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Abbreviations 

3R tau Tau protein containing three microtubule binding repeats 

4R tau Tau protein containing four microtubule binding repeats 

AD Alzheimer’s disease 

ALS Amyotrophic lateral sclerosis 

CBD Corticobasal degeneration 

cDNA Complementary deoxyribonucleic acid 

CHMP2B Chromatin-modifying protein 2B 

CNS Central nervous system 

DNA Deoxyribonucleic acid 

ESCRT-III Endosomal sorting complex required for transport-III 

FTD Frontotemporal dementia 

FTDP-17 Frontotemporal dementia and parkinsonism linked to chro-

mosome 17 

FTLD Frontotemporal lobar degeneration 

IBMPFD Inclusion body myopathy with Paget’s disease of bone and

frontotemporal dementia 

MAPT Microtubule associated protein tau 

MND Motor neuron disease 

mRNA Messenger ribonucleic acid 

MT Microtubule 

NMD Nonsense-mediated decay 

PGRN Progranulin 

PNFA Progressive non-fluent aphasia 

PSP Progressive supranuclear palsy 

RNA Ribonucleic acid 

SD Semantic dementia 

TDP-43 Transactivation response DNA binding protein-43 

VCP Valosin-containing protein 
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Introduction 

Genetic diseases 

Genetic factors are believed to play a role in many human diseases, but their 

relative importance varies. Some diseases, for example Huntington’s disease, 

are purely genetic conditions. In other diseases the genetic contribution is 

more modest and disease is caused by several genetic factors, often in com-

bination with environmental factors. Identifying the genes involved in a dis-

ease can improve our understanding of the pathogenesis and possibly lead to 

development of novel treatment strategies. 

 The aim of this thesis was to identify genetic factors involved in the de-

mentia disorder frontotemporal lobar degeneration (FTLD). A substantial 

number of FTLD patients have additional family members affected by the 

disease, indicating an important role for genetics. Here, patients with a fa-

milial history of FTLD were investigated for genetic defects in two genes 

that are associated with the disease. 

The human genome 

The deoxyribonucleic acid (DNA) molecule contains the genetic “blueprint” 

needed for the development, function and reproduction of an organism (Fig. 

1). DNA resides predominantly in the nucleus of cells in the human body 

and is organised as 23 pairs of chromosomes, including 22 pairs of auto-

somes (non-sex determining chromosomes) and one pair of sex chromo-

somes (XX or XY). DNA consists of four nucleotide bases; adenine (A), 

thymine (T), guanine (G) and cytosine (C), which are covalently linked as a 

polynucleotide chain with a deoxyribose-phosphate backbone.  

 The DNA sequence harbours smaller units called genes; each encoding 

an active ribonucleic acid (RNA) molecule or a protein. Normally, an indi-

vidual has two copies of each gene, one inherited from each parent. A gene 

consists of coding regions, called exons, and non-coding regions between the 

exons, called introns. Located prior to the first exon is a promoter sequence, 

which regulates gene activity. In the coding regions, a triplet of DNA bases 

(a codon) codes for one of 20 different amino acids, which are the building 

blocks of a protein.  

 The production of a protein from DNA begins with the synthesis (tran-

scription) of a primary RNA transcript, using the gene’s DNA sequence as 
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template. The RNA transcript is then modified through capping at the 5’end, 

polyadenylation at the 3’end, and splicing leading to the removal of non-

coding introns and production of messenger RNA (mRNA). The mRNA is 

transported through nuclear pores into the cytoplasm where the ribosome 

translates the mRNA sequence into a chain of amino acids that forms a pro-

tein. 

 
Figure 1. The DNA molecule carries the genetic information for the development, 
maintenance and reproduction of all cellular organisms. DNA is organised into 23 
pairs of chromosomes located predominantly in the nucleus of cells in our body. 
Adapted from National Human Genome Research Institute. 

The human genome is predicted to be comprised of 20-25 000 genes which 

may produce as many as a million different proteins1. This protein diversity 

is the result of a process called alternative splicing (Fig. 2), which together 

with other posttranslational modifications of the protein, e.g. phosphoryla-
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tion, methylation and glycosylation, generates multiple protein variants from 

a single gene 

 
Figure 2. Alternative splicing allows several different variants of a protein to be 
produced from a single gene. In this process the primary transcript is spliced leading 
to the removal of introns, and occasionally exons, and production of transcripts 
containing different sets of exons which are then translated into different proteins. 

Disease causing mutations 

During cell division a new copy of the DNA sequence has to be produced. In 

this process of DNA replication, copying errors that alter the DNA sequence 

can occur and these changes in the DNA sequence are called mutations. 

Most mutations are benign and contribute to the genetic diversity, observed 

between and within all species. However, some mutations located within 

genes or in regulatory sequences of genes (e.g. the promoter) have a detri-

mental effect on the protein (or RNA molecule) that is encoded by the gene. 

Sometimes the effect is so severe that it results in disease. If such a mutation 

occurs in the germ cell, the disease is inherited by the offspring. 

 There are many types of mutations which could give rise to a genetic 

disorder. A single base pair substitution (also called point mutation) occurs 

when a single nucleotide base becomes replaced by another. Single base pair 

substitutions can be divided into missense, nonsense and silent mutations. In 

a missense mutation the base pair substitution results in a different amino 

acid being incorporated into the protein. A nonsense mutation leads to the 

introduction of a premature termination codon in the DNA sequence and a 

truncated protein. However, mutant mRNA transcripts containing a prema-

ture termination codon are often degraded through nonsense-mediated decay 

(NMD), a cellular mechanism which prevents the expression of truncated or 

erroneous proteins2. The NMD mechanism is dependent on exon-junction 

complexes, deposited close to the exon-exon junctions following splicing of 
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pre-mRNA. These complexes are usually removed by the ribosome during 

protein translation. However, if a premature termination codon is located 

upstream of an exon-junction complex the complex will not be removed by 

the ribosome, triggering the degradation of the mutant mRNA transcript by 

NMD.  

 In a silent mutation the base pair substitution has no effect on the amino 

acid sequence as several codons may encode the same amino acid. However, 

if the base pair substitution is located at an exon/intron border it may alter a 

splice site and thus have an effect on the alternative splicing of the mRNA. 

This can result in a change in isoform production of the protein or the ex-

pression of an erroneous protein. Mutations leading to aberrant splicing are 

found in many genetic disorders and may constitute up to 50% of disease 

causing mutations3. 

 Frameshift mutations are another cause of disease which result from base 

pairs being added to (insertion) or removed from (deletion) the DNA se-

quence. Insertions and deletions result in a shift of the DNA reading frame, 

often introducing a premature termination codon. Disease can also be caused 

by the deletion of larger chromosomal regions, resulting in the loss of a 

number of genes; or by duplications of one or several genes. These rear-

rangements have an effect on the levels of protein produced. Other rear-

rangements in the genome (e.g. translocations and inversions) can also lead 

to disease. 

 Mutations can also be subdivided according to their effect on protein 

function. Loss-of-function mutations result in the mutant protein having little 

or no remaining normal function. Mutations causing complete loss of protein 

function are referred to as null mutations. Haploinsufficiency occurs when a 

mutation on one gene copy leads to a reduced expression of protein and the 

expression from the healthy gene copy is not sufficient for normal protein 

function. Mutations can also result in novel or enhanced protein function. 

These are referred to as gain-of-function mutations. A dominant negative 

mutation results in an altered protein with an opposite function to its normal, 

or to the suppression of the function of proteins that are derived from the 

healthy gene copy. 

Inheritance of disease 

Genetic disorders can be divided into monogenic or complex (multifactorial) 

disorders. While monogenic disorders are caused by a mutation in a single 

gene, complex disorders are caused by a combination of several genetic fac-

tors, often under the influence of environmental factors. Monogenic disor-

ders are rare and most common diseases, e.g. cancer, diabetes and cardiovas-

cular disease are complex genetic disorders.  

 Monogenic disorders can display a dominant or recessive mode of inheri-

tance (Fig. 3). In a dominant disorder, bearing one mutant gene copy is suf-
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ficient to develop the disease and there is a 50% risk that the mutant gene 

copy will be passed on to the children of an affected individual. In a reces-

sive disorder, two defective gene copies are required to develop disease. 

