic causes, we evaluated the possible polygenic architecture in a large series of 

families, to assess if genetic testing of familial EOAD could be expanded.

Methods
Thirty-six pedigrees (77 patients) were ascertained from a larger cohort of patients, with 

relationships determined by genetic data (exome sequencing data and/or SNP arrays). All 

families included at least one AD patient with symptom onset <70 years. We evaluated 

segregating rare variants in known dementia related genes, and other genes or variants if 

shared by multiple families. APOE was genotyped and duplications in APP were assessed by 

targeted test or using SNP array data. We computed polygenic risk scores (PRS) compared 

to a reference population-based dataset, by imputing SNP arrays or exome sequencing 

data.

Results
In eight families we identified a pathogenic variant, including the genes APP, PSEN1, 

SORL1, and an unexpected GRN frameshift variant. APOE-ε4 homozygosity was present in 

eighteen families, showing full segregation with disease in seven families. Eight families 

harbored a variant of uncertain significance (VUS), of which six included APOE-ε4 

homozygous carriers. PRS was not higher in the families combined compared to the 

population mean (beta 0.05, P=0.21), with a maximum increase of 0.61 (OR=1.84) in the 

GRN family. Subgroup analyses indicated lower PRS in six APP/PSEN1 families compared 

to the rest (beta -0.22 vs. 0.10; P=0.009), and lower APOE burden in all eight families with 

monogenic cause (beta 0.29 vs. 1.15, P=0.010). Nine families remained without genetic 

cause or risk factor identified. 

Conclusion
Besides monogenic causes, we suspect polygenic disease architecture in multiple families 

based on APOE and rare VUS. The risk conveyed by PRS is modest across the studied 

families. Families without any identified risk factor render suitable candidates for further 

in-depth genetic evaluation.
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Introduction

Alzheimer’s disease (AD) is the leading cause of dementia worldwide [1]. The typical 

clinical presentation includes progressive memory loss and deficits in other cognitive 

domains such as orientation, language, and problem solving [2]. In most patients, the 

first symptoms occur after the age of 65, whereas in ~5% the disease manifests earlier in 

life. Genes play an important role in the etiology and so far >70 different loci have been 

associated with AD, implicated in a variety of functional pathways [3, 4]. The heritability 

of non-mendelian, late-onset AD (LOAD) is estimated around 60-80% [5] with the ε4 

polymorphism in the APOE gene as most common risk factor. A three-fold increased 

AD risk is observed when carrying one APOE-ε4 allele, and 8-to-12-fold in homozygous 

carriers [6]. The heritability estimates of early-onset AD (EOAD) are substantially higher 

(92-100%). There are three known mendelian AD genes: APP, PSEN1, and PSEN2, which 

account for 5-10% of EOAD cases [7]. 

Advances in genetic research techniques and larger sample sizes have enabled the 

discovery of other variants and susceptibility loci [7, 8]. Genome-wide association studies 

(GWAS) typically expose common variants with considerate population frequency, but 

relatively low disease penetrance. Large GWAS within the AD field have uncovered both 

risk (e.g., BIN1, CR1) and protective associations (e.g., CLU, PICALM) [4]. In contrast, next-

generation sequencing usually reveals rare variants with higher penetrance such as 

SORL1 [9], and TREM2 [10]. Some genes, including SORL1 and ABCA7, are found to harbor 

both common and rare variants associated with AD risk [11, 12]. All these studies gradually 

expose the genetic architecture of AD. Still, since detecting rare variants with moderate to 

large effects is challenging, a large part of the genetic risk remains unexplained.

Previous research demonstrated that studying families with a high burden of disease 

provides the opportunity to identify novel variants [13-15]. In addition, the search for risk 

genes currently includes polygenic risk score (PRS) approaches, a calculation based on 

the number of risk alleles carried by an individual and the corresponding effect sizes as 

defined by GWAS. The PRS in AD was previously found to be most elevated in sporadic 

early-onset cases [16]. In family-based studies, PRS has not been applied to a large 

extent. Here, we reconstructed 36 small pedigrees consisting of EOAD patients. We have 

analyzed exome sequencing data of these families to search for rare segregating variants 

in known and novel genes that might cause disease or act as risk modifiers. In addition, 

we determined APOE genotypes and computed a PRS to investigate the possibility of 

polygenic etiology underlying AD in these families. 
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Methods

Data collection
A schematic overview of our analysis setup is presented in Figure 1. Pedigrees were 

determined based on genetic data of patients ascertained from three different cohorts: 1) 

4640 patients from the Amsterdam Dementia Cohort (ADC) [17] with a variety of clinical 

diagnoses within the dementia spectrum (including AD, mild cognitive impairment [MCI], 

frontotemporal dementia [FTD], and dementia with Lewy bodies [DLB]); 2) 137 clinical AD 

patients from Erasmus Medical Center (Erasmus MC); 3) 53 patients with positive family 

history and pathologically confirmed AD selected from the Netherlands Brain Bank (NBB). 

Families consisting of ≥2 patients were selected, including at least one with probable AD 

[2] and onset <70 years of age. As opposed to the standardly used threshold of 65, we 

slightly released this age restriction to enable evaluation of patients and families on the 

border of EOAD and LOAD, hypothetically of interest regarding oligogenic or polygenic 

nature of disease. Family members aged ≥75 without cognitive complaints were included, 

if available, to enable segregation analysis of genetic variants. These relatives were 

confirmed cognitively healthy by MMSE. We reviewed the clinical data of all patients, 

including the results of previous clinical genetic testing of the patient and/or relatives.

Genetic data generation and processing
For the majority of patients, single nucleotide polymorphism (SNP) arrays were available 

as part of the European Alzheimer’s and Dementia Biobank (EADB). Details on data 

generation and processing have been described previously [3]. Exome sequencing data 

were generated for all selected patients and eight unaffected relatives. Genomic DNA 

was extracted from whole blood or frozen post-mortem brain tissue using standard 

laboratory procedures. DNA samples were paired-end sequenced using Illumina 

sequencers, after capturing using either Nimblegen SeqCap EZ v3 (ADC and NBB) or 

v2 (Erasmus MC) capture kits. Raw sequencing data from all sites were collected on a 

single site and processed using a uniform pipeline as reported recently [18]. In brief, 

sequenced reads were processed using the Burrows-Wheeler Aligner (BWA) Tool, Picard 

and Samtools, and GATK was used for variant calling and quality control according to 

best practices [19, 20]. All samples were jointly genotyped into a single dataset VCF 

file (variant call format). Subsequently, a family-VCF was generated for each family. 

Population database frequencies, functional and impact scores were annotated to 

variants using ANNOVAR [21]. 
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Figure 1. Flowchart of the different analyses performed in this study. 

Patients with AD were ascertained from two clinical centers (Amsterdam Dementia Cohort and 

Erasmus MC) and from the Netherlands Brain Bank. Following the reconstruction of 36 pedigrees, 

various types of genetic data were assessed. Copy number variation in APP was tested using SNP 

array data or by targeted TaqMan assay. Prioritized candidate variants in novel genes were further 

investigated by replication in a larger cohort of AD patients. APOE genotypes and polygenic risk scores 

were computed for all individuals based on either (imputed) exome sequences or SNP arrays. Finally, 

all genetic data were reviewed to evaluate the genetic etiology of the families. Abbreviations: APOE 

= Apolipoprotein E; APP = amyloid precursor protein; SNP = single nucleotide polymorphism; VUS = 

variant of uncertain significance. 

Determine pedigrees by genetic data
We assessed family relationships using two independent methods. First, available SNP 

arrays were pooled for an identical-by-descent (IBD) segment-based method to classify 

degrees of relatedness using PLINK 1.9 [22]. Second, using the exome sequencing data of 

all three cohorts, we calculated a kinship coefficient between all pairs of samples using the 

dataset-VCF file (VCFtools --relatedness2) with common variants only (allele frequency 

>5%), based on the method of Manichaikul et al. [23]. Previous studies demonstrated 
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that the algorithm reliably infers up to third-degree relationships. Both methods were 

compared for possible discrepancies, and were fully concordant. All identified kinships 

were checked and confirmed with previously clinically determined pedigrees, when 

available. 

APOE genotyping and APP copy number analysis
APOE genotypes were determined by either: 1) clinical testing; 2) sequencing data; 2) 

SNP arrays. Additionally, copy number variation (CNV) of the APP gene was assessed 

in at least one member of the included families, either using a made to order TaqMan 

assay (Hs01547105_cn, Applied Biosystems), or by CNV analysis of SNP arrays using the 

PennCNV algorithm [24]. 

Exome sequencing variant filtering 
Family-level VCFs were created per identified family, consisting of at least two affected 

individuals. All variants were filtered based on the following criteria: 1) QD score (quality 

by depth) of ≥5; 2) affecting coding (missense, nonsense, frameshift) or splicing regions 

(up to 2 bp of exon-intron junctions); 3) minor allele frequency (MAF) <0.1% in the Genome 

Aggregation Database (GnomAD) [25] ; and 4) heterozygous in all affected individuals and 

homozygous reference in all unaffected individuals, when available. 

Dementia related genes

Following the initial filtering steps, all variants in genes included in a comprehensive 

list of reported AD and other dementia related genes/loci (Additional File 1; Table S1) 

were manually evaluated. In case of other neurodegenerative disorders reported in the 

family history, related genes were additionally examined. This included assessment of 

variant type and location, in silico prediction scores, presence in online genetic databases 

(Alzforum, HEX [healthy exomes], HGMD, LOVD, and ClinVar), and existing literature on 

the variant or a different variant in the same position. Subsequently, the variants were 

classified according to guidelines by ACMG (American College of Medical Genetics and 

Genomics) [26]. Variants predicted to be tolerable by two out of three prediction tools 

(SIFT, PolyPhen2, MutationTaster) and/or a CADD score <10 were classified as likely 

benign. Definite pathogenic variants according to genetic databases were confirmed by 

Sanger sequencing (Applied Biosystems, CA, USA). These families were excluded from 

subsequent analyses for novel genes.
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Novel genes

For other genes (not dementia related), we prioritized identical variants occurring in ≥2 

families OR different variants in the same gene in ≥3 families, excluding the families 

with confirmed monogenic cause. Different variants in the same gene shared by only 

two families were filtered by: 1) CADD score >15 in both families; and 2) a possible link to 

dementia/neurodegeneration based on the literature, as per consensus by two researchers. 

Finally, variants in regions known to give rise to false positives (e.g., low quality regions, 

repeats, homologous regions) were manually reviewed using the Integrative Genomics 

Viewer (IGV) and excluded by expert bioinformaticians when appropriate (Additional File 

1; Table S2) [27].

Replication of candidate variants
To replicate the association of our candidate variants with AD, we used exome sequencing 

data available from Dutch studies contributing to the Alzheimer Disease European 

Sequencing (ADES) consortium (ADC, Erasmus MC, NBB, Rotterdam Study, 100-plus 

study) and from the Amsterdam Human Genetics department (parents of trios and non-

dementia cases) consisting of 833 EOAD patients, 521 LOAD patients, and 6949 healthy 

controls. The set of samples was pruned such that no family relations (up to third degree) 

remained. Only variants with a MAF <0.1% were selected and results were categorized 

based on CADD score (CADD 15, 20, 25, and 30). Population structure was corrected for 

with 10 PCA components. Only genes with ≥10 carriers were considered for subsequent 

analysis. Quality control and burden tests were performed using ordinal logistic regression 

with an EOAD > LOAD > controls labeling as recently described [18]. This method exploits 

the assumption that the genetic risk will be enriched towards EOAD patients, as can be 

expected for the candidate variants and genes in this study. Variant specific analyses were 

performed with the same approach (minimum of 5 carriers). P-values were adjusted for 

multiple testing using the FDR approach (Benjamini-Hochberg procedure), with FDR 

<0.05 considered as suggestively associated with AD.

Polygenic risk scores
We calculated weighted polygenic risk scores (PRS) for all patients based on genetic 

variants (Additional File 1; Table S3) showing genome wide significant association with 

AD in a recent meta-GWAS by de Rojas et al. [28]. Effect sizes of the variants were obtained 

from previous GWAS [29-31]. PRS were generated by multiplying the genotype dosage of 

each risk allele by its respective weight, and then summing across all variants. For 56/77 

patients included in this study, SNP arrays were available as part of EADB and used to 

directly genotype variants or impute with high quality (imputation score R² >0.6). For the 

other 21 patients, we imputed exome sequencing data using the HRC reference panel, 
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including the samples with SNP array data to improve imputation quality. Four out of the 

39 variants could not be imputed with sufficient quality (R² <0.3), leaving 35 variants for 

PRS calculation (median R²=0.73) based on WES data. To enable comparison of all patients, 

PRS based on SNP arrays were computed using the same 35 variants. Both PRS sets showed 

a linear correlation (R²=0.61). We scaled the PRS of all individuals by subtracting the mean 

PRS of an in-house population-based control dataset (n=980), thus, all given effect sizes 

are relative to the population mean. PRS for each family was obtained by averaging the 

effect sizes of the affected individuals. We compared PRS between groups of families 

using an unpaired t-test.

APOE burden
To separate the effects of APOE from other genetic variants, we excluded the APOE SNPs 

from the PRS calculation. However, we estimated the risk based on APOE for all individuals 

using the SNP effect sizes from the same meta-GWAS (i.e., -1.20 for rs429358-T-C and 0.47 

for rs7412-C-T) [28], scaled to the mean of the same population-based control dataset, 

to obtain risk estimates on the same scale as PRS. To compare the APOE burden across 

subsets of families, we performed a Mann-Whitney U test with continuity on the family 

averaged risk. Correlation between APOE-risk and PRS was assessed by Spearman’s rank-

sum test. 

Genetic findings categorized based on clinical actionability
We evaluated the impact of the different genetic components for each family. The 

cumulative genetic evidence and potential relationships between variant carrier 

status (pathogenic variant or a VUS), APOE burden and PRS were assessed, leading to 

categorization of the families as follows: 1) genetic cause identified, sufficient to be 

reported back to patients (i.e., passing actionable risk threshold); 2) one or more genetic 

risk factors identified suggesting potential polygenic etiology (i.e., passing genetic risk 

threshold, but insufficient for clinical action as the complete cause remains uncertain; 3) 

no genetic risk factors identified after evaluation of variants in dementia related genes, 

APOE, and PRS, suggesting the presence of additional, yet undiscovered genetic risk 

factors. 
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Results

Clinical demographics of included families
With the pooled genetic data of 4840 patients, we constructed 36 families (at least second 

degree relation) comprising at least two patients (n=77). Seven pedigrees were previously 

clinically established, and used to validate our two methods for determining relatedness. 

Both approaches were able to define first- and second-degree relationships, and were 

fully concordant. 

For each family, clinical and genetic findings are summarized in Table 1. All included 

families consisted of at least one patient with (probable) AD before the age of 70. The average 

age at onset of all affected individuals was 63 years. A lumbar puncture was performed in 

32/36 probands, confirming decreased concentrations of β-amyloid in cerebrospinal fluid 

(CSF). Occasionally, relatives had been diagnosed with other phenotypes on the dementia 

spectrum (MCI, FTD). Four families included an unaffected relative aged >75. Detailed 

information on individual level is provided in Additional File 1 (Table S4). 

Pathogenic variants in dementia related genes
In eight families, we detected six different pathogenic variants in known dementia genes 

(Table 2). Six families harbored known causal pathogenic variants in PSEN1 and APP, 

with pathological confirmation of AD in two patients. The identified frameshift deletion 

in SORL1 (p.P961fs), absent in GnomAD, has not yet been reported in variant databases. 

We classified this variant as pathogenic, as previous studies show that truncating SORL1 

variants are highly penetrant [32]. This is consistent with the high burden of EOAD in this 

family. 
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Table 2. Pathogenic variants and rare VUS identified in dementia related genes. 

Gene Transcript Nucleotide change
Amino acid 
change

MAF 
GnomAD

MAF 
GnomAD 
NFE

CADD 
(v1.3)

Pathogenic variants

APP a NM_000484 2149G>A V717I 0 0 34

GRN NM_002087 388_391delCAGT Q130SfsX125 7.0e-06 1.5e-05 NA

PSEN1 b NM_000021 786G>C L262F 0 0 25.6

PSEN1 NM_000021 692C>T A231V 0 0 34

PSEN1 a,b NM_000021 236C>T A79V 1.4e-05 2.3e-05 33

SORL1 NM_003105 2882_2885delCGCA P961fs 0 0 NA

Variants of uncertain significance

ABCA7 NM_019112 3698G>A R1233H 2.3e-05 4.1e-05 23.9

BIN1 NM_004305 746C>T T249M 2.6e-05 3.2e-05 24.6

CR1 NM_000573 4162G>A E1388K 0 0 24

FERMT2 NM_006832 667G>A V223I 1.0e-04 2.1e-04 18.8

MADD NM_003682 2308dupA D769fs 2.0e-04 4.3e-04 NA

PRNP NM_000311 130C>T P44S 1.8e-05 0 23.4

SORL1 c NM_003105 4576G>T A1526S 0 0 18.2

SQSTM1 NM_003900 c.420C>A Y140X 0 0 35

 a Pathological confirmation of AD in one affected patient carrying this variant. b Detected in two 

families. c Confirmed by Sanger sequencing and reported previously by Holstege et al., EJHG (2017). 

Abbreviations: MAF = minor allele frequency; NFE = Non-Finnish European population.

In one family we identified a pathogenic variant in the gene GRN, known to cause FTD. 

The frameshift variant (p.Q130SfsX125) was among the first GRN variants reported in FTD 

families and confirmed pathogenic in later studies [33-35]. The family in the current study 

consisted of two siblings with remarkably early onset (<50 years) of typical AD, without 

symptoms suggestive of FTD. The diagnosis of AD was supported by CSF biomarkers 

in both siblings (Aβ 674/477, t-tau 649/573, p-tau 78/78). Plasma GRN levels were not 

available of these patients. MRI showed generalized atrophy with relative sparing of the 

hippocampi. Family history was positive for EOAD in first- and second-degree relatives. 
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APOE burden
The majority of the families included APOE-ε4 heterozygous patients (24/36 families; 

67%), and at least one homozygous carrier was found in 18 families (18/36; 50%). Of these, 

seven families showed complete segregation of APOE-ε4 homozygosity. Only one patient 

carried an APOE-ε2 allele. Of the families with a pathogenic variant, only the family with 

the SORL1 frameshift also included an APOE-ε4 homozygous carrier. 

We evaluated the APOE burden amongst the families using previously computed effect 

sizes for each genotype, scaled to the mean of our population-based control dataset 

(n=980). As such, a risk of 0 indicates the population mean (OR=1), whereas and effect size 

of 1, for instance, implies an increased risk with odds ratio 2.7. We observed a significantly 

smaller risk conveyed by APOE in the eight families with pathogenic variants as compared 

to the rest (0.29 vs. 1.15, P=0.010) (Table 3). To evaluate the presence of additional genetic 

causes or risk factors (e.g., rare variants or polygenic risk), we kept the families with high 

APOE burden – and without monogenic cause – in subsequent analyses.

Variants of uncertain significance in dementia related genes
In a broad panel of dementia related genes we identified 10 rare segregating variants. 

Two missense variants in CR1 and GRN were classified as likely benign based on in silico 

predictions, leaving eight variants of uncertain significance (VUS), including missense 

variants in the AD risk genes SORL1, ABCA7, and FERMT2 (Table 2). In all eight families, 

at least one patient was APOE-ε4 heterozygous, and six families included APOE-ε4 

homozygous carriers. The difference in APOE-risk between families with and without a 

VUS was not statistically significant (1.44 vs. 0.82; P=0.063).

We identified a nonsense variant in SQSTM1 (p.Y140X), a gene associated with FTD and 

amyotrophic lateral sclerosis (ALS) [36]. The variant is absent from all genetic databases and 

leads to a premature stop codon removing the last 301 amino acids, resulting in a strong 

deleteriousness prediction (CADD 35), although SQSTM1 seems relatively tolerant to loss 

of function (pLI 0.001) [25]. The two patients carrying this variant both had CSF profiles 

consistent with AD. Both were APOE-ε4 heterozygous. The family history indicated early 

death of the father, but five out of 11 of his siblings had suffered from early-onset dementia. 

Their clinical presentations did not include symptoms suggestive of FTD/ALS. Unfortunately, 

no additional relatives were currently available for further segregation analysis. 

We also found a variant in the gene PRNP, which is associated with familial forms of prion 

disease. The clinical picture of this family did not encompass atypical features reminiscent 

of inherited prion disease such as Creutzfeldt-Jakob disease.
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Other neurodegenerative disease genes
Besides dementia, some patients reported other neurodegenerative disorders in the 

family history. In two families, relatives had been diagnosed with Parkinson’s disease 

(PD). We screened the sequencing data of these families for PD-related genes [37], but did 

not detect any candidate variants. Similarly, we screened four families with FTD and/or 

ALS phenotypes for genetic variants in ALS-related genes [38], which did not yield any 

result. A repeat expansion in C9orf72 was excluded in three out of four families. For the 

remaining family, the CSF profile was consistent with the diagnosis of AD, lowering the 

possibility of FTD-C9orf72.

Variants in novel genes 
A total of 28 families without definite pathogenic variant (including those with a VUS and 

high APOE-ε4 burden) were included for further analyses, to identify variants in novel 

genes possibly associated with AD risk. On average, 76 variants were remaining in each 

of these families after initial filtering steps (coding, segregating variants with MAF <0.1%). 

Genes were prioritized based on two different approaches. First, we ascertained shared 

variants by ≥2 families and different variants in one gene in ≥3 families, summing up to 

42 unique genes. After excluding likely false positives variants (Additional File 1; Table S2), 

28 genes remained for replication analysis. In parallel, we evaluated different variants in 

genes shared by two families with CADD>15, further prioritized by possible association 

with neurodegeneration based on literature. This resulted in the selection of nine 

additional genes (further details in Additional File 1; Table S5). Following the two parallel 

strategies, we included 37 genes (78 variants) in the replication analysis. A complete list of 

all variants is provided in Additional File 1 (Table S6).

Replication analysis
For our prioritized set of genes, we performed a genetic association test on both gene and 

variant level, using exome sequencing data from Dutch studies contributing to the ADES 

consortium. None of the genes or variants tested were significantly associated with EOAD 

nor LOAD in this dataset as compared to controls (Tables S7-8), although 40/78 very rare 

variants could not be tested due to limited power. The most significant association was 

found for LRP1B in patients carrying variants with CADD>15 (OR=1.13, unadjusted P=0.08). 

The largest effect was found for variants with CADD>25 in the gene RBFOX1 (OR=2.14, 

unadjusted P=0.15). In the per-variant analysis, a missense variant in FNDC1 was present 

more often in cases compared to controls with nominal significance (OR=3.12, unadjusted 

P=0.03). 
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Polygenic risk score 
Similar to APOE, PRS of the families were scaled to the mean of our population-based 

control dataset. Figure 2 depicts the increased risks based on PRS and APOE for each 

family, highlighting families with pathogenic variants and a VUS. An overview of 

subgroup comparisons with statistical output is provided in Table 3. On average, the 

polygenic risk of the AD families was 0.05 higher (OR=1.05) than the population mean (SD 

0.28, P=0.206), and did not correlate with age at onset (R2 <0.01). PRS of the eight families 

with a pathogenic variant did not deviate from the rest (-0.03 vs 0.07; P=0.379). However, 

the six families with APP or PSEN1 variants showed significantly lower PRS (-0.22 vs. 0.10; 

P=0.009), whereas those with a pathogenic variant in SORL1 and GRN had higher scores 

(0.47 and 0.61, respectively).

When selecting 11 families without monogenic cause and low APOE-risk (<1), PRS did not 

differ from the other 25 families (-0.001 vs. 0.07, P=0.515), nor was a significant difference 

observed when comparing families with and without a VUS (0.18 vs. 0.01; P=0.129). When 

excluding the families with pathogenic variant, a positive correlation was observed 

between PRS and APOE-risk (Rs=0.48, P=0.003) in the remaining 28 families. 

Figure 2. The AD risk based on APOE and polygenic risk score (PRS) in the 36 families.

Each node represents one family, with PRS plotted on the x-axis and APOE-risk on the y-axis. The 

effect sizes of PRS and APOE were scaled to the mean of an in-house population-based control 
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dataset (n=980). For interpretation of the effect sizes: 0, OR=1; 1, OR=2.7; and 2, OR=7.4. The horizontal 

lines for APOE-risk indicate families with risk >1 (i.e., at least one APOE-ε44 carrier), and risk >2 (i.e., 

fully segregating with APOE-ε44). Dark colored nodes depict families with pathogenic variant (n=8), 

whereas light colored nodes represent families with a variant of uncertain significance (n=8). Families 

with a pathogenic variant are clustered in the lower left corner, with minor impact of APOE and PRS. 

Other families in the same region, yet without monogenic defect, would be suitable candidates for 

further genetic evaluation. Families with relatively high APOE burden are located in the upper part of 

the plot, which also includes most families with a VUS. The overall contribution of PRS seems modest 

(average beta=0.05, OR=1.05), with the highest risk observed in the family with a GRN variant (beta=0.61, 

OR=1.84). 

Table 3. Subgroup analyses of AD risk in the families imposed by APOE and polygenic risk 

score. 

Total Pathogenic variant No pathogenic variant

APOE-risk   All APP/PSEN1 VUS
Low APOE-risk 
(<1)

High APOE-
risk (>2)

No. of families 36 8 6 8 NA NA

Mean 0.96 0.29 0.10 1.44 NA NA

Standard deviation 0.83 0.60 0.45 0.64 NA NA

vs. Rest, P-value NA 0.010* 0.006* 0.063 NA NA

Polygenic risk score

No. of families 36 8 6 8 11 7

Mean 0.05 0.03 -0.22 0.18 -0.001 0.16

Standard deviation 0.28 0.39 0.19 0.15 0.22 0.24

vs. Rest, P-value NA 0.379 0.009* 0.129 0.515 0.241

The increased risk conveyed by APOE and PRS was compared across subsets of families with/without 

pathogenic variants (all eight or only those with APP/PSEN1 variants), with/without a VUS, and with/

without increased APOE-risk. Low APOE-risk (<1, OR=2.7) was defined by absence of APOE-ε44 carriers 

in the family, whereas a high risk (>2, OR=7.34) indicates complete segregation with APOE-ε44. For 

APOE-risk, families were compared using a Mann-Whitney U test, whereas for PRS an unpaired t-test 

was performed. *Below significance threshold of P <0.05. Abbreviations: VUS = variant of uncertain 

significance. 
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Families categorized according to genetic findings
Following the assessment of dementia related genes, APOE genotypes, and PRS, we 

classified the families into three distinct categories as schematically visualized in 

Figure 3. The first represents eight families with a monogenic cause identified, meriting 

disclosure to patients and relatives. The second group comprises 19 families in whom we 

found one or more genetic risk factors, suggesting polygenic or multifactorial etiology. 

As these factors do not sufficiently explain the disease occurrence, clinical reporting or 

further action is currently not indicated in these families. The last group contains nine 

families without any identified genetic cause or risk factor, despite the early onset of AD 

and the positive family history, in which additional genetic factors may be uncovered.

Figure 3. Schematic summary of the genetic etiology of the families, categorized into 

three groups.
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We classified the families in three distinct groups based on the clinical actionability of the genetic 

findings, as illustrated systematically in the upper panel and for the 36 families in the lower panel. 

The first group represents families with a pathogenic variant identified as cause of disease, passing a 

clinically actionable threshold were results could be returned to the patients and relatives. The second 

category includes families with (possible) genetic risk factors (APOE, VUS, and PRS). These are not 

clinically actionable (i.e., these families are clearly burdened by genetic risk factors, but the complete 

cause is uncertain). Possibly, additional components of the genetic risk remain unidentified. The last 

group comprises families without any genetic risk factor currently identified, despite early onset and 

positive family history. The lower panel shows that we can genetically explain eight families, suspect 

a partially identified polygenic/multifactorial etiology in 19 families, whereas nine remain completely 

unresolved. 

Discussion

In this genetic study of AD, we analyzed exome sequencing data of 36 small families with a 

high burden of early-onset disease. In addition to known monogenic causes, we evaluated 

rare novel variants as well as the increased genetic risk based on APOE and polygenic risk 

profiling.

The genetic landscape of EOAD includes FTD related genes
Besides pathogenic variants in APP, PSEN1, and SORL1, we discovered a deleterious GRN 

frameshift variant (p.Q130SfsX125) in one family. The variant is known to cause FTD [33, 

39] and has not been associated with clinical AD, although one family was described with 

profound AD neuropathology (reported as UBC11, Braak stage VI) [40]. Although FTD-GRN 

patients may show coexistent AD pathology [41], certain GRN variants have been suggested 

as direct cause of AD [42] through several proposed mechanisms (i.e., Aβ clearance, tau 

phosphorylation, neuroinflammation), indicating shared pathways between AD and 

progranulin [43]. As such, we propose that the identified variant – possibly in concert with 

an AD polygenic risk profile (OR=1.84) – plays a causal role in this family and should be 

reported in genetic counseling. It would be of interest to evaluate PRS in a larger cohort 

of GRN carriers presenting with an AD phenotype. In clinical setting, we recommend to 

examine an extended panel of dementia genes in familial EOAD, when APP, PSEN1, and 

PSEN2 are tested negative, as was suggested before [44]. Following a family history of PD 

and ALS, we also screened genes related to these disorders in a few families. As this did not 

yield any candidate variants, it remains unclear whether such genes should be standardly 

examined in AD. 
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The second pathogenic non-traditional AD finding is a rare stop-gained variant in 

SQSTM1. This gene encodes the scaffold protein p62, involved in diverse signaling 

pathways associated with neurodegeneration such as autophagy, inflammation, and tau 

degradation [45]. Several studies have shown that reduced SQSTM1 gene expression and 

lack of cytoplasmic p62 provoke the aggregation of pathological tau and neurofibrillary 

tangles [46, 47], implying an important role of p62 in the pathogenesis of AD. Although 

no risk or causal SQSTM1 variants have been identified in AD patients so far [48], the wide 

clinical spectrum of SQSTM1 variants is exemplified by case reports of familial hippocampal 

amnestic syndrome closely resembling AD [49] and atypical FTD with prominent memory 

decline [50]. Replication of SQSTM1 variants in larger AD cohorts is needed before it can be 

included in genetic risk prediction. 

