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Introduction

Dementia
According to the International Statistical Classification of Diseases and Related 

Health Problems, 10th Revision (ICD-10): “Dementia (F00-F03) is a syndrome 

due to disease of the brain, usually of a chronic or progressive nature, in which 

there is disturbance of multiple higher cortical functions, including memory, 

thinking, orientation, comprehension, calculation, learning capacity, language, 

and judgement. Consciousness is not clouded. The impairments of cognitive 

function are commonly accompanied, and occasionally preceded, by deterioration 

in emotional control, social behaviour, or motivation. This syndrome occurs in 

Alzheimer’s disease, in cerebrovascular disease, and in other conditions primarily 

or secondarily affecting the brain” 1. 

The prevalence of dementia increases with age. At age 60 it is around 1 percent and 

doubles every 5 years to more than 30 percent at the age of 85 2-4. the most common 

form of dementia is Alzheimer�s disease, which description dates back to the case 

record of a 51-year old female patient (Mrs. Auguste D.) described in 1907 by Alois 

Alzheimer 5,6. This was not the earliest description of dementia patients. Already 

fifteen years earlier, Arnold Pick had described two patients with another form of 

dementia, showing characteristic temporal atrophy at autopsy.

MAPT protein as part of pathology in neurodegenerative 
diseases
Alzheimer�s disease pathology is characterised by the presence of aggregates 

of proteolytically cleaved amyloid precursor protein (APP) called plaques and 

argyrophilic fibrillary bundles called neurofibrillary tangles (NFT or tangles). 

Electron microscopy revealed that NFT are comprised of paired helical filaments 

(PHF) 7 that mainly consist of the microtubule associated protein tau (MAPT) 8.

Over the years it has been realised that a diverse group of dementias and movement 

disorders share the presence of intracellular accumulations of abnormal filaments 

(aggregates) of MAPT as common pathological feature. To categorize this diverse 

group of patients the term Tauopathies was introduced 9,10. Although we will discuss 

not all Tauopathies, this term currently includes:

•	 Alzheimer�s disease;

•	 Tangle-predominant senile dementia;
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•	 Progressive Supranuclear Palsy (PSP);

•	 Corticobasal Degeneration (CBD);

•	 Argyrophilic Grain Disease (AGD);

•	 Pick�s disease;

•	 Frontotemporal dementia and Parkinsonism linked to chromosome 17 

(FTDP-17);

•	 Frontotemporal dementia (FTD);

•	 Parkinsonism-dementia complex of Guam

•	 Progressive Subcortical Gliosis;

•	 Dementia pugilistica;

•	 Down Syndrome;

•	 Prion protein cerebral amyloid angiopathy;

•	 Gerstmann-Sträussler-Scheinker disease;

•	 Myotonic dystrophy;

•	 Niemann-Pick disease type, C; and

•	 Postencephalitic Parkinsonism.

In the last six illnesses of this list MAPT pathology is not the most prominent 

neuropathological feature. Furthermore, the term Frontotemporal dementia 

comprises a clinical syndrome with different pathological sub types 11,12. Because, 

approximately half of the FTD patients show MAPT pathology (and are classified as 

Pick�s disease) 13,14 and many of the features of FTD and Pick�s disease overlap, we 

have included FTD in our overview.

The MAPT gene
The best-characterised functions of MAPT are to promote tubulin polymerization, 

reduced microtubule instability and MAPT plays a role in maintaining neuronal 

integrity, axonal transport and axonal polarity. It is abundantly expressed in both 

the peripheral and central nervous system 15, where it is enriched in the axons of 

mature and growing neurones. In oligodendrocytes and astrocytes only low levels of 

MAPT can be observed 16.

the gene encoding MAPT spans approximately 140 kb on the genomic level and is 

localized on chromosome 17q21 17,18. It consists of 16 exons of which no more than 13 

exons code for those mRNA isoforms transcribed in human central nervous system 

(CNS) 17,19 producing mRNA isoforms of approximately 6-kb in size 18. In adult human 
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brain alternative splicing produces six MAPT isoforms (see Figure 1). In foetal human 

brain only the shortest isoform lacking exon 2,3 and 10 is detected 20,21.