However, a person carrying one mutant gene copy can pass the defective 

gene on to his/her children. If the parents are both carriers of a mutated gene, 

the offspring has a 25% risk of inheriting two defective gene copies and 

develop disease, and a 50% risk of inheriting one defective gene copy and 

becoming a carrier of the disease. Dominant and recessive inheritance is 

sometimes complicated by reduced or incomplete penetrance, where indi-

viduals fail to develop disease, even though they carry the mutant gene. 

 
Figure 3. Monogenic disorders can display a dominant or recessive mode of inheri-
tance. A dominant inheritance pattern is seen when one mutant gene copy is suffi-
cient to cause the disease (a). A recessive mode of inheritance is seen when two 
mutant gene copies are required to develop the disease (b). Circles represent women 
and squares men. Affected individuals are indicated by black symbols and unaf-
fected subjects by white symbols. Unaffected mutation carriers are indicated by 
white symbols with a black dot.  
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Frontotemporal lobar degeneration 

Background 

In 1892, the Czech-German neuropsychiatrist Arnold Pick described a pa-

tient presenting with a progressive loss of speech and dementia associated 

with severe atrophy of the frontal and temporal lobes of the brain4. This was 

the first description of what is today known as FTLD. The term FTLD refers 

to a heterogeneous group of neurodegenerative disorders clinically charac-

terized by a progressive change in behaviour, personality and language, with 

disease onset usually in the fifth or sixth decade of life5. FTLD accounts for 

approximately 10% of all dementia cases and is, next to Alzheimer’s disease 

(AD), the second most common cause of dementia in individuals under 65 

years6-8. 

Clinical presentation, diagnosis and treatment 

FTLD can be divided into three major clinical subtypes5: Frontotemporal 

dementia (FTD), semantic dementia (SD) and progressive non-fluent aphasia 

(PNFA). FTD represents the most common clinical entity and is characterised 

by early changes in behaviour and personality including impulsive and inap-

propriate behaviour, emotional blunting, loss of insight, apathy, and stereo-

typic behaviours5. The change in behaviour and personality is often accom-

panied by language deficits in later stages of the disease. Patients with SD 

and PNFA present with language impairment as an initial symptom with be-

havioural changes appearing later in the course of the disease5. Patients with 

SD are characterised by a loss of ability to understand the meaning of words 

and to recognise faces, objects and other sensory stimuli, but otherwise their 

speech is usually fluent, effortless and grammatically correct. Patients with 

PNFA present with expressive language problems with effortful speech pro-

duction, phonological and grammatical errors as well as severe problems with 

word retrieval. These patients may become mute as the disease progresses. 

The three FTLD subtypes may also be associated with motor dysfunction, as 

a proportion of the patients develop parkinsonism, including rigidity, bra-

dykinesia and postural instability; or motor neuron disease (MND)5. 

 The clinical diagnosis of FTLD is made by a neuropsychological assess-

ment and physical examination together with an evaluation of the patient’s 

medical history. Structural imaging e.g. computed tomography, magnetic 

resonance imaging, positron emission tomography or single photon emission 

computerised tomography are supportive diagnostic tools and can exclude 

conditions that may cause the same signs and symptoms, e.g. cardiovascular 

conditions and tumours. Current treatment of FTLD is purely symptomatic 

and no medication has yet been developed that successfully slows or stops 

disease progression.  
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Neuropathological features 

Brains of patients with FTLD are characterised by severe atrophy of the 

frontal and temporal lobes with neuronal loss, and varying degrees of mi-

crovacuolation (spongiform changes) and gliosis9. Atrophy of the basal gan-

glia is also seen in a proportion of cases. The majority of patients show bilat-

eral symmetric involvement of frontal and temporal lobes, but patients with 

PNFA have a predominant left temporal lobe pathology. On the histological 

level FTLD can be divided into several subtypes according to the presence 

or absence of neuronal protein inclusions9. The most common underlying 

pathology in FTLD is characterised by intraneuronal inclusions of the trans-

activation response DNA binding protein-43 (TDP-43)10-12. The pathological 

form of TDP-43 is abnormally phosphorylated and ubiquitinated12. Cases 

present with variable densities of neuronal cytoplasmic inclusions (Fig. 4a) 

and dystrophic neurites (degenerating axonal or dendritic processes) in fron-

totemporal cortices, hippocampus and spinal cord. In some patients neuronal 

intranuclear inclusions of a “cat’s eye” or “lentiform” appearance are also 

detected (Fig. 4b)9.  

 
Figure 4. Histopathological subtypes of FTLD. The majority of FTLD patients are 
characterised by variable densities of TDP-43 positive intraneuronal cytoplasmic 
inclusions (a), dystrophic neurites and lentiform intraneuronal inclusions (b). The 
second major pathological subtype of FTLD is characterised by intraneuronal inclu-
sions consisting of the hyperphosphorylated protein tau. Tau inclusions can either be 
spherical shaped Pick bodies (c) or flame-shaped neurofibrillary tangles (d). Pictures 
from Hannu Kalimo (a, b and d) and Martin Ingelsson (c). 

The second pathological subtype of FTLD is characterised by intraneuronal 

protein inclusions consisting of abnormally phosphorylated forms of the 

microtubule associated protein tau9. The neuronal protein deposits are either 

spherical cytoplasmic inclusions (Pick bodies) or flame-shaped inclusions 

(neurofibrillary tangles) (Fig 4c and d). In addition, a subset of FTLD pa-

tients have a pathological picture characterised by ubiquitin-positive inclu-

sions, negative for TDP-43 and tau9. Finally, a few percent of FTLD cases 

lack intraneuronal inclusions altogether, a picture referred to as dementia 

lacking distinctive histology9. 
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Genetics of FTLD 

Approximately 30-40% of FTLD cases are familial and most display an 

autosomal dominant mode of inheritance6, 13, 14. To date, four different genes 

have been found to be involved in the disease; the genes for the microtubule 

associated protein tau (MAPT)15-17, progranulin (PGRN)18, 19, chromatin-

modifying protein 2B (CHMP2B)20 and valosin-containing protein (VCP)21. 

Mutations in MAPT and PGRN are the most common known causes of fa-

milial FTLD each representing 10-20% of the familial cases, while muta-

tions in CHMP2B and VCP are only found in rare familial and sporadic 

FTLD cases19, 22-24. 

Tau 
In 1994, a family with FTD was linked to a region on chromosome 17q2125. 

Over the following years several families with linkage to chromosome 17 

were identified. While the clinical presentation in these families was vari-

able, the term frontotemporal dementia with parkinsonism linked to chromo-

some 17 (FTDP-17) was introduced to best describe this subtype of FTLD26. 

Neuropathologically, the FTDP-17 cases were characterised by the presence 

of tau inclusions in affected brain regions, making the MAPT gene located 

on chromosome 17 a candidate gene for the disease. In 1998, several muta-

tions in the MAPT gene were identified in families with FTDP-1715-17.  

The tau protein 
Tau is a member of the microtubule associated protein family. It is an abun-

dant protein in the central nervous system (CNS), where it is mainly located 

in axons of growing and mature neurons27. The main function of tau is to 

promote microtubule (MT) assembly and maintain MT stability, which is 

essential for correct neuronal outgrowth, neuronal morphology and axonal 

transport of vesicles and proteins28-31.   

 Tau protein expression is regulated by alternative mRNA splicing, gener-

ating six different isoforms of tau in the adult human brain (Fig. 5)32. These 

six isoforms differ in the presence or absence of two N-terminal regions 

encoded by exons 2 and 3, and a C-terminal region encoded by exon 10. The 

interaction of tau with the MTs is mediated through C-terminal repeat re-

gions encoded by exons 9-1233. Isoforms containing exon 10 have four MT 

binding repeat regions (4R tau), while isoforms lacking exon 10 contain 

three MT binding repeat regions (3R tau). The N-terminal part of the protein 

harbours the projection domain, which interacts with the plasma membrane 

and determines spacing between MTs in neurons34, 35. 

 Phosphorylation is the major posttranslational modification of the tau 

protein. Tau phosphorylation is developmentally regulated with a higher 

degree of tau phosphorylation in foetal brain compared with adult brain36. 

Increased phosphorylation reduces the binding of tau to the MTs and an ele-
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vated level of phosphorylation in foetal tau is believed to correlate with the 

need of more dynamic MTs in the developing brain36, 37.  