Regarding the gene PRNP, several variants have been suggested to play a role in other 

neurodegenerative disorders besides prion disease [51]. For instance, variants in the 

same N-terminal domain as the here identified variant were previously detected in FTD 

and AD patients [52, 53]. As such, we cannot exclude a causal role, although currently its 

classification remains a VUS. 

Evaluating the risk imposed by APOE and rare VUS
We identified a substantial burden of APOE, with heterozygous ε4-allele carriers in 67% 

of the families and homozygosity in 50%. Although the risk conferred by two APOE-ε4 

alleles can cause semi-dominant inheritance with AD life-time risk estimates of 30% by 

75 years of age [54], we cannot be sure if APOE might be the sole genetic factor in these 

families, or whether some carry additional factors – genetic and/or environmental – to 

trigger disease initiation.

Following the relatively low burden of APOE and PRS in families with a known pathogenic 

variant, we anticipated a similar low burden in families with a VUS, if these are 

pathogenic. However, six out of eight families with a VUS showed high occurrence of 

APOE-ε4 homozygosity. Moreover, we did not observe a difference in PRS across families 

with and without a VUS. It suggests that the identified VUS are insufficient by themselves 

to cause disease and that the genetic burden for AD in these families is multifactorial, 

although individual families might have high burden of APOE or PRS by chance, on top of 

a monogenic cause. 

A possible additive risk of VUS and APOE is supported by their observed frequent co-

occurrence. In addition, interactions between genetic factors influencing the same 

biological pathways might point in the direction of a cumulative effect, for example 
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between APOE and the identified VUS in SORL1 and ABCA7, which are both involved in 

lipid metabolic pathways [12, 32]. Previous work has indeed shown that the combination 

of pathogenic variants in SORL1 with APOE-ε4 increases penetrance [55]. Additional risk 

genes in which we detected a VUS are also associated with lipid metabolism (e.g., FERMT2, 

BIN1, CR1) [56, 57], reinforcing the possibility that convergence of these genetic factors 

with APOE on this particular pathway bestows an increased AD risk. 

Modest contribution of PRS in familial EOAD
The overall impact of PRS in the current families was modest, similar to earlier findings in 

autosomal dominant AD [16]. It should be pointed out that the PRS was constructed based 

on GWAS data of mostly LOAD patients, but was replicated in EOAD with similar effect 

estimates [28]. Although an oversimplification of polygenic inheritance, we calculated 

a family-averaged PRS to represent the shared polygenic burden. This allowed us to 

compare the contribution of PRS across families, also in conjunction with other genetic 

factors. 

The four families with highest PRS showed, on average, a risk score of 0.56 (OR=1.75) 

as compared to the general population, which is not evidently higher than previously 

reported effects in LOAD [16, 28], and appears small when set against the impact of APOE 

with maximum risk of 2.04 (OR=7.34) (Figure 2). Families with causal variants in APP and 

PSEN1 showed especially low PRS – similar to the low burden of APOE – consistent with 

the perception that these variants are on their own sufficient to cause AD. This raises 

the notion whether families with similarly low PRS and APOE burden (i.e., nine families 

as shown in Figures 2 and 3) may harbor monogenic causes (pathogenic variants) that 

currently remain undetected. As our analyses investigating rare variants shared by 

multiple families did not yield potential candidates, we would prioritize these families 

for genetic evaluation using other methods, as well as attempting to expand specifically 

these pedigrees to optimize segregation analysis. Investigating multiple affected relatives 

using whole genome sequencing could aid in the identification of novel genetic defects, 

including intronic and structural variation. 

Similar to APOE and rare VUS, a cumulative effect might apply to the risk conveyed by 

APOE and PRS, as we observed a positive correlation between the two. Future work is 

needed to clarify if a combined signal might be based on biological interactions, endorsed 

by a recent study demonstrating a disproportionally large effect of PRS (without APOE) 

among APOE-ε4 carriers with earlier disease onset [58].
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Genetic testing of APOE and PRS in clinical practice
APOE genotyping is not incorporated in current risk predictions, because it is neither 

diagnostic nor sufficiently predictive, and at present has no clinical consequences [59]. 

These guidelines will likely not change until effective treatments become available. 

Nevertheless, given the fact that half of the families studied here were affected by APOE-ε4 

homozygosity, in some instances accompanied by a potentially relevant VUS, a pertinent 

question is at which point the risk is sufficiently high to include these factors in genetic 

risk modeling and counseling. Importantly, APOE genotyping is currently used in clinical 

trials and is available via direct-to-consumer genetic testing [60]. Previous studies 

suggest that genetic risk disclosure of APOE can be safely performed in clinical setting, 

provided that appropriate and standardized counseling protocols are applied [61, 62]. On 

the other hand, the risk of misunderstanding or overinterpretation is an important issue, 

which must be carefully weighed against possible personal utility of disclosure for the 

individual patient [63]. At any rate, we urge APOE genotyping in research setting to further 

clarify its impact and interplay with other (genetic) factors. 

Although it might exert a contributory effect in some families, at present we do not 

recommend PRS as diagnostic tool in familial EOAD as studied here, following its relatively 

small impact in all families. Although a few families showed higher risk, this currently 

seems insufficient to justify clinical action – similar to APOE – until disease modifying 

therapies or cost-effective preventive measures become available. As a result, although 

the PRS will likely improve when more variants are added to it, we foresee it will not 

change this view on its clinical utility in familial EOAD in the near future. 

Currently, PRS seems most applicable to estimate risk in late-onset forms of AD [28, 64], 

has proven useful to stratify patients for clinical trials to reduce variability [65, 66], and for 

genes that show reduced penetrance (e.g., PSEN2) PRS might influence clinical expression, 

as has been shown for other diseases such as hereditary breast cancer [67]. Additional 

work is required to support these potential applications of PRS in clinical setting.

Future directions
By evaluating various genetic factors in parallel, we investigated components of 

multifactorial genetic risk associated with AD. To validate whether individual genetic 

factors (pathogenic variants, VUS, APOE, PRS) interact and are thus multiplicative or 

additive must be determined by population studies with sufficient carriers to populate 

such models. For instance, the variability in disease penetrance and expression of APOE 

might be explained by interactions with other genes involved in the same pathways, as 

supported by prior studies investigating biological interactions and correlations with 
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clinical measures [68-71]. Large-scale genetic studies could thereby also investigate how 

the combined genetic signals translate into expected penetrance at a certain age at onset. 

Our findings in non-traditional AD genes of which the clinical impact might by modulated 

by other factors such as PRS, need to be replicated in extended cohorts. We anticipate 

that this will contribute to the development of more inclusive risk algorithms. Finally, we 

propose that the commonly used threshold of 65 years for EOAD could be slightly released 

when evaluating oligogenic/polygenic inheritance, although the most appropriate age 

remains a topic of investigation.

Limitations
There are some limitations to this study. First, we prioritized variants shared by two 

families by employing several strategies (i.e., allele frequency, CADD score, literature 

search), possibly discarding variants that could be relevant. Second, we tested potential 

candidates in a sizeable cohort, but the power was limited for assessment of very rare 

variants and this dataset was not specifically enriched for cases with a positive family 

history. Replication of these variants is required in additional case-control samples. 

Finally, for a subset of patients, we computed PRS from imputed sequencing data with 

lower imputation quality than SNP arrays. This could have impacted results, despite high 

correlation (R2=0.6) between the two datasets. 

Conclusion

Our comprehensive study of familial AD, with each family having at least one patient 

with age at onset <70, demonstrates its broad genetic framework. Besides monogenic 

causes, we suspect a polygenic/multifactorial etiology in around half of the families based 

on APOE and rare variants in dementia related genes. Although PRS may contribute to 

disease risk, the extent of its effect is small and warrants further investigation before it can 

be incorporated in clinical risk prediction. Importantly, we showed that assessing APOE 

burden and PRS can help distinguish those patients with a higher a priori probability for a 

monogenic cause, thus, rendering them suitable candidates for further in-depth genetic 

evaluation. 
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Abstract

Frontotemporal lobar degeneration (FTLD) is a neurodegenerative disorder clinically 

characterized by behavioral, language, and motor symptoms, with major impact on the lives 

of patients and their families. TDP-43 proteinopathy is the underlying neuropathological 

substrate in the majority of cases, referred to as FTLD-TDP. Several genetic causes have been 

identified, which revealed some components of its pathophysiology. However, the exact 

mechanisms driving FTLD-TDP remain largely unknown, forestalling the development 

of therapies. Proteomic approaches, in particular high-throughput mass spectrometry, 

hold promise to help elucidate the pathogenic molecular and cellular alterations. In this 

review, we describe the main findings of the proteomic profiling studies performed on 

human FTLD-TDP brain tissue. Subsequently, we address the major biological pathways 

implicated in FTLD-TDP by reviewing these data together with knowledge derived from 

genomic and transcriptomic literature. We illustrate that an integrated perspective, 

encompassing both proteomic, genetic, and transcriptomic discoveries, is vital to unravel 

core disease processes, and to enable the identification of disease biomarkers and 

therapeutic targets for this devastating disorder.
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Introduction

Frontotemporal lobar degeneration (FTLD) is widely known as a severely debilitating and 

progressive neurodegenerative disorder, clinically characterized by variable degrees of 

behavioral, language and motor symptoms, collectively named frontotemporal dementia 

(FTD) [1]. The pathological hallmark of FTLD is atrophy of the frontal and temporal lobes with 

accumulation of protein aggregates in the cytoplasm or nuclei of neuronal and glial cells 

[2]. Based on the deposited protein, cases are classified into different molecular subgroups 

[3]. The largest group (~50%) encompasses FTLD-TDP, with ubiquitin-positive inclusions 

containing aggregated and hyperphosphorylated TAR DNA binding protein 43 (TDP-43), 

which can be further classified in FTLD-TDP subtypes A to E based on histopathological 

patterns [4]. The topographical distribution of atrophy and TDP-43 pathology defines 

the clinical FTD phenotypes. Usually, the pathology begins in the prefrontal cortex and 

amygdala, from where it spreads to other areas, including hippocampus, subcortical 

regions, brain stem, and spinal cord [5]. 

Though the majority of FTLD-TDP cases is sporadic, around 10-20% is estimated to be 

caused by mutations in GRN or the C9orf72 repeat expansion [6]. In addition to these 

major genetic causes, many other genes have been implicated in FTLD-TDP, including 

TARDBP (encoding TDP-43), TBK1, OPTN, VCP, and SQSTM1 [6]. These genes have all been 

linked to both FTLD and amyotrophic lateral sclerosis (ALS), a motor neuron disorder 

also associated with TDP-43 pathology. Furthermore, genome-wide association studies 

(GWAS) have revealed TMEM106B as important risk modifier, modulating age at onset 

and disease penetrance in GRN mutation carriers [7-9]. Importantly, some genetic 

mutations are correlated to specific pathological features, for example GRN mutations 

nearly always result in FTLD-TDP type A with abundant intranuclear inclusions, whereas 

C9orf72 is usually associated with type B pathology, showing diffuse cytoplasmic 

inclusions [4].

Besides the importance for genetic counselling in clinical practice, all genetic discoveries 

combined have provided a wealth of information regarding the molecular pathways 

involved in the pathogenesis of FTLD. However, the great difficulty lies in understanding 

the precise mechanisms that connect these genes to the observed neuropathology with 

accumulated protein within inclusions. Resolving whether these inclusions are directly 

related to specific genetic defects, or a symptom of imbalanced protein homeostasis is 

essential to understand true disease mechanisms, and for the development of disease 

modifying treatments.
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A valuable tool that has developed greatly over the last decade is mass spectrometry 

technology, which enables comprehensive analysis of protein depositions and aberrant 

protein expression in the disease-affected brain [10]. In addition to genomic and 

transcriptomic studies, investigating the proteomic changes can help to unravel disease 

processes. This is exemplified by a family with a rare hereditary neurodegenerative 

disorder, where a combination of proteomic analysis of neuronal inclusions and exome 

sequencing revealed altered functioning of protein kinase A due to a novel PRKAR1B 

mutation as the underlying disease mechanism [11].

In this review, we first introduce proteomic profiling technology and some of the 

possibilities regarding study designs, after which we describe the main findings of 

proteomic profiling studies performed on human FTLD-TDP brain tissue. Subsequently, 

we evaluate how the results relate to genetic discoveries, and to which extent both fields 

interconnect in unraveling the core molecular pathways involved in FTLD-TDP. 

Proteomic methodology 

Proteomic profiling using mass spectrometry
A multitude of techniques are currently available to study the proteome. These can 

be grouped roughly as structural proteomics, functional proteomics, and proteomic 

profiling. The first two are mostly targeted and hypothesis-driven, aiming to map out the 

structure and activity of specific proteins or protein complexes [12]. In contrast, proteomic 

profiling is usually performed in a high-throughput manner by examining thousands of 

proteins at once, providing a resource for subsequent targeted studies [13]. This approach 

is widely applied in many different research areas, with mass spectrometry (MS) as the 

current method of choice. The MS workflow consists of three principal steps: 1) sample 

preparation including dissection, cell lysis, and protein extraction; 2) protein digestion and 

separation, where peptides are usually fractionated by liquid chromatography (LC) based 

on their hydrophobicity; and 3) protein identification and quantitation by MS, using either 

peptide labeling or a label-free strategy [12]. MS techniques are constantly improving, 

as illustrated by the current transition from traditional data-dependent acquisition 

(DDA; limited number of precursor peptides are semi-randomly selected) towards data-

independent acquisition (DIA; identification of nearly all detectable peptides within a 

selected mass range), resulting in higher sensitivity and protein coverage [14]. For further 

technical details and examples in relation to neurodegeneration, we refer to a number of 

recent reviews [15-18].
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Sample selection and processing
Proteomic profiling of different types of substrates (i.e., cells, tissue, or body fluids) can offer 

unique and complementary insights into disease processes. The approach is dependent 

on the specific research question and sample availability. In different types of dementia, 

numerous studies have analyzed plasma, serum, and cerebrospinal fluid (CSF) protein 

levels to identify potential biomarkers [19, 20]. These biofluids are easily accessible during 

life, but less informative with regard to the potential to uncover the complex molecular 

changes underlying brain pathology when compared to brain tissue. Proteomics of whole 

human brain tissue can be challenging due to atrophy affecting protein abundances, 

differences in cellular composition, and inter- and intra-regional variability of pathology 

throughout the brain, and during the course of disease progression [21]. These aspects are 

crucial to bear in mind when designing and interpreting proteomic studies.

The majority of studies up to date use bulk tissue, where sample homogenization results 

in a mixture of cell types. Some studies correct for this using cell-type specific markers 

obtained from single-cell profiling, either using a defined set of marker genes, or by 

enrichment methods using all known genes expressed within a cell type [22, 23]. As an 

alternative to bulk tissue, laser capture microdissection (LCM) is used to isolate specific 

cell populations [24, 25]. This enables the evaluation of particular neuropathological 

features or vulnerable brain regions, for example protein inclusions in FTLD, and amyloid 

plaques and neurofibrillary tangles in Alzheimer’s disease (AD) [26-28]. Next to LCM, 

various cell sorting and fractionation techniques can be applied to examine specific cells 

or subcellular compartments such as synaptosomes, mitochondria, or nuclei [29]. 

Another essential consideration when studying proteinopathies is the lysis method 

used for sample preparation. Insoluble proteins or protein complexes may not be 

detected without employing a particular lysis method [30]. Several techniques have 

been developed to specifically study the protein composition of insoluble plaques and 

tangles in AD, or neuronal protein aggregates in FTLD [31, 32]. Furthermore, the insoluble 

fractions are often modified by ubiquitination and/or phosphorylation (e.g., aberrant 

tau phosphorylation in AD), suggesting a role of posttranslational modifications (PTM) 

in the disease pathogenesis. Proteomic workflows have extended to identification and 

quantification of PTMs using different approaches [33]. A challenge in this area is the 

postmortem interval, during which the level of phosphorylated proteins may decrease due 

to different influences such as hypoxia [34]. Nonetheless, several studies have detected 

changes in the PTM profile possibly implicated in neurodegenerative processes [35].
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Downstream proteomic data analysis 
The complex proteomic data, with often hundreds or thousands of proteins identified, 

necessitates a tailored downstream analysis to filter out information meeting the specific 

aim of the study. Various software packages and tools are currently available to perform 

standardized bioinformatics analyses [36]. Describing all possible analytic strategies falls 

outside the scope of this review. However, we will outline several relevant and widely used 

methods. For example, network-based approaches are increasingly used to organize the 

data into unbiased groups or so-called modules of proteins that are co-expressed [37]. The 

proteins most central to a module are referred to as ‘hubs’. Protein levels in such modules 

can be compared between groups or correlated with clinical measures. The modules 

can also be analyzed for biological enrichment using reference databases, including 

functional pathways, cell types, cellular localization, and genetic risk factors. These 

module-enrichment profiles can offer important insight into the proteomic composition 

and pathogenic mechanisms, and comparison of studies on a module level is often more 

feasible than on protein level, as illustrated by several network analyses of AD brains [18].

Another recent trend is to build protein networks based on known interactions or 

functional relationships between proteins and their binding partners. These interactions, 

aggregated in online databases, can be derived from different sources such as 

experimental data, co-expression, or co-occurrence of proteins in certain tissues/cellular 

compartments. The resulting protein-protein interaction (PPI) or signaling networks can 

facilitate the mechanistic understanding of biological processes and aid in the discovery 

of functional protein complexes. An important disadvantage is that network-based 

approaches are generally less suitable to pinpoint more subtle cellular alterations and the 

roles of unique proteins. Therefore, discovery-driven proteomics is usually followed up 

by targeted structural or functional studies to deduce the exact molecular mechanisms. 

Proteomic studies in FTLD-TDP

Table 1 lists the main findings of the nine unbiased (DIA) proteomic studies conducted 

on FTLD-TDP brain tissue, in comparison to healthy and/or disease controls, so far. The 

number of proteins with differential abundance across groups varied widely (range 

6-407), depending on study design. Five out of nine studies analyzed bulk tissue, with the 

frontal cortex as most frequently studied region. The other four studies investigated a 

specific isolated region or cellular inclusions. A label-free MS approach was nearly always 

the method of choice, albeit using different determination and normalization procedures 

(e.g., spectral counts, MaxLFQ algorithm). Irrespective of method and region, a total of 
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95 proteins (15% of the total 640 unique proteins identified) overlapped across the nine 

studies (Supplementary Table 1).

Bulk tissue 
The largest study by Umoh et al. compared the protein expression profile of 10 healthy 

controls with 12 FTLD-TDP, 19 ALS, and 10 ALS-FTD cases, including a subset of 11 ALS 

cases with C9orf72 repeat expansion [38]. Over 400 unique proteins were determined to 

be significantly altered among pairwise comparisons. Weighted co-expression network 

analysis (WGCNA) identified 15 distinct modules of proteins, of which seven differed 

significantly in FTLD-TDP compared to controls and ALS. Two of these modules were 

enriched for RNA binding (e.g., CSRP1 as hub protein) and inflammation (e.g., HEPACAM, 

MSN, GFAP), and showed strong correlation with cognitive dysfunction and TDP-43 

pathological burden. Microglial proteins were overrepresented in both modules, suggesting 

a connection between RNA binding protein dysfunction and microglial activation. Two 

astrocytic proteins (GFAP, HEPACAM) and two microglial proteins (MSN, TPP1) were 

selected for validation, and confirmed to be increased in FTLD by immunoblotting and 

immunostaining, as compared to ALS and controls. Modules enriched for synaptic (e.g., 

SYT1, DLG4), neuronal (e.g., MAP1B, RTN4), and mitochondrial proteins (e.g., NDUFA2, 

UQCRC1, and ATP5A1) showed decreased expression in FTLD-TDP, which is possibly 

partially on account of neuronal loss, and therefore difficult to distinguish from initiating 

disease processes. The overall expression profile of ALS was similar to controls, while ALS-

FTD cases were distributed between FTLD-TDP and ALS without dementia, supporting the 

notion that proteomic changes in cortical brain tissue define the clinical phenotype within 

the ALS-FTD spectrum. Altogether, by a systems biology approach this study described 

the broad proteomic signature of FTLD-TDP. By focusing on protein modules, however, 

the reported biological processes are relatively broad. Thus, this work can be regarded as 

a resource for further investigation of more specific molecular changes. 

Andrés-Benito et al. specifically analyzed the frontal cortex of 19 C9orf72 expansion-

positive FTLD cases compared to 14 controls, combined with transcriptomics [39]. The 

biological functions of the 130 deregulated proteins were assessed using Ingenuity 

Pathway Analysis (IPA) software, which revealed abnormal expression of proteins in FTLD 

involved in inflammation (e.g., MSN, OPTN), along with several other deregulated pathways 

related to apoptosis (e.g., PPT1, CTSD), mitochondria (e.g., SOD2), and endocytosis (e.g., 

ANXA1/5, RAB7A, CLTC). In addition, the authors performed immunoblotting of TDP-43 

and C9orf72, and found elevated levels of TDP-43 protein and the C9orf72 short isoform 

in cases compared to controls. Downregulation of the synaptic protein SNAP25 was also 

confirmed by immunoblotting. Unfortunately, the authors did not perform a similar 
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validation for other upregulated proteins. The proteomic changes correlated poorly to 

gene expression, a phenomenon often encountered. These proteomic changes correlated 

poorly to gene expression, a phenomenon often encountered [46]. The authors built an 

interactome network using IPA, which indicated deregulation of cross-linkers between 

transcriptional processes and protein degradation mechanisms. This approach illustrates 

the value of bioinformatics tools to interconnect DNA/RNA regulation to the proteome, 

though the study also shows that combining the results of different ‘-omics’ can be highly 

challenging.

Study
Cases, 

subtypes
FTLD 

cases (n)
Healthy 

controls (n) Region Method

Bulk tissue

Umoh, et al. [38]
FTLD-TDP; 
ALS; ALS-FTD

12 10 Frontal cortex
MS, label-free 
(MaxLFQ)

Andrés-Benito, et 
al. [39]

FTLD-TDP 
type B 
(C9orf72)

19 14 Frontal cortex
MS, label-free 
(Progenesis)

Iridoy, et al. [40]
FTLD-TDP; 
ALS

8 8 Spinal cord
MS, label-free 
(Progenesis)

Lachén-Montes, et 
al. [41]

FTLD-TDP; 
PSP

4 4 Olfactory bulb MS, TMT

Isolated tissue or cellular inclusions

Gozal, et al. [42] FTLD-TDP 3 3
Hippocampus, 
dentate gyrus

MS, label-free 
(SC)

Gozal, et al. [43] FTLD-TDP; AD 10 10
Frontal cortex, 
inclusions

MS; label-free 
(XIC) and CDITa

Seyfried, et al. [32] FTLD-TDP 4 4
Frontal cortex, 
inclusions

MS; SILAC and 
label-free (SC)

Laferrière, et al. 
[44]

FTLD-TDP 
types A, B, 
and C; ALS

15 6
Frontal cortex, 
inclusions

MS, label-free 
(SC)

Phosphoproteomics

Herszkowitz, et al. 
[45]

FTLD-TDP 4 4 Frontal cortex
IMAC; MS, label-
free (SC)
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Study

DEP in 
FTLD vs. 

controls (n) Upregulated pathways Downregulated pathways

Bulk tissue

Umoh, et al. [38] 407

RNA metabolism, 
neuroinflammation, 
homeostatic processes, zinc 
ion binding 

Mitochondrion, synapse, 
neuronal differentiation

Andrés-Benito, et 
al. [39]

130

Neuroinflammation, 
apoptosis, metabolism, 
phagocytosis, endocytosis, 
oxidative stress

Mitochondrion, synapse, 
metabolism, microtubules

Iridoy, et al. [40] 52 Mitochondrion, metabolism
Mitochondrion, protein kinase 
signaling

Lachén-Montes, et 
al. [41]

28
Cytoskeleton, apoptosis, 
protein synthesis

Vesicle trafficking, synapse, 
protein kinase signaling

Isolated tissue or cellular inclusions

Gozal, et al. [42] 73
Cytoskeleton, metabolism, 
oxidative stress, protein 
degradation

Mitochondrion, metabolism

Gozal, et al. [43] 10 a

Cytoskeleton, glutamate 
transporter activity, cell 
adhesion

Synapse, metabolism

Seyfried, et al. [32] 21

RNA metabolism, 
cytoskeleton, mitochondrion, 
metabolism, endoplasmic 
reticulum, membrane/ 
transport

-

Laferrière, et al. 
[44]

28b

RNA metabolism, 
neuroinflammation. protein 
degradation, cytoskeleton, 
mitochondrion, cell 
adhesion, lysosome 

-

Phosphoproteomics

Herszkowitz, et al. 
[45]

6 Cytoskeleton 
Microtubule, synapse, 
chaperones

Table 1. Unbiased proteomic studies of FTLD-TDP brain tissue, including their main 

findings.

Studies are ordered according to study design. All studies included FTLD-TDP cases and healthy 

controls, and some also included other disease types. A few studies included specific TDP subtypes, but 

most did not specify the subtype. The major pathways are provided for FTLD-TDP cases as compared 
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to healthy controls, as reported by the studies. Some included both upregulated and downregulated 

proteins. Abbreviations: FTLD-TDP = frontotemporal lobar degeneration with TDP-43 pathology; DEP = 

differentially expressed proteins; ALS = amyotrophic lateral sclerosis; PSP = progressive supranuclear 

palsy; MS = mass spectrometry; TMT = tandem mass tag; SILAC = stable isotope labeling with amino 

acids in cell culture; CDIT = culture-derived isotope tags; SC = spectral counts; XIC = extracted ion 

chromatogram; IMAC = immobilized metal affinity chromatography. Progenesis and MaxLFQ are both 

software packages to perform label-free quantitation. a This study performed two independent MS 

strategies, and focused on the overlapping proteins of both datasets. b A distinct set of proteins was 

identified for each TDP subtype, but TDP-43 protein was detected in all cases. 

Based on the hypothesis of partly overlapping molecular changes, Iridoy et al. compared 

proteomic changes in the spinal cord between eight healthy controls, eight FTLD-TDP, and 

nine ALS cases. As this region is generally more affected in ALS, the number of aberrantly 

expressed proteins was higher in ALS (n=281) versus FTLD (n=52) [40]. Unfortunately, 

no ALS-FTD cases were included, which might have shown an intermediate profile. The 

total of 33 overlapping proteins with altered expression in both ALS and FTD compared 

to controls indicated mitochondrial dysfunction as most significantly enriched for both 

disorders (e.g., CHCHD3/6, NDUFA2, ATP5I). Immunoblotting confirmed downregulation 

of the Prohibitin complex proteins (PHB1 and PHB2) – located at the inner mitochondrial 

membrane – in spinal cord of both ALS and FTLD, but in frontal cortex of FTLD cases only, 

implying mitochondrial imbalance in both disorders, but with regional differences. By 

choosing to focus on the overlap between ALS and FTLD, additional deregulated proteins 

and pathways in FTLD-TDP were not as thoroughly analyzed in this study.

Lachén-Montes et al. attempted to analyze the proteome of the olfactory bulb in a 

small set of four FTLD-TDP cases, four progressive supranuclear palsy (PSP) and four 

controls, despite the fact that this region is not commonly affected in FTLD [41]. Using 

isobaric labeling with tandem mass tags (TMT), MS indicated only 28 proteins (1% of total 

quantitated proteome) with differential expression in FTLD and 25 in PSP (one protein 

overlapping) compared to controls hindering a satisfactory description of specifically 

affected pathways. Nonetheless, the authors suggest disruption of vesicle trafficking 

(RAB3C downregulation), and overproduction of specific cytoskeletal proteins (type 

VI collagens) in the olfactory bulb in FTLD, though these proteins were not selected for 

validation by another method. 

Isolated tissue or cellular inclusions
The study by Gozal et al. applied LCM in three FTLD-TDP cases and three controls, in order 

to isolate a specific region of interest, the hippocampal dentate gyrus [42]. Although 
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this comparison revealed 73 dysregulated proteins associated with several biological 

pathways, the authors solely focused on two cytoskeletal septin proteins, SEPT3 and 

SEPT7, showing high enrichment in FTLD. Upregulation of these proteins was confirmed 

by immunoblotting. However, immunohistochemistry using antibodies for these proteins 

did not overlap with the staining pattern of TDP-43 aggregates. This led the authors to 

conclude that they mainly detected soluble, non-aggregated proteins in their proteomic 

data set. In line with this observation, the majority of studies did not report aberrant TDP-

43 expression, probably because its pathogenic and aggregated form is difficult to detect. 

Therefore, specifically analyzing the pathologic inclusion proteins in the frontal cortex, 

by using different techniques to yield the detergent-insoluble fractions, gained attention. 

To reduce variation, in a second study Gozal et al. chose to perform two independent MS 

strategies on insoluble protein extracts derived by biochemical fractionation [43]. First, 

10 FTLD-TDP cases, 10 AD cases, and 10 healthy controls were included in a label-free 

MS setup, which yielded 50 dysregulated proteins in FTLD compared to AD and control 

extracts. Second, a labeled approach using isotope tags was performed on protein lysates 

from four FTLD and four control cases, resulting in 194 proteins altered in FTLD. The fact 

that only 10 proteins overlapped across both methods illustrates the high variability in 

proteomic results. Of these 10 proteins, SEPT11 was consistently enriched in FTLD but 

not in AD, and its upregulation was confirmed by both targeted MS and immunoblotting 

in four cases. Immunohistochemistry with SEPT11 antibodies did not show overlap with 

TDP-43 inclusions, but revealed irregular fibrillary structures in the superficial cortical 

layers in approximately half of the cases. The authors speculated that changes in SEPT11 

might affect cytoskeletal function and that its cleaved fragments could result in septin 

aggregation and cytotoxicity. 