in the CNS MAPT mRNAs give rise to proteins composed of 352 to 441 amino  

acids 22. The isoforms differ from each other by the presence or absence of 29-amino 

acid or 58-amino acid inserts located in the N terminus (exon 2 and 3) and a 31-

amino repeat located in the C terminus (exon 10). Exon 2 and 3 code for amino 

acids that are highly acidic, whereas large part of exon 7 and 9 code for a proline 

rich region. This N-terminal part of the protein is also known as the projection 

domain (see Figure 1), since it projects away from the microtubule surface where 

it may interact with other cytoskeletal elements and components of the plasma  

membrane 23. Exon 9-12 encode for microtubule binding domains. Since exon 10 is 

alternatively spliced and encodes a single microtubule binding repeat domain, three 

of six isoforms contain 4 microtubule-binding domains; whereas the other three 

contain only three microtubule-binding domains (see Figure 1). Because of these 

microtubule-binding repeats, MAPT isoforms containing four binding repeats are 

Figure 1. MAPT, the gene and splice variants in human adult brain. Exons are numbered 

according to andreadis et al 17. Alternatively spliced exons are shown in colour. Exons expressed in the 

periferal nervous system are shown in blue. Exon 10, containing an extra microtubule-binding repeat, is 

shown in red. Names are according to alternative incorporation of the extra microtubule binding repeat of 

exon 10 and one or two N-terminal exonic protein regions. 1R-4R: microtubule-binding repeats. Proline  

Rich: proline-rich region.
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called four repeat (4R) whereas those containing only three are called three repeat 

(3R). Normally the human adult brain contains similar levels of 3R and 4R MAPT 

mrna and protein isoforms 22. In solution MAPT shows only minimal secondary 

structure and may be best described as a highly elongated molecule 24, although, 

recently it was suggested that MAPT tends to assume hairpin-like folds, where the 

C-terminus and N-terminal domain fold back upon the binding repeats 25,26.

in addition, MAPT is post-translationally modified by phosphorylation, which has 

been suggested to be a dynamic process necessary to regulate its function and seems 

to be developmentally regulated 27-31. In foetal brain MAPT protein phosphorylation 

is elevated at up to 13 possible phosphorylation sites (see Table 1), whereas in 

adult brain phosphorylation levels are much lower. In diseased brains the level of 

protein phosphorylation is elevated up to ~40 sites 32-37 (see Table 1 [table adapted  

from 33,37]) and is found within the insoluble, fibrillar inclusions that define the 

pathology 8,9,19,20.

Since phosphorylation affects electrophoretic mobility on sodium dodecylsulphate - 

poly-acrylamide gel electrophoresis (SDS-PAGE), MAPT isoforms display (apparent) 

higher molecular mass on western blot (see Figure 2). Due to the shift in size, only 

up to four different hyperphosphorylated MAPT bands can be discriminated on 

western blot, which contain all six MAPT protein isoforms after dephosphorylation 

(see Figure 2) 9.

4R2N
3R2N
4R1N
3R1N
4R0N
3R0N

74

68

64

60

Normal MAPT protein Hyperphosphorylated MAPT proteinkDa

4R2N

4R1N    + 3R2N

4R0N    + 3R1N

3R0N

AD PSP CBD AGD PiD

P+

P+

P+

P+

P+ P+

Rec

related illness

Figure 2. Patterns of (hyperphosphorylated) MAPT on western blot. The six human MAPT 

isoforms expressed in the CNS are observed as six independent bands on SDS-PAGE and western blot 

(left). In various Tauopathies, MAPT becomes hyperphosphorylated and sarkosyl insoluble. On western 

blot patterns between neurodegenerative disorders vary (right). AD: hyperphosphorylated MAPT from 

Alzheimer�s disease brain; PSP: Progressive Supranuclear Palsy; CBD: Corticobasal Degeneration; AGD: 

Argyrophilic Grain Disease; and PiD: Pick�s disease.
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Residuea Foetal rat MAPTb Adult rat MAPTb PHF MAPT

ser 68 nd nd +

thr 69 nd nd +

thr 71 nd nd +

Ser 113 nd nd +

thr 175 +

thr 181 + + +

ser 184 +

ser 185 +

ser198 + +

ser 199 + +

ser 202 + + +

ser 208 +

ser 210 +

thr 212 +

ser 214 +

thr 217 + +

Thr 231 + + +

Ser 235 + +

Ser 237 +

Ser 238 +

ser 258 nd nd +

ser 262 + +

Ser 356 +

ser 289 nd nd +

Ser 396 + +

ser 400 + +

Thr 403 +

ser 404 + + +

ser 409 + +

ser 412 +

Ser 413 + +

thr 414 nd nd ½

ser 416 nd nd ½

ser 422 +

thr 427 nd nd +

Ser 433 nd nd +

Ser 435 nd nd +

Table 1. MAPT phosphorylation sites
aNumbering according to the largest human MAPT isoform 20.
bfrom 34,353,354. ND: no data available. Table adapted from 33,37.
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Recently the MAPT gene including flanking regions was found to be part of a 

common chromosomal inversion 38,39. This inversion spans approximately ~1.3 Mb 

and includes ~20 genes and expressed sequence tags (ESTs) 39, including a gene 

named saitohin localised within intron 9 of MAPT 40 and an potential antisense 

gene overlapping with the promoter region of MAPT 41. Due to this inversion there 

is (almost) no recombination between two extended haplotype blocks designated as 

h1 and h2 MAPT or a0 and a1 MAPT 42 and Q and r saitohin haplotypes 43, since all 

are associated with this inversion.