 
Figure 5. Schematic representation of the six tau isoforms expressed in the adult 
human brain. The six isoforms are produced by alternative splicing, leading to tau 
proteins with zero, one or two inserts in the N-terminal region and three or four 
microtubule binding repeats in the C-terminal region (R1-R2). N designates the 
number of N-terminal repeats and R the number of C-terminal microtubule binding 
repeats.  

MAPT mutations 
To date, over 40 MAPT mutations have been identified in more than 100 

families worldwide (Fig. 6)38. Most mutations are located in or near the MT 

binding repeat regions in exons 9-13, except for two mutations found in exon 

1. Most mutations located in exons 1, 9, 11, 12 and 13 have been shown to 

decrease the ability of tau to bind to the MTs and promote MT assembly in 
vitro38. This decreased binding of tau is believed to lead to a destabilisation 

of the MTs. With the dissociation of tau from the MTs it also becomes hy-

perphosphorylated, further reducing its ability to interact with the MTs37. 

The decreased binding of tau to the MTs increases the pool of unbound pro-

tein, which may initiate aggregation of tau and the formation of intracellular 

deposits. Many of the mutations also increase the ability of tau proteins to 

self-aggregate38.  

 Some mutations located in exon 10 and the mutations in the intron fol-

lowing exon 10 influence the alternative splicing of this exon. This shifts the 

ratio of 3R tau to 4R tau most often increasing the amount of 4R tau38. In 

normal adult brain the amount of 3R tau and 4R tau is equal. However, in 

foetal brain only the shortest 3R tau isoform is expressed39. It has been 

shown that 4R tau binds to and stabilises MTs more efficiently than 3R tau40-

42. The developmental regulation of 3R tau and 4R tau isoforms is therefore 

believed to correlate to the need for a more flexible MT network in the de-
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veloping brain and a more stable network in adult brain. The effect of the 

splicing mutations causing overproduction of 4R tau could therefore result in 

an overly stabilised and rigid MT network, eventually leading to neuronal 

dysfunction.  

 
Figure 6. Mutations in the MAPT gene identified in patients with FTDP-17. Most 
mutations located in exons 1, 9, 11, 12 and 13 decrease the ability of tau to bind to 
the MTs and many also enhance the ability of tau to self-aggregate. Some mutations 
located in exon 10 and in the intron following exon 10 shift the ratio of 3R tau to 4R 
tau, most often resulting in increased production of 4R tau. 

Clinical and neuropathological features  
Significant variability in the clinical and pathological presentation has been 

described for MAPT mutation carriers, not only between different families 

with the same mutation, but also between patients within the same family. 

Several MAPT mutations result in clinical presentations from FTD to pro-

gressive supranuclear palsy (PSP) and corticobasal degeneration (CBD), two 

other neurodegenerative disorders characterised by tau pathology43-49. As the 

substantia nigra is severely affected in PSP and CBD, motor deficits are a 

predominant clinical feature. However, degeneration of the frontotemporal 

cortices may also result in symptoms of FTLD. Consequently, a significant 

clinical and neuropathological overlap is seen for patients with FTDP-17, 

PSP and CBD50. The high variability in clinical presentation emphasises the 

involvement of additional unidentified genetic or environmental factors in 

the disease.  

 Neuropathologically, FTDP-17 patients typically show frontotemporal 

atrophy with neuronal loss, gliosis and microvacuolation38. Patients with 

associated parkinsonism also often show destruction of the basal ganglia and 

substantia nigra. All neuropathologically examined MAPT mutation cases 

display neuronal inclusions of hyperphosphorylated tau, and in some cases 

also glial tau inclusions. The morphology, isoform composition and distribu-

tion of tau deposits are highly variable38. Mutations located outside exon 10 

most often lead to a predominant neuronal tau pathology and inclusions are 

generally composed of equal amounts of 3R tau and 4R tau. Mutations af-

fecting splicing of exon 10 lead to widespread neuronal and glial pathology. 

Similarly, mutations in exon 10 which do not affect splicing generally result 

in both neuronal and glial tau pathology. The tau inclusions contain pre-
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dominantly or exclusively 4R tau isoforms, which is in agreement with mu-

tations in exon 10 and the intron following exon 10 only affecting 4R tau.  

Pathogenic mechanism of MAPT mutations 
The pathogenic mechanism by which MAPT mutations lead to neuronal cell 

death is still unclear. It has been proposed that MAPT mutations lead to neu-

ronal dysfunction due to an inability to properly regulate MT dynamics. Ac-

cording to this theory, correct regulation of MT dynamics and stability is 

essential for optimal function. Many MAPT mutations have been found to 

decrease the binding of tau to the MTs38, most likely resulting in MT desta-

bilisation. This is supported by studies on cultured cells where expression of 

different tau mutants lead to greater instability of MTs51-54.  

 Changes in the balance of 3R tau and 4R tau may also affect MT dynam-

ics and lead to neuronal dysfunction. The MAPT mutations resulting in over-

production of 4R tau are predicted to lead to an overly stabilised MT network, 

which is supported by cell culture studies41, 42. A change in MT dynamics 

could have a detrimental effect on axonal transport. Over-expression of 4R 

tau in mice results in axonal damage and degeneration, and axonal transport 

has been found to be impaired in transgenic models over-expressing both 

wild-type or mutant tau55-59. However, conflicting reports from studies on 

cultured cells showed no effect on axonal transport60, 61.  

 The second pathological possibility of MAPT mutations is a gain-of-

toxic-function, caused by aggregation and deposition of tau protein. Recent 

findings confirm that tau aggregation is toxic to cells62-64. In cell models, 

inhibition of tau aggregation and elimination of tau deposits prevents tau 

toxicity62. In support of a dysfunction in MT dynamics as the cause of neu-

rodegeneration, it has been shown in transgenic models expressing wild-type 

or mutant tau that tau-mediated neurodegeneration may precede or occur 

independently of tau deposition65-67. However, the two proposed mechanisms 

for the pathogenesis of MAPT mutations are not necessarily exclusive, and 

both likely contribute to neurodegeneration. 

Progranulin 
At the same time as mutations in the MAPT gene were found as a cause for 

FTDP-17, a number of families with conclusive linkage to the same region 

on chromosome 17q21 were identified68-75. However, despite extensive 

analysis of MAPT, no mutations could be identified74, 76, 77. Neuropathologi-

cal   examination of these patients revealed intraneuronal inclusions which 

were negative for tau, but positive for another protein, ubiquitin72-75. These 

findings suggested another cause of disease not related to tau dysfunction. In 

2006, mutations in PGRN, a gene located 1.7 Mb centromeric of MAPT on 

chromosome 17, were found in affected members from these families18, 19. 

To date, over 60 PGRN mutations have been described in FTLD families 

worldwide78. 
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PGRN protein 
The PGRN gene encodes a 593 amino acid protein which is cleaved to form 

a family of cysteine-rich granulin peptides79. The PGRN protein is expressed 

in a wide variety of tissues, particularly in epithelial and hematopoietic 

cells80. In the CNS, progranulin is expressed in pyramidal neurons of the 

cerebral cortex and hippocampus, and in Purkinje cells of the cerebellum80. 

PGRN is involved in multiple processes including development, wound 

healing and inflammation81. In addition, high expression of PGRN has been 

associated with increased tumour growth81. Little is known about the normal 

function of PGRN in the CNS. However, a recent study showed that PGRN 

promotes neuronal survival and stimulates axonal outgrowth in cultured 

neurons, indicating that PGRN may serve as a neurotrophic factor involved 

in the development of the nervous system82. Moreover, PGRN has been im-

plicated in the sexual determination of the embryonic brain83. PGRN has also 

been suggested to play a role in neuroinflammation and microglial activa-

tion. PGRN expression is up-regulated in a number of inflammatory neu-

rodegenerative disorders associated with microglial activation, including 

amyotrophic lateral sclerosis (ALS), Creutzfeldt-Jakob disease and AD18, 84-

86. The brains of patients with PGRN mutations stain intensely for PGRN in 

activated microglia cells18.  