Following the same lysis method, Seyfried et al. used an MS quantitation method with 

labeling of amino acids in cell culture (SILAC) [32]. This approach is thought to enhance 

the ability to quantify low abundant proteins. Of the 21 proteins showing differential 

abundance in four FTLD cases versus four controls, the authors further examined the RNA 

binding protein PSF because of its function in ribonuclear protein (RNP) complexes [47]. 

Immunoblotting and immunohistochemistry validated enrichment of PSF and truncated 

fragments in a subset of cases. Interestingly, cytoplasmic accumulation was observed 

in oligodendrocytes predominantly, possibly reflecting its involvement in white matter 

changes and neuroinflammation, also seen in FTLD.

Laferrière et al. provided valuable insight into the composition of TDP-43 aggregates, 

and is so far the only study that compared different subtypes of FTLD-TDP [44]. The 
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authors developed a novel method (SarkoSpin) to purify pathological TDP-43 and other 

aggregated insoluble proteins from frontal cortical brain samples of FTLD-TDP subtypes 

A (n=6), B (n=3), C (n=6), ALS cases (n=6), and controls (n=6). Label-free quantitative MS 

of the isolated fractions showed that only TDP-43 was consistently enriched in all cases. 

However, distinct sets of proteins accompanied TDP-43 in ALS, FTLD-TDP type A and 

type C, possibly underlying subtype specific mechanisms. The associated pathways of 

the identified proteins are diverse, including mitochondrial (e.g., PDHA1), lysosomal (e.g., 

ASAH1), neuroinflammation (e.g., HEPACAM), and RNA metabolism (e.g., HNRNPA1). 

Immunoblotting of a candidate protein for each disease group (ASAH1 for FTLD-TDP type 

A and TXNL1 for type C) confirmed their enrichment, which correlated with TDP-43 levels 

in the respective disease subtype. Immunofluorescence of these proteins did not show 

co-localization with TDP-43. This suggests that these proteins do not directly aggregate 

with TDP-43, but become insoluble via other, still unexplained, disease mechanisms.

Phosphoproteomics
Herskowitz et al. specifically analyzed the phosphoproteome in the frontal cortex of 

four FTLD-TDP cases compared to four controls, using MS preceded by phosphopeptide 

enrichment (IMAC) [45]. Label-free quantitation revealed only six proteins with 

significantly altered phosphorylation patterns in FTLD, including an increase of NDRG2 

and GFAP phosphorylation. These proteins are both highly expressed in astrocytes, 

suggesting their involvement in reactive astrocytosis in FTLD. The other four proteins 

with decreased phosphorylation status were not validated by immunoblot analyses and 

could therefore also reflect overall decreased protein levels.

Fluid substrates
Though this review focuses on brain tissue proteomics, relevant to mention is that numerous 

studies in the field of FTD have measured proteins in biological fluids such as plasma, 

serum, and CSF. Using a variety of techniques, most studies have focused on finding specific 

diagnostic biomarkers to differentiate FTD from other dementias or neuropsychiatric 

disorders, and to distinguish specific subtypes or disease stages. A recent review has 

summarized the most important findings regarding FTD biomarkers [20]. Besides targeted 

studies, unbiased MS approaches have attempted to disclose disease-associated proteins 

in CSF. So far, multiple markers have been identified associated with a range of pathways 

including neuroinflammation (e.g., GFAP, YKL40) [48, 49], lysosomal function (e.g., CTSD) 

[50, 51], and synaptic transmission (e.g., SNAP25, SYT1, NPTXR) [52, 53].
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Converging molecular pathways in FTLD-TDP

By combining these recent proteomic findings, with knowledge from genetic and 

transcriptomic studies, we have identified six core pathways implicated in the pathogenesis 

of FTLD-TDP, which we summarized in the following paragraphs and in Figure 1. Roughly, 

proteins involved in RNA metabolism, neuroinflammation, endolysosomal system, and 

cytoskeleton are upregulated, whereas mitochondrial and synaptic proteins are usually 

decreased in the FTLD-TDP proteome. Table 2 shows which proteomic studies identified 

proteins related to each of these pathways, including the most important overlapping 

proteins/protein families (for a complete list we refer to Supplementary Table 1), and 

proteins validated as altered in FTLD-TDP by individual studies.
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Figure 1. Unbiased proteomics to characterize the proteomic signature of FTLD-TDP. 

Following brain tissue preparation, several techniques are currently available to quantify the 

proteomic data generated by mass spectrometry. Different bioinformatics approaches can be applied 

to analyze the differentially expressed proteome; for example to organize these proteins in biologically 

meaningful groups (modules), to evaluate the protein-protein interactions, or to assess enrichment 

for specific biological pathways, cell types, and/or genetic risk factors. By reviewing the various 
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proteomic studies performed in FTLD-TDP, six core pathways could be identified that are implicated 

in the disease pathogenesis. For each pathway, we mention several central proteins/protein families, 

which were either detected by multiple studies or validated by individual studies (see also Table 2 

and Supplementary Table 1). In addition, the major FTLD genes associated with these pathways are 

listed, as derived from literature. Importantly, both lists should be regarded as examples and are not 

exhaustive. Created with BioRender.com. 

RNA metabolism 
TDP-43 itself is an RNA binding protein that controls the levels and splicing patterns of 

hundreds of RNAs [54], implying a possible role for impaired RNA metabolism in the FTLD-

TDP disease process. This is underlined by increased expression of RNA binding proteins 

in five different studies (Tables 1 and 2). Moreover, mutations in TARDBP and several other 

genes encoding RNA binding proteins (e.g., hnRNPA1, hnRNPA2B1, TIA1) are rare genetic 

causes of either ALS, FLTD, or both [55-57]. This indicates that impaired functioning of 

these proteins can be at the base of the disease. 

The hypothesis regarding their role in neurodegeneration is that neurons are especially 

vulnerable to disruption of RNA binding protein dosage and dynamics [54, 58]. Impaired 

basal RNA processing may result in imbalanced protein homeostasis due to defects 

in protein synthesis, nucleocytoplasmic transport, and stress granule dynamics [59-

62]. Moreover, evidence shows that RNA binding proteins may be predisposed to self-

promoting aggregation, generating a feed-forward cycle that drives disease progression 

[63]. Thus, targeting RNA metabolic pathways (e.g., with small molecule drugs interacting 

with RNA) has been of specific interest in the search for FTLD therapeutic options. 

However, prioritization of the most promising target is challenging due to the complexity 

of TDP-43 and its binding partners [59, 64-66]. Most RNA binding proteins participate 

in various global cellular pathways, and specifically targeting these proteins is difficult 

without affecting normal cell metabolism [67]. An important next step is to further 

characterize candidate proteins involved in initiating disease processes, for example 

by immunoprecipitation, cross-linking MS, or in vitro modeling [68]. After elucidating 

the specific RNA structures targeted by these proteins, the ultimate goal is to identify 

organic compounds with drug properties that are able to bind these structures, affecting 

pathogenic translation patterns, localization, and/or degradation, but without impacting 

physiological cellular functions.
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Table 2. Evidence for the involvement of functional pathways in FTLD-TDP following the 

different proteomic studies.

Functional pathway
Umoh, et 

al. [38]

Andrés-
Benito, et al. 

[39]

Iridoy, 
et al. 
[40]

Lachén-
Montes, et al. 

[41]

Gozal, 
et al. 
[42]

Gozal, 
et al. 
[43]

RNA metabolism X X X

Neuroinflammation X X X X

Endolysosomal 
system

X X X X X

Cytoskeleton X X X X X X

Mitochondrial 
functioning

X X X X

Synaptic functioning X X X X X X

Functional pathway
Seyfried, 
et al. [32]

Laferrière, 
et al. [44]

Herszkowitz, 
et al. [45]

Overlapping 
proteins/protein 

families
Validated 
proteins

RNA metabolism X X hnRNPs, CSRP1 PSF

Neuroinflammation X X
GFAP, MSN, 
HEPACAM, 

PRDX6

GFAP, 
MSN, 

HEPACAM

Endolysosomal 
system

X X
Annexins, Rabs, 

ASAH1, CLTC, 
CTSD, PPT1

TPP1, 
ASAH1

Cytoskeleton X X X
Septins, CTTN, 

GFAP, MSN

SEPT3, 
SEPT7, 
SEPT11, 
NDRG2

Mitochondrial 

functioning
X X

Prohibitins, 
NDUFs, UQCRs, 

ATP5A1,

PHB1, 
PHB2

Synaptic functioning X
Syntaxins, 

SNAP25, PRRT2
SNAP25

The table indicates which studies reported proteins related to the six main pathways. Note that this 

overview is based on all proteins reported as significantly altered in FTLD-TDP, and does not always 

correspond to the pathways highlighted by individual studies (as shown in Table 1). The last two columns 

provide the major overlapping proteins and protein families, and candidate proteins of individual 
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studies that were confirmed dysregulated in FTLD-TDP by additional validation experiments (e.g., 

immunoblotting, immunohistochemistry). The proteins of both columns combined are also depicted 

in Figure 1. A complete list of overlapping proteins can be found in Supplementary Table 1.

Neuroinflammation
FTLD-TDP proteomics demonstrated abundant inflammatory proteins with GFAP, 

HEPACAM, and MSN as central astrocytic and microglial markers as highlighted by 

six independent studies. Consonant with brain tissue, CSF proteomics has revealed 

dysregulation of specific features of the inflammatory response including glial cell 

activation, cytokines, and chemokines [50, 69, 70]. Especially GFAP, an important 

cytoskeletal component in mature and developing astrocytes, appears to be a central 

player. Higher CSF levels of GFAP were previously reported in FTLD as compared to AD 

and dementia with Lewy bodies [71], and increased serum GFAP correlated with the rate 

of temporal atrophy in GRN carriers [48]. Its consistent upregulation in the brain, CSF, 

and blood suggest that this astrocytic protein is a promising biomarker for FTLD. The 

observed variation in PTMs could function as additional discriminating feature, though 

this requires evaluation in larger cohorts [45].

The proteomic findings, showing evidence of immune response involvement in FTLD, are 

in line with knowledge derived from the two major FTLD-TDP genes, GRN and C9orf72 [72, 

73]. GRN encodes progranulin (PGRN), a secreted growth factor which seems to suppress 

excessive microglial activation, while reduced levels result in the production of pro-

inflammatory cytokines [74] Though the functions of C9orf72 are somewhat less clear, 

there is strong evidence for a link to the immune system as several knock out mice studies 

demonstrated inflammatory phenotypes with severely altered immune responses in 

macrophages and microglia [75-77]. Furthermore, the multifunctional kinase TBK1 and 

some of its downstream targets (e.g., OPTN), in which loss-of-function mutations were 

described in FTD-ALS, exert important functions in inflammatory signaling [78, 79]. 

Of interest, Andrés-Benito et al. found downregulation of OPTN in the frontal cortex of 

C9orf72 cases, disclosing broader involvement of this protein in FTLD-TDP [39].

Despite all this evidence pointing towards an important role of the inflammatory response, 

the precise mechanisms in the pathological cascade of FTLD remain uncertain, possibly 

shifting from neuroprotective to neurotoxic effects over the course of disease [80]. So far, 

therapeutic approaches aiming at reducing neuroinflammation have not been successful, 

and dissecting disease specific changes remains challenging. Nonetheless, inflammation 

and immunomodulatory agents in FTLD remain the focus of countless research projects, 

in particular the characterization of microglia-driven changes [81, 82]. This will hopefully 
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in the future enable selective targeting of harmful inflammatory changes, without 

affecting the vital roles of immune cells in the brain. 

Endolysosomal system
The endolysosomal system is a complex system involving different components, 

including endocytosis, vesicle trafficking, autophagy, the ubiquitin-proteasome system 

(UPS), and apoptotic signaling [83, 84]. Proteins implicated in either of these components 

were identified by seven of the FTLD-TDP proteomic studies (e.g., Annexins, Rabs, PPT1, 

TPP1, CTSD, CLTC), though their connection to the endolysosomal pathways is not always 

recognized as such. Several lines of evidence suggest that endolysosomal morphological 

and functional changes, including autophagy dysfunction and impaired vesicle trafficking, 

are central players in the FTLD disease process [85-87]. In addition, many of the genes 

and proteins associated with FTLD are known to be involved in the endolysosomal system. 

Foremost, TDP-43 is known to be crucial for lysosome functioning through its role in 

lysosomal fusion and by regulation of genes critical for the proper function of autophagy 

and lysosome pathways [88]. Conversely, excess levels of aggregated and accumulated 

TDP-43 may directly impair autophagy and lysosome homeostasis [89, 90].

PGRN is mostly localized within lysosomes, and its deficiency in GRN mutation carriers 

is thought to cause lysosomal defects in a dose-dependent manner [91, 92]. This is most 

evident by the fact that homozygous mutations lead to neuronal ceroid lipofuscinosis 

(NCL), a lysosomal storage disease [93]. Accordingly, the lysosomal proteins PPT1, TPP1, 

and CTSD have been associated with both PGRN deficiency and NCL [94, 95], and CTSD 

co-localizes with TDP-43 in the brain [96]. The increased abundance of these proteins 

in several proteomic studies implies a more general role in the pathogenesis of FTLD. 

Their potential as diagnostic biomarker merits further investigation, in particular CTSD, 

which was also demonstrated to be higher in plasma exosomes of FTD and AD patients 

compared to controls [51].

C9orf72 also localizes to lysosomes and appears to play an important role in autophagy 

pathways [88, 97, 98]. A transcriptomic study of C9orf72 repeat expansion cases particularly 

indicated involvement of vesicle-mediated transport [87]. Moreover, C9orf72 was shown 

to physically interact with several Rabs [99], a family of proteins involved in endolysosomal 

trafficking. Several Rabs were found dysregulated in different directions across the FTLD-

TDP proteome. Other genes implicated in FTLD-TDP, including CHMP2B, VCP, SQSTM1, 

UBQLN2, and TMEM106B, are directly involved in autophagy-lysosome pathways [88, 100].
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Deficits in components of endolysosomal networks might render promising therapeutic 

targets. In fact, evidence derived from cellular and animal models indicates that 

stimulating autophagy could alleviate TDP-43 neurotoxicity by reducing the cytoplasmic 

mislocalization and aggregation of TDP-43 [85, 101, 102]. Modulation of vesicle 

trafficking with Rab5 or chemical modulators of Rab5 effectors was shown to rescue 

neurodegeneration in C9orf72 mouse models [103]. Thus, boosting autophagy, promoting 

vesicular trafficking, and/or enhancing lysosomal degradation all show therapeutic 

potential in FTLD. 

Cytoskeleton 
Similar to microarray studies performed in FTLD-TDP [104-106], all proteomic studies of 

cortical brain tissue showed consistent upregulation of proteins related to the cytoskeleton. 

Two studies highlighted septins [42, 43], ubiquitously expressed cytoskeletal proteins, 

showing seemingly specific enrichment of SEPT11 in the cortical layers of FTLD and ALS 

[43]. Septins comprise a family of >30 protein isoforms, playing fundamental roles in the 

development and physiology of various tissues. Several septins showing high expression 

in the brain have previously been linked to the pathology of neurodevelopmental and 

neurodegenerative disorders, including AD [107-109].

Cytoskeletal defects are observed in different types of neuronal disorders, though it is not 

always clear if these defects are causative to or a consequence of neurodegeneration [110]. 

TDP-43 is known to interact with different components of the cytoskeleton, including 

actin filaments, neurofilaments, and microtubules [111-113]. However, components of the 

cytoskeleton are rarely linked to genetic FTLD-TDP. Recent reports suggest involvement of 

TUBA4A, encoding the tubulin alpha 4A protein, a major constituent of the microtubules 

[114-116]. TUBA4A mutations were previously established as a rare cause of ALS. TUBA4A 

protein was identified in the TDP-43 aggregates of ALS cases, but not in FTLD [44]. Other 

proteomic studies did not detect changes in tubulin proteins, although Andrés-Benito et 

al. reported dysregulation of microtubule dynamics [39].

Additional studies are needed to investigate the role of microtubule functioning in the 

pathogenesis FTLD-TDP. In other neurodegenerative disease, several therapies acting on 

the neuronal cytoskeleton have shown promising preliminary results (e.g., microtubule 

stabilizers), though many potential strategies remain to be explored [117]. Considering 

their consistent increase in soluble protein extracts, cytoskeletal proteins could be 

particularly relevant in the search for disease biomarkers in CSF and other biofluids.
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Mitochondrial functioning 
Downregulation of several protein families related to mitochondrial functioning in six 

proteomic studies supports the hypothesis that mitochondria are affected in FTLD-TDP. 

For example, NDUF, UQCR, and ATP5 synthase proteins all constitute a subunit of one of the 

complexes that together form the mitochondrial respiratory chain. Other mitochondrial 

proteins involved in FTLD are CHCHD-containing proteins, which are part of the MICOS 

complex (mitochondrial inner membrane organizing system) [118, 119]. Iridoy et al. 

reported downregulation of two members of this protein family (CHCHD3 and CHCHD6) 

in the FTLD spinal cord proteome [40]. Mutations in CHCHD2 and CHCHD10 were detected 

in several FTLD, AD, and Parkinson’s disease patients, implying that mitochondrial 

dysfunction may be at the origin of disease in some cases. How these proteins relate to 

neurodegenerative processes remains largely unresolved, though a relationship with 

mitophagy has been suggested [119, 120].

TDP-43 is known to be directly related to mitochondrial functioning, and abnormal 

aggregation of TDP-43 can damage mitochondria and disrupt mitophagy [121, 122]. 

Moreover, an immunoprecipitation study of TDP-43 suggested interactions with several 

mitochondrial proteins, including PHB2 [123]. As stated before, this protein was shown 

to be downregulated in the spinal cord of both FTLD and ALS [40]. PHB proteins form a 

complex in the inner mitochondrial membrane to maintain mitochondrial integrity. 

This complex illustrates a close interplay between mitochondrial functioning and the 

autophagy system, through its function as mitophagy receptor involved in targeting 

damaged or dysfunctional mitochondria for autophagy [124].

In line with cytoskeletal changes, mitochondrial impairment has been implicated in 

a wide range of neurological disorders likely representing a common risk factor in the 

development and progression of neurodegeneration [125, 126]. Evidence indicates that 

mitochondrial changes occur early, making it an attractive target for therapy. Indeed, the 

field of mitochondrial-targeted therapeutics is growing and different potential candidates 

have been employed in AD, PD, and ALS [127, 128]. Therapeutic approaches aimed at 

maintaining the proper balance between TDP-43 and mitochondria have been suggested 

as promising strategy for TDP-43 related disease [122].

Synaptic functioning
The majority of proteomic studies observed a downregulation of synapse related proteins 

in FTLD. It must be noted, however, that a decrease of synaptic and neuronal proteins is 

a commonality across proteomic studies of neurodegenerative disorders, and is often 

considered to be partially related to tissue degeneration. Nevertheless, a prominent 
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role of TDP-43 and other RNA binding proteins in maintaining synaptic functioning is 

widely accepted, since many of its RNA targets are involved in synaptic transmission and 

plasticity [54, 59, 65, 129]. A growing body of evidence suggest that dysfunctional RNA 

metabolism lies at the root of synaptic loss in TDP-43 related disorders, via the impact of 

altered RNA granule dynamics [62, 130]. Moreover, disease models have shown a direct 

link between mutant TDP-43 mislocalization and synaptic morphological and functional 

changes [131]. Since TDP-43 regulates thousands of RNAs, it will be a major challenge 

to dissect the mechanistic link between RNA metabolism, synaptic dysfunction, and 

neurodegeneration. Deciphering the precise roles of TDP-43 at the synapse, including 

identification of target RNAs critical for synaptic function, will be essential before these 

processes can be considered as therapeutic targets in FTLD.

Conclusion and future directions

Proteomic studies of FTLD-TDP are on the rise and can provide valuable knowledge on the 

pathogenic mechanisms driving this devastating disorder. An important challenge is to 

bridge the gap between proteomic and genomic studies, and to deduce the vast amount 

of data into relevant biological information. Bearing in mind the various substrates and 

study designs, which evidently result in highly variable findings, we provided an outline 

of the different proteomic profiling studies performed in in FTLD-TDP. By reviewing the 

main coincident findings combined with knowledge derived from genetic studies, we 

considered several core pathways involved in the FTLD-TDP disease process. Some of 

these pathways show potential to pinpoint candidate proteins as therapeutic targets or 

diagnostic biomarkers. However, most proteomic studies are relatively small and often do 

not differentiate between FTLD-TDP subtypes or disease stages. These limitations hinder 

the recognition of processes critical for disease onset and progression, in the midst of 

those related to common neurodegeneration. 

Future proteomic studies examining larger numbers of cases, ideally comparing different 

brain regions, disease stages, subtypes of FTLD, and other types of dementias, will help to 

further unravel disease specific proteomic signatures, and to enhance our understanding 

of genetic-pathologic correlations. Most informative would be to study affected brain 

regions without severe degeneration, and to compare the proteomic changes on a 

cellular level. Encouraging is that single-cell techniques are advancing rapidly, which can 

help to improve the proteomic profiling of distinct types of neurons and glial cells [132]. 

This will ultimately form the basis for subsequent targeted investigations, to validate 

and functionally characterize candidate proteins. However, focusing on unique proteins 
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may come with a caveat, as a holistic view on the various involved pathways and protein-

protein interactions seems essential to grasp the complex network of changes leading to 

FTLD. In line with this, we emphasize the value of combined analyses with plasma, serum 

and CSF proteomics, and with other ‘omics’ approaches. We anticipate that integrating 

these various strategies is critical to fulfill urgent needs such as biomarkers for diagnosis 

and disease monitoring of FTLD and, ultimately, to pave the way for tailored therapeutic 

interventions. 

Supplementary information

Available online at: Chapter 4.1 - Supplementary Data.
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Abstract

Frontotemporal dementia is characterized by progressive atrophy of frontal and/or 

temporal cortices at an early age of onset. The disorder shows considerable clinical, 

pathological, and genetic heterogeneity. Here we investigated the proteomic signatures 

of frontal and temporal cortex from brains with frontotemporal dementia due to GRN 

and MAPT mutations to identify the key cell types and molecular pathways in their 

pathophysiology. We compared patients with mutations in the GRN gene (n=9) or with 

mutations in the MAPT gene (n=13) with non-demented controls (n=11). Using quantitative 

proteomic analysis on laser-dissected tissues we identified brain region-specific protein 

signatures for both genetic subtypes. Using published single-cell RNA expression data 

resources we deduced the involvement of major brain cell types in driving these different 

protein signatures. Subsequent gene ontology analysis identified distinct genetic 

subtype- and cell type-specific biological processes. For the GRN subtype, we observed 

a distinct role for immune processes related to endothelial cells and for mitochondrial 

dysregulation in neurons. For the MAPT subtype, we observed distinct involvement of 

dysregulated RNA processing, oligodendrocyte dysfunction, and axonal impairments. 

Comparison with an in-house protein signature of Alzheimer’s disease brains indicated 

that the observed alterations in RNA processing and oligodendrocyte function are distinct 

for the frontotemporal dementia MAPT subtype. Taken together, our results indicate the 

involvement of different brain cell types and biological mechanisms in genetic subtypes 

of frontotemporal dementia. Furthermore, we demonstrate that comparison of proteomic 

profiles of different disease entities can separate general neurodegenerative processes 

from disease-specific pathways, which may aid the development of disease subtype-

specific treatment strategies.
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Background

Frontotemporal dementia (FTD) refers to a spectrum of neurological disorders 

characterized by progressive atrophy of frontal and/or temporal cortices, with an early 

age of onset. FTD displays heterogeneity in clinical symptoms, pathological hallmarks, 

and genetic aetiology. Up to 30% of patients present with a genetic autosomal dominant 

inheritance pattern, in majority evoked by a repeat expansion in the C9orf72 gene 

(FTD-C9), or mutations in the progranulin gene (FTD-GRN) or the microtubule-associated 

protein tau gene (FTD-MAPT) [27, 61, 64]. The neuropathological hallmark of FTD is specific 

proteinopathy, with 50% of the cases showing TDP-43 aggregates, 40% tau aggregates, 

and 5-10% showing FET protein family aggregates [5, 42]. 

While TDP-43 aggregates are classically linked to FTD-C9 and FTD-GRN, and tau- 

aggregates to FTD-MAPT [5], neuropathological features transcend specific subtypes, 

and combinations of neuropathological and clinical features are seen in sporadic FTD. 

This heterogeneity, combined with a relatively rare occurrence (3-26 in 100,000 people 

worldwide [71]), makes it challenging to study the disease in humans on a large scale and 

in a stratified manner. Cell and animal models of FTD have revealed potential disease 

mechanisms, however, demonstrating their involvement in distinct subtypes has proven 

difficult and attempts to translate findings into therapeutic strategies have failed so far 

[2, 23, 60]. 

Key to the development of treatment strategies is to identify cell type-specific pathways 

that drive disease initiation and progression. To date, several genome-wide association and 

transcriptomic studies have identified susceptibility genes, implicating impairments in 

lysosomal autophagy and the immune system across the FTD spectrum [6, 8, 18, 19, 63, 68]. 

A few studies have focussed on proteome changes in neuropathological subtypes, including 

FTD associated with TDP-43 pathology (FTD-TDP) [25, 26, 31, 38, 48, 70], FUS pathology 

[43], and in the genetic subtype FTD-C9 [3]. However, a systematic proteomic analysis of 

dysregulated proteins and pathways in affected cell types in genetic FTD is lacking. 

Here, we performed a stratified analysis of two genetic subtypes, FTD-GRN and FTD-

MAPT, to enable identification of disease mechanisms that are either shared or distinct 

for these subtypes. Data-independent quantitative proteomic analysis (DIA) of frontal 

and temporal cortical tissues from FTD patients with genetically-confirmed GRN or MAPT 

mutations, and non-demented controls (NDCs) was performed. Brain region-specific 

protein expression profiles for both subtypes were identified. Expression-weighted cell 

type enrichment (EWCE) analysis was performed to reveal cell types contributing to 
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the FTD subtype-specific disease processes. Subsequent gene ontology (GO) analysis 

uncovered biological processes that are distinct for the different FTD subtypes and the 

cell types involved. Finally, by comparing FTD-MAPT with Alzheimer’s disease (AD), both 

general neurodegenerative and FTD-specific processes were revealed.

Materials and methods

Selection of FTD cases
A schematic overview of the workflow is presented in Figure 1. Post-mortem brain 

tissues were obtained from the Netherlands Brain Bank (Netherlands Institute for 

Neuroscience, Amsterdam), and from the Queen Square Brain Bank for Neurological 

Disorders (UCL Institute of Neurology, London). All materials have been collected from 

donors from whom written informed consent for brain autopsy and the use of the 

material and clinical information for research purposes has been obtained. Approval was 

granted for the Netherlands Brain Bank by the Ethics Committee of the Vrije Universiteit 

Medical Center (April 30, 2009), and for the Queen Square Brain Bank for Neurological 

Disorders by the London Central Research Ethics Committee (August 6, 2013). 

A total of 22 brains from patients with familial FTD were available and eligible based 

on clinical and neuropathological reports, and genetic origin was validated by genetic 

screening. Cortical tissues from the middle frontal gyrus and middle temporal gyrus 

were obtained from nine cases with FTD-GRN and 13 cases with FTD-MAPT. In addition, 

middle frontal and temporal cortical tissues were obtained from 11 sex-matched non-

demented controls. Extended information on all cases and controls in the RiMOD-FTD 

cohort is listed in Table 1.
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Figure 1. RiMOD-FTD study workflow. 

After tissue preparation of all 66 brain cortical tissue samples, we performed DIA mass spectrometry 

(SWATH), followed by differential protein expression analysis. The identified proteins with differential 

expression in the FTD subtypes were further subjected to downstream bioinformatics analyses. These 

included 1) expression-weighted cell type enrichment based on existing single-cell RNA-seq (scRNA-

seq) data resources, 2) several gene ontology analyses, and 3) an extensive comparison with an in-

house sporadic AD proteomic data set. The results of these analyses were integrated and led to the 

identification of distinct cell type-specific protein signatures in GRN and MAPT genetic FTD subtypes.
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Table 1. Demographic, clinical, and neuropathological characteristics for cortical frontal 

and temporal samples from the RiMOD-FTD cohort.

NDC (n=11) FTD-GRN (n=9) FTD-MAPT (n=13)

Demographics

Female, n (%) F: 7/11 (63,6)
T: 5/8 (62,5)

F: 5/8 (62,5)
T: 5/9 (55,6)

F: 5/11 (45,5)
T: 5/13 (38,5)

Age, median (range) F: 83 (60 - 91)
T: 83 (60 - 91)

F: 65 (52 - 76) ‡
T: 65 (52 - 76) †

F: 60 (49 - 75) ‡
T: 60 (46 - 75) ‡

Clinical characteristics

Genetic mutation (n) NA C105fs (1)
G24X (1)
G125X (1)
G300X (1)
S82VfsX174 (4)
C31LfsTer34 (1)

G272V (4)
P301L (8)
R406V (1)

Disease pathology (n)
Atypical Pick’s disease
Tau
TDP-type A
Undetermined

NA F:
-
-
8
-

T:
-
-
8
1

F:
4
7
-
-

T:
4
9
-
-

ApoE profile (n)
32
33
42
43
44
Unknown

F:
-
6
-
2
1
2

T:
-
3
-
2
1
2

F:
2
3
-
-
-
3

T:
2
3
-
-
-
4

F:
1
5
-
3
1
1

T:
1
7
-
3
1
1

Post-mortem determinants

Post-mortem delay, 
median (range)

F: 05:50 (03:35 - 08:00)
T: 05:54 (03:35 - 08:00)

F: 05:00 (03:35 - 06:05) *
T: 05:00 (03:35 - 06:05)

F: 05:23 (04:10 - 11:30)
T: 05:35 (04:10 - 11:30)

Cerebrospinal fluid 
pH, median (range)

F: 6.75 (6.26 - 7.20)
T: 6.72 (6.26 - 7.20)

F: 6.36 (6.10 - 6.52) †
T: 6.36 (6.10 - 6.52) †

F: 6.46 (5.91 - 6.64) †
T: 6.46 (5.91 - 6.64) *

Brain weight in 
grams, median 
(range)

F: 1188 (943 - 1590)
T: 1130 (943 - 1590)

F: 954 (830 - 1242) *
T: 954 (830 - 1242) *

F: 962 (652 - 1188) †
T: 1011 (652 - 1188) *

Braak score, median 
(range)

F: 1 (0 - 2)
T: 2 (0 - 2)

n/a n/a
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Expected ‘healthy control’ donors that enter the Netherlands Brain Bank are assessed by a 

neuropathologist for the presence of neurodegenerative pathology with an extensive (immuno)

histochemical assessment. A Braak stage score < IV in combination with the absence of any 

clinical signs of dementia is handled to assign them the label of non-demented control (NDC).  

*Significant difference compared with NDC data (Student’s t-test; P <0.05), † Significant difference 

compared with NDC data (Student’s t-test; P <0.01), ‡ Significant difference compared with NDC data 

(Student’s t-test; P <0.001). Abbreviations: F = cortical frontal tissue; T = cortical temporal tissue; NA = 

not applicable; n/a = not available

Immunohistochemistry for neuropathological characterization
Routine immunohistochemistry was carried out by the Netherlands Brain Bank. In 

addition, we performed extended staining on multiple brain regions, including all cortical 

areas, hippocampus, caudate nucleus, and putamen, using AT8 (MN1020, Thermo Fisher 

Scientific, 1:400) and pTDP-43 (CAC-TIP-PTD-M01, Cosmo Bio, 1:1000) antibodies. The 

pattern of TDP-43 pathology was classified according to the morphology and distribution 

of neuronal inclusions as proposed by Neumann et al. [50].

Brain tissue preparation and laser microdissection
Sections (10µm) of fresh frozen tissue were mounted on polyethylene naphthalate-

membrane slides (Leica, Herborn, DE), fixed in 100% ethanol for 1 minute and stained 

using 1% (wt/vol) Toluidine Blue in H2O (Fluka Analytical, Buchs, Switzerland) for 1 minute. 

Laser microdissection was performed using a Leica AS LMD system. A volume of 1.2 

mm3 of grey matter tissue from the frontal and temporal cortical regions was collected 

in Eppendorf tubes containing 30-µL M-PER lysis buffer (Thermo Scientific, Rockford, 

IL, USA) supplemented with reducing sodium dodecyl sulphate sample buffer (Thermo 

Scientific). Microdissected tissue was stored at -80°C until further use.

Protein separation by electrophoresis and in-gel digestion
Microdissected tissue lysates were incubated at 95°C for 5 minutes, followed by incubation 

with 50-mM iodoacetamide for 30 minutes at room temperature in the dark. Proteins 

were size separated on a NuPAGE 4-12% Bis-Tris acrylamide gel (Invitrogen, Carlsbad, 

CA, USA) using MOPS sodium dodecyl sulphate running buffer (Invitrogen) according to 

the manufacturer’s protocol. Gels were fixed and stained with colloidal Coomassie Blue 

G-250 overnight while shaking. After destaining in ultrapure H2O, each gel lane was sliced 

into four equal-sized parts and each part was cut into blocks of approximately 1 mm3 and 

collected in a 96-wells plate. Destaining, trypsin digestion, and peptide extraction were 

done as described previously [11].
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Micro LC and data-independent acquisition mass spectrometry strong 
cation-exchange fractions for library preparation 
For library preparation, pooled protein extracts from a mix of FTD-MAPT and NDC samples 

were used. Extracted peptides were analysed by micro liquid chromatography with tandem 

mass spectrometry (LC-MS/MS) using an Ultimate 3000 LC system (Dionex, Thermo 

Scientific) coupled to the TripleTOF 5600 mass spectrometer (Sciex). Peptides were trapped 

on a 5 mm Pepmap 100 C18 column (300 μm i.d., 5 μm particle size, Dionex) and fractionated 

on a 200 mm Alltima C18 column (300 μm i.d., 3 μm particle size). The acetonitrile 

concentration in the mobile phase was increased from 5 to 18% in 88 min, to 25% at 98 

min, 40% at 108 min and to 90% in 2 min, at a flow rate of 5 μL/min. The eluted peptides 

were electro-sprayed into the TripleTOF MS with a micro-spray needle voltage of 5,500V. 

The mass spectrometer was operated in a data-dependent acquisition (DDA) mode with a 

single MS full scan (m/z 350-1250, 150 msec) followed by a top 25 MS/MS (m/z 200–1800, 150 

msec) at high sensitivity mode in UNIT resolution, precursor ion > 150 counts/s, charge state 

from +2 to +5, with an exclusion time of 16 sec once the peptide was fragmented. Ions were 

fragmented in the collision cell using rolling collision energy, and a spread energy of 5 eV.

Micro LC and data-independent acquisition mass spectrometry for 
experimental samples
The conditions used for micro liquid chromatography of experimental samples were the 

same as those for the library preparation. The mass spectrometer was operated in a data-

independent acquisition (DIA) mode, where experiments consisted of a parent ion scan of 

150 msec followed by a window of 8 Da with scan time of 80 msec, and stepped through the 

mass range between 450–770 m/z. The total cycle time was about 3.2 sec, which yielded in 

general 9–10 measurement points across a typical peptide with an elution time of 30 sec. 

The collision energy for each window was determined based on the appropriate collision 

energy for a 2+ ion, centered upon the window with a spread of 15 eV. 

DIA data extraction and analysis 
We first analysed the DDA data from our pooled library samples and identified 3,422 protein 

groups by MaxQuant search (version 1.5.2.8) [13] against the human proteome using the 

UniProt FASTA (release February 2015) and Biognosys iRT FASTA databases. The proteins 

and their corresponding fragment ions were then converted into a spectral library with 

Spectronaut, version 11 [9], for which the q-value threshold for peptides imported from the 

MaxQuant msms.txt output table was set to 0.01, and all other settings were left to default. 

Analysis of DIA data from the experimental samples was done in Spectronaut using our 

DDA spectral library and the default settings. Across-run normalization based on total peak 

areas was performed by Spectronaut. Peptide abundances were exported as a Spectronaut 
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report and further processed using the R language for statistical computation, version: 3.4.4 

[56]. For a total overview of the studied samples, peptides were selected using a quality value 

cut-off condition of ≤10-3 in 50% of samples (this filter was applied per sample fraction). 

For further pairwise statistical comparison between conditions, peptides in each sample 

fraction were selected using a quality value cut-off condition of ≤10-3 in 50% of the samples of 

one condition. Peptide abundances were computed by summation of the peak area of the top 

two abundant fractions, preceded by peptide normalization using the normalizeCyclicLoess 

function from the limma R package, which was set to ‘fast’ and iterations were set to 3. 

Protein abundances were computed by summation of the normalized abundancies of the 

top five most abundant peptides for a respective protein. 

Statistical analysis of differential protein expression
Differential expression analysis between conditions was performed on log-transformed 

protein abundances. Permutation-based modified t-statistics with multiple testing 

correction by False Discovery Rate (FDR) was applied using the SAM function from the 

siggenes R package, using the method ‘d.stat’, running 1000 permutations. An FDR 

adjusted  q-value threshold of 0.05 was used to discriminate proteins of interest after 

differential expression analysis. 

Cell type enrichment analysis
Cell type enrichment analysis can help to stratify data from mixed cell populations, 

without the need for physical cell sorting [4, 45]. This is frequently applied on bulk RNA 

expression data, but to our knowledge has not been used for protein expression data 

yet. As single-cell proteomic data sets are for now unattainable, we set out to identify 

cell type enrichment in our FTD protein signatures based on published transcriptomic 

profiles– assuming that proteins are detected in cells that express the corresponding 

genes. Cell type enrichment analysis of differentially expressed proteins was based on 

several relevant and extensive human brain single-cell transcriptome data resources. For 

analysis of our frontal cortical protein signatures, single-nuclei RNA-seq data of 10,319 

cells from post-mortem frontal cortical tissue of four adult controls was used [39]. For 

analysis of temporal cortical protein signatures, a combination of single-cell RNA-seq 

data of 466 cells from eight adult control donors [14] and single-nuclei RNA-seq data of 

15,928 cells from eight adult control donors [30] from temporal cortical tissue of either 

surgical procedures or post-mortem, was used.

Pre-processing and analysis of single-cell and single-nuclei RNA-seq data sets was 

performed using the Python package Scanpy (version 1.5.1) [74] as described previously 

[46]. In short, cell-gene matrices were filtered for outliers and gene expression was 
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normalized per cell. All cells were clustered using Louvain clustering implementation 

[69] on the top 1000 highly variable genes. To identify cell types, marker genes and 

expected cell types were inferred from the original publications of the data sets. Briefly, 

angiotensinogen (AGT), electrogenic sodium bicarbonate cotransporter 1 (SLC4A4), and 

excitatory amino acid transporter 2 (SLC1A2) were taken as markers for astrocytes, vascular 

endothelial growth factor receptor 1 (FLT1), dual specificity protein phosphatase 1 (DUSP1), 

and nostrin (NOSTRIN) for endothelial cells, vesicular glutamate transporter 1 (SLC17A7) 

for excitatory neurons, glutamate decarboxylase 1 (GAD1) for inhibitory neurons, amyloid 

beta A4 precursor protein-binding family B member 1-interacting protein (APBB1IP) and 

TYRO protein tyrosine kinase-binding protein (TYROBP) for microglia, myelin-associated 

oligodendrocyte basic protein (MOBP) for oligodendrocytes, and protocadherin-15 

(PCDH15) and platelet-derived growth factor receptor alpha (PDGFRA) as markers for 

oligodendrocyte precursor cells (OPCs). Clusters that could not be clearly identified with 

one cell type were labelled ‘unknown’. 

Normalized gene expression data and cell type label matrices were subsequently used 

for expression-weighted cell type enrichment analysis using the EWCE package, version 

1.2.0 [65] in R. The total set of DIA quantified proteins for both FTD subtypes was used as 

the background set, from which 20,000 random lists were generated for bootstrapped 

analysis of the probability distribution of cell type expression. In addition, proteins 

that showed specificity values ≥0.5 for a certain cell type were considered as highly 

enriched for that cell type. Furthermore, to look into synapse enriched proteins, we 

used the knowledgebase SynGO (version: 20180731) [35]. Proteins that were annotated 

within SynGO were considered enriched for the synapse, with a division into pre- and 

postsynaptic based on ontology structure.  

Overrepresentation analysis
Gene ontology (GO) enrichment was performed using g:Profiler web server (version: 

rev 1760 e93 eg40) [58], with all settings on default, g:Profiler-based multiple testing 

correction (g:SCS method), and with the total of DIA quantified proteins as background for 

both FTD subtypes. Classical GO terms, i.e. biological process (BP), cellular component (CC), 

and molecular function (MF) were examined, taking only terms containing five or more 

proteins into account. When possible, GO terms were further organized into GO groups 

in keeping with shared functions and proteins. For visualization, only ‘Best Per Parent’ 

GO terms are shown. These were selected by hierarchical filtering (moderate), where for 

every parent GO term its sibling term with the strongest P-value was chosen. For detailed 

analysis regarding affected synaptic processes we used SynGO (version: 20180731) [35], 

with FDR-based multiple testing correction and the total of DIA quantified proteins 
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as background for both FTD subtypes. For detailed analysis on affected mitochondrial 

processes we used the human MitoCarta inventory (version 3.0) [57] in combination with 

the PANTHER Classification System (version 14.0) [47]. Differentially expressed proteins 

that were annotated to the mitochondrion according to MitoCarta were analysed for GO 

enrichment using the PANTHER Overrepresentation Test, with a Fisher’s Exact test and 

FDR-based multiple testing correction, and with the total set of MitoCarta annotated 

proteins detected within the DIA quantified proteins as background.

Immunoblotting for validation of differential protein expression
Post-mortem middle frontal gyrus and middle temporal gyrus cortical tissues from a 

random subset of patients and controls (n=8/group) were selected from the original study 

cohort. Additionally, frontal and temporal cortex tissues from newly confirmed genetic 

FTD-GRN (n=2) and FTD-MAPT (n=3) cases were requested from the Netherlands Brain 

Bank to use as an independent validation cohort (Table 2).

Table 2. Demographic, clinical, and post-mortem characteristics for cortical frontal and 

temporal samples from the independent validation cohort. 

FTD-GRN (n=2) FTD-MAPT (n=3)

Demographics

Female, n (%) 2/2 (100.0) 0/3 (0.0)

Age, median (range) 63.5 (61 - 66) 57.0 (55 - 65)

Clinical characteristics

Genetic mutation (n)
S82fs (1)
c.1179+104_1536delinsCTGA (1)

A886G (1)
P301L (2)

Disease pathology (n)
Atypical Pick’s disease
Tau
TDP-type A

-
-
2

1
2
-

Post-mortem determinants

Post-mortem delay, median (range) 08:05 (05:19 - 10:50) 05:15 (04:25 - 05:40)

Cerebrospinal fluid pH, median 
(range)

6.23 (6.22 - 6.24) 6.36 (6.35 - 6.37)

Brain weight in grams, median (range) 1027 (1002 - 1052) 1197 (1100 - 1395)

Braak score, median (range) 1 (n/a) 0 (0 - 0)

ApoE profile information was unknown for these cases. n/a = not available.
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Protein extracts for immunoblotting were prepared by lysis of whole cortical tissue in 

Laemmli reducing SDS sample buffer using a 1:20 tissue weight to lysis buffer ratio. Proteins 

were denatured at 98°C for 5 min, with the exception of samples used for immunoblotting 

of mitochondrial proteins, which were denatured at 50°C for 5 min. Proteins were separated 

by SDS-PAGE using Criterion™ TGX stain-free™ precast gels (Bio-Rad, Hercules, CA, 

USA) and transferred (40 V o/n at 4 °C) onto a 0.45 µm PVDF membrane (Merck Millipore), 

which was pre-incubated in 100% methanol. Membranes were blocked with 5% non-

fat milk (Sigma-Aldrich, St. Louis, MO, USA), incubated with primary antibody at RT for 

2 h and then with matching HRP-conjugated secondary antibodies at RT for 1 h (Agilent 

Dako, Santa Clara, CA, USA). After washing, the membranes were scanned with Femto 

ECL Substrate (Thermo Fisher Scientific, Waltham, MA, USA) using the Odyssey Fc system 

(LI-COR Bioscience, Lincoln, NA, USA). Images were quantified using Image Studio Lite 

software (version 2.0.38). Differences in loading were corrected using the quantification 

of the total protein load, which was visualized using a chemidoc EZ (Bio-Rad), and 

immunoblot signals were normalized to NDC samples. The following primary antibodies 

were used: total OXPHOS rodent WB antibody cocktail (1/1000, Abcam, ab110413) and anti-

myelin proteolipid protein (1/1000, Serotec, MCA839G).

Alzheimer’s disease proteomics
The cortical temporal FTD-MAPT protein profile was compared with a cortical temporal 

Alzheimer’s disease (AD) protein profile. Proteomic data was taken from a subset of 

samples originating from the post-mortem brain cohort of the 100-plus Study, a research 

initiative focussing on the mechanisms of healthy aging. From this cohort, containing 

NDCs, AD patients, and healthy centenarians, we selected post-mortem middle temporal 

gyrus tissue from 10 sporadic AD cases with Braak tau score ≥5 and 10 non-demented 

controls. All tissues came from the Netherlands Brain Bank and were age and sex matched 

with the temporal FTD-MAPT samples (Table 3).
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Table 3. Demographic, clinical, and post-mortem characteristics for cortical temporal 

samples from the sporadic AD cohort.

NDC (n=10) AD (n=10)

Demographics

Female, n (%) 6/10 (60.0) 5/10 (50.0)

Age, median (range) 70.0 (57 - 75) 64.5 (62 - 67)

ApoE profile (n)

32
33
42
43
44
Unknown

2
3
1
-
-
4

2
4
-
4
-
-

Post-mortem determinants

Post-mortem delay, median (range) 07:23 (05:30 - 09:35) 05:55 (04:10 - 07:30)

Cerebrospinal fluid pH, median (range) 6.51 (6.03 - 7.20) 6.42 (6.35 - 6.75)

Brain weight in grams, median (range) 1188 (1153 - 1339) 1011 (790 - 1254)

Braak score, median (range) 1 (0 - 2) 6 (5 - 6)

Tissue was processed as described above, with a few alterations; an equal volume of 0.5 x 

109 µm3 of grey matter tissue was collected for each sample. Proteins were size separated 

on 10% Bis-Tris acrylamide gels using 1.5M Tris/Glycine SDS running buffer pH 8.3. Gels 

were fixed overnight and shortly stained with colloidal Coomassie Blue G-250 the next 

morning. After destaining, trypsin digestion, and peptide extraction, samples were dried 

and dissolved again with 100 µl Mobile phase A (2% acetonitrile/0.1% formic acid) to be 

cleaned using the OASIS filter plate according to protocol (Waters Chromatography Europe 

BV, Etten-Leur, The Netherlands). DIA proteomics data was obtained using an identical 

approach, with the exception of gel fractionation. A spectral library was prepared using 

peptides from pooled protein extracts from a mix of NDC, AD, and centenarian samples, 

which identified 4,948 protein groups by MaxQuant search (version 1.6.3.4) against the 

human proteome using the UniProt FASTA (release May 2018) and Biognosys iRT FASTA 

databases. Data extraction and analysis, and statistical comparison of NDC vs. AD cases 

was performed using the same methods. 
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Results

Cohort description
Cortical tissues from the middle frontal gyrus and middle temporal gyrus were collected 

from nine FTD-GRN brains, 13 FTD-MAPT brains, and 11 NDC brains. Both patient 

groups had significantly lower ages than NDCs and their post-mortem brain weights 

and cerebrospinal fluid pH values were lower (Table 1). Neuropathological examination 

(see images in Additional File 1) revealed that all FTD-GRN cases exhibited TDP-43 

immunoreactivity in both cortical areas, consistent with TDP-subtype A. All FTD-MAPT 

cases were characterized by tau-positive neuronal inclusions, neuropil threads, and 

tangles in both cortical areas, with MAPT-variant specific features. 

Proteomic analysis of FTD-GRN and FTD-MAPT shows brain  
region-specific protein expression
Using DIA LC-MS/MS we measured abundances of 22,995 unique peptides. Applying our 

quality value cut-off on all samples together, yielded 9,545 unique peptides, mapping 

to 2,040 unique proteins measured. Analysis of technical replicates showed a median 

coefficient of variation of 0.13 in protein abundances, indicating high reproducibility 

between samples (Additional File 2). For further statistical analysis, quality value cut-off 

selection of peptides was performed for single disease comparisons (FTD vs. NDC) and 

frontal and temporal samples separately (Table 4).

Table 4. Number of unique peptides and proteins detected within the FTD cohort.

Brain area Group QC condition Peptides (n) Proteins (n)

Frontal, 
temporal

NDC, FTD-GRN, 
FTD-MAPT

50% of all samples 9,545 2,040

Frontal NDC, FTD-GRN 50% of NDC or FTD-GRN 12,939 2,400

NDC, FTD-MAPT 50% of NDC or FTD-MAPT 11,958 2,346

Temporal NDC, FTD-GRN 50% of NDC or FTD-GRN 9,425 2,037

NDC, FTD-MAPT 50% of NDC or FTD-MAPT 9,123 2,010

Peptides and proteins are selected using quality value filtering on peptide level (see methods for 

details). Quality value peptide selection separated on brain area and FTD subtype gave the opportunity 

to analyse the highest number of proteins per statistical comparison.
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Significant differential protein expression (Figure 2, Table 5, and Additional File 3) for 

FTD-GRN vs. NDC was mainly found for frontal cortex (579 proteins), and almost absent 

in temporal cortex (one protein) (q <0.05). In contrast, for FTD-MAPT vs. NDC, significant 

differential protein expression was found in temporal cortex (488 proteins), and not in 

frontal cortex (q <0.05). The top 50 significantly differentially expressed proteins with the 

largest fold change are listed for both subtypes in Table 6. The differential expression of 

several well-known neurodegeneration-related proteins (e.g., glial fibrillary acidic protein 

(GFAP) and MAPT) is highlighted for the most-affected brain region of both subtypes in 

Additional File 3.
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Figure 2. Differential protein expression in most-affected areas for genetic FTD subtypes 

shows brain region-specific protein signatures.

(A) Differential protein expression (at q < 0.05) in frontal cortical tissue for FTD-GRN vs. NDC. (B) 

Differential protein expression (at q <0.05) in frontal cortical tissue for FTD-MAPT vs. NDC. (C) Differential 

protein expression (at q <0.05) in temporal cortical tissue for FTD-GRN vs. NDC. (D) Differential protein 
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expression (at q <0.05) in temporal cortical tissue for FTD-MAPT vs. NDC. Differential expression 

analysis was done using permutation-based modified t-statistics. An FDR-adjusted q-value threshold 

of 0.05 was used to discriminate proteins of interest. The number of differentially expressed proteins 

is extensive in both FTD-GRN (n=580) and FTD-MAPT (n=488) cases.

Table 5. Number of significant differentially expressed proteins within the FTD cohort.

 

Brain area Disease comparison (n: n) P <0.05 (n)  q <0.05 (n)

Frontal NDC vs. FTD-GRN   (11:8) 762 579

NDC vs. FTD-MAPT (11:11) 388 0

Temporal NDC vs. FTD-GRN   (8:9) 170 1

NDC vs. FTD-MAPT (8:13) 655 488

Results of differential expression analysis are shown both at non-corrected (P <0.05) and multiple 

comparison corrected (q <0.05) statistical cut-offs.

Table 6. The top 50 significant differentially expressed proteins in FTD-GRN vs. NDC and 

FTD-MAPT vs. NDC. 

Frontal cortex: FTD-GRN vs. NDC Temporal cortex: of FTD-MAPT vs. NDC

Direction Gene Symbol
Fold 
Change

q-value Gene Symbol
Fold 
Change

q-value

Higher PHYHD1 7.434 0.0001099 SUCLG2 9.226 0.0021797

Higher ICAM1 6.803 0.0003298 GFAP 6.468 0.0005181

Higher CD44 6.718 0.0011453 H1-0 6.366 0.0083540

Higher GFAP 6.439 0.0001099 CD44 5.912 0.0221017

Higher TNC 4.843 0.0025774 FAT3 4.893 0.0006696

Higher PPIA 4.158 0.0013982 PHYHD1 4.857 0.0079645

Higher FAT3 4.156 0.0008582 TNC 4.800 0.0019158

Higher GSTM5 3.974 0.0233293 ITGA7 4.289 0.0053771

Higher BLVRB 3.748 00055936 GSTM5 3.971 0.0028718

Higher SORD 3.653 0.0092284 SDC3 3.882 0.0123535

Higher GJA1 3.579 0.0037439 PLSCR4 3.795 0.0005181

Higher ARHGDIB 3.473 0.0035394 TNS3 3.731 0.0005181

Higher HIKESHI 3.399 0.0048696 GSTM3 3.692 0.0005181
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Frontal cortex: FTD-GRN vs. NDC Temporal cortex: of FTD-MAPT vs. NDC

Direction Gene Symbol
Fold 
Change

q-value Gene Symbol
Fold 
Change

q-value

Higher CSRP1 3.336 0.0001099 PLCD3 3.624 0.0069908

Higher FKBP1A 3.304 0.0008582 PYGM 3.569 0.0005181

Higher PLSCR4 3.232 0.0001799 PPIA 3.479 0.0008116

Higher ARHGDIA 3.107 0.0127071 PRODH 3.472 0.0041525

Higher ISYNA1 3.104 0.0248770 VAMP5 3.443 0.0058829

Higher AKR1B1 3.024 0.0101091 CSRP1 3.407 0.0022148

Higher CBR1 2.924 0.0013718 HEPACAM 3.378 0.0006236

Higher GSTM2 2.904 0.0001484 EGFR 3.353 0.0022489

Higher PNP 2.882 0.0008582 GJA1 3.352 0.0008976

Higher TPR 2.821 0.0031321 NQO1 3.267 0.0275547

Higher HEPACAM 2.798 0.0001099 FKBP1A 3.244 0.0338166

Higher GSPT1 2.791 0.0080283 SNTB1 3.180 0.0053499

Lower CEP128 0.145 0.0066177 HNMT 0.107 0.0125724

Lower LPCAT4 0.194 0.0017604 ERMN 0.160 0.0009540

Lower RDH13 0.222 0.0072139 MOG 0.161 0.0009540

Lower CPLX1 0.226 0.0346641 OPALIN 0.176 0.0042780

Lower UBAP2L 0.244 0.0082093 PANK4 0.198 0.0066545

Lower CACNG8 0.252 0.0129590 MOBP 0.209 0.0010363

Lower FBXL18 0.257 0.0014650 JAM3 0.210 0.0046333

Lower CACNG3 0.278 0.0411538 PLLP 0.234 0.0122430

Lower PEX16 0.291 0.0089505 STAT1 0.236 0.0006236

Lower HABP4 0.303 0.0005289 MBP 0.248 0.0013509

Lower SNCG 0.313 0.0006494 MAG 0.253 0.0007440

Lower MRPS36 0.317 0.0157407 MAP6D1 0.258 0.0005181

Lower TIMM13 0.332 0.0126697 DBNL 0.263 0.0152205

Lower NIPSNAP3B 0.344 0.0093255 HSPA12B 0.268 0.0212848

Lower MAG 0.352 0.0188804 SNCG 0.278 0.0006696

Lower UBQLN1 0.361 0.0063254 CPLX1 0.286 0.0009540

Lower IGSF9B 0.375 0.0038853 LGI3 0.291 0.0005181

Lower KIAA1211L 0.378 0.0031165 HABP4 0.292 0.0064298
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Frontal cortex: FTD-GRN vs. NDC Temporal cortex: of FTD-MAPT vs. NDC

Direction Gene Symbol
Fold 
Change

q-value Gene Symbol
Fold 
Change

q-value

Lower SYNPO 0.378 0.0003298 CPNE5 0.305 0.0115622

Lower NDUFV3 0.390 0.0324149 CCAR1 0.315 0.0165266

Lower TFRC 0.390 0.0031321 SIRT2 0.330 0.0019158

Lower TAX1BP1 0.392 0.0006785 TIMM9 0.357 0.0271267

Lower KATNAL1 0.397 0.0219467 RTN4RL2 0.359 0.0143297

Lower VAMP4 0.401 0.0091035 PLP1 0.360 0.0019158

Lower MAP7D1 0.402 0.0361734 SULT4A1 0.363 0.0425741

The top 25 higher and top 25 lower significant differentially expressed proteins (q <0.05) with the 

largest fold changes are listed for frontal cortical samples of FTD-GRN vs. NDC and for temporal 

cortical samples of FTD-MAPT vs. NDC.

Cell type enrichment analysis reveals cell-specific involvement in FTD-
GRN and FTD-MAPT
EWCE analysis of significantly differentially expressed proteins demonstrated distinct 

cell type involvement for FTD-GRN and FTD-MAPT (Figure 3). In both, higher expressed 

proteins showed enrichment for astrocytes and endothelial cells, and lower expressed 

proteins showed enrichment for neurons. In FTD-MAPT, lower expressed proteins showed 

additional enrichment for oligodendrocytes.

As these cell type-specific protein expression patterns might be due to changes in cell 

numbers, protein abundances associated with a particular cell type could also indicate 

cell loss or gain instead of specific protein regulation. Therefore, we analysed the fold 

changes between FTD and NDC of all highly-enriched cell type-specific proteins. This 

showed that the majority of these proteins is normally distributed within the range of 

NDC protein variation, with values ranging from negative (lower expressed) to positive 

(higher expressed), and that significantly differentially expressed proteins form a separate 

population within this distribution (see analysis in Additional File 4). This demonstrates 

that cell type-specific changes in protein expression are unlikely to be merely the result 

of cell ratio changes. Taken together, EWCE analysis shows that differential protein 

expression in genetic FTD subtypes is partly linked to distinct cell types.
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Highly enriched cell type individual proteins
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Figure 3. EWCE analysis on differentially expressed proteins shows cell type specific 

involvement in genetic FTD subtypes. 

(A) EWCE analysis of lower (n=331) and higher (n=248) expressed proteins in frontal cortical FTD-GRN 

vs. NDC. (C) EWCE analysis of lower (n=246) and higher (n=242) expressed proteins in temporal cortical 

FTD-MAPT vs. NDC. EWCE analysis is performed using bootstrapped t-test statistics with a multiple 

testing correction done by the Benjamini-Hochberg method. Comparison of EWCE analysis results 

between FTD-GRN and FTD-MAPT shows astrocyte (both P=0) and endothelial cell (P=0 and P=0.0133, 

respectively) enrichment for higher expressed proteins, and excitatory (both P=0) and inhibitory (P=0 

and P=0.0264) neuronal cell type enrichment for lower expressed proteins in both FTD subtypes. In 
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FTD-MAPT, distinct oligodendrocyte enrichment (P=0.0004) is observed for lower expressed proteins 

(C). (B,D) Proteins that are highly enriched for specific cell types (see methods) show the extent of 

differential protein expression ongoing in these cell types. In these plots, cell type specificity values 

for excitatory and inhibitory neurons are summed per protein. Abbreviations: Exc. = excitatory, Inh. = 

Inhibitory, s.d. = standard deviation.   