The PGRN mutations  
The majority of PGRN mutations identified in FTLD are frameshift, non-

sense or splice site mutations that lead to the introduction of premature ter-

mination codons in the mRNA sequence (Fig. 7)78. It has been shown that 

the mutant mRNA is degraded through NMD18, 19. Loss-of-function leading 

to haploinsufficiency has therefore been suggested as the pathogenic mecha-

nism of these mutations, which is further supported by the recent identifica-

tion of PGRN locus deletions in patients with FTLD87, 88. A few PGRN muta-

tions have also been described that impair PGRN function due to mecha-

nisms other than NMD. The PGRN IVS0+3A>T and IVS0+5G>C mutations 

are predicted to lead to retention of intron 0, leading to nuclear degradation 

of the unspliced transcripts19, 89. In addition, several mutations affecting the 

Kozak sequence surrounding the translation initiation codon have been re-

ported, which may result in loss of translation of the mutant transcripts18, 19, 

22, 90. Finally, a missense mutation, Ala9Asp, has been identified in the signal 

peptide-coding sequence of PGRN. This mutation has no effect on PGRN 

mRNA levels but leads to the entrapment of mutant PGRN protein within 

the Golgi apparatus, thereby reducing the level of secreted protein22, 86, 91. 

Besides the Ala9Asp mutation, a number of additional missense mutations in 

PGRN have been identified. However, for the majority of these mutations 

the pathogenic nature remains unclear. It is possible that missense mutations 

affecting highly conserved regions of the protein could cause disease due to 
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partial loss of PGRN function without completely abolishing the mutant 

allele. Cellular studies of two of these missense mutations also indicated 

reduced secretion of mutant PGRN92.  

 
Figure 7. Mutations in the PGRN gene causing FTLD. Most PGRN mutations are 
frameshift, nonsense or splice site mutations that introduce premature termination 
codons in the mRNA sequence, resulting in degradation of mutant mRNA by non-
sense-mediated decay.  

Clinical and neuropathological features 
Significant heterogeneity in the clinical presentation has been described for 

PGRN mutation carriers. However, the most common clinical diagnoses are 

FTD, PNFA or corticobasal syndrome, a clinical syndrome characterised by 

cognitive deficits and motor dysfunction22, 24, 89, 90. A highly variable age-at-

onset among PGRN mutation carriers has also been described and reduced 

penetrance is found in some PGRN mutation families, suggesting that the 

PGRN disease pathway is highly susceptible to other genetic or environ-

mental factors19, 22. In agreement with this, possession of the A allele of the 

common PGRN variant rs9897526 has been found to delay mean age at on-

set in an association study of 192 FTLD patients24.  

 Neuropathologically, the PGRN mutation carriers are characterised by 

neuronal loss and gliosis in the frontal and temporal cortex, with variable 

involvement of the basal ganglia18, 19, 93. The major protein constituent of the 

ubiquitin-positive inclusions found in the brains of PGRN mutation carriers 

was recently identified as TDP-4312. The PGRN mutation carriers develop a 

characteristic TDP-43 pathology with an abundance of dystrophic neurites 

and neuronal cytoplasmic inclusions in affected brain regions (Fig. 4a). The 

presence of lentiform shaped neuronal intranuclear inclusions is another 

consistent feature of PGRN mutations carriers (Fig. 4b)12, 18, 19, 93. 

PGRN as a risk factor for FTLD 
Recently a common genetic variant, rs5848 located in the 3’-untranslated 

region of PGRN, has been identified as a susceptibility factor for FTLD as-

sociated with TDP-43 pathology94. Carriers homozygous for the T-allele of 
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rs5848 have a 3.2-fold higher risk of developing disease compared with ho-

mozygous C-allele carriers. The rs5848 variant is located in a binding-site 

for micro-RNA miR-659. Micro-RNAs play an important role in gene regu-

lation by binding to partially complementary sequences in the 3’-

untranslated region of mRNA transcripts and thereby inhibiting translation. 

Cell experiments suggest that micro-RNA miR-659 binds more efficiently to 

the risk T-allele resulting in translational inhibition of PGRN94. Gene ex-

pression analysis of PGRN in brain extracts confirmed a 30% decrease in 

PGRN protein levels in the TT carriers when compared to CC carriers. 

Pathogenic mechanism of PGRN mutations 
The mechanism by which haploinsufficiency of PGRN leads to neurodegen-

eration in FTLD remains unclear. PGRN may function as a neurotrophic 

factor and is speculated to play a role in microglial activation and neuroin-

flammation18, 82, 84-86. A loss of functional PGRN could therefore affect neu-

ronal maintenance, neuronal survival and glial inflammatory processes. How 

mutations in PGRN lead to the accumulation of pathological TDP-43 also 

needs to be clarified. A recent study has shown that suppression of PGRN 

expression results in caspase-dependent cleavage of TDP-43 and accumula-

tion of TDP-43 fragments in the cytoplasm of cultured cells95. This agrees 

with the pathology found in PGRN mutation carriers, where TDP-43 is 

cleaved to form C-terminal fragments that accumulate in the cytoplasm12.  

Chromatin-modifying protein 2B 
In 2005, a mutation in the CHMP2B gene was found in a large FTD family 

from Denmark20. The CHMP2B gene is located on chromosome 3q13 and 

encodes a protein component of the endosomal sorting complex required for 

transport-III (ESCRT-III)96. The ESCRT-III complex is important for sorting 

of endocytosed transmembrane proteins into multivesicular bodies, late en-

dosomal structures destined for lysosomal degradation.  

 The Danish CHMP2B mutation is located at the splice acceptor site of 

exon 6 and results in the production of two aberrant transcripts, translated to 

C-truncated CHMP2B proteins. In addition to the Danish CHMP2B muta-

tion, a nonsense mutation in exon 5, also resulting in a C-truncated protein, 

has been described in a familial FTLD patient from Belgium97. Three addi-

tional CHMP2B missense mutations have been described, but the pathogenic 

nature of these mutations remains unclear20, 98.  

 Over-expression of truncated CHMP2B mutants in cell culture leads to 

accumulation of mutant protein on abnormal endosomal structures20, 97. 

However, it is still unclear how the CHMP2B mutations lead to neurodegen-

eration. Impairment in autophagy-mediated clearance of proteins has been 

suggested as a potential disease mechanism99. A recent cell culture study 

showed that depletion of ESCRT subunits or expression of CHMP2B mu-

tants inhibit autophagic protein degradation, leading to accumulation of 
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ubiquitin- and p62-positive protein aggregates99. This agrees with the neuro-

pathological picture in the CHMP2B mutation carriers from the Danish fam-

ily. These brains display ubiquitin- and p62-positive, but TDP-43 negative, 

neuronal cytoplasmic inclusions in the hippocampus and frontotemporal 

cortices100. Thus, impaired protein degradation resulting in accumulation of 

abnormal proteins could be the pathogenic mechanism of CHMP2B muta-

tions, ultimately leading to neurodegeneration. 

FTD-MND  
There is increasing recognition of a clinical, neuropathological and genetic 

overlap between FTLD and ALS, a MND characterised by progressive mus-

cle weakness, muscle wasting and spasticity. Approximately 15% of the 

FTLD cases display symptoms of MND, and this FTLD subtype is referred 

to as FTD-MND101, 102. In addition to frontotemporal cortical atrophy, FTD-

MND patients display degeneration of the brain stem and spinal motor neu-

rons. Histologically, these patients are characterised by TDP-43 pathology, 

predominantly as neuronal cytoplasmic inclusions103, 104 (Fig. 4a). TDP-43 

pathology has also been found to be a consistent feature in a significant 

number of ALS patients with no signs of dementia12. Recently, several muta-

tions in the TDP-43 gene were described in patients with ALS105, 106. So far, 

no TDP-43 mutations have been identified in patients with FTLD. However, 

a common genetic mechanism of FTLD and ALS is suggested by the linkage 

of several families with familial FTD-MND to regions on chromosome 9p 

and 9q107-111. Once the responsible genes are identified, they will add yet 

another vital clue toward an understanding of the pathogenic mechanisms 

causing FTLD and ALS.  

Valosin-containing protein  
In 2004, mutations in the VCP gene located on chromosome 9p13 were iden-

tified in patients with the multisystem disorder, inclusion body myopathy 

with Paget’s disease of bone and frontotemporal dementia (IBMPFD)21. As 

the name implies these patients develop a complex syndrome including FTD. 