GO analysis identifies distinct biological processes involved in FTD-GRN 
and FTD-MAPT
To determine which biological processes are affected in FTD, we used GO analysis on 

the differentially higher and lower expressed proteins separately (see extensive results 

in Additional File 5). ‘Best Per Parent’ GO terms, further categorized into GO groups, are 

shown for FTD-GRN in Figure 4-IA and for FTD-MAPT in Figure 4-IIA. 

FTD-GRN and FTD-MAPT showed overlap in GO groups reflecting processes that may be 

generally affected in FTD. Higher expressed proteins overlapped for ‘Tissue development’, 

‘Cell adhesion’, and ‘Extracellular space’, and lower expressed proteins overlapped for 

‘Neuron’ and ‘Synapse’, pointing towards a shared impairment of neuronal function 

and connectivity. In-depth SynGO analysis shows that differentially expressed synaptic 

proteins in FTD-GRN and FTD-MAPT are localized in presynaptic and postsynaptic 

compartments, and are implicated in a wide range of functions (see visualization in 

Additional File 6 and extensive results in Additional File 7), likely reflecting the overall 

impact of neurodegeneration on the synapse. 

In FTD-GRN only, higher expressed proteins are enriched for GO terms related to 

metabolism and the immune system (Figure 4-IA). EWCE analysis of ‘Metabolism’ proteins 

shows enrichment for astrocytes (Figure 4-IB), and ‘Immune’ proteins are enriched 

for endothelial cells (Figure 4-IC). Furthermore, distinct for FTD-GRN, prominent 

enrichment of mitochondria-related GO terms for lower expressed proteins is observed. 

A total of 85 proteins point towards affected mitochondria. Detailed dissection of the 

mitochondrial regulation shows specific enrichment for the oxidoreductase complex 

(see Additional File 8), suggesting specific functional alterations rather than overall 

(structural) downregulation or loss of mitochondria in FTD-GRN. Especially respiratory 

chain complex I (RCCI) seems to be affected, with 12 of in total 38 RCCI proteins measured 

in our data set (32%) lower expressed in FTD-GRN, and only four out of 35 RCCI proteins 

measured in FTD-MAPT differentially expressed. EWCE analysis of ‘Mitochondria’ 

proteins shows enrichment for neurons (Figure 4-ID), indicating that these cells might be 

particularly affected in FTD-GRN. 
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Figure 4-I. GO analysis shows distinct involvement of metabolic and immune processes 

and mitochondrial functioning in FTD-GRN.

(A) GO term enrichment analysis on lower (n=331) and higher (n=248) differentially expressed 

proteins in frontal cortical FTD-GRN vs. NDC. Only classical GO terms (BP/CC/MF) are taken into 

account, and only ‘Best Per Parent’ GO terms are shown. The number of proteins in each term is 

listed. GO terms are further categorized into GO groups. ‘Metabolism’, ‘Immune’, and ‘Mitochondria’ 

GO groups are distinctly present in FTD-GRN when compared with FTD-MAPT. (B) EWCE analysis of 

the ‘Metabolism’ GO group shows the involvement of astrocytes (P=0) in these processes. (C) EWCE 

analysis of the ‘Immune’ GO group shows the involvement of endothelial cells (P=0.00035) in these 

processes. (D) EWCE analysis of the ‘Mitochondria’ GO group shows enrichment for both excitatory 

and inhibitory neurons (P=0.0056 and P=0.0049, respectively). EWCE analysis is performed using 

bootstrapped t-test statistics with a multiple testing correction done by the Benjamini-Hochberg 

method. Abbreviations: Extracell. = extracellular; Oxidored. = oxidoreductase; Develop. = development; 

NTs = Neurotransmitters; Exc. = excitatory; Inh. = Inhibitory; s.d. = standard deviation.
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In FTD-MAPT only, higher expressed proteins are enriched for GO terms related to RNA 

processing. EWCE analysis of ‘RNA processing’ proteins showed no specific involvement 

of cell types (Figure 4-IIB). Lower expressed proteins in FTD-MAPT showed distinct 

enrichment for ‘Axon’, ‘Ion transport’, and ‘Plasma membrane’. EWCE analysis on ‘Axon’ 

(Figure 4-IIC) and ‘Plasma membrane’ proteins (Figure 4-IIE) alluded to the involvement 

of oligodendrocytes. A comparison of statistical effect sizes of all GO group proteins 

distinct for FTD-GRN and FTD-MAPT confirms that these biological processes are indeed 

strongly biased towards their respective FTD subtype (see visualizations in Additional File 

9 and Additional File 10).
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Figure 4-II. GO analysis shows distinct involvement of RNA processing, axons, ion 

transport, and the plasma membrane in FTD-MAPT. 

(A) GO term enrichment analysis on lower (n=246) and higher (n=242) differentially expressed proteins 

in temporal cortical FTD-MAPT vs. NDC. Only classical GO terms (BP/CC/MF) are taken into account, and 

only ‘Best Per Parent’ GO terms are shown. The number of proteins in each term is listed. GO terms 
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are further categorized into GO groups. ‘RNA processing’, ‘Axon’, ‘Ion transport’, and ‘Plasma membrane’ 

GO groups are distinctly present in FTD-MAPT when compared with FTD-GRN. (B) EWCE analysis 

of the ‘RNA processing’ GO group shows no specific cell type enrichment. (C) EWCE analysis of the 

‘Axon’ GO group shows involvement of excitatory neurons (P=0) and oligodendrocytes (P=0.0056). (D) 

EWCE analysis of the ‘Ion transport’ GO group shows enrichment for both excitatory and inhibitory 

neurons (P=0.001 and P=0, respectively). (E) EWCE analysis of the ‘Plasma membrane’ GO group shows 

involvement of excitatory neurons (P=0) and oligodendrocytes (P=0). EWCE analysis is performed 

using bootstrapped t-test statistics with a multiple testing correction done by the Benjamini-Hochberg 

method. Abbreviations: Adhes. = adhesion; Tis dev. = tissue development; Memb. = membrane; Transp. = 

transport; PM = plasma membrane; Exc. = excitatory; Inh. = Inhibitory; s.d. = standard deviation.

In the process of selecting targets for validation study, proteins were chosen for their 

biological relevance and distinct regulation in only one FTD subtype. Immunoblotting of 

selected target proteins for FTD-GRN and FTD-MAPT was carried out on a random subset 

of samples from our cohort as well as on samples from an independent cohort (Table 

2). Results confirm lower expression of mitochondrial RCC proteins for subunits I-IV in 

FTD-GRN only, though detected differences are not statistically significant per protein. 

PLP1 expression, which was lower in FTD-MAPT specifically according to our mass 

spectrometry data, indeed shows a strong trend (P=0.0595) for decreased expression in 

FTD-MAPT (see Additional File 11 for all immunoblotting results). Raw images of gels and 

immunoblots can be found in Additional File 12. 

Taken together, GO analysis illustrates both the presence of general neurodegenerative 

processes and subtype-distinct biological processes for FTD-GRN and FTD-MAPT, with a 

cell type-specific involvement in many of these processes.

Comparing FTD-MAPT with AD confirms both distinct and general 
neurodegenerative protein signatures
Tau pathology is a shared disease hallmark between FTD-MAPT and AD. Comparison 

of differential protein expression in the same brain area between the two might help 

identify proteins implicated in shared neurodegenerative mechanisms, as well as proteins 

representing distinct aspects of pathological mechanisms for both diseases. For this, we 

used a temporal cortical AD vs. NDC proteomic data set in which we quantified 3,332 unique 

proteins, of which 962 were significantly differentially expressed compared to NDC (q <0.05) 

(see Additional File 13). When comparing the 1,847 proteins that were quantified in both the 

FTD-MAPT and AD datasets (also Additional File 13), 195 differentially expressed proteins 

were shared, and 259 differentially expressed proteins were distinct for FTD-MAPT. The 

majority of shared proteins have the same direction of differential expression (Figure 5B).
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When comparing EWCE results between AD (Figure 5A) and FTD-MAPT (Figure 3C), a 

shared association of astrocytes with higher expressed proteins, and of neurons with 

lower expressed proteins was revealed, indicating more common neurodegenerative 

processes leading to astrogliosis and neurodegeneration as shared mechanisms. 

Significant endothelial and microglial enrichment is seen in AD, whereas oligodendrocyte 

involvement is specific for FTD-MAPT, suggesting that these cell types specifically 

contribute to AD and FTD-MAPT pathology, respectively. 

GO analysis of the 195 proteins shared between FTD-MAPT and AD (Figure 5C and 

Additional File 14) highlighted GO groups ‘Neuron’ and ‘Synapse’ linked to lower expressed 

proteins. SynGO analysis showed that the 55 shared differentially expressed synaptic 

proteins are implicated in a wide range of functions (extensive results seen in Additional 

File 15). In addition, EWCE analysis demonstrated that shared processes are indeed 

enriched for astrocytes and neurons (Figure 5D). 

GO analysis of the 259 distinct FTD-MAPT proteins revealed distinct enrichment of ‘RNA 

processing’ GO terms for higher expressed proteins, and ‘Axon’ GO terms, specifically 

indicating the myelin sheath, for lower expressed proteins (Figure 5E). EWCE analysis 

confirmed the subtype-specific involvement of oligodendrocytes in FTD-MAPT and 

additionally identified oligodendrocyte precursor cells (OPC) as a cell type involved in FTD-

MAPT pathology (Figure 5F). OPCs were not significantly enriched previously (Figure 3C), 

demonstrating the power of excluding general neurodegeneration-associated proteins 

through filtering with the AD protein set.

Thus, comparison of FTD-MAPT with AD aided in delineating common neurodegenerative 

mechanisms as well as FTD subtype-specific changes, including the specific involvement 

of certain brain cell types.
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Figure 5. Comparison of profiles between FTD-MAPT and AD demonstrates presence of 

FTD subtype-specific and general neurodegenerative protein signatures. 



244

Chapter 4

 (A) EWCE analysis of lower (n=406) and higher (n=556) expressed proteins in temporal cortical AD vs. 

NDC shows astrocyte, endothelial cell, and microglial cell enrichment (all P=0) for higher expressed 

proteins, and excitatory and inhibitory neuron enrichment (both P=0) for lower expressed proteins. 

Comparison with EWCE results for FTD-MAPT confirms distinct involvement of oligodendrocytes in 

FTD-MAPT. (B) Overlay of differentially expressed proteins shared between FTD-MAPT and AD (n=195) 

on the protein profile for FTD-MAPT shows that the majority of shared proteins have the same direction 

of differential expression. (C) GO analysis on shared proteins. (D) EWCE analysis on shared proteins. 

Significant enrichment is seen for astrocytes (P=0) for higher expressed proteins, and for excitatory 

(P=0) and inhibitory (P=0.002) neurons for lower expressed proteins. (E) GO analysis on proteins that 

are only differentially expressed in FTD-MAPT (n=259). ‘RNA processing’, ‘Ion transport’, ‘Axon’ and 

‘Neuron’ GO groups are confirmed to be distinct for the FTD-MAPT subtype when compared with AD. (F) 

EWCE analysis on proteins only differentially expressed in FTD-MAPT. Significant enrichment is seen 

for astrocytes (P=0) and OPCs (P=0.0074) for higher expressed proteins, and for excitatory neurons 

and oligodendrocytes (both P=0) for lower expressed proteins. EWCE analysis is performed using 

bootstrapped t-test statistics with multiple testing correction by the Benjamini-Hochberg method. For 

GO analysis, only classical GO terms (BP/CC/MF) are taken into account and only ‘Best Per Parent’ GO 

terms are shown. The number of proteins in each GO term is listed. GO terms are further categorized 

into GO groups. Abbreviations: Biosynth. = biosynthesis; Exc. = excitatory; Develop. = development; Inh. 

= Inhibitory; Ion tr = ion transport; Neg. reg. = negative regulation; Polym. = polymerase; s.d. = standard 

deviation; Transmiss. = transmission.

Discussion

This study describes the differential proteins expression in cortical frontal and temporal 

regions of the brain in FTD-GRN and FTD-MAPT. Region-specific protein signatures 

indicated the involvement of cell type-specific distinct biological processes in these FTD 

subtypes. Importantly, comparing FTD-MAPT to AD revealed overlapping neurodegenerative 

processes as well as the existence of FTD-MAPT-specific disease mechanisms. 

The occurrence and extent of differential protein expression for both subtypes reflect 

known brain atrophy patterns. In FTD-GRN, atrophy is usually found in a diffuse 

hemispheric manner, including in frontal and temporal lobes [10, 62]. Six FTD-GRN 

patients, for which we had neuropathological reports, presented with severe frontal and 

little to no temporal atrophy, explaining the frontal focus of their differential protein 

expression. FTD-MAPT patients are characterized by predominant temporal lobe atrophy 

[10, 62], which is reflected by the extensive differential protein expression specifically in 

the temporal cortex of our cases. 
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A clear indication that disease-specific involvement of cell types and biological processes 

in neurodegeneration exists, even in end-stages, came from comparison with a protein 

signature of AD. Although both FTD subtypes and AD share involvement of astrocytes and 

neurons, there was clear discrepancy in microglial enrichment. Although microglia have 

been implicated in FTD [24], significant microglial enrichment was absent in this study. 

A recent investigation in FTD demonstrated variable involvement of microglia according 

to brain region and subtype, with a higher burden in white versus grey matter [75]. As our 

study specifically analysed grey matter tissue, this could explain the lack of microglial 

enrichment. Further comparison between FTD-MAPT and AD confirmed the existence of 

both shared general neurodegenerative as well as FTD-MAPT-specific processes. 

In FTD-GRN, we found distinct involvement of immune-related processes, primarily 

linked to endothelial cells. Involvement of endothelial cells in FTD has only been 

described incidentally, mainly in relation to blood-brain-barrier (BBB) pathology [32, 

33, 52]. Their possible active involvement in immune processes is a new finding. The 

increased expression of intercellular adhesion molecule 1 (ICAM1; 6.80x) hints towards 

a role for the traversing of leukocytes across the BBB, which appears to be affected more 

by ICAM1 expression than inflammatory molecules or BBB integrity [1, 41]. This finding 

is strengthened by multiple GO terms pointing towards the presence of activated 

peripheral immune cells and an ongoing immune response. Discernment of the 

specific response type is difficult, as higher expression of proinflammatory (e.g., PPIA), 

anti-inflammatory (e.g., ANXA1 and ASAH1), and ambiguous inflammatory proteins 

(e.g., CD44 and PRDX1/6) was detected. Further research is needed to characterize the 

precise role of the immune response in FTD-GRN. Neuroinflammation is increasingly 

implicated in FTD disease progression [7, 8]. A recent proteomic study of frontal cortex 

tissue from FTD-TDP patients identified an ‘inflammatory’ protein module enriched for 

astrocytes and microglia [70]. The fact that we identify endothelial cells at the forefront 

of immune-related processes in our FTD-GRN cohort might be specifically related to the 

genetic cause of FTD in these cases. This is illustrative of the strength of our approach 

to specifically select genetic cases, which limits possible interference of biological 

processes related to sporadic FTD. 

We also identified a striking pattern of mitochondrial dysregulation, suggesting specific 

functional alterations of mitochondria in FTD-GRN. This finding is consistent with Umoh 

et al., in which decreased expression of a mitochondrial module in frontal cortex tissue 

from FTD-TDP patients was reported [70]. Although mitochondrial dysfunction seems to 

be a common denominator of neurodegeneration [20, 49], the differential expression of 

RCCI proteins in our cohort was most prominent in FTD-GRN when compared to FTD-
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MAPT. EWCE analysis showed enrichment for neurons, suggesting they might be the focal 

site of mitochondrial dysregulation. 

In FTD-MAPT, protein signatures indicated affected processing and trafficking of RNA. 

Disturbances of RNA processing and nucleocytoplasmic transport (NCT) have repeatedly 

been reported in FTD in relation to TDP-43 [12, 22, 40, 51], FUS [40], and C9orf72 repeat 

expansion [21, 67]. Recently, for the first time, FTD-related MAPT mutations were linked 

to microtubule-mediated nuclear deformation and disruption of NCT in human iPSC-

derived neurons [53]. By specifically selecting genetic cases in our cohort we were able 

to more prominently highlight the involvement of RNA processing and transport in FTD-

MAPT. Comparison with AD supported the view that these processes are specifically 

associated with FTD-MAPT. Our results also illustrate that FTD-MAPT cases and FTD cases 

harbouring TDP-43 pathology (FTD-TDP) regardless of the presence of genetic mutations, 

might be more alike than previously expected.  

In addition, ‘Axon’ and ‘Plasma membrane’ proteins showed enrichment for neurons 

and oligodendrocytes in FTD-MAPT. Interestingly, tau inclusions have been described 

in oligodendrocytes of patients with FTD-MAPT [16, 34], and studies with tau transgenic 

mice indicate that these inclusions disrupt axonal transport, leading to impairments in 

myelin and axon integrity [29]. Alternatively, tau accumulation in axons may indirectly 

impair oligodendrocyte function due to their functional interaction. Comparison of FTD-

MAPT to AD highlighted involvement of the myelin sheath as highly distinctive, hinting 

at impaired axon-myelin interactions in FTD-MAPT. Perhaps the distinguishing factor in 

FTD-MAPT is indeed the presence of tau pathology of genetic origin in all cell types, versus 

the neuronal and extracellular tau pathology in (non-genetic) AD.

A potential limitation of proteomic studies using whole-tissue is the fact that protein 

abundances are dependent on expression changes in multiple cell types, and are 

consequently affected by changes in cell type ratios within the studied tissue. As neuronal 

loss is characteristic of neurodegeneration, changes in cell type ratios within the diseased 

brain are expected. However, our analysis suggested that detected protein expression 

differences are not simply caused by disease-induced cell loss or gain. Furthermore, to 

improve stratification of brain cell types involved in the FTD subtypes, we applied cell type 

enrichment analysis. This approach seems to adequately address the issue of mixed cell 

type populations, as we were able to demonstrate the involvement of different cell types 

within our whole-tissue data. Nonetheless, the results should be carefully interpreted, 

as our method of using scRNAseq data sets for the inference of cell types on a protein 

level has limitations as well. For instance, it is well known from literature that mRNA-to-
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protein correlations are only ~40% [17, 28, 36, 37, 55, 66, 72] and so mRNA specificity across 

cell types might not always reflect the cell type specificity at the protein level. In addition, a 

recent study has demonstrated a cell-type specific aging effect on the transcriptomic level 

[59], suggesting that age-related regulation of mRNA and protein levels might influence 

the cell type specificity ratios we infer from scRNAseq data sets. A benefit from our 

‘enrichment’-based approach is that cell type inference is done using protein groups and 

not individual proteins, which reduces the possible effect of individual poorly-correlated 

or aging-sensitive proteins. Future (single) cell type-specific proteomics approaches [15, 

44, 73] may further help disentangle the different causal or consequential processes for 

brain cell types in FTD. 

Conclusion

This study established the existence of distinct proteins, pathways, and cells affected within 

two genetic FTD subtypes, which might facilitate the development of specific cellular 

and/or animal FTD models, and the exploration of subtype-specific therapeutic targets. 

Moreover, proteomic studies of genetic FTD provide the framework for understanding 

both common neurodegenerative mechanisms and distinct processes underlying the 

genetic heterogeneity in FTD. Finally, it will be interesting to determine how sporadic FTD 

relates to the currently established common and subtype-specific protein signatures.

Supplementary information

Available online at: Chapter 4.2 - Supplementary Data.
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Abstract

Background
Semantic dementia (SD) is a subtype of frontotemporal dementia (FTD) characterized 

by language deficits due to severe temporal lobe degeneration. The consistent 

neuropathological diagnosis is FTD-TDP subtype C, with characteristic round TDP-

43 protein inclusions in the dentate gyrus. Despite this striking clinicopathological 

concordance, the pathogenic mechanisms are largely unexplained forestalling the 

development of targeted therapeutics.

Methods
We carried out laser capture microdissection of the dentate gyrus of 15 SD patients and 17 

non-demented controls, and assessed relative protein abundance changes by label-free 

quantitative mass spectrometry. To identify SD specific proteins, we compared our results 

to eight other FTD and Alzheimer’s disease (AD) proteomic datasets of cortical brain tissue, 

parallel with functional enrichment analyses and protein-protein interactions (PPI). 

Results
Of the total 5,354 quantified proteins, 151 showed differential abundance (FDR <1%) in SD 

patients. Seventy-two proteins were previously found altered with the same directional 

change in at least one FTD/AD proteomic study, while 79 proteins were considered as 

showing potentially SD specific dysregulation. Functional enrichment indicated an 

overrepresentation of pathways related to the immune response, metabolic processes, 

and cell-junction assembly. PPI analysis highlighted a cluster of interacting proteins 

associated with adherens junction and cadherin binding– the cadherin-catenin complex. 

Multiple proteins in this complex showed strong and apparent specific upregulation in 

SD, including β-catenin (CTNNB1), γ-catenin (JUP), and N-cadherin (CDH2). 

Conclusions
We discovered an increase of cell adhesion proteins in SD specifically constituting the 

cadherin-catenin complex at the synaptic membrane, essential for synaptic signaling. 

Although further validation is warranted, we anticipate that these findings will help 

unravel the disease processes underlying SD.
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Introduction

Semantic dementia (SD), also referred to as semantic variant of primary progressive 

aphasia (svPPA), is a subtype of frontotemporal dementia (FTD) defined by impaired word 

comprehension and semantic memory [1-3]. Neuroimaging of SD patients typically reveals 

bilateral, but asymmetric atrophy of the anterior temporal lobes [4-6]. Unlike other forms 

of FTD, SD has a relatively slow disease progression and occurs nearly always sporadic [7]. 

Recently, we identified somatic DNA variants in the gene TARDBP, encoding for TAR DNA 

Binding Protein 43 (TDP-43), as cause of disease in two patients [8]. Post mortem examination 

shows typical TDP-43 positive neuronal inclusions in the dentate gyrus of the hippocampus 

and long dystrophic neurites in the temporal cortex [9, 10]. This neuropathological entity, 

classified as FTD-TDP type C, is consistently found in the majority of SD patients. The typical 

profile of cognitive, neuroimaging, and neuropathological features is suggestive for specific 

disease biology [11, 12], yet the pathophysiological mechanisms remain largely unexplored 

and therapeutic options are currently unavailable. 

Over the past decade, mass spectrometry (MS) based methods have rapidly advanced and 

are now widely used to efficiently quantify thousands of proteins at once in selected cells 

or tissues of interest [13]. In the context of dementia, numerous studies used MS to analyze 

brain tissue, plasma, or cerebrospinal fluid [14, 15]. These studies contribute to an increased 

understanding of disease mechanisms and help to identify biomarkers and therapeutic 

targets. In contrast to the comprehensive histological characterization [10], relatively few 

studies applied MS on FTD-TDP brain tissue [16]. Two recent reports identified abnormal 

protein abundances involving neuroinflammation, RNA processing, protein metabolism, 

and synaptic transmission [17, 18]. However, variable approaches and disease subtypes often 

challenge validation and solidification of the results, especially concerning FTD as highly 

heterogeneous disorder. Comparison across datasets is therefore essential to differentiate 

processes broadly involved in neurodegeneration from disease specific alterations. 

Here, we present the first quantitative proteomic study of SD, in which we assessed the 

relative protein abundance changes in the dentate gyrus. To distinguish SD specific 

changes, we compared our results with MS studies performed in other subtypes of 

FTD and Alzheimer’s disease (AD). A subset of proteins appeared uniquely upregulated 

in SD, including a particular complex of proteins referred to as the cadherin-catenin 

complex. The identification of these proteins and associated functions contribute to our 

understanding of the pathophysiological processes in SD, and could ultimately provide 

novel targets for drug development. 
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Materials and Methods

Patient tissue collection
A schematic overview of the workflow is presented in Figure 1. Patients with SD were 

ascertained from an ongoing clinical cohort study in the Netherlands, encompassing 

clinical and pathological data of FTD patients [19]. Fresh frozen brain samples of the 

hippocampus (left, except for two right-sided patient samples) were obtained from the 

Netherlands Brain Bank (NBB) of 15 patients with confirmed FTD-TDP type C pathology 

[10], and 17 age and gender matched non-demented controls. All patients were previously 

tested negative for pathogenic variants in MAPT, GRN, or C9orf72 [8]. 

Figure 1. Workflow of the study. 

After brain tissue preparation of all 32 sample fractions, we performed mass spectrometry using 

SWATH (data-independent acquisition), followed by differential protein abundance analysis using 

MSqRob (quantitative protein-level statistical inference). The identified proteins with differential 

abundance in SD patients were subjected to four parallel analyses (green boxes). The results of three 

analyses – Gene Ontology, protein-protein interactions, and comparison to other proteomic datasets 

– were integrated in a protein network, enabling collective interpretation of the main findings. 
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Additionally, we compared the differential proteome of SD to proteins known to interact with TDP-

43 and to proteins identified in TDP-43 neuronal aggregates based on previously published work 

(Laferrière et al., 2019). Abbreviations: SD = semantic dementia; LCM = laser capture microdissection; 

LC-MS = Liquid chromatography–mass spectrometry; AD = Alzheimer’s disease; FTD = frontotemporal 

dementia; TDP-43 = TAR DNA-binding protein 43.

Laser capture microdissection and protein separation
We selected the dentate gyrus as region of interest since it is characterized by abundant 

neuronal TDP-43 pathology, yet with limited tissue degeneration as compared to affected 

cortical areas. We performed laser-capture microdissection (LCM) using a Leica AS LMD 

system and equal volumes of dentate gyrus tissue (1.0×109 μm3), followed by electrophoresis 

and in-gel digestion as previously described [20].

Liquid chromatography and SWATH mass spectrometry
Peptides were analyzed by reverse phase liquid chromatography with tandem mass 

spectrometry (LC-MS/MS) using an Ultimate 3000 LC system and a TripleTOF 5600 mass 

spectrometer, set in data-independent acquisition (DIA) under the same parameters as 

reported previously [21]. Data were analyzed using the integrated software suite DIA-NN 

[22], an automated pipeline especially developed to process DIA data. The fasta protein 

sequence database provided as input was Uniprot human_UP000005640_9606. Deep 

learning was used to generate the in silico spectral library. Output was filtered at 0.01 false 

discovery rate (FDR).

Statistical analysis of differential protein abundance
MS-DAP version 1.0 (https://github.com/ftwkoopmans/msdap) was used for downstream 

analysis of the SWATH-MS output. Only peptides observed in at least 75% of replicate 

samples in both experimental groups were selected. We evaluated principal components 

to visualize sample clustering, and the coefficient of variation as quality metric for the 

reproducibility of replicate measurements. After excluding evident outliers, peptide 

abundance values were normalized and MSqRob was used for differential testing at 

the peptide level, accounting for batches as random variable in the regression model 

[23]. P-values were adjusted for multiple testing using the Benjamini–Hochberg FDR 

procedure. Proteins with differential abundance in SD were defined by the thresholds of 

±0.3 log2 fold change (i.e., SD/control ratio >1.35 or <0.74) and FDR <1%.
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Gene ontology (GO) analysis
We performed functional enrichment analysis using g:Profiler (version e104_eg51_

p15_3922dba) with all annotated human genes in the Ensembl database as background 

set [24]. The g:Profiler-based multiple testing correction (g:SCS method) was applied, 

with significance threshold set to 0.05. Upregulated and downregulated proteins were 

assessed separately. The following databases were examined: GO biological process (BP), 

GO cellular component (CC), and GO molecular function (MF). We narrowed the results 

to terms containing between five and 500 proteins, to filter out large parent terms 

designating general, nonspecific pathways. The top three nonredundant terms (i.e., at 

least 30% unique proteins) were prioritized for each GO category.

Protein-protein interactions
We extracted known protein-protein interactions (PPI) between all proteins with 

differential abundance in SD from the STRING database (Search Tool for the Retrieval 

of Interacting Genes/Proteins) based on experimentally determined interactions, 

phylogenetic co-occurrence, and co-expression [25]. The minimum required confidence 

score was set to 0.4 (medium confidence). 

Comparison to FTD and AD proteomic changes
To identify proteins potentially unique to SD, we compared our results to previous MS 

studies investigating TDP-43 and AD pathology. The literature was searched using the 

following terms: (‘proteomic*’ OR ‘mass spectrometry’) AND (‘frontotemporal dementia’ 

OR ‘frontotemporal lobar degeneration’ OR ‘Alzheimer’s disease’). The resulting articles 

were manually filtered to meet the following criteria: 1) quantitative MS study conducted 

on brain tissue of FTD-TDP or AD patients compared to non-demented controls; 2) 

hippocampus, temporal cortex, or frontal cortex tissue; 3) sample size >5 cases; and 4) full 

list of differentially expressed proteins available. Non-human studies or studies without 

control group were excluded, as well as studies with overlapping patient cohorts. We 

extracted lists of all quantified and differentially expressed proteins for comparison to 

our dataset.

Comparison to TDP-43 interactome and aggregates
As TDP-43 is the major disease protein in SD pathology, we aimed to determine possible 

overlap across the proteins altered in SD and the TDP-43 interactome. We extracted all 

known first shell protein interactors of TDP-43 from STRING, applying the same settings 

as described above. The proteins found to directly interact with TDP-43 were compared to 

the differentially expressed proteins in SD. Additionally, we evaluated the overlap between 

our results and those of the MS study by Laferrière et al. investigating the insoluble 
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proteome of different FTD-TDP subtypes, following biochemical isolation of pathological 

TDP-43 aggregates from cortical brain tissue [26]. 

Immunohistochemistry 
Routine immunohistochemistry was carried out by the Netherlands Brain Bank. We 

performed additional staining on dentate gyrus paraffin-embedded tissue from all 

included patients and a random subset of three non-demented controls. The following 

antibodies were used: anti-β-catenin (1/1000, Santa Cruz, sc-7963), and anti-N-cadherin 

(1/800, Abcam, ab18203). 

Results

Protein quantification and differential protein abundance in SD
To interrogate quantitative proteomic changes, we performed label-free DIA mass 

spectrometry on the dentate gyrus of 15 SD patients with confirmed FTD-TDP type C 

pathology and 17 non-demented control subjects (Table 1). This allowed quantification 

of 37,465 peptides per sample on average (range 30,046-37,465). Principal component 

analyses revealed two controls and one patient sample as clear outliers (Supplementary 

Figure 1). After removal of these three samples, a mean coefficient of variation of ~30% 

for peptide quantification indicated high reproducibility between replicate samples in 

both groups (Supplementary Figure 2). Following quality filtering (see methods), 28,499 

peptides were included in the differential abundance analysis, mapping to 5,354 proteins 

across the 29 samples. The differential proteomic signature was composed of 151 unique 

proteins in SD patients as compared to controls (FDR <1%), of which 131 were upregulated 

and 20 downregulated (Figure 2). All statistical results are available in Supplementary 

Table 1.
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Table 1. Demographics of selected patients and controls. 

Case type Case ID Sex
Age at 
death

Disease 
duration (yrs)

Post mortem 
delay (min) Batch ID

Semantic 
dementia

1 F 74 11 240 1

2 M 69 12 320 1

3 M 68 13 420 1

4 F 72 12 375 1

5 M 74 13 225 2

6 F 64 11 385 2

7 M 66 15 345 2

8 M 62 14 280 2

9* F 65 20 330 3

10 M 66 10 320 3

11 F 67 9 275 3

12 F 68 16 225 3

13 F 72 9 250 4

14 M 72 15 455 4

15 M 61 12 290 4

N = 15 Average 68 13 316

Controls

1 M 64 505 1

2 M 75 430 1

3 F 57 460 1

4 F 90 350 1

5 F 69 510 2

6 F 54 335 2

7 M 70 1245 2

8 F 68 630 2

9* F 74 360 3

10* M 69 325 3

11 F 92 265 3

12 M 79 345 3
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Case type Case ID Sex
Age at 
death

Disease 
duration (yrs)

Post mortem 
delay (min) Batch ID

13 F 79 840 4

14 F 67 790 4

15 M 56 300 4

16 F 75 550 4

17 M 71 345 4

N = 17 Average 71 NA 505

For the mass spectrometry, samples were split in four batches of each 3-5 patient and control samples. 

All patients were characterized by FTD-TDP type C neuropathology. *Three samples from batch 3 (one 

patient and two control samples) were excluded from differential abundance analysis following quality 

control, indicating these samples as outliers. 

Figure 2. Proteins with differential abundance in SD patients compared to non-demented 

controls.

Fold-changes (x-axis) were determined and P-values (y-axis) adjusted for multiple testing using 

the FDR approach (Benjamini-Hochberg procedure). Proteins with differential abundance in SD 

were defined by FDR <1% and log2 fold change threshold of ±0.3, resulting in 131 upregulated and 20 

downregulated proteins in SD patients. All statistical results are available in Supplementary Table 1. 

*The protein EPPK1 was detected along with its paralog PLEC. 
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Gene ontology (GO) analysis 
GO analysis of biological processes (BP) revealed an enrichment of immune response 

activation, gliogenesis, and cell junction assembly in the upregulated proteins, whereas 

various proteins associated with catabolic and metabolic processes were downregulated 

(Table 2). Assessment of cellular components (CC) yielded the most results, with terms 

related to cellular adhesion (i.e., cell-substrate junction, adherens junction) enriched 

for upregulated proteins, whereas downregulated proteins showed enrichment for 

the lysosome. Cadherin binding was most strongly enriched in the category molecular 

functions (MF), followed by terms associated with catalytic activity (i.e., GTPase activity 

and oxidoreductase activity). Evidently, downregulated proteins are less represented in 

all domains than upregulated changes (Table 2). A complete overview of all terms with 

corresponding proteins and statistical output is provided in Supplementary Tables 2 and 3. 

Table 2. Gene Ontology analysis showing the top 10 enriched terms for each category.

Directional change Term name Adjusted P-value

Biological processes

Up neutrophil degranulation* 2.29e-05

Up
neutrophil activation involved in immune 
response

2.69e-05

Up neutrophil mediated immunity 3.90e-05

Down glycosaminoglycan catabolic process* 5.72e-04

Down aminoglycan catabolic process 8.37e-04

Up gliogenesis* 6.31e-03

Up cell junction assembly 7.24e-03

Down glycosaminoglycan metabolic process 2.64e-02

Up regulation of trans-synaptic signaling 3.03e-02

Down sulfur compound catabolic process 3.29e-02

Cellular components

Up cell-substrate junction* 5.51e-13

Up focal adhesion 3.99e-12

Down lysosomal lumen* 9.81e-10

Down vacuolar lumen 6.18e-08

Up adherens junction* 9.53e-06

Up extrinsic component of plasma membrane 1.44e-05
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Directional change Term name Adjusted P-value

Up cell-cell junction 1.83e-05

Up basal plasma membrane 5.51e-05

Up ficolin-1-rich granule lumen 6.60e-05

Down primary lysosome 8.45e-05

Molecular functions

Up cadherin binding* 9.37e-11

Up GTPase activity* 7.00e-04

Up oxidoreductase activity [1]* 1.75e-03

Up disordered domain specific binding 1.99e-03

Up oxidoreductase activity [2] 3.23e-03

Up pyrophosphatase activity 3.80e-03

Up nucleoside-triphosphatase activity 4.64e-03

Up hydrolase activity [1] 4.90e-03

Up hydrolase activity [2] 5.02e-03

Up GTP binding 8.04e-03

The three classical GO categories were assessed for upregulated and downregulated proteins 

separately, using g:Profiler with all annotated human genes as background and significance threshold 

set to 0.05. The results were filtered to terms containing five up to 500 proteins, yielding a total of 

13 terms for biological processes (A), 20 for molecular functions (B), and 52 for cellular components 

(C). A complete overview of all terms with corresponding proteins and statistical output is provided 

in Supplementary Tables 2 and 3. *The top three nonredundant terms of each GO category were 

prioritized for further analysis.

Protein-protein interactions (PPIs)
Amongst all proteins, we evaluated known PPIs using the STRING database. In total, 68/151 

proteins were found to interact with at least one other protein (PPI enrichment P-value 

<1.0e-16), including six larger clusters (Supplementary Figure 3). The corresponding 

interaction scores are provided in Supplementary Table 4. In Figure 3, we visualized 

these interactions in a network integrated with the top three GO enriched terms for 

each category (BP/MF/CC). The figure indicates several associations between the PPI 

clusters and GO terms. In particular three larger clusters of interacting proteins can be 

distinguished, associated with (combinations of) the following GO terms: 1) cell-substrate 

junction [CC] and GTPase activity [MF]; 2) adherens junction [CC] and cadherin binding 

[MF]; and 3) neutrophil degranulation [BP]. 
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Comparison to FTD and AD proteomes
To identify proteins potentially unique to SD, we compared our results to eight previously 

published proteomic datasets of FTD-TDP (n=3) and AD (n=5) brain tissue. The FTD-TDP 

studies included TDP-subtypes A, B, and unspecified cases. Detailed characteristics 

of the studies are presented in Supplementary Table 5. Seventy-two out of 151 proteins 

with differential abundance in SD showed the same direction of dysregulation in ≥1 other 

study, implying alterations common to neurodegeneration. Fifty proteins were found 

altered only in SD, while nine were not detected by any of the eight studies. The remaining 

20 proteins (20/151, 13%) showed significant changes in the opposite direction in AD/FTD 

as compared to SD, mostly due to downregulation in AD while being upregulated in SD 

(see Supplementary Figure 4 and Table 6 for more details). These 20 proteins were spread 

evenly across the total 151 proteins in terms of significance, lowering the possibility that 

these represent false positives. To evaluate if this discordance also occurs between the 

other FTD/AD studies, we performed the same comparison using each of those published 

results as input list, and detected a similar fraction of proteins with discordant direction 

between studies (range 4-17%; average 8.5% of all significant proteins per study). These 

discrepancies in directional change might be due to the variation in phenotypes and 

studied brain regions, but may also reflect the methodological differences across the 

studies (e.g., MS setup, statistical analyses). 

Altogether, 79 proteins can be marked as potentially uniquely altered in SD. Highlighting 

these proteins in Figure 3 indicates that the PPI cluster of six proteins related to adherens 

junction/cadherin binding shows most specificity for SD. Five of these proteins – CTNNB1, 

CTNND1, CTNNA2, JUP, and CDH2 – are part of a specific cellular component, the cadherin-

catenin complex. All six are upregulated in SD with similar fold change (0.3-0.4), and five 

out of six are listed in the top 50 most significant proteins (Supplementary Table 1). Of the 

proteins outside the PPI clusters, those implicated with the lysosomal lumen also show 

potential SD specificity. 

The proteomic profile of SD in relation to the TDP-43 interactome
Since TDP-43 is the marker of disease in SD, we sought to investigate a potential link 

between the identified deregulated proteins in SD and the TDP-43 interactome. We 

extracted all direct interactors of TDP-43 from STRING, resulting in 131 interactions 

(Supplementary Table 7). Only a single protein, HSP90AA1, was found to overlap between 

the TDP-43 interactome and the 151 proteins altered in SD. Additionally, comparison with 

18 inclusion proteins recently identified in FTD-TDP subtype C [26] showed that only one 

of these proteins, IDH1, was present in our dataset. 
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Immunohistochemistry of cadherin-catenin proteins
To localize the upregulation of catenins in the dentate gyrus, we performed 

immunostaining of β-catenin and N-cadherin on hippocampal paraffin-embedded 

tissues of all included SD patients and a random subset of three non-demented controls. 

Anti-β-catenin staining resulted in diffuse background staining, not different to controls 

(data not shown). In four out of the 15 patients, immunohistochemistry using CDH2 

antibody showed robust irregular cytoplasmic staining of the dentate gyrus’ granular 

cells with some neurons more diffusely stained, and others with a pretangle-like aspect 

(Supplementary Figure 5). These cases with increased staining did not correlate to those 

with the highest protein abundances as measured by MS. 

Figure 4. Integrated protein interaction network of the different parallel analyses.

Ninety-two out of 151 differentially expressed proteins in SD are depicted in this figure, following their 

association (thin edges) with the top three GO enriched terms for each category (BP/MF/CC), and the 
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protein-protein interactions (PPIs) derived from STRING database (thickness of edge according to 

interaction score). The remaining 59 proteins can be found in Supplementary Table 1. All GO terms 

include upregulated proteins, except for lysosomal lumen (CC) and catabolic process (BP). The nodes 

are colored according to the comparison to previously published proteomic datasets of FTD and AD 

patients. This indicates half of the proteins depicted in this figure as potentially unique to SD (dark 

colored nodes), whereas the remainder (n=48) was differentially expressed in the same direction in at 

least one of the FTD/AD studies (light colored nodes). The 50 most strongly dysregulated proteins in 

SD are highlighted by thick border. A cluster of catenin and cadherin proteins – in the lower left corner 

– particularly stands out based on the PPIs, association with the GO terms adherens junction (CC) and 

cadherin binding (MF), and strong upregulation in SD (five out of six proteins in top 50). *The term 

‘catabolic process’ was shortened from ‘glycosaminoglycan catabolic process’. 

Discussion

This study describes the altered proteome of the dentate gyrus in SD patients to obtain 

more insight into disease specific mechanisms. Amongst the dysregulated proteins, we 

distinguished a cluster of interacting proteins constituting the core component of a cell 

adhesion complex at the synaptic junction, referred to as the cadherin-catenin complex. 

The upregulation of these proteins might represent SD specific modifications, playing an 

important role in the pathophysiologic cascade of FTD-TDP type C pathology.

Integrating different analyses points towards SD specific alterations
Functional enrichment analysis of the 151 differentially expressed proteins in SD 

indicated changes also previously reported in cortical brain regions affected by TDP-43 

and AD pathology such as immune response activation, cellular adhesion, and metabolic 

processes [17, 18, 27, 28], likely reflecting general neurodegenerative changes. Most of the 

preceding studies were performed on cortical brain tissue affected by severe atrophy. By 

selecting the dentate gyrus, which shows abundant TDP-43 pathology in the absence of 

severe neuronal loss, we anticipated that at least a subset of the dysregulated proteins 

represent SD biology, instead of merely common neurodegeneration.

To pinpoint disease-specificity and fine-map biological etiology of our detected SD 

proteins , we integrated the results following Gene Ontology analysis, protein-protein 

interactions, and comparison to proteomic changes in the brains of FTD and AD patients. A 

cluster of six biologically linked and interacting proteins – five catenins and one cadherin 

– were not previously reported as conjointly affected in FTD or AD. These proteins not only 

stood out due to strong upregulation in SD, but also because of their association with a 
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specific cellular component, the cadherin-catenin complex. Importantly, proteins related 

to other major cell adhesion complexes (e.g., neuroligin and neurexin [29]), were not 

found altered in SD. 

By additional comparison to the TDP-43 interactome and a recent proteomic study of 

insoluble TDP-43 aggregates, the observed proteomic profile of SD does not appear to 

overlap with TDP-43 binding partners nor its co-aggregated inclusion proteins. Although 

approximately 10-20% of neurons in the dentate gyrus show inclusions, we did not 

specifically include steps to capture this fraction of proteins. Instead, we focused on the 

global cellular changes in mostly soluble proteins in the affected neurons to understand 

the broad nature of impaired protein homeostasis, preceding or following protein 

aggregation. 

The role of cadherin-catenin complex proteins in cell adhesion and 
synaptic functioning
The cadherin-catenin complex plays an important role in cell adhesion at the synaptic 

junction [30]. β-catenin and N-cadherin are the key components with regulating functions 

regarding dendritic spine morphogenesis, stability, and dynamics [31-36]. Gamma-

catenin, also called junction plakoglobin, is homologous to β-catenin and may replace 

its function in the complex [37]. The three other catenins upregulated in SD – α-catenin 

(CTNNA2), δ-catenin-1 (CTNND1), and δ-catenin-2 (CTNND2) – are important binding 

partners of β-catenin and N-cadherin. Alpha-catenin links the complex to the actin 

cytoskeleton via actin binding molecules, enabling the transduction of cellular signals 

[36]. Aberrant functioning and pathogenic variants in independent cadherin and catenin 

family members have been associated with neurological disorders such as AD, autism, and 

intellectual disability [36]. However, changes pertaining to increased abundance of the 

cadherin-catenin complex have not been described previously in relation to neurological 

disorders.

The strongest signal following MS was found for β-catenin. Besides its involvement in 

cell adhesion, β-catenin is known for its role as transcription factor in a wide range of 

cellular processes, and abnormal β-catenin/Wnt signaling has been implicated in many 

brain pathologies, such as AD and brain cancers [38-40]. In relation to FTD, activation 

of Wnt signaling has been observed in progranulin deficiency-linked FTD-TDP, with 

increased nuclear localization of β-catenin [41]. Although we cannot exclude a role of the 

Wnt signaling pathway in SD, several aspects oppose against a pathogenic mechanism 

solely driven by altered β-catenin signaling. First, we detected multiple cadherin and 

catenin proteins in SD, and although γ-catenin is structurally similar to β-catenin, this 
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protein is not involved in Wnt signaling [42]. Second, important targets of β-catenin (e.g., 

LEF1 and TCF7L2) or regulators of β-catenin activity (e.g., GSK3A and CK1) [43] were not 

altered in SD. Finally, we did not observe increased nuclear staining of β-catenin with 

immunohistochemistry (not shown). With these observations combined, we suggest that 

the increase of β-catenin in SD is – at least partially – related to its role in the cadherin-

catenin complex, implicated in cell adhesion and synaptogenesis. 

The cadherin-catenin complex changes in relation to TDP-43 pathology
Although TDP-43 has been associated with synaptic functioning [44], a direct link 

between TDP-43 and synaptic cell adhesion has thus far not been established. 

Nonetheless, the importance of cell adhesion proteins for synaptic functioning has 

been widely investigated in the context of neurodegeneration, as the deposition 

of pathological proteins (e.g., Aβ plaques and tau aggregates) may induce synapse 

destabilization via changes in synaptic cell adhesion molecules [45-47]. In models of 

AD and other tauopathies, abnormalities in synaptic stability have been shown to occur 

in early stages of disease, with more extensive synaptic damage occurring during the 

course of disease progression [48, 49]. 

Via enhanced association with N-cadherin, β-catenin stabilizes N-cadherin function to 

improve spine stability and synaptic transmission [50]. Dynamic changes of synaptic 

adhesion have been demonstrated by increased synaptic N-cadherin in response to 

loss of other cell adhesion molecules [51]. A study of spine dynamics demonstrated that 

acute disruption of N-cadherin leads to an initial compensatory attempt by the cell via 

an increase of β-catenin and increased binding between β-catenin, α-catenin, and 

δ-catenin [33]. A similar cascade of events might occur in SD, in which upregulation of the 

cadherin-catenin complex serves to enhance synaptic stability. However, persistence of 

highly stable synapses compromises structural plasticity, which is essential for synaptic 

network reorganization and learning related processes, especially in the hippocampus 

[52]. The stabilizing effect of this compensatory mechanisms might also be limited when 

the toxicity of pathological TDP-43 increases during the course of disease progression, 

leading to overt synaptic loss. More in-depth investigation is required to provide insight 

into the precise molecular mechanisms. 

Future steps to further characterize the cadherin-catenin complex in SD
Foremost, the upregulation of the cadherin-catenin complex proteins in SD warrants 

validation using another method; immunoblotting of candidate proteins is currently 

ongoing. A possible next step is then to localize these proteins and their binding partners 

to specific cells and/or subcellular compartments. Staining of β-catenin did not reveal 
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evident disparities in SD patients compared to controls, despite this protein being most 

strongly altered with MS. This discrepancy could be due to the properties of the different 

antibodies used. As for N-cadherin, immunohistochemistry did not reveal consistent 

changes among patients, although we did observe a unique staining pattern in several 

cases of which the underlying cause needs to be clarified. Applying other techniques (e.g., 

immunofluorescence, immunoprecipitation), and possibly more advanced technologies 

such as spatial proteomics [53], will hopefully shed more light on the functions and 

localizations of catenins and cadherins in SD. Studying signal transduction and synapse 

dynamics in cellular and/or animal models would also provide important mechanistic 

insight into the role of the cadherin-catenin complex in synaptic plasticity. Finally, it could 

be of interest to investigate cadherin and catenin genes in genetic studies of dementia, to 

assess whether certain genetic variants are associated with disease. 

Strengths and limitations
We performed the first proteomic study specifically analyzing SD neuropathology. The 

isolated dentate gyrus represents a unique brain region, as it contains the most profound 

TDP-43 pathology with limited neuronal loss. Our sample size of 15 patients is substantial 

considering the rarity of the disorder. To pinpoint disease specific pathways, we integrated 

different in silico analyses and compared our findings to previous proteomic studies of 

other dementia subtypes. An important consideration is the variety amongst these studies 

regarding phenotypes, brain regions, and analytical approaches. This was illustrated by 

the observation of proteins with discordant directional change. It emphasizes the need 

to validate the detected candidate proteins with additional methods. Another important 

limitation is the absence of other SD proteomic datasets to replicate our findings. Finally, 

the sample size constrained us from performing subanalyses. Despite the consistent 

presence of TDP type C neuropathology, it might be worthwhile to attempt molecular 

subtyping of SD patients in future studies. 
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Conclusion

This work provides a description of the proteomic changes in the dentate gyrus of SD 

patients, including dysregulation of pathways related to the immune response, metabolic 

processes, and cell adhesion. Integrated analyses of functional enrichment, protein 

interactions, and comparison to other proteomic datasets highlighted a cluster of 

interacting proteins constituting the cadherin-catenin complex, implicated in synaptic 

cell adhesion. Validation of our findings and comparative studies across different brain 

regions and FTD subtypes are required to corroborate altered dynamics of these proteins 

in SD, as well as functional work to elucidate a possible interplay with pathological TDP-43 

aggregate formation. We anticipate that this will result in a deeper understanding of the 

complex molecular changes in this severe disorder. 

Supplementary information

Available online at: Chapter 4.3 - Supplementary Data. 



273

From genes to proteins: pioneering the proteomic landscape

4

References

1. Snowden J, Goulding PJ, David N. Semantic dementia: a form of circumscribed cerebral atrophy. 

Behavioural Neurology. 1989;2(3):167-82.

2. Hodges JR, Patterson K, Oxbury S, Funnell E. Semantic dementia. Progressive fluent aphasia with 

temporal lobe atrophy. Brain. 1992;115 ( Pt 6):1783-806.

3. Gorno-Tempini ML, Hillis AE, Weintraub S, Kertesz A, Mendez M, Cappa SF, et al. Classification of 

primary progressive aphasia and its variants. Neurology. 2011;76(11):1006-14.

4. Mummery CJ, Patterson K, Price CJ, Ashburner J, Frackowiak RS, Hodges JR. A voxel-based 

morphometry study of semantic dementia: relationship between temporal lobe atrophy and 

semantic memory. Ann Neurol. 2000;47(1):36-45.

5. Mion M, Patterson K, Acosta-Cabronero J, Pengas G, Izquierdo-Garcia D, Hong YT, et al. What the 

left and right anterior fusiform gyri tell us about semantic memory. Brain. 2010;133(11):3256-68.

6. Kumfor F, Landin-Romero R, Devenney E, Hutchings R, Grasso R, Hodges JR, et al. On the right 

side? A longitudinal study of left- versus right-lateralized semantic dementia. Brain. 2016;139(Pt 

3):986-98.

7. Landin-Romero R, Tan R, Hodges JR, Kumfor F. An update on semantic dementia: genetics, 

imaging, and pathology. Alzheimer’s research & therapy. 2016;8(1):1-9.

8. van Rooij J, Mol MO, Melhem S, van der Wal P, Arp P, Paron F, et al. Somatic TARDBP variants as a 

cause of semantic dementia. Brain. 2020;143(12):3827-41.

9. Davies RR, Hodges JR, Kril JJ, Patterson K, Halliday GM, Xuereb JH. The pathological basis of 

semantic dementia. Brain. 2005;128(Pt 9):1984-95.

10. Neumann M, Mackenzie IRA. Review: Neuropathology of non-tau frontotemporal lobar 

degeneration. Neuropathol Appl Neurobiol. 2019;45(1):19-40.

11. Leyton CE, Britton AK, Hodges JR, Halliday GM, Kril JJ. Distinctive pathological mechanisms 

involved in primary progressive aphasias. Neurobiol Aging. 2016;38:82-92.

12. Spinelli EG, Mandelli ML, Miller ZA, Santos-Santos MA, Wilson SM, Agosta F, et al. Typical and 

atypical pathology in primary progressive aphasia variants. Annals of neurology. 2017;81(3):430-43.

13. Schubert OT, Röst HL, Collins BC, Rosenberger G, Aebersold R. Quantitative proteomics: challenges 

and opportunities in basic and applied research. Nature Protocols. 2017;12(7):1289-94.

14. Li KW, Ganz AB, Smit AB. Proteomics of neurodegenerative diseases: analysis of human post-

mortem brain. J Neurochem. 2018.

15. Drummond E, Wisniewski T. Using Proteomics to Understand Alzheimer’s Disease Pathogenesis. 

2019.

16. Hedl TJ, San Gil R, Cheng F, Rayner SL, Davidson JM, De Luca A, et al. Proteomics Approaches for 

Biomarker and Drug Target Discovery in ALS and FTD. Front Neurosci. 2019;13:548.



274

Chapter 4

17. Umoh ME, Dammer EB, Dai J, Duong DM, Lah JJ, Levey AI, et al. A proteomic network approach 

across the ALS-FTD disease spectrum resolves clinical phenotypes and genetic vulnerability in 

human brain. EMBO Mol Med. 2018;10(1):48-62.

18. Andrés-Benito P, Gelpi E, Povedano M, Ausín K, Fernández-Irigoyen J, Santamaría E, et al. 

Combined Transcriptomics and Proteomics in Frontal Cortex Area 8 in Frontotemporal Lobar 

Degeneration Linked to C9ORF72 Expansion. J Alzheimers Dis. 2019;68(3):1287-307.

19. Seelaar H, Kamphorst W, Rosso SM, Azmani A, Masdjedi R, de Koning I, et al. Distinct genetic 

forms of frontotemporal dementia. Neurology. 2008;71(16):1220-6.

20. Hondius DC, Eigenhuis KN, Morrema THJ, van der Schors RC, van Nierop P, Bugiani M, et al. 

Proteomics analysis identifies new markers associated with capillary cerebral amyloid angiopathy 

in Alzheimer’s disease. Acta Neuropathol Commun. 2018;6(1):46.

21. Vazquez-Sanchez S, Gonzalez-Lozano MA, Walfenzao A, Li KW, van Weering JRT. The endosomal 

protein sorting nexin 4 is a synaptic protein. Scientific Reports. 2020;10(1):18239.

22. Demichev V, Messner CB, Vernardis SI, Lilley KS, Ralser M. DIA-NN: neural networks and 

interference correction enable deep proteome coverage in high throughput. Nature Methods. 

2020;17(1):41-4.

23. Goeminne LJE, Gevaert K, Clement L. Experimental design and data-analysis in label-free 

quantitative LC/MS proteomics: A tutorial with MSqRob. Journal of Proteomics. 2018;171:23-36.

24. Raudvere U, Kolberg L, Kuzmin I, Arak T, Adler P, Peterson H, et al. g:Profiler: a web server for 

functional enrichment analysis and conversions of gene lists (2019 update). Nucleic Acids Res. 

2019;47(W1):W191-W8.

25. Szklarczyk D, Gable AL, Nastou KC, Lyon D, Kirsch R, Pyysalo S, et al. The STRING database in 2021: 

customizable protein–protein networks, and functional characterization of user-uploaded gene/

measurement sets. Nucleic Acids Research. 2020;49(D1):D605-D12.

26. Laferrière F, Maniecka Z, Pérez-Berlanga M, Hruska-Plochan M, Gilhespy L, Hock EM, et al. 

TDP-43 extracted from frontotemporal lobar degeneration subject brains displays distinct 

aggregate assemblies and neurotoxic effects reflecting disease progression rates. Nat Neurosci. 

2019;22(1):65-77.

27. Seyfried NT, Dammer EB, Swarup V, Nandakumar D, Duong DM, Yin L, et al. A multi-network 

approach identifies protein-specific co-expression in asymptomatic and symptomatic 

Alzheimer’s disease. Cell systems. 2017;4(1):60-72. e4.

28. Johnson ECB, Dammer EB, Duong DM, Ping L, Zhou M, Yin L, et al. Large-scale proteomic analysis 

of Alzheimer’s disease brain and cerebrospinal fluid reveals early changes in energy metabolism 

associated with microglia and astrocyte activation. Nat Med. 2020;26(5):769-80.

29. Südhof TC. Neuroligins and neurexins link synaptic function to cognitive disease. Nature. 

2008;455(7215):903-11.

30. Nelson WJ. Regulation of cell-cell adhesion by the cadherin-catenin complex. Biochem Soc Trans. 

2008;36(Pt 2):149-55.



275

From genes to proteins: pioneering the proteomic landscape

4

31. Togashi H, Abe K, Mizoguchi A, Takaoka K, Chisaka O, Takeichi M. Cadherin Regulates Dendritic 

Spine Morphogenesis. Neuron. 2002;35(1):77-89.

32. Yu X, Malenka RC. β-catenin is critical for dendritic morphogenesis. Nature Neuroscience. 

2003;6(11):1169-77.

33. Mysore S, Tai C-Y, Schuman E. Effects of N-cadherin disruption on spine morphological dynamics. 

Frontiers in Cellular Neuroscience. 2007;1(1).

34. Okuda T, Yu LMY, Cingolani LA, Kemler R, Goda Y. β-Catenin regulates excitatory postsynaptic 

strength at hippocampal synapses. Proceedings of the National Academy of Sciences. 

2007;104(33):13479-84.

35. Pielarski KN, van Stegen B, Andreyeva A, Nieweg K, Jüngling K, Redies C, et al. Asymmetric 

N-cadherin expression results in synapse dysfunction, synapse elimination, and axon retraction 

in cultured mouse neurons. PLoS One. 2013;8(1):e54105.

36. Seong E, Yuan L, Arikkath J. Cadherins and catenins in dendrite and synapse morphogenesis. Cell 

Adh Migr. 2015;9(3):202-13.

37. Gul IS, Hulpiau P, Saeys Y, van Roy F. Evolution and diversity of cadherins and catenins. Exp Cell 

Res. 2017;358(1):3-9.

38. Valenta T, Hausmann G, Basler K. The many faces and functions of β-catenin. The EMBO journal. 

2012;31(12):2714-36.

39. Arnés M, Casas Tintó S. Aberrant Wnt signaling: a special focus in CNS diseases. J Neurogenet. 

2017;31(4):216-22.

40. Palomer E, Buechler J, Salinas PC. Wnt Signaling Deregulation in the Aging and Alzheimer’s Brain. 

Frontiers in Cellular Neuroscience. 2019;13(227).

41. de la Encarnación A, Alquézar C, Martín-Requero Á. Increased Wnt Signaling and Reduced 

Viability in a Neuronal Model of Progranulin-Deficient Frontotemporal Lobar Degeneration. Mol 

Neurobiol. 2016;53(10):7107-18.

42. Masayuki S, Yoshitaka F, Junichi I, Akira N. Defining the Roles of &#x3b2;-Catenin and Plakoglobin 

in LEF/T-Cell Factor-Dependent Transcription Using &#x3b2;-Catenin/Plakoglobin-Null F9 Cells. 

Molecular and Cellular Biology. 2008;28(2):825-35.

43. Wisniewska MB. Physiological role of β-catenin/TCF signaling in neurons of the adult brain. 

Neurochem Res. 2013;38(6):1144-55.

44. Ling SC. Synaptic Paths to Neurodegeneration: The Emerging Role of TDP-43 and FUS in Synaptic 

Functions. Neural Plast. 2018;2018:8413496.