Patients with VCP mutations display TDP-43 positive pathology character-

ised by numerous neuronal intranuclear inclusions (Fig. 4b) and dystrophic 

neurites in affected cortical regions112. The VCP protein is involved in vari-

ous cellular activities, including cell cycle control, membrane fusion and 

degradation of misfolded proteins by the endoplasmic reticulum-associated 

pathway113. Studies on cell culture and mouse models have suggested that 

VCP mutants lead to neurodegeneration through impaired clearance and 

degradation of protein aggregates114-116. 
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TDP-43 in FTLD 
The discovery of pathological TDP-43 in a majority of patients with FTLD 

and ALS suggests a central role for this protein in neurodegeneration. Very 

little is known about the biological function of TDP-43. However, it has 

been implicated in regulation of alternative splicing and transcription117, 118. 

TDP-43 is widely expressed in a number of tissues including the brain, 

where it is concentrated in the nuclei of neurons12. In TDP-43 positive FTLD 

cases, pathological forms of TDP-43 are ubiquitinated, phosphorylated and 

cleaved to produce C-terminal fragments12. The C-terminal fragments form 

cytoplasmic aggregates in the affected neurons resulting in reduced nuclear 

levels of TDP-43. The abnormal metabolism of TDP-43 is most likely cen-

tral to the pathogenesis. This is supported by findings in a yeast model over-

expressing TDP-43119. This model was able to recapitulate key features of 

TDP-43 pathology, including mislocalisation of TDP-43 and the formation 

of cytoplasmic aggregates and provides evidence of cellular toxicity caused 

by TDP-43 aggregation.  

 The mechanism by which TDP-43 pathology results in cellular toxicity 

remains unclear. Neurodegeneration may result from a loss of nuclear TDP-

43 function, due to the mislocalisation of TDP-43 to the cytoplasm. This is 

supported by a recent publication where depletion of TDP-43 in human cells 

resulted in abnormal nuclear morphology, misregulation of the cell cycle and 

increased apoptosis120. Neurodegeneration could also be caused by the ac-

cumulation of toxic TDP-43 in the cytoplasm, similar to the formation of tau 

aggregates in FTDP-17.  

 Investigation of the TDP-43 mutations found in ALS patients may shed 

some light upon the pathogenic mechanism of TDP-43. Many of the identi-

fied TDP-43 mutations are clustered in the highly conserved C-terminal gly-

cine-rich domain of the protein, known to be important in regulation of al-

ternative splicing and transcriptional repression105, 106. The TDP-43 muta-

tions are therefore suggested to have detrimental effects on the normal func-

tion of TDP-43 in regulation of gene expression. 
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Present investigations 

Aims of the thesis 

The overall aim of this thesis was to investigate the genetic cause of disease 

in familial cases with FTLD. The specific aim for each paper was: 

 

Paper I 
To investigate if the disease in a Finnish family with FTD and parkinsonism 

is caused by a mutation in the MAPT gene.  

 

Paper II 
To determine if the disease in a Swedish FTD family is caused by a mutation 

in the PGRN gene. 

 

Paper III 
To examine the genetic contribution of PGRN mutations in patients with 

FTLD. 

 

Paper IV 
To estimate the prevalence of PGRN and MAPT gene dosage alterations in 

patients with FTLD. 
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Paper I  

Genetic study of the MAPT gene in a Finnish family with FTD 

Background 

In paper I we wanted to investigate the genetic cause of disease in a Finnish 

family with FTD. The family consisted of eleven siblings of whom three 

brothers were affected by the disease. Both parents died in their fifties before 

onset of disease. The most prominent clinical features in the family were 

early signs of personality change, speech disturbance and cognitive decline 

followed by parkinsonism. Neuropathological examination of one affected 

family member revealed cortical atrophy with neuronal loss especially in the 

frontal and temporal lobes. Tau positive inclusions were observed in neurons 

and glial cells in the frontal and temporal cortices as well as in the brain 

stem. The clinical picture and the neuropathological findings of tau inclu-

sions suggested a mutation in the MAPT gene as the cause of disease in this 

family, accordingly we decided to perform a MAPT sequence analysis. 

Methods 

Three affected brothers and one unaffected sister were investigated for muta-

tions in the MAPT gene by DNA sequencing. To biochemically assess solu-

ble and insoluble (deposited) tau isoforms in one affected family member, 

frontal lobe brain tissue was homogenised in a low-salt buffer and centri-

fuged to remove cell debris. The remaining supernatant was incubated with 

sarkosyl-detergent and ultracentrifuged, resulting in detergent-soluble tau in 

the supernatant and detergent-insoluble tau in the pellet121. The soluble and 

insoluble tau fractions were separated by sodium dodecyl sulfate poly-

acrylamide gel electrophoresis (SDS-PAGE) and detected by western blot 

using a tau antibody which recognises all six isoforms of tau. 

Results and discussion 

Sequencing of MAPT revealed a silent mutation, S305S, located in the last 

codon of exon 10 for all three affected brothers (Fig. 8). Since this mutation 

is located close to the splice donor site of exon 10 it is likely to affect the 

splicing of this exon by destabilisation of a stem loop structure and thereby 

changing the ratio of 3R tau to 4R tau122. An exon-trapping experiment of 

this mutation has previously shown increased production of 4R tau com-

pared with wild-type constructs46, 122. We biochemically analysed tau from 

frontal cortex tissue of one of the affected cases of the Finnish FTD family 

to investigate the ratio of 3R tau to 4R tau. As predicted, we found an in-

crease of 4R tau in the detergent-insoluble fraction, supporting the theory 

that this mutation increases production and deposition of 4R tau. 
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Figure 8. Schematic representation of the stem loop structure located at the junction 
of exon 10 and its flanking intron. The MAPT S305S mutation is located in the last 
codon of exon 10. 

The MAPT S305S mutation has previously been described in an Australian 

family with a predominant PSP phenotype46. As mentioned, a clinical and 

neuropathological overlap is seen for patients with PSP and FTDP-1750. 

However, patients with PSP have some clinical features rarely seen in 

FTDP-17, e.g. supranuclear vertical gaze palsy, dysarthria and frequent 

falls123. These clinical features were all described in the Australian S305S-

family46. Neuropathologically, the frontal and temporal lobes of PSP patients 

are usually mildly affected, but there is a marked atrophy of the basal gan-

glia and brain stem123. Another common PSP feature, which is rare in pa-

tients with FTDP-17, is the glial tau pathology of tufted astrocytes, observed 

in the Australian S305S-family46, 124.  

 A third family with the MAPT S305S mutation has also been described125. 

This family presented with behavioural changes without parkinsonism. Vari-

ability in the clinical and pathological presentation has been described previ-

ously for a number of MAPT mutations, with variation not only between 

different families with the same mutation, but also between patients within 

the same family43-45, 47-49. The different phenotypes described in all three 

families with the MAPT S305S mutation indicate that other genetic factors or 

environmental factors could influence the disease phenotype in FTDP-17.  

 The identification of MAPT mutations affecting splicing of exon 10 

shows that an alteration in the ratio of 3R tau to 4R tau is sufficient to cause 

neurodegeneration. However, the exact mechanism for this is at present un-

clear. A disturbance in the regulation of MT dynamics has emerged as a 

possible explanation for the pathogenicity of MAPT mutations. Most muta-

tions located in the coding regions of the MAPT gene lead to a reduced bind-
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ing of tau to the MTs resulting in a destabilised MT network38. The MAPT 

mutations affecting the splicing of exon 10 may also affect MT dynamics 

leading to overly stabilised MTs38. More studies are needed to elucidate the 

pathogenic mechanism of MAPT splicing mutations. Understanding the mo-

lecular mechanisms by which an altered ratio of 3R tau to 4R tau leads to 

disease will provide new insights into the mechanisms of tau-related FTLD 

and may help to identify therapeutic targets for treatment.  

Paper II  

Genetic study of the PGRN gene in a Swedish family with FTD  

Background 

In 1997, we described a Swedish family with a rapidly progressive FTD with 

linkage to chromosome 17q2169, 126. In 1998, mutations in the MAPT gene, 

located on chromosome 17q21, were described in families with FTDP-1715-

17. However, despite a thorough investigation no MAPT mutation could be 

identified in the Swedish family76. Several additional families with FTLD 

were around the same time found to be linked to the chromosome 17q21-

region and also lacked pathogenic mutations in the MAPT gene68, 70-75. In 

2006, mutations in the PGRN gene were found in affected individuals in 

some of these families18, 19, therefore we wanted to investigate if the disease 

in the Swedish FTD-family was caused by a mutation in the same gene. 