45. Lin Y-C, Koleske AJ. Mechanisms of synapse and dendrite maintenance and their disruption in 

psychiatric and neurodegenerative disorders. Annu Rev Neurosci. 2010;33:349-78.

46. Subramanian J, Savage JC, Tremblay M-È. Synaptic Loss in Alzheimer’s Disease: Mechanistic 

Insights Provided by Two-Photon in vivo Imaging of Transgenic Mouse Models. Frontiers in 

Cellular Neuroscience. 2020;14(445).



276

Chapter 4

47. Leshchyns’ka I, Sytnyk V. Synaptic Cell Adhesion Molecules in Alzheimer’s Disease. Neural 

plasticity. 2016;2016:6427537-.

48. Vickers JC, Mitew S, Woodhouse A, Fernandez-Martos CM, Kirkcaldie MT, Canty AJ, et al. Defining 

the earliest pathological changes of Alzheimer’s disease. Curr Alzheimer Res. 2016;13(3):281-7.

49. Jackson JS, Witton J, Johnson JD, Ahmed Z, Ward M, Randall AD, et al. Altered Synapse Stability in 

the Early Stages of Tauopathy. Cell Rep. 2017;18(13):3063-8.

50. Mysore S, Tai C-Y, Schuman E. N-cadherin, spine dynamics, and synaptic function. Frontiers in 

Neuroscience. 2008;2(35).

51. Mortillo S, Elste A, Ge Y, Patil SB, Hsiao K, Huntley GW, et al. Compensatory redistribution 

of neuroligins and N-cadherin following deletion of synaptic β1-integrin. J Comp Neurol. 

2012;520(9):2041-52.

52. Kasai H, Fukuda M, Watanabe S, Hayashi-Takagi A, Noguchi J. Structural dynamics of dendritic 

spines in memory and cognition. Trends in Neurosciences. 2010;33(3):121-9.

53. Lundberg E, Borner GHH. Spatial proteomics: a powerful discovery tool for cell biology. Nature 

Reviews Molecular Cell Biology. 2019;20(5):285-302.



277

From genes to proteins: pioneering the proteomic landscape

4





Chapter 5

GENERAL DISCUSSION



280

Chapter 5

Introduction

Young-onset dementia drastically changes the lives of patients and their families. Despite 

the low prevalence, frontotemporal dementia (FTD) has a wide societal impact due to 

progressive behavioral problems and neuropsychiatric symptoms [1]. The insidious onset 

and diversity in clinical presentation encumber its recognition and frequently lead to 

diagnostic delay or misdiagnosis [2]. Unravelling the genetic etiology and pathophysiologic 

mechanisms underlying FTD is urgently needed to open up opportunities for the 

development of diagnostic biomarkers and precision therapies. Moreover, finding a 

genetic cause enables risk prediction for family members.

All major developments in genetics over the past decades have generated important 

breakthroughs in the field of FTD [3]. The laborious, but successful linkage analysis 

approach during 1990s lead to the identification of pathogenic variants in MAPT in 1998 

and in the GRN gene in 2006 [4, 5]. Deep sequencing and structural analysis enabled the 

discovery of an intronic repeat expansion in C9orf72 as the most common genetic cause 

of FTD and amyotrophic lateral sclerosis (ALS) in 2011 [6]. Subsequent exome sequencing 

and genome-wide association studies (GWAS) of larger patient cohorts uncovered many 

more FTD-related genes [7]. 

Further characterization of these genes, based on functional databases and experiments, 

has provided a wealth of information concerning the implicated pathogenic pathways [8]. 

Nonetheless, the fundamental mechanisms driving disease onset, clinical presentation, 

and progression remain largely unexplained. This illustrates that studying the genetic 

architecture of disease is highly valuable, but insufficient by itself to fully grasp the intricate 

biological processes. Instead, assessing different methods and layers of knowledge seems 

appropriate to study complex disorders as FTD. 

In this dissertation, we applied various techniques and analytical approaches to study 

the genome and proteome of FTD and related disorders. This chapter discusses the main 

findings in the context of existing knowledge, important methodological considerations, 

and future directions for genetic and proteomic research. 
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The strengths and challenges of next-generation 
sequencing

Owing to the vast increase of the use of next-generation sequencing (NGS), now 

commonly applied in clinical practice, an autosomal dominant cause can be identified in 

up to a third of all FTD patients [7]. The strength of this approach is outlined in the first part 

of this dissertation. We demonstrated in chapter 2.1 that screening familial patients by 

NGS results in a high diagnostic yield, and facilitates the detection of candidate variants 

in novel genes. Besides genetic counselling of patients and families, these discoveries 

allow further characterization of genotype-phenotype correlations, which is especially 

important for rare variants that have not been studied as extensively. 

Novel genetic findings in FTD related genes
The specific variant I383V in the gene TARDBP, for instance, was found with relatively 

high frequency amongst seemingly unrelated patients in our FTD case-cohort, implying 

a founder mutation [9]. In a subsequent multi-center collaboration, we performed 

comprehensive genealogical research to reconstruct pedigrees (chapter 2.2). Although 

time-consuming, this strategy made it possible to interconnect families through ancestors 

dating back multiple generations. It proved to be a fruitful alternative to ancestry testing 

using genetic data, which has its analytical constraints [10]. The extended pedigrees 

demonstrated segregation of the variant with disease, confirming its pathogenicity [11]. 

Another important benefit of studying larger families is to assess the penetrance of 

variants. For the I383V variant, its reduced penetrance is important for clinicians to be 

aware of. Furthermore, neuroimaging revealed pronounced bitemporal atrophy in all 

FTD patients, contributing to the recognition of this specific subgroup of genetic FTD. 

Collectively, these findings illustrate how genetic research may help improve clinical 

diagnostics and promote more tailored genetic counseling, thus, improving the care of 

these patients and their relatives. 

The value of NGS in family-based approaches is also exemplified by the novel missense 

variant we detected in TUBA4A (chapter 2.3). This gene encodes an α-tubulin subunit, a 

crucial component of microtubules [12]. Because of the scarcity of population-based and 

functional evidence, this variant could initially not be classified as pathogenic. Following 

the literature, TUBA4A variants had been linked to ALS [13], but not convincingly to an FTD 

phenotype. As the family was rather small for classical linkage analysis, we investigated 

the sequencing data of additional affected and unaffected relatives, which indicated 

cosegregation of the variant with disease. In a functional assay, the mutant TUBA4A 

protein did not incorporate efficiently into repolymerizing microtubules. A similar result 
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was observed with other TUBA4A variants identified previously in ALS patients, which 

additionally seemed to impact microtubule network stability [13]. We noticed that ALS-

associated variants clustered in the C-terminal of the protein, whereas variants in FTD 

patients were mostly located in the GTPase domain [14]. Although additional experiments 

are warranted, this work highlights that genetic variants can exert distinct mechanisms 

based on their genomic location. In turn, this may impact the phenotypical outcome, 

contributing to the clinical heterogeneity observed along the FTD-ALS spectrum. 

Importantly, to advance our knowledge on the role of TUBA4A, patients across the clinical 

spectrum should be tested for the presence of rare variants in this gene. 

Genetic and clinical heterogeneity of dementia
The association of variants in one gene with multiple distinct neurological phenotypes is 

certainly not unique to FTD/ALS. Outlined in chapter 2.4, we performed a comprehensive 

genetic study of a multigenerational family with slowly progressive gait disturbances 

(mainly ataxic) and cognitive decline [15]. The broad range of clinical symptoms resulted in 

various clinical diagnoses, including FTD, Alzheimer’s disease (AD), Huntington’s disease, 

spinocerebellar ataxia (SCA), and unspecified dementia. Exome sequencing identified a 

frameshift variant in STUB1 as most plausible candidate, since homozygous variants in 

this gene are known to cause a recessive form of SCA with cognitive impairment (SCAR16) 

[16]. However, this disorder usually develops in the teenage years and is associated with a 

wide range of other neurological features. 

In 2018, Genis and colleagues were the first to report a large family with late-onset, 

progressive cognitive decline and ataxia symptoms, carrying a heterozygous STUB1 

frameshift variant [17]. This publication and others that followed [18-20] – including 

ours – strengthened the pathogenicity of autosomal dominant STUB1 variants with 

neurodegenerative manifestations, now referred to as SCA48 [21]. It demonstrates the co-

occurrence of recessive and dominant mechanisms in the same gene, which can lead to 

distinct, though partially overlapping clinical entities. The same applies to heterozygous 

GRN variants causing FTD, whereas homozygous variants result in neuronal ceroid 

lipofuscinosis [22]. 

Both the SCAR16 and SCA48 families reported so far emphasize their profound 

phenotypical diversity. Besides motoric and cognitive symptoms, the clinical spectrum 

may include psychiatric disorders, epilepsy, parkinsonism, endocrine dysfunction, and 

urinary incontinence [21]. In line with FTD, this heterogeneity is seen across families, 

but also intrafamilial, implying that other genetic, epigenetic, or environmental factors 

modify disease expression. Interestingly, a recent publication showed evidence for digenic 
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inheritance of STUB1 variants with intermediate repeat expansions in the gene TBP, which 

is associated with another type of ataxia (SCA17) [23]. These findings illustrate that the 

genetic landscape of these overlapping disorders has not been exhaustively cleared 

up, and even raises questions on the monogenic inheritance of SCA48. Routine repeat 

expansion sequencing – along with other forthcoming techniques such as assessment 

of somatic and mitochondrial genetic variation – will presumably increase the diagnostic 

accuracy of these families in the near future. Meanwhile, an oligogenic constitution is also 

increasingly acknowledged in ALS [24, 25]. The same most likely applies to a proportion of 

FTD patients, although co-occurrence of different genetic variation has been studied to a 

limited degree [26]. 

The elaborate variant interpretation process
As the genetic heterogeneity of many neurodegenerative disorders requires sequencing 

large gene panels, an ever-growing accumulation of variants that cannot be categorized 

as either (likely) benign or pathogenic – variants of uncertain significance (VUS) – poses 

critical clinical interpretation and risk-assessment challenges [27]. Currently, almost 40% 

of all variants reported in the ClinVar database comprises VUS [28].

Various sources of evidence such as occurrence in patients versus controls, cosegregation 

with disease, biochemical properties, and functional assays are required to determine 

the probability that a VUS has a damaging effect [29]. In 2016, a workgroup convened by 

the American College of Medical Genetics (ACMG) provided refined recommendations 

for the interpretation of sequence variants, proposing a semi-quantitative weighting 

system in the assessment of different types of evidence [30, 31]. The guidelines indicate 

that persuasive functional or clinical data are required to classify a variant as pathogenic. 

Although these guidelines provide transparent classification criteria, interpreting the 

quality and relevance of functional and clinical data often leaves room for debate.

The TUBA4A variant, studied in chapter 2.3, illustrates the difficulties in variant 

classification. We interpreted the results of the microtubule assay, previously performed 

for ALS-related variants, as functionally relevant [13, 14]. Evaluating the functional assay 

by itself, however, it can be argued that the magnitude of change is insufficient and 

that the results have not been reproduced by another laboratory, rating the results as 

weak evidence. Other data types such as in silico variant annotations, clinical data, and 

segregation analysis, then need to be thoroughly reviewed and weighed to reach a final 

conclusion. This resulted in our designation of likely pathogenic (class 4) for the TUBA4A 

variant. During the whole process, final interpretation is often dependent on the role and 

knowledge of the assessor, which may even result in discrepant interpretations of variants 
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across centers. The I383V variant in TARDBP [11], for example, was for some time regarded 

as a VUS in some laboratories, whereas others already classified it as pathogenic or 

likely pathogenic. It stresses the importance of close cooperation between clinicians and 

researchers, not only within but also across (international) centers. Another important 

aspect to avoid inconsistencies is standard general use of the same variant-phenotype 

databases, which are frequently updated to new knowledge. The manifold of different 

databases at hand (e.g., ClinVar, ACMG, OMIM), though all with their own advantages, 

comes with the caveat of losing oversight of all available evidence. 

In addition, revolutionary developments such as CRISPR/Cas9 genome editing 

technologies have the potential to investigate specific variants, genes, and regulatory 

elements in cellular models at increasing scale and precision [32, 33]. This methodology 

can also be applied to generate point mutations in animal models. While the traditional 

approach is to knock out complete genes or to inject human mRNA with the genetic defect 

in embryos, CRISPR/Cas9 technology allows for much faster and targeted assessment 

of specific variants. In relation to novel VUS in TUBA4A, for instance, a CRISPR-based 

approach could help demonstrate the deleterious impact of variants in different domains 

in a systematic manner, as exemplified in other research areas such as cardiac disease 

[34, 35]. 

Important limitations of sequencing technology
So far, NGS approaches have largely focused on perturbations in the coding regions 

(exome), as these may directly impact protein structure or function. This has greatly 

facilitated the identification of causal genetic factors [36]. However, certain genetic 

causes are overlooked by this approach such as changes in (regulatory) noncoding regions 

or complex rearrangements. Also, the coverage of exome sequencing is uneven, leading 

to zero-coverage and low-coverage regions throughout the exome [37]. These limitations 

likely decrease the overall diagnostic rate.

Investigating the genome instead of exome is one way to surpass these biases. Whole 

genome sequencing (WGS) enables reliable detection of noncoding variants, as well as 

small structural variants (50-100 base pairs) [38, 39]. However, the prioritization and 

interpretation of the large quantity of VUS produced by WGS is even more challenging and 

time consuming. The principal benefit of WGS up to date has been to improve the accuracy 

of array-based analyses by providing lower-frequency alleles [40]. The prediction is that 

the decreasing costs and wider access to WGS data generation will additionally promote 

the characterization of noncoding and structural variants in the future. 
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Finally, a major issue is the maximum read length of 300 bases with standard NGS 

methods, limiting the identification of larger structural variants (affecting ~100 base pairs 

up to >5 kb). It is estimated that ~70% of the human genome structural variation remains 

undetected because of this shortcoming [41, 42]. In recent years, the emergence of long-

read sequencing technology allows to generate sequences of 10 kb to several megabases 

[43], which can be applied to improve the assembly of genomes, including large-scale 

detection of structural variation [44]. 

The complex genetic etiology of dementia

Despite NGS as robust cornerstone, steadily untangling the genetic foundation of 

neurodegenerative diseases, roughly two-thirds of FTD patients with a positive family 

history remain without identified genetic cause [9, 45]. Moreover, while most genetic 

studies focus on familial patients, previous work has shown that up to 10% of sporadic 

patients may harbor pathogenic variants in dementia related genes [45, 46]. It is possible 

that these patients have been misjudged as sporadic due to misdiagnoses among relatives, 

loss of contact between family members, or early death of at-risk relatives due to other 

causes. 

Another genetic explanation for sporadic patients is the presence of de novo variants, 

which denote variants arising in the gametes of the parents. Studying such alterations 

in the human genome was challenging in the past, but the advent of NGS technologies 

has provided new opportunities. Several successful applications of the trio study design 

have been reported for AD, ALS, and Parkinson’s disease [47-51]. De novo variants have 

not been identified in FTD so far, mostly hindered by the lack of parental DNA. Following 

the relatively early onset and sporadic nature of disease, patients with FUS pathology are 

suspect to harbor de novo variants, consistent with pathogenic variants identified in the 

FUS gene causing early-onset ALS [52-54]. As such, performing trio sequencing in FTD-

FUS patients seems most promising, but is encumbered by the rarity of this subtype. 

It is important that clinicians are aware of the above-mentioned considerations. 

Nowadays, it is increasingly common in clinical practice to offer genetic testing FTD 

patients irrespective of family history [46]. Besides finding more genetic causes, this will 

also help decipher which variants may show reduced penetrance.
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Somatic variation in the brain
Investigating somatic variants is a relatively novel development in the field of 

neurodegenerative disease as compared to, for example, cancer genetics [55]. Somatic 

variants are post-zygotic genetic changes arising in somatic cells during embryonic 

development and throughout postnatal life, which accumulate owing to various sources 

of DNA damage and due to replication errors as cells divide. As opposed to variants in 

germ cells, these cannot be transmitted to the next generation. The result is genomic 

mosaicism, indicating genomic differences between cells/tissues, with the distribution 

pattern depending on the precise timing during development when a variant occurs [56]. 

This phenomenon is widespread in the human body, including the brain [57]. 

It is estimated that individual neurons have over a thousand somatic variants which 

increase during aging [58-60]. A recent study of structural variants in healthy brains 

showed that ~12% of cortical neurons harbor large somatic structural variants [61]. 

Although some of these variants can have physiological functions as part of normal brain 

biology, others may affect neuronal survival. Indeed, a pathogenic impact of somatic 

variants has been established for a number of neurodevelopmental disorders [62], and 

is increasingly investigated in relation to neurodegeneration [55, 60]. In the field of AD, 

several studies have addressed somatic variation by deep sequencing of brain tissue, 

either by targeting specific genes or the whole exome [63-69]. 

The most ideal approach to detect somatic variants is to compare DNA derived from 

affected and non-affected tissues/cells of a single patient. As outlined in chapter 3.1, 

we performed such a comparative study in semantic dementia (SD) patients. Due to 

its sporadic occurrence and localized temporal degeneration [70, 71], this subtype of 

FTD seems the optimal candidate to search for causal somatic variants. Following deep 

sequencing of the medial temporal cortex and/or the dentate gyrus compared to paired 

blood-derived DNA from 16 SD patients, we detected somatic variants in TARDBP in the 

brains of two patients [72]. The overlap in clinical and pathological features with germline 

TARDBP variant carriers supports the potential pathogenicity of the identified variants. 

This was further demonstrated by experimental assays showing disrupted function and 

altered cellular localization of the mutant proteins.

As one of the pioneering studies investigating somatic variants in the brain, we expect our 

findings to bolster the investigation of other types of non-familial dementia for somatic 

disease-causing variants. Importantly, sequencing is only the starting point for this exciting 

and rapidly advancing research field. Employing in vitro, animal, and human experimental 

models will be essential to elucidate the downstream effects of somatic DNA variation and 

to further comprehend the non-uniform genomic architecture of the brain [73, 74].
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Polygenic risk assessment
It is discernable that disease initiation and expression, in both familial and sporadic 

disease, is for some part modulated by an intricate genetic architecture comprising a 

multitude of common and rare variants. Deciphering the polygenic underpinnings of 

neurodegenerative disorders has gained interest over the last decade. GWAS of FTD 

patients disclosed several genetic variants and associated pathways [75-77], providing 

relevant biological information. For example, the most robust signal concerns the risk 

gene TMEM106B identified through multiple independent association studies [77, 78]. FTD 

subtype stratified analyses identified additional common loci associated with disease [76], 

supporting that a polygenic component underpins and modulates its clinical variability. 

Indeed, a weighted polygenic risk score (PRS) based on the effect sizes of six suggestive 

genetic variants revealed an association with age at onset in an Italian FTD cohort [79]. 

In further studies, it would be worthwhile to evaluate whether the PRS contributes to 

the clinical heterogeneity observed within families, which could be useful for genetic 

counseling of patients and their at-risk relatives. Results from GWAS have also been used to 

study the genetic overlap between FTD and other neurodegenerative disorders, revealing 

a shared genetic background as well as novel FTD associations [80]. The identified genetic 

associations can be leveraged to study implicated pathways, contributing to mechanistic 

insight. Vice versa, pathway-specific PRS might allow molecular subtyping of patients, 

ultimately enabling more personalized treatment [81].

In the field of AD, an ever-growing number of GWAS revealed >70 independent risk 

loci, owing to increasing sample sizes and meta-analyses [82-85]. Consequently, the 

application of PRS is extensively investigated in the context of AD [86, 87], used to stratify 

patients by genetic risk and to establish correlations with clinical traits such as age at onset, 

disease progression, and clinical biomarkers [88-90]. Although its potential regarding 

early recognition of high risk patients, many obstacles are faced when it comes to clinical 

implementation [91]. One of the most fundamental ones, is that PRS only explains a small 

fraction of disease liability. This was demonstrated in chapter 3.2, where we computed PRS 

for 36 small families affected by early-onset AD [92]. The results showed a modest impact 

of PRS (odds ratios <2), in concurrence with previous work assessing PRS in familial AD 

[93]. In some research areas, however, evidence exists for PRS affecting the penetrance of 

high-risk variants [94] such as the absolute risk of BRCA1 and BRCA2 mutations for breast 

cancer susceptibility [95]. It seems worthwhile to address the influence of PRS on disease 

risk in larger cohorts of monogenic AD, as in particular PSEN2 pathogenic variants may 

show incomplete penetrance [96]. If proven to correlate to age at onset, for instance, PRS 

may add prognostic value. 
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Finally, it is important to realize that the simplistic additive model of PRS does not take into 

account any gene-gene or gene-environment interactions. Risk algorithms should ideally 

combine clinical, genetic, and environmental risk factors for a more holistic prediction of 

disease risk. Studies disentangling integrated effects are important to strengthen these 

algorithms. As such, it should be avoided to report PRS to patients on its own, especially 

when this has no consequences for clinical practice [97].

Using proteomics to study disease processes in the brain

The brain is arguably the most complex organ. It is estimated that roughly 80% of all 

human protein coding genes (~20,000) are expressed in the brain [98]. Although genetic 

and transcriptomic studies have contributed tremendously to our knowledge of the 

brain and its pathologies, these do not provide direct evidence of the affected protein 

functions regulating neuronal processes. To this end, mass spectrometry (MS)-based 

proteomics offers a versatile toolbox to study the complex nervous system. In dementia 

research, MS is already widely applied to cerebrospinal fluid in an effort to identify fluid 

biomarkers, as recently reviewed [99]. Despite numerous challenges when it comes to 

collecting brain tissues – especially in case of rare disorders – studies examining the 

brain proteome are emerging, also owing to increased global collaborations in brain 

banking [100]. 

The proteomic profile of FTD
In chapter 4.1, we described the proteomic studies performed on FTD brain tissues 

with TDP-43 pathology, and considered several major molecular pathways related to 

this pathological entity [101]. Although insightful regarding global disease processes, 

the divergence in study designs, molecular subtypes, sample processing, and analytical 

approaches constitute major barriers when it comes to the translation from MS-based 

results to actual candidates for biomarkers or therapeutic strategies. Furthermore, one 

of the most challenging aspects of brain proteomics is the diversity in cell types and 

spatial variability across cellular compartments, following the dynamic localization of 

proteins. This information (i.e., cellular and subcellular specific data) is lost upon tissue 

homogenization and cell lysis. As such, most studies analyzing bulk tissue are limited 

to identifying general cellular processes, for example related to the immune response, 

protein metabolism, or cytoskeleton. Ways to circumvent this are to select patient samples 

with disease specific molecular pathology, and/or to infer cell type specific alterations 

using markers derived from single cell RNA sequencing. 
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Complementing our genetic investigations of FTD, in chapter 4.2 we compared the 

proteomic profiles of FTD patients carrying pathogenic variants in MAPT or GRN, to assess 

disease-related cellular processes in both genetic subtypes. Since the neuropathology of 

these patients is characterized by unique features – consistent with FTLD-tau and FTLD-

TDP type A – we expected to find distinct proteomic signatures when compared to each 

other and to healthy controls. Indeed, we discovered subtype-specific changes indicating 

dysregulation of RNA processing in FTD-MAPT and activation of immune related 

processes in FTD-GRN [102]. Cell type enrichment analyses indicated distinct cellular 

involvement for both genetic subtypes with oligodendrocyte dysfunction in FTD-MAPT, 

and endothelial cell changes in GRN patients. Although replication of these findings is 

warranted, this study is the first to compare the proteomic changes across genetic FTD 

subtypes and lays the groundwork for further characterization of the identified proteins 

and pathways.

Unraveling disease specific alterations 
Deciphering which proteins and associated cellular processes are fundamental in the 

initiation and progression of disease is one of the most difficult, but essential goals in 

order to establish therapeutic targets. In addition to selecting certain molecular subtypes 

as in chapter 4.2, it is possible to enrich the sample for pathological lesions by isolating 

specific tissues or (sub)cellular structures of interest. For example, affected brain regions 

can be sequestered from surrounding tissue using laser-capture microdissection (LCM) 

[103, 104], or the composition of protein aggregates can be studied directly following 

differential extraction of insoluble fractions [105, 106]. Various methods have been 

successfully applied to study distinct cell populations and pathological lesions in both FTD 

and AD, including nuclear protein aggregates, defined hippocampal neurons, amyloid 

plaques, and neurofibrillary tangles [107-114].

For SD, a sporadic neurodegenerative disorder with relatively homogeneous clinical 

presentation (semantic deficits) and neuropathological subtype (FTLD-TDP type C), 

assessing protein dysregulation seems especially suitable to characterize its underlying 

disease mechanisms. Considering the typical neuronal inclusions but limited neuronal 

loss in the dentate gyrus of the hippocampus, we anticipated that the proteomic changes 

in this region are relatively disease specific. As reported in chapter 4.3, we isolated the 

dentate gyrus using LCM in a cohort of 15 patients and 17 non-demented controls. Following 

MS, we compared the differential proteome to the protein changes observed in cortical 

brain tissues of AD and other FTLD subtypes, to filter out common neurodegenerative 

changes. Combining these results with functionally enriched pathways and protein-

protein interactions pointed towards a specific complex of proteins – the cadherin-
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catenin complex – related to synaptic cell adhesion [Mol et al., in preparation]. This strategy 

highlights the strength of integrating different bioinformatics tools to discriminate 

specific proteins of interest within the large amount of data generated by MS. 

Our findings establish the basis for follow-up studies, which are warranted to elucidate 

the crosslinks between the identified proteins and the pathological TDP-43 protein 

inclusions. We hypothesized a compensatory mechanism in response to synaptic loss. 

Expanding the experimental design to other brain regions and clinical phenotypes will 

be essential to corroborate these changes as unique to the SD dentate gyrus, or more 

generally occurring. Nonetheless, this pioneer study is an important first step towards 

unraveling SD specific molecular pathways and, ultimately, to identify those that are 

suitable for therapeutic intervention. An additional step could be to evaluate genetic 

variants in candidate proteins of affected pathways, illustrating how proteomic findings 

can be used to complement genetic studies. 

Future outlook

As explained in the prior sections, the genetic etiology of FTD can be sought in many 

different aspects such as structural, de novo, and somatic variation, as well as polygenic 

risk factors. In parallel, studying proteins, the main products of genes, has the potential 

to obtain a deeper mechanistic insight into disease processes. In the next paragraphs, 

technological and strategic advancements in genome-based and proteome-based 

methods will be discussed, in addition to their convergence in multi-omics approaches. 

Third and fourth generation sequencing
In the forthcoming era, referred to as third generation sequencing, long-read sequencing 

technology is thought to revolutionize genomics by disclosing the broad spectrum of 

genetic variation. So far, it has led to the discovery of potentially pathogenic structural 

variants in a range of neurodegenerative disorders, including AD [115]. It is to be expected 

that many more, including repeat expansions, will be discovered in the near future. 

Suitable candidates to investigate these variant types in FTD are genetically unresolved 

autosomal dominant cases, but also sporadic patients with well-defined neuropathology 

(e.g., patients with SD or FUS pathology) potentially carrying de novo or somatic variants. 

As such, it is crucial that DNA of parents, when still alive, is more routinely collected and 

that more studies on brain tissue are being conducted to clarify the impact of somatic 

variants as underlying cause of FTD-spectrum disorders. 
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Long-read sequencing can also be applied to RNA transcripts for full-length RNA 

sequencing, facilitating gene expression studies. In addition to functional assays, this 

will be valuable for the interpretation of novel variants. Another major advantage is the 

ability to detect a diverse array of epigenetic changes, as it targets native unamplified DNA 

molecules. It is becoming clearer that epigenetic modifications possibly play a key role 

in neurodegeneration, opening up new perspectives for the discovery of biomarkers and 

therapeutic interventions [116]. For instance, two studies reported increased methylation 

of the GRN promotor in sporadic FTD inversely correlated to mRNA GRN levels [117, 118], 

indicating that this might promote disease initiation in the absence of GRN pathogenic 

variants. Moreover, specific inhibitors of histone deacetylases have been identified to 

enhance progranulin levels in human neurons [119]. 

Long-read sequencing will likely impact this field of research, which is still in its infancy 

when it comes to neurodegenerative disease. Although the technique is currently 

expensive and has a lower throughput than short-read sequencing, further development 

will make it more robust and routinely available.

The most recent exciting development is single-cell sequencing, giving rise to so-

called fourth-generation sequencing [120]. In this new technology, NGS is applied to 

sequence nucleic acid compositions directly in fixed cells and tissues, opening great 

opportunity for the analysis of cell variability in situ [121]. This enables spatial mapping 

of cells, recording their genomic (i.e., somatic variants and mosaicism [122]) as well as 

transcriptional heterogeneity. For instance, single-cell profiling studies of both mouse 

and human samples have established important resources of the diverse gene expression 

patterns in the mammalian nervous system [123-126]. An illustrative application in 

neurodegenerative disease is the discovery of a novel microglia type in an AD mouse model 

localized near β-amyloid plaques [127]. In the context of FTD, it would be highly interesting 

to compare cell type specific changes across pathological and/or genetic subtypes, as well 

as to differentiate FTD from other disorders such as AD and ALS at a single-cell resolution.

Multifaceted use of proteomics
Beyond the described proteomic strategies in chapter 4.1, a multitude of techniques are 

emerging that expedite investigations on the protein level. For instance, purification of 

subcellular compartments using various methods, followed by MS, can now be applied to 

study the proteomes of a broad range of organelles and pathological protein translocations 

[128]. Using cluster analyses and established organelle markers, this concept has been 

extended to generate proteome-wide spatial maps of a variety of cells, including neurons 

[129, 130]. These MS-based studies, combined with image-based and interaction-based 
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technologies, have established important reference maps of the spatial distribution of the 

mouse and human brain proteomes [131-133]. 

In the field of neurodegeneration, studies are emerging that analyze organelle-specific 

proteomes such as synaptosomes and synaptic vesicles [134-136]. It is to be expected 

that many more will follow, including comparative studies of protein localization across 

different tissues and pathological subtypes. Additionally, owing to innovations in sample 

preparation, MS instrumentation, and cell type separation methods, single-cell proteomic 

workflows are emerging [137-140]. Parallel to single-cell RNA and DNA sequencing, this 

exciting development has the potential to uncover single-cell variation at the protein level.

Besides spatial proteomics, it would be highly insightful to assess protein alterations 

over the course of disease, which could pinpoint crucial regulators as candidates for 

drug targets. Investigating the same substrate during disease progression would be 

most ideal, but is obviously not feasible in brain tissue. Several studies attempted to 

address temporal changes by analyzing postmortem brains of AD patients deceased 

at different disease stages [141, 142], or by comparing rapidly progressing and sporadic 

forms of disease [143]. Moreover, in vitro and animal modeling with MS profiling on 

multiple time points can provide insight into temporal regulation of neuronal processes, 

including neural stem cell differentiation [144], synaptic plasticity [145], and activation 

stages of microglia [146]. 

Assessing posttranscriptional protein modifications (PTMs) is a relatively unexplored 

domain of proteomic and cellular complexity. It is known that PTMs exert important 

regulatory roles in protein subcellular localization and functioning. Strategies for unbiased 

detection and quantification of PTMs using MS-based methods are improving [147, 148]. 

Specific patterns of tau PTMS were shown to reflect disease progression in postmortem 

brains of AD patients [149], consistent with in vitro findings of various modifications 

influencing the aggregation propensity of tau [150, 151]. Similar and other complementary 

strategies (e.g., chromatin regulation using ChIP-MS) hold promise to elucidate the role of 

epigenetic regulation in neurodegenerative disorders [152, 153]. 

Multi-omics approach
Notwithstanding the above-described developments, covering many exciting methods 

and technologies, it is apparent that data generation is merely the first step. Since genes 

and proteins represent only a single level of regulation, there is a growing demand 

to integrate different data types in order to increase our understanding of biological 

systems as a whole. The question is whether multi-omics will be able to bridge the gaps 
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between different layers of cellular regulation, resulting in robust genotype-phenotype 

relationships and a deeper insight into pathophysiological processes [154].

In the field of AD, combining GWAS results with gene expression data has helped to 

prioritize genes and functional variants explaining the association with disease risk [155-

157]. Integrated analyses of various data types derived from postmortem brain tissues 

uncovered potentially relevant molecular signatures [158-160], of which one recent study 

further explored the therapeutic potential of a top candidate gene implicated in neuronal 

dysregulation [160]. As for FTD, various publicly available datasets have recently been 

generated to facilitate future multi-omics projects [161].

Although promising, much more work has to be done to evaluate the true added value 

of the multi-omics approach. The burden of information can easily be overwhelming, 

result in enrichment of noise, and overshadow disease relevant discoveries. Focusing on 

computational methods and machine learning algorithms to deal with big data can come 

with the caveat of losing sight of the main goals, that is to improve disease diagnostics and 

prognosis. The biological question and main goals of studies should be clearly envisioned 

beforehand and continue to be the driving force in the selection of appropriate tools. 

Future work should be dedicated to the development of golden standards for analytical 

pipelines, including user-friendly tools for researchers with limited bioinformatics 

experience. Other points at issue relate to data storage, the development of stronger 

algorithms, statistical procedures, and software to model non-commensurate data types. 

Despite these challenges, multi-omics approaches are steadily emerging to advance our 

knowledge on the degenerating brain [162-164]. 
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Conclusions

By means of various approaches, this dissertation adds to the characterization of the 

complex genetic and proteomic architecture of FTD and related disorders. We evaluated 

known and novel genes and established genotype-phenotype correlations, relevant for 

clinical diagnostics and genetic counseling. This work was complemented by unbiased 

proteomics of both genetic and sporadic FTD subtypes, to obtain more insight into the 

underlying disease processes and to lay the foundation for targeted and functional 

follow-up investigation. Critical issues that need to be addressed are systematic and 

homogeneous classification of genetic variants, alongside validation and replication of 

candidate proteins and cellular pathways as potential therapeutic targets. International 

collaborations play an important role in achieving these goals. Increased open data 

sharing, the creation of data repositories, uniform analysis guidelines, and close 

collaborations between different omics researchers as well as clinicians should contribute 

to the translation of these complex data into clinically relevant applications.
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Summary

Frontotemporal dementia (FTD) is a type of young-onset dementia characterized by 

extreme and progressive changes in personality, behavior, and/or language skills. FTD has 

an important genetic component and numerous genetic variants have been identified so 

far. Still, the precise pathophysiological mechanisms remain largely unresolved. Various 

methodologies complementing genetic research have opened up new avenues to study 

the involved molecular pathways. This dissertation – divided into five chapters – explores 

several genetic and proteomic approaches to study FTD and related neurodegenerative 

disorders, aiming to gradually decipher the complex underlying molecular landscape. 

▶ Chapter 1 delineates the most widely used approaches in genetic research and provides 

an overview of the current state of knowledge of FTD regarding its clinical syndromes, 

neuropathological features, and genetic etiology. This first part ends with describing the 

scope of this dissertation.

▶ Chapter 2 comprises different strategies to uncover the broad spectrum of genetic 

variation associated with FTD and related disorders. 

First, chapter 2.1 describes an exome sequencing study of a large familial FTD cohort. We 

highlighted clinical-genetic and pathological-genetic correlations for the largest genetic 

subgroups – C9orf72, MAPT, and GRN – and detected several novel variants. A relatively 

high proportion of patients harbored a rare variant in the TARDBP gene. 

In chapter 2.2 we performed an in-depth study of this variant, which was also detected 

by other centers in FTD and amyotrophic lateral sclerosis patients. A remarkable finding 

was the severe and isolated bitemporal atrophy in all FTD patients. Genealogical research 

linked multiple patients to one large pedigree, providing evidence for the pathogenicity of 

this variant, in addition to revealing its variable phenotypical expression and incomplete 

penetrance. 

In the case-cohort study described in chapter 2.1, we also identified several rare variants 

of uncertain significance (VUS). Chapter 2.3 focuses on the follow-up investigation of 

one of these variants in TUBA4A, which encodes an important component of the cell’s 

microtubule network (α-tubulin). The variant segregated with disease and a microtubule 

repolymerization assay demonstrated disrupted α-tubulin function, supporting this 

TUBA4A variant as rare cause of disease, and expanding the genetic architecture of FTD. 

Last, chapter 2.4 reports a large pedigree of nine affected individuals, presenting with 

prominent gait disturbances (ataxia or parkinsonism) combined with cognitive decline 

and behavioral changes. Comprehensive genetic analyses lead to the discovery of a 

segregating frameshift variant in the gene STUB1. This study designates STUB1 related 
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disease as a specific autosomal dominant entity, now also referred to as spinocerebellar 

ataxia 48. 

▶ Chapter 3 recounts two distinct journeys in an effort to reveal the genetic etiology of 

unresolved dementia patients. 

The first is the evaluation of somatic variants as possible genetic explanation for sporadic 

FTD. Somatic variants occur in subsets of cells due to replication errors during cell division 

or DNA damage, and can be detected by comparing genetic variation in affected and non-

affected tissues or cells. In chapter 3.1, we studied the presence of somatic variants in 

several brain regions of semantic dementia (SD) patients, a sporadic form of FTD. In two 

patients, DNA sequencing of brain tissue revealed variants in TARDBP that were absent 

in blood. Germline variants in this gene are known to cause FTD, as described in chapter 

2.2. For the first time, this study demonstrates that somatic variants can cause dementia 

in a non-hereditary manner, which might be exemplary for other neurodegenerative 

disorders without apparent genetic component. 

In chapter 3.2, we describe a series of families with relatively early-onset Alzheimer’s 

disease (<70 years), in whom we assessed both monogenic causes as well as potential 

components of polygenic risk. We found that the families without a penetrant monogenic 

variant showed substantial burden of the risk allele APOE-ε4. Furthermore, in some 

families we detected a rare novel VUS and/or an increased polygenic risk score. Although 

further research is warranted, this study illustrates that a multifactorial model is 

important to consider in the genetic appraisal of dementia, also in early-onset disease. 

▶ Chapter 4 adresses proteomics, in particular mass spectrometry-based approaches, 

to analyze protein depositions and aberrant protein abundances in the brains of FTD 

patients.

Chapter 4.1 reviews nine studies that performed unbiased mass spectrometry of brain 

tissue from FTD patients with TDP-43 proteinopathy. We were able to consider several 

core pathways involved in the FTD-TDP disease process such as RNA processing and 

endolysosomal trafficking. An important message following this review is that proteomics 

can provide valuable knowledge on pathogenic mechanisms, but that the large variation 

in overall quality, study designs and analytical approaches complicates comparison and 

validation of results. 

Chapter 4.2 demonstrates the use of mass spectrometry in a comparative analysis of 

frontal and temporal cortex tissue from FTD patients with pathogenic variants in GRN or 

in MAPT, versus non-demented controls. We observed specific involvement of immune-

related processes in FTD-GRN, whereas FTD-MAPT patients were characterized by 

disturbed RNA processing and nucleocytoplasmic transport. By describing differentially 
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affected cell types and biological processes across genetic subtypes, this study provides a 

resource for subsequent targeted studies. 

Apart from genetic FTD, proteomics is highly suitable to investigate sporadic disease. 

Chapter 4.3 describes a comprehensive proteomic assessment of brain tissues of SD 

patients compared to non-demented controls. In order to discriminate changes potentially 

unique to SD, we compared our results to proteomic studies of other FTD subtypes and 

Alzheimer’s disease. This approach, integrated with functional enrichment and protein-

protein interactions, resulted in the identification of a subset of upregulated proteins in 

SD involved in cell adhesion. Future work needs to validate these findings and elucidate 

the precise interplay with pathological TDP-43. Nonetheless, this study is one of the first 

to shed light on the underlying disease processes of SD. 

▶ In Chapter 5 we discuss the above findings in more detail and in the context of current 

literature, review important methodological considerations and conclude with expected 

future directions for research and clinical practice.
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Samenvatting (formeel)

Frontotemporale dementie (FTD) is een vorm van dementie die op jonge leeftijd begint 

en gekenmerkt wordt door ernstige en progressieve veranderingen in persoonlijkheid, 

gedrag en/of taalvaardigheid. FTD heeft een belangrijke erfelijke component en dusver zijn 

er al veel genetische oorzaken ontdekt. Desondanks blijven de exacte ziektemechanismen 

grotendeels onverklaard. Diverse methoden die genetisch onderzoek complementeren, 

bieden nieuwe mogelijkheden om de onderliggende ziekteprocessen te doorgronden. Dit 

proefschrift, opgedeeld in vijf hoofdstukken, tracht het complexe moleculaire landschap 

van FTD en gerelateerde neurodegeneratieve aandoeningen verder te ontrafelen middels 

verschillende genetische en proteomics studies.

▶ Hoofdstuk 1 schetst de meest gebruikte methoden van genetisch onderzoek en geeft 

een overzicht van de huidige kennis over FTD met betrekking tot de klinische syndromen, 

neuropathologische kenmerken en genetische etiologie. Dit eerste deel eindigt met een 

beknopt overzicht van het proefschrift. 

▶ Hoofdstuk 2 omvat verschillende studies die de genetische variatie geassocieerd met 

FTD en verwante aandoeningen verkennen en nader karakteriseren. 

Ten eerste beschrijft hoofdstuk 2.1 een exoom sequencing studie van een groot familiair 

FTD-cohort. We konden klinisch-genetische en pathologisch-genetische correlaties 

definiëren voor de grootste genetische subgroepen – C9orf72, MAPT en GRN – en we 

identificeerden enkele nieuwe genetische varianten. Een relatief groot deel van de 

patiënten droeg een zeldzame variant in het TARDBP-gen. 

Hoofdstuk 2.2 rapporteert een vervolgstudie van deze variant, die ook werd gedetecteerd 

door andere centra bij FTD en bij patiënten met amyotrofe laterale sclerose. Een 

opmerkelijke bevinding was de ernstige en geïsoleerde bitemporale atrofie bij alle 

FTD-patiënten. Genealogisch onderzoek verbond meerdere patiënten aan één grote 

stamboom, wat bewijs leverde voor de variant als ziekte-veroorzakend. Ook toonde het 

aan dat de klinische presentatie sterk varieert en dat niet alle dragers van de variant ziek 

worden (onvolledige penetrantie).

In de cohortstudie beschreven in hoofdstuk 2.1, vonden we ook verschillende varianten 

van nog onduidelijke betekenis. Hoofdstuk 2.3 richt zich op het vervolgonderzoek van een 

van deze varianten in TUBA4A, een gen dat codeert voor een belangrijk onderdeel van het 

microtubuli-netwerk van de cel (α-tubuline). De variant erfde samen met de ziekte over in 

de familie en een polymerisatieassay van microtubuli toonde een verstoorde functie van 

α-tubuline aan, wat de variant ondersteunt als ziekte-veroorzakend en het genetische 

spectrum van FTD verder uitbreidt. 
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Tot slot beschrijven we in hoofdstuk 2.4 een grote familie van negen patiënten die zich 

presenteerden met prominente loopstoornissen (ataxia of parkinsonisme) gecombineerd 

met cognitieve achteruitgang en gedragsveranderingen. Uitgebreide genetische analyse 

leidde tot de ontdekking van een frameshift-variant in het gen STUB1. Deze studie 

bevestigt STUB1-gerelateerde ziekte als een specifieke autosomaal dominant overervende 

aandoening, nu ook wel spinocerebellaire ataxie 48 genoemd. 

▶ Hoofdstuk 3 beschrijft twee verschillende benaderingen van patiënten met dementie 

zonder duidelijke genetische oorzaak.

De eerste betreft de evaluatie van somatische mutaties als mogelijke oorzaak van 

sporadische FTD. Somatische mutaties ontstaan in cellen door replicatiefouten tijdens 

de celdeling of als gevolg van DNA-schade. Deze mutaties kunnen worden gedetecteerd 

door het DNA van aangedane en gezonde weefsels of cellen met elkaar te vergelijken. In 

hoofdstuk 3.1 bestudeerden we het voorkomen van somatische mutaties in verschillende 

hersengebieden van patiënten met semantische dementie (SD), een sporadische vorm 

van FTD. Bij twee patiënten onthulde DNA-sequencing varianten in het TARDBP-gen, 

die afwezig waren in het bloed van deze patiënten. Van kiembaanvarianten in dit gen is 

bekend dat ze FTD veroorzaken, zoals beschreven in hoofdstuk 2.2. Deze studie toont voor 

het eerst aan dat somatische mutaties dementie kunnen veroorzaken op een niet-erfelijke 

manier, wat mogelijk als voorbeeld dient voor andere neurodegeneratieve aandoeningen 

zonder duidelijke genetische component.

In hoofdstuk 3.2 beschrijven we een reeks families met de ziekte van Alzheimer op relatief 

jonge leeftijd (<70 jaar). We hebben bij deze families zowel monogenetische oorzaken als 

mogelijke polygenetische risicofactoren onderzocht. We ontdekten dat in de families 

zonder monogenetische variant, het risicoallel APOE-ε4 een aanzienlijke rol speelt. In 

sommige families vonden we daarnaast een zeldzame nieuwe genetische variant en/of 

een verhoogde polygenetische risicoscore. Hoewel nader onderzoek nodig is, illustreert 

deze studie dat een multifactorieel model overwogen moet worden bij de genetische 

evaluatie van dementie, ook in het geval van ziekte op jonge leeftijd.

▶ Hoofdstuk 4 behandelt proteomics, met name de techniek massaspectrometrie, om 

eiwitstapeling en veranderingen in eiwitconcentraties in de hersenen van FTD patiënten 

te analyseren. 

Hoofdstuk 4.1 bespreekt negen studies die massaspectrometrie hebben uitgevoerd op 

hersenweefsel van FTD-patiënten met stapeling van het eiwit TDP-43 (FTD-TDP). We 

konden enkele kernprocessen aanduiden binnen het FTD-TDP-ziekteproces, zoals de 

verwerking van RNA en endolysosomaal transport. Een belangrijke boodschap van 

deze review is dat proteomics waardevolle kennis kan opleveren met betrekking tot 
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ziektemechanismen, maar dat de grote variatie in algehele kwaliteit, studieopzet en 

analytische methoden de vergelijking en validatie van resultaten bemoeilijkt. 

Hoofdstuk 4.2 demonstreert het gebruik van massaspectrometrie in een vergelijkende 

analyse van frontaal en temporaal cortexweefsel van FTD-patiënten met GRN- of MAPT-

mutaties, tegenover gezonde controles. We observeerden specifieke betrokkenheid 

van immuun-gerelateerde processen in FTD-GRN, terwijl FTD-MAPT-patiënten werden 

gekenmerkt door verstoorde RNA verwerking en nucleo-cytoplasmatisch transport. Door 

het beschrijven van verschillende aangetaste celtypen en biologische processen voor 

beide genetische subtypen, fungeert deze studie als basis voor vervolgonderzoek.

Behalve bij genetische FTD is proteomics zeer geschikt om sporadische ziekte te 

bestuderen. Hoofdstuk 4.3 beschrijft een omvangrijke proteomics-studie van breinweefsel 

van SD-patiënten vergeleken met gezonde controles. Om veranderingen te onderscheiden 

als mogelijk uniek voor SD, vergeleken we onze resultaten met proteomics-studies 

van andere FTD-subtypes en Alzheimerpatiënten. Deze benadering, geïntegreerd met 

functionele verrijking en eiwit-eiwitinteracties, resulteerde in het differentiëren van een 

subgroep eiwitten betrokken bij de adhesie tussen cellen. Toekomstig onderzoek moet 

deze bevindingen valideren en het mogelijke samenspel met TDP-43-opstapeling in de cel 

ophelderen. Niettemin is dit een van de eerste studies die licht werpt op de onderliggende 

ziekteprocessen van SD.

▶ In hoofdstuk 5 bediscussiëren we de bovenstaande bevindingen in meer detail en 

in de context van de huidige literatuur, bespreken we belangrijke methodologische 

overwegingen en sluiten we af met verwachte toekomstige ontwikkelingen voor zowel 

onderzoek als klinische praktijk.
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Samenvatting (informeel)

Dementie is een overkoepelende term voor een groep hersenaandoeningen waarbij 

de zenuwcellen niet goed meer functioneren of zelfs afsterven. Afhankelijk van de 

onderliggende oorzaak en de hersengebieden die zijn aangedaan, ontstaan klachten van 

het geheugen, van taalbegrip, of veranderd gedrag. De ziekte van Alzheimer is de meest 

voorkomende vorm van dementie, maar er zijn vele andere soorten (Figuur 1). 

Frontotemporale dementie (FTD) is een vorm van dementie die op vrij jonge leeftijd 

begint, soms al voor het vijftigste levensjaar. Meer uitleg over de ziekte staat in Hoofdstuk 

1. Erfelijkheid speelt een belangrijke rol bij het ontstaan van de ziekte. Bij ongeveer een 

derde van de patiënten wordt een erfelijke oorzaak gevonden. Toch blijft het onduidelijk 

hoe de ziekte FTD zich in de hersenen precies ontwikkelt. 

Overig:
Parkinson

Huntington
<1%

DEMENTIA

Ziekte van
Alzheimer

~70%

Gemengde Dementie: meer dan één oorzaak

Fronto-
temporale
dementie

~10%

Lewy Body
dementie

~5%
Vasculaire
dementie

~15%

DEMENTIE

DNA, het erfelijke materiaal dat in alle cellen van het lichaam zit, vormt de blauwdruk 

voor het maken van vele verschillende eiwitten die belangrijk zijn voor de werking van 

de hersenen. Naast het onderzoeken van veranderingen in het DNA, kunnen we met 

verschillende technieken de soorten en hoeveelheden eiwitten in bijvoorbeeld bloed of 

hersenweefsel meten. 

Figuur 1. Dementie is de 

paraplu-term voor vele 

verschillende vormen van 

dementie.
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▶  Dit proefschrift omvat verschillende studies die kijken naar veranderingen in zowel 

genen als eiwitten, om de ziekteprocessen van FTD en andere vormen van dementie 

verder te ontrafelen (Figuur 2). 

Wat is het effect op het 
ontstaan/beloop van de 
ziekte?

• Oorzakelijk
• Risicoverhogend
• Beschermend
• Onbekend

Figuur 2. Een versimpelde weergave van het onderzoek in dit proefschrift. 

Verschillende technieken zijn beschikbaar om veranderingen in cellen uit bloed of weefsel te 

bestuderen; DNA en eiwitten zijn hiervan slechts een voorbeeld. Belangrijk is om de resultaten 

te vergelijken met gezonde personen en deze weer terug te koppelen aan het ziektebeeld, om te 

achterhalen wat het effect kan zijn van de gevonden veranderingen.



318

Chapter 6

▶  Hoofdstuk 2 beschrijft vier studies die veranderingen in het DNA onderzoeken van 

patiënten met FTD en verwante aandoeningen. 

Sinds enkele decennia zijn er technieken beschikbaar die de volgorde van de ‘letters’ 

van het DNA kunnen bepalen. Dit maakt het mogelijk om verschillen in het DNA tussen 

personen te onderzoeken. Door het vergelijken van zieke en gezonde mensen, kunnen die 

veranderingen (ofwel: DNA-varianten) worden opgespoord, die mogelijk een rol spelen 

bij het ontstaan van de ziekte. Vaak is aanvullend onderzoek nodig met meer patiënten of 

in de vorm van laboratoriumexperimenten om bewijs te leveren dat een specifieke DNA-

variant een schadelijk effect heeft op de functie van eiwitten en cellen. 

Ten eerste onderzochten we een grote groep patiënten bij wie FTD of een andere vorm van 

dementie in de familie voorkomt. Naast bekende genetische oorzaken identificeerden 

we enkele nieuwe DNA-varianten die mogelijk met de ziekte te maken hebben. Bij nader 

onderzoek zagen we ook dat bepaalde ziektekenmerken (bijv. veranderingen in taal) soms 

samenhangen met specifiek aangedane genen (bijv. verandering in het gen GRN). 

Een relatief groot deel van de patiënten had een zeldzame DNA-variant in een gen 

genaamd TARDBP. In een vervolgstudie over deze variant, die ook in andere centra was 

gevonden in patiënten met FTD en ALS (amyotrofische laterale sclerose), viel het op dat 

een hersenscan van alle FTD-patiënten ernstige verschrompeling liet zien van met name 

de beide slaapkwabben. Met stamboomonderzoek konden we meerdere patiënten aan 

elkaar verbinden. Dit liet zien dat het ziektebeeld sterk varieert binnen één familie en dat 

niet alle dragers van de variant altijd ziek worden.

Daarnaast vonden we ook verschillende veranderingen waarvan het effect nog 

onduidelijk is. Een vervolgonderzoek richtte zich op een van deze varianten in het gen 

TUBA4A. Het eiwit dat wordt gemaakt op basis van dit gen vormt een belangrijk onderdeel 

van een netwerk van eiwitten dat de stabiliteit van cellen waarborgt. Alle patiënten in de 

betreffende familie hadden deze variant, terwijl gezonde personen deze niet hadden. 

Een laboratoriumexperiment toonde aan dat het netwerk van de cellen met deze variant 

verstoord was. Dit geeft aan dat deze TUBA4A-variant waarschijnlijk een rol speelt bij het 

ontstaan van FTD in deze familie. 

Aan het einde van hoofdstuk 2 beschrijven we een grote familie van negen patiënten met 

loopstoornissen, gecombineerd met cognitieve achteruitgang en gedragsveranderingen. 

Uitgebreid DNA-onderzoek leidde tot de ontdekking van een variant in het gen STUB1, 

die aanwezig was in alle patiënten. Deze studie bevestigt dat STUB1-varianten een zeer 
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complexe erfelijke aandoening kunnen veroorzaken. Inmiddels wordt deze aangeduid als 

spinocerebellaire ataxie 48. 

▶  Hoofdstuk 3 omvat twee verschillende studies die op een wat andere manier kijken 

naar de genetische oorzaken van dementie. 

De eerste studie betreft een analyse van zogeheten somatische mutaties. Dat zijn DNA-

varianten die slechts in een deel van de cellen van het lichaam voorkomen. Deze kunnen 

gedurende of na de embryonale ontwikkeling ontstaan als het DNA beschadigd raakt, of 

door foutjes tijdens de celdeling. Somatische mutaties kunnen worden opgespoord door 

het DNA van gezonde en zieke cellen/weefsels met elkaar te vergelijken. 

We bekeken of somatische mutaties bij patiënten met semantische dementie voorkwamen 

door DNA uit hersenweefsel te vergelijken met dat uit bloed. Semantische dementie is 

een specifieke vorm van niet-erfelijke FTD. Bij twee patiënten ontdekten we varianten in 

het TARDBP-gen in sommige hersengebieden. Deze waren echter niet aanwezig in het 

bloed van deze patiënten. Erfelijke afwijkingen in dit gen zijn al eerder gevonden bij FTD-

patiënten. 

Deze studie toont voor het eerst aan dat somatische mutaties dementie kunnen 

veroorzaken op een niet-erfelijke manier; deze afwijkingen worden dus niet overgedragen 

aan de volgende generatie. Dit is mogelijk een voorbeeld voor andere vormen van 

dementie zonder duidelijke erfelijke component.

Vervolgens beschrijven we een reeks families met de ziekte van Alzheimer op relatief 

jonge leeftijd (<70 jaar). We hebben bij deze families onderzocht of varianten in één enkel 

gen (monogenetisch) of in meerdere genen (polygenetisch) een rol spelen bij het ontstaan 

of beloop van de ziekte. Sommige families hadden varianten in meerdere dementiegenen, 

die wellicht tezamen het risico op de ziekte vergroten. 

Voor alle families berekenden we ook een score op basis van varianten in een groot aantal 

genen (polygenetische risicoscore). Zo konden we enkele families identificeren met 

een iets verhoogd risico op de ziekte van Alzheimer. Hoewel vervolgonderzoek nodig is, 

illustreert deze studie dat ook een samenspel van verschillende erfelijke factoren kan 

leiden tot dementie.
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▶  Hoofdstuk 4 gaat over het gebruik van ‘proteomics’ om de ziekteprocessen van FTD 

beter te begrijpen. Dat is een brede term voor het bestuderen van eiwitten.

Een bepaalde techniek binnen proteomics is massaspectrometrie, waarbij in één 

keer veel verschillende eiwitten en bijbehorende concentraties in cellen en weefsels 

worden gemeten. We bespreken allereerst negen studies die dit hebben uitgevoerd op 

hersenweefsel van FTD-patiënten. Op basis van de resultaten van deze studies kunnen 

we enkele belangrijke processen in de cel aanwijzen, die zijn aangedaan bij FTD. Het bleek 

echter ook dat de studies onderling zeer verschillen in kwaliteit, ontwerp en toegepaste 

methoden. Dit maakt het vergelijken en bevestigen van bevindingen wel moeilijk. 

Vervolgens demonstreren we het gebruik van massaspectrometrie in een studie van 

hersenweefsel van FTD-patiënten, veroorzaakt door schadelijke DNA-varianten in 

twee verschillende genen: GRN en MAPT. We onderzochten de eiwitveranderingen in 

vergelijking met gezonde personen. In de GRN-patiënten zagen we dat bepaalde cellen 

veranderingen doormaken die te maken hebben met het immuunsysteem. De MAPT-

patiënten lieten verstoring van processen in de celkern zien en van het transport tussen 

de celkern en de rest van het cellichaam. Het beschrijven van deze eiwitveranderingen en 

de betrokken hersencellen helpt de ziektemechanismen te doorgronden en is een basis 

voor vervolgonderzoek.

Tot slot beschrijven we in dit hoofdstuk een omvangrijke studie van hersenweefsel van 

patiënten met semantische dementie. Om eiwitveranderingen te onderscheiden die 

mogelijk uniek zijn voor deze vorm van dementie, vergeleken we onze resultaten met 

hersenstudies van andere FTD-subtypes en Alzheimerpatiënten. We ontdekten een aantal 

eiwitten die specifiek betrokken zijn bij de binding tussen cellen. Toekomstig onderzoek 

moet onze resultaten bevestigen en de relatie met andere veranderingen in de hersenen 

ophelderen. Maar dit is wel een van de eerste studies die licht werpt op de onderliggende 

ziekteprocessen van semantische dementie.

▶  In hoofdstuk 5 bespreken we al onze bevindingen in meer detail en in verhouding tot 

resultaten uit de literatuur. 

De resultaten van ons onderzoek helpen om de ziekte FTD en andere vormen van dementie 

beter te begrijpen. Samen met andere studies geven ze richting aan vervolgonderzoek en 

dragen ze bij aan betere diagnostiek en het begeleiden van patiënten met dementie op het 

gebied van erfelijkheid.
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SNP Single nucleotide polymorphism

SORL1 Sortilin-related receptor 1
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Frontotemporal dementia (FTD) is the second most common 
form of young-onset dementia after Alzheimer’s disease. It 
refers to a group of disorders characterized by progressive 
behavioral and/or language impairment, dramatically affecting 
the lives of patients and their relatives. The large clinical and 
neuropathological diversity of the FTD spectrum challenge 
the recognition of the fundamental processes driving disease 
initiation and progression. 

Over the past decades, major advancements in genomics 
and affiliated research areas have provided a wealth of 
information regarding the mechanisms underlying FTD. 
This PhD dissertation highlights these developments and 
broadens our knowledge by examining both genes and 
proteins implicated in the disease. It provides further 
characterization of known genes, describes novel genes 
and genetic variants, and sheds light on relevant protein 
alterations in affected brain tissues of patients. Altogether, 
it contributes to our understanding of the molecular 
underpinnings of FTD and related disorders, essential 
for future development of diagnostic biomarkers and 
therapeutics. 
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