Methods 

Twenty-one members of the Swedish FTD family, including seven affected 

individuals were screened for PGRN mutations by DNA sequencing. To 

investigate the effect of the identified PGRN mutation on PGRN mRNA 

levels, RNA was extracted from lymphoblast cell lines established from two 

mutation carriers and two unaffected family members, and complementary 

DNA (cDNA) was synthesised. The cDNA was amplified using PGRN spe-

cific primers in a quantitative PCR based on SYBR green chemistry127. The 

SYBR green dye binds non-specifically to double-stranded DNA, resulting 

in a fluorescent signal. Therefore, an increase in PCR product, during ampli-

fication, is detected as an increase in fluorescence, allowing DNA levels to 

be quantified.  

 Sequence and PCR fragment size analyses were also performed on lym-

phocyte cDNA to determine the relative levels of wild-type and mutant 

mRNA alleles. To confirm that degradation of mutant PGRN mRNA was 

due to NMD, lymphocyte cell lines were treated with cycloheximide, an 

inhibitor of translation. Since NMD depends upon translation, cyclo-



 29

heximide can be used as an NMD-inhibitor. Subsequently, the mRNA was 

extracted and compared with mRNA from untreated cells, using PCR frag-

ment size analysis. 

Results and discussion 

Sequencing of the PGRN gene in affected members from the Swedish FTD 

family revealed a 1 bp deletion in exon 1, causing a frameshift of the coding 

sequence and introducing a premature termination codon in exon 2 

(Gly35GlufsX19) (Fig. 9). Previous studies of PGRN mutations have re-

vealed that the mutant PGRN mRNA transcripts are degraded by NMD, 

leading to a loss of functional PGRN protein18, 19. In our family, lymphoblast 

PGRN mRNA levels of two mutation carriers were considerable decreased 

when compared with healthy relatives, and fragment size separation and 

sequence analyses confirmed that the mutant mRNA allele had been de-

graded. NMD was confirmed as the mechanism of mutant mRNA allele deg-

radation by its inhibition with cycloheximide, resulting in increased levels of 

the mutant mRNA allele, consistent with previous studies18, 19. 

 
Figure 9. Schematic representation of the location of the Gly35fs mutation in PGRN 
exon 1. The Gly35fs mutation causes a frameshift of the coding sequence introduc-
ing a premature termination codon in exon 2. 

Patients with mutations in PGRN display significant heterogeneity in their 

clinical presentation, however common diagnoses are FTD, PNFA or corti-

cobasal syndrome22, 24, 89, 90. There was a large variation of the initial present-

ing symptoms in the Swedish FTD family, but all affected family members 

shared a rapid disease progression with non-fluent aphasia, personality and 

behavioural changes. Neuropathologically, affected members of the family 

displayed severe atrophy, especially of the frontal lobes, microvacuolation, 

and gliosis. Tissue from one affected individual was available for additional 

immunohistochemical staining and displayed intraneuronal cytoplasmic and 

intranuclear inclusions positive for ubiquitin and TDP-43 in superficial cor-

tical layers, consistent with the pathology reported for other patients carrying 

PGRN mutations12, 18, 19, 93.  
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 The mean age at onset in the Swedish FTD family is 54 years, varying 

from 46 to 59 years. The Gly35fs mutation was identified in seven affected 

family members as well as in three relatives unaffected by disease at ages 

60, 62 and 65 years. The Gly35fs mutation has been previously described in 

two unrelated patients with FTLD22. One of these Gly35fs mutation carriers 

had an onset age of 83 years, high above the mean age at onset in our family. 

Previous studies have shown evidence of highly variable age at onset among 

PGRN mutation carriers and reduced penetrance in some PGRN mutation 

families, suggesting that the PGRN disease pathway is susceptible to modi-

fying factors19, 22. 

 The identification of mutations in the PGRN gene is a great break-

through in FTLD research. However, the mechanisms by which a loss of 

functional PGRN lead to neurodegeneration are still unclear. How PGRN 

mutations lead to accumulation of pathological TDP-43 also needs to be 

clarified. The development of cell and animal models with reduced PGRN 

expression will be important for this work, and most likely contribute to the 

development of therapeutic intervention strategies, current suggestions in-

clude replacement of PGRN. However, this might be complicated by the fact 

that over-expression of PGRN has been associated with tumorigenesis81. The 

identification of modifying factors, resulting in reduced penetrance of the 

disease in some PGRN mutation families, may represent another potential 

target for therapeutic approaches to treat FTLD.  

Paper III  

Mutation screen of the PGRN gene in patients with FTLD 

Background 

The discovery of mutations in the PGRN gene as a major cause for familial 

FTLD18, 19 prompted us to screen for PGRN mutations in a series of FTLD 

patients. The mutation analysis included 51 FTLD patients, 32 clinical cases 

from Sweden and 19 neuropathologically confirmed FTLD cases from the 

United States, all previously found negative for mutations in the MAPT gene.  

Methods 

The 51 FTLD patients were investigated for mutations in PGRN by DNA 

sequencing. To investigate the effect of identified PGRN mutations on 

PGRN mRNA levels, total RNA was extracted from frontal lobe tissue and 

cDNA was synthesised. The cDNA was amplified using PGRN specific 

primers in a quantitative SYBR green PCR analysis. Sequence and PCR 

fragment size analyses were performed on brain cDNA to determine the 
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relative levels of wild-type and mutant mRNA alleles. PCR analysis was 

performed on brain cDNA to determine splicing effects of one of the identi-

fied PGRN mutations.  

Results and discussion 

Mutation analysis of the PGRN gene in our series of FTLD patients revealed 

two frameshift mutations. A novel deletion of four nucleotides, 

IVS6+5_8delGTGA,  was identified in the splice donor site of PGRN exon 6 

in two patients and a previously described deletion of four nucleotides, 

Gln130fs, was identified in PGRN exon 4 in another patient (Fig. 10a)18, 22. 

Both PGRN mutations are predicted to result in premature termination 

codons, NMD and haploinsufficiency.  

 
Figure 10. (a) Schematic representation of the location of the Gln130fs and 
IVS6+5_8delGTGA mutations. (b) Schematic representation of the two aberrant 
splice forms produced as a result of the IVS6+5_8delGTGA mutation. Both aberrant 
transcripts are predicted to result in a frameshift of the coding sequence and the 
introduction of premature termination codons. 

The IVS6+5_8delGTGA deletion is located in the splice donor site of PGRN 

exon 6. Altering this splice site could result in the exclusion of exon 6 in the 

PGRN transcript and a premature termination codon in exon 7 when spliced 

onto exon 5 (Val200GlyfsX18) (Fig. 10b). Another possible outcome is re-

tention of the intron following exon 6, which would also create a premature 

termination codon in exon 7 (Ala237ArgfsX20) (Fig. 10b). Both these tran-

scripts were detected in a brain cDNA sample from a mutation carrier, al-

though only in minor amounts as the majority of the mutated transcripts are 

most likely degraded through NMD. The reduction of mutant PGRN mRNA 

was supported by qPCR analysis although the difference in total PGRN lev-

els between the IVS6+5_8delGTGA deletion carrier and a healthy control 
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was quite modest. However, cDNA sequence analysis of a synonymous 

polymorphism within the PGRN exon 4 in the mutation carrier confirmed 

that the wild type allele represented the major transcript and that the mutated 

transcript levels were very low. 

 The Gln130fs mutation leads to a frameshift of the sequence and a pre-

mature termination codon in exon 7 (Gln130SerfsX125). By qPCR analysis, 

we were able to demonstrate a 40% reduction of PGRN mRNA levels in 

brain tissue from the case carrying the Gln130fs mutation when compared 

with a healthy control. Additional sequence and PCR fragment size separa-

tion analyses of brain cDNA confirmed that the mutant mRNA allele was 

almost absent in the Gln130fs mutation carrier. 

 As small amounts of aberrant transcripts are seen as a result of the 

IVS6+5_8delGTGA deletion, it is possible that resulting truncated forms of 

PGRN could exert a pathogenic effect trough a gain-of-function mechanism. 

Due to the lack of additional tissue samples or cell lines from the 

IVS6+5_8delGTGA mutation cases we were unable to investigate the stabil-

ity of these aberrant transcripts or the potential presence of low levels of 

truncated protein. Therefore it is currently difficult to determine the signifi-

cance, if any, of these splice variant transcripts. However, previous studies 

have provided convincing evidence that the pathogenic mechanism of PGRN 

mutations results from a loss of functional PGRN protein and this is sup-

ported by the recent discovery of deletions of one PGRN gene copy in pa-

tients with FTLD87, 88. Further more, some PGRN mutations resulting in re-

duced PGRN function through non-NMD mediated mechanisms have been 

described. For example, the PGRN IVS0+3A>T and IVS0+5G>C mutations 

are predicted to lead to the retention of intron 0, causing nuclear degrada-

tion19, 89. In addition, several mutations affect the Kozak sequence, resulting 

in a loss of translation of the mutant transcripts18, 19, 22, 90. Finally, the 

Ala9Asp mutation, located in the signal peptide of PGRN, is believed to 

cause mislocalisation of mutant PGRN protein to the Golgi apparatus and 

reduced synthesis of mutant PGRN protein22, 86, 91. These findings strongly 

suggest that haploinsufficiency is the pathogenic mechanism of PGRN muta-

tions in FTLD. 

Paper IV  

Analysis of PGRN and MAPT gene dosage alterations in patients with 
FTLD 

Background 

Recently, gene dosage alterations have been implicated in several neurode-

generative disorders. In AD, duplications of the gene encoding the amyloid 
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precursor protein have been described and �-synuclein gene duplications or 

triplications have been identified in patients with Parkinson’s disease128-130. 

In addition, hemizygous deletions of the PGRN locus were recently de-

scribed in patients with TDP-43 positive FTLD87, 88. In study IV, we there-

fore wanted to investigate the prevalence of PGRN gene deletions in FTLD. 

Thirty-nine patients negative for MAPT and PGRN mutations were analysed. 

We hypothesised that MAPT gene duplications could cause tau-positive 

FTLD through increased production of tau protein. Therefore, MAPT gene 

dosage alterations were investigated in the same set of patients. Due to the 

clinico-pathological overlap between FTLD, PSP and CBD we also included 

20 patients with PSP and five patients with CBD in the MAPT gene dosage 

analysis. 

Methods 

The PGRN and MAPT gene dosage analysis was performed using multiplex 

ligation dependent probe amplification (MLPA)131. In an MLPA analysis 

multiple probes targeting different exons, within a specific gene (and a num-

ber of reference genes), are added in the same reaction. Each MLPA probe 

consists of two oligonucleotides that hybridise to adjacent sequences of the 

target gene. One oligonucleotide contains a sequence recognised by a for-

ward primer, and the other oligonucleotide contains a sequence recognised 

by a reverse primer and an additional sequence of variable length, the 

“stuffer” sequence. After hybridising to the adjacent target sites, the two 

oligonucleotides are ligated. The resulting ligation product is subsequently 

exponentially amplified in a PCR reaction. Oligonucleotides that are not 

hybridised to adjacent sites will not be ligated or PCR amplified. The ampli-

fication product of each probe has a unique length due to the stuffer se-

quence allowing PCR products from different probes to be separated by elec-

trophoresis. Since the forward primer used for probe amplification is fluo-

rescently labelled, the signal strength of the PCR amplification product can 

be detected and compared to a control sample, giving the relative quantity of 

the target sequence.  

Results and discussion 

Our analysis was unable to demonstrate deletions of the PGRN locus as a 

cause of disease in the 39 FTLD patients. However, the study was limited by 

a relatively small number of patients, where most patients only had a clinical 

diagnosis and just seven patients had known TDP-43 pathology. This might 

explain the lack of PGRN gene deletions in our sample.  

 We were also unable to find evidence of MAPT gene duplications in our 

set of FTLD patients, which included seven patients with known tau-positive 

pathology. Previous studies have also been unable to find MAPT gene dupli-
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cations in patients with FTLD132, 133. If duplications of MAPT exist they are 

most likely not a common cause of FTLD. However, given that gene multi-

plications have been identified as a cause for other neurodegenerative disor-

ders, characterised by protein aggregation, it is not unlikely that tau-positive 

FTLD could be caused by a similar mechanism, through increased produc-

tion and deposition of tau. This is supported by transgenic mouse models, 

where over-expression of tau recapitulates key features of FTLD, including 

the formation of tau deposits57, 134, 135. We also found no evidence for MAPT 

duplications in the PSP and CBD cases investigated. However, studies in-

volving larger patient cohorts will be necessary to rule out the possibility of 

MAPT gene duplications as a cause of PSP and CBD.  

 In conclusion, we were unable to demonstrate PGRN or MAPT gene dos-

age alterations in our series of patients with FTLD. However, additional 

studies involving larger patient series are needed to fully elucidate the im-

portance of gene dosage alterations of PGRN and MAPT in FTLD.  
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Concluding remarks and future perspectives 

Recent genetic and neuropathological discoveries have brought the FTLD 

field closer to an understanding of the molecular pathogenesis and suggest 

new strategies for the development of disease-modifying treatments. It is 

now clear that FTLD is a genetically, clinically and neuropathologically 

complex disorder. The identification of mutations within the genes for 

MAPT and PGRN and their correlation to two distinct types of neuropathol-

ogy, tau-positive pathology and TDP-43 positive pathology, provides the 

basis for the characterisation of two FTLD subtypes. Therefore it is possible 

to correlate molecular causes to the neuropathological outcome, even though 

the genetics behind many cases of tau and TDP-43 positive pathology is 

currently unknown. The different pathological subtypes of FTLD most likely 

represent separate mechanisms of disease presenting with similar symptoma-

tology. Strategies for therapeutic prevention and intervention of FTLD will 

likely target these disease pathways and it seems reasonable to assume that 

the different subtypes of FTLD will require different treatments. Develop-

ment of diagnostic methods to determine subtype of FTLD when no genetic 

indication can be identified will be essential and characterisation of relevant 

biomarkers is very important. 

 For tau-related FTLD, a number of treatment strategies have been sug-

gested. For example, MT-stabilising drugs may have a therapeutic benefit in 

counteracting the negative effect of tau dissociation and MT destabilisation. 

In a recent study, treatment with the MT-stabilising drug paclitaxel (Taxol®), 

increased the number of MTs and restored axonal transport in tau transgenic 

mice136. Also, by inhibiting phosphorylation of tau, which reduces the bind-

ing of tau to the MTs, the formation of tau aggregates may be prevented and 

MT dynamics maintained. Indeed, kinase inhibition in tau transgenic mice 

prevents tau hyperphosphorylation and aggregation137-139. Agents inhibiting 

tau aggregation are another possible treatment strategy for tau-related FTLD 

and have already proven successful in cell culture studies62, 140, 141. Immuni-

sation, aiming to reduce the level of toxic tau species in the brain has also 

been suggested as treatment of tau-positive FTLD. Immunisation has previ-

ously proven promising in AD, where disease is presumed to be caused by 

aggregation of toxic forms of the amyloid-� protein142. In a tau transgenic 

mouse model, immunisation with a phosphorylated tau-peptide led to re-

duced tau aggregates and a slower progression of behavioural deficits143. 
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 In the absence of a clear understanding of the mechanism of TDP-43 

related neurodegeneration, it is currently difficult to formulate strategies for 

treatment of this FTLD subtype. If neurodegeneration is caused by toxicity 

due to aggregation of TDP-43 in the cytoplasm, therapies aiming at remov-

ing these toxic species could prove successful. However, if disease is caused 

by the loss of normal nuclear TDP-43 function, such treatment could instead 

be detrimental. Since reduced levels of PGRN lead to neurodegeneration, 

PGRN replacement has been proposed as a potential treatment strategy for 

patients with PGRN mutations and TDP-43 pathology. However, this ap-

proach could result in severe side effects since an increase in PGRN expres-

sion has been associated with tumour growth81. Studies have suggested that 

the PGRN disease pathway is highly susceptible to modifying factors, result-

ing in highly variable age at onset among PGRN mutation carriers and re-

duced penetrance in some PGRN mutation families. The identification of 

such modifying factors might represent another potential target for therapeu-

tic approaches to treat FTLD, if replacement therapy of PGRN proves un-

successful. 

 Current treatment strategies for FTLD are purely symptomatic and have 

no effect on disease progression. However, with recent advances in the un-

derstanding of FTLD pathogenesis, specific disease-modifying therapies for 

FTLD appear realistic within the near future. Tau-based treatment strategies 

may also be helpful for other neurodegenerative diseases characterised by 

tau-pathology e.g. PSP, CBD and AD. Furthermore, therapies targeting the 

pathogenic pathways involving TDP-43 could prove beneficial in other neu-

rodegenerative diseases, since pathological TDP-43 has also been found in 

patients with ALS.  

  There is a desperate need for improved prevention, diagnosis and treat-

ment of neurodegenerative diseases. The past years’ rapid progress in the 

identification of genetic factors and molecular mechanisms involved in the 

pathogenesis of FTLD and other neurodegenerative conditions provides a 

framework for efforts towards slowing down or halting the progression of 

these detrimental disorders. 
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Populärvetenskaplig sammanfattning 

Frontotemporal demens (FTD) är en neurodegenerativ sjukdom som, näst 

efter Alzheimers sjukdom och vaskulär demens, är den tredje vanligaste 

formen av demens. FTD orsakas av att nervceller i hjärnans frontal- och 

temporallober förtvinar och dör. Hjärnans frontallober styr mycket av vår 

personlighet och vårt beteende. Denna hjärnregion är viktig för vårt omdö-

me, för social interaktion och vår förmåga att känna empati och läsa andras 

känslor. En förtvining av frontalloberna hos FTD-patienter leder därför till 

en smygande beteendeförändring som kan yttra sig i sämre omdöme, olämp-

ligt beteende och känslomässig avtrubbning. Temporalloberna innehåller 

områden som är viktiga för vårt språk och en förtvining av dessa regioner 

leder till att FTD-patienter även drabbas av en gradvis försämring av språket, 

med problem att finna ord eller ett mödosamt tal som resultat. FTD skiljer 

sig från andra demenssjukdomar som exempelvis Alzheimers sjukdom, ge-

nom att det inte finns någon, eller endast en mycket liten försämring av min-

net i början av sjukdomen. Minnesproblem kan dock uppkomma i senare 

skeden av sjukdomen.  

 Varför nervcellerna i hjärnan förtvinar hos patienter med FTD har länge 

varit okänt. Tittar man närmare på de drabbade hjärnregionerna i mikroskop 

kan man se sjukliga inlagringar av protein i nervcellerna. Majoriteten av 

patienterna har inlagringar som består av ett protein kallat TAR DNA-

binding protein-43 (TDP-43), medan andra har inlagringar bestående av 

proteinet tau. Under de senaste åren har vi börjat förstå varför dessa protein-

inlagringar uppstår och hur de skadar och dödar nervcellerna i hjärnan. Ge-

netiska studier av familjer med ärftlig FTD har varit mycket viktiga för för-

ståelsen av de mekanismer som leder till sjukdom.  

 Syftet med denna avhandling var att identifiera genetiska defekter som 

leder till sjukdom i patienter med ärftlig FTD. Upp emot 40% av alla FTD-

fall är av ärftlig form där sjukdomen orsakas av en genetisk defekt som kan 

gå i arv inom en familj. För tio år sedan upptäcktes sjukdomsframkallande 

mutationer i genen för proteinet tau i familjer med ärftlig FTD. 

 Den första studien i denna avhandling beskriver en FTD-familj från Fin-

land där sjukdomen orsakas av en tau-mutation. Tau-proteinets normala 

funktion är att stabilisera mikrotubuli vilka är viktiga för att bibehålla nerv-

cellens struktur och för transport av näringsämnen inom nervcellen. Vissa 

mutationer i tau-genen förändrar tau-proteinets egenskaper så att det lossnar 

från mikrotubuli och bildar proteininlagringar inuti nervcellerna i hjärnan, 
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vilket resulterar i att mikrotubuli försvagas. Andra tau-mutationer leder istäl-

let till att tau binder hårdare till mikrotubuli, vilket gör cellskelettet i nervcel-

len för stelt. Möjligen orsakas förtviningen av nervceller av förändrad stabi-

litet av mikrotubuli med påverkan på nervcellens struktur och den intracellu-

lära transporten av näringsämnen. Alternativt kan de proteininlagringar som 

uppstår störa viktiga processer i nervcellen och leda till att nervcellen förtvi-

nar.  

 Nyligen identifierades sjukdomsframkallande mutationer i genen som 

kodar för proteinet progranulin i familjer med FTD. Progranulin är en till-

växtfaktor som spelar en viktig roll vid sårläkning och inflammation. För-

höjd produktion av progranulin kan ge upphov till tumörer. Mutationerna i 

progranulin-genen hos FTD-patienter medför att endast hälften av den nor-

mala mängden av progranulin produceras, men hur detta leder till sjukdom 

är inte klarlagt.  

 I den andra studien beskrivs en svensk FTD-familj med en mutation i 

genen för progranulin. Vi kunde i denna studie, i likhet med tidigare studier, 

visa att celler från sjuka individer i familjen bildar hälften så mycket progra-

nulin som friska individer. Undersökning av hjärnan från en avliden famil-

jemedlem som ärvt den sjukdomsframkallande mutationen påvisade inlag-

ringar av TDP-43 proteinet. Hur en minskad mängd progranulin kan orsaka 

att detta protein inlagras i nervcellerna är idag okänt.  

 I den tredje studien har vi studerat förekomsten av mutationer i progranu-

lin i 51 patienter med FTD. Vi hittade två olika mutationer i tre obesläktade 

patienter. Detta ger en förekomst av mutationer i progranulin hos 6% av 

FTD-fallen, vilket stämmer överens med andra studier. I likhet med mutatio-

nen i progranulin i den svenska familjen fann vi att även dessa mutationer 

leder till minskad mängd protein. Inlagringar av TDP-43 i hjärnans nervcel-

ler återfanns även hos dessa patienter. 

 Förutom mutationer kan sjukdomar uppkomma på grund av förändrat 

antal kopior av en gen (”gen-dos”) då detta förändrar mängden protein i 

kroppen. Vanligtvis bär vi människor på två kopior av en gen, där en ärvs 

från vardera föräldern. Ibland kan en gen av misstag kopieras upp (duplice-

ras) i fler än två upplagor, eller alternativt så försvinner (deleteras) en av 

våra två genkopior. Vid Alzheimers sjukdom har man nyligen visat att en 

duplikation av genen för amyloid-prekursor proteinet leder till sjukdom på 

grund av ökad produktion av proteinet. Vid FTD har man kunnat visa att en 

deletion av en av genkopiorna för progranulin leder till sjukdom på grund av 

minskad mängd av progranulin, i likhet med de tidigare beskrivna mutatio-

nerna i progranulin-genen. I den fjärde studien ville vi undersöka förekoms-

ten av deletioner av progranulin-genen hos 39 patienter med FTD. Vi under-

sökte även om duplikationer av tau-genen kunde orsaka sjukdom i samma 

patientgrupp. Vi kunde inte identifiera några förändringar i antalet genkopior 

av progranulin och tau i dessa patienter vilket antyder att förändringar i gen-
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dos av progranulin och tau inte är en vanligt förekommande orsak till FTD, 

åtminstone inte i vår patientgrupp. 

 Studier för att utröna de mekanismer som orsakar FTD är viktiga för ut-

vecklingen av nya behandlingsmetoder. I dagsläget kan patienter med FTD 

endast erbjudas symptomatisk behandling som inte påverkar de bakomlig-

gande orsakerna till sjukdomen. Genetiska studier av familjer med ärftlig 

FTD har lett till en ökad kunskap om sjukdomens orsaker. Strategier för att 

behandla patienter med tau-relaterad sjukdom är redan under utveckling och 

har visat lovande resultat i cell- och djurmodeller. De mekanismer som leder 

till bildning av TDP-43 inlagringar är ännu oklara och behöver undersökas 

närmare, bland annat genom att klargöra kopplingen mellan progranulin och 

TDP-43. Tack vare den forskning som bedrivits ser framtiden ljus ut och en 

behandling som riktar sig mot de bakomliggande orsakerna till FTD är fullt 

möjlig. 
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