Tauopathies

Alzheimer’s disease
The Tauopathy with highest prevalence is Alzheimer�s disease (between 0.1-8.7% 

worldwide 44). Alzheimer�s disease is a slowly progressive disorder, characterised 

by progressive impairment of episodic memory. Instrumental signs for diagnosis 

include aphasia (impairment of ability to produce and/or comprehend language), 

apraxia (loss of ability to execute or carry out voluntary movements), and agnosia 

(loss of ability to recognize objects, persons, sounds, shapes or smells), together 

with general cognitive symptoms, such as impaired judgment, decision-making and 

orientation (both in space and time).

Gross anatomical changes are characterised by cerebral atrophy, mainly in frontal, 

temporal, and parietal regions, hippocampal shrinkage and dilation of ventricles. 

Alzheimer�s disease pathology is characterised by the presence of both: inclusions of 

hyperphosphorylated MAPT (neurofibrillary tangles) and aggregates of proteolytically 

cleaved amyloid precursor protein (APP, i.e. amyloid-beta [Aβ]), called plaques.

Genetically, there is a direct link between Aβ and Alzheimer�s disease since mutations 

and duplications of the APP gene have been identified, as well as mutations in genes 

involved in gamma-secretase cleavage of APP into Aβ (i.e. Presenilin 1 (PSEN1) 

and Presenilin 2 [PSEN2], see for review 45). Tangles (and neuropil threads) exhibit 

a characteristic distribution pattern in Alzheimer�s disease brains, permitting 

differentiation of six stages (Braak staging) 46 that correlate with disease progression. 

Analysis of hyperphosphorylated MAPT extracted from the tangles from Alzheimer�s 

disease brain showed phosphorylation on ~40 sites 32-37 (see Table 1 [table adapted 

from 33,37]). Biochemical analysis on western blot showed four bands (see Figure 

2) that, when dephosphorylated, consisted of all six MAPT protein isoforms (see  
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Figure 2) 9.

Tangle-predominant senile dementia
Tangle-predominant senile dementia 47, denoted with several other descriptive 

names 48-52, is a sporadic form of progressive dementia in very old subjects, with 

age of onset after their 80s. Originally referred to as “atypical Alzheimer�s disease”, 

patients were considered to suffer from a distinct disease 51,53. Although memory 

problems arise, these are often less severe than observed in Alzheimer�s disease. A 

genetic characteristic is that almost none of the patients carry an ApoE ε4 allele 49,52 

whereas in Alzheimer�s disease patients the ApoE ε4 allele frequency is increased 

compared to controls 54. Tangle-predominant senile dementia is a rare disorder with 

very late onset and estimates about prevalence have not been made. 

Patient pathology is characterized by the presence of abundant allocortical 

neurofibrillary (pre)tangles in combination with (almost complete) absence of 

argyrophilic plaques or cerebral amyloid angiopathy (CAA). The distribution pattern 

of neurofibrillary MAPT pathology appears similar but may be more severe than 

from non demented centenarians, although MAPT pathology intensity is higher in 

hippocampus 53,55. When compared to Alzheimer�s disease brains more pre-tangles 

and ghost tangles may be present. In addition, atrophy, gliosis and neuronal or 

synaptic loss are significantly less compared to Alzheimer�s disease 53. Biochemical 

analysis of hyperphosphorylated MAPT from patient brain material shows a pattern 

similar to Alzheimer�s disease, consisting of four bands of hyperphosphorylated 

MAPT (see Figure 2), which when dephosphorylated contains all six isoforms (see 

Figure 2).

Progressive Supranuclear Palsy (PSP)
The original description of Progressive Supranuclear Palsy (PSP) as a distinct 

clinicopathological entity dates back from 1964 when Steele, Richardson, and 

Olszewski gave a detailed description of several patients 56. PSP patients are 

characterized by supranuclear vertical gaze palsy. Particularly in early stages, 

PSP can mimic Parkinson�s disease, even though PSP is typically an akinetic rigid 

syndrome without tremor. A symmetric distribution, early balance dysfunction, 

lack of response to Levodopa treatment, axial rigidity, facial dystonia and executive 

dysfunctions distinguish it from Parkinson�s disease. Estimates about frequency are 

rare but show an average (age adjusted) prevalence of approximately 5 per 100,000 
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(see Table 2).

Pathological hallmarks of PSP are neurofibrillary tangles, tufted astrocytes, 

oligodendroglial coiled bodies and neuropil threads. These vary in distribution and 

severity throughout subcortical structures and the brain stem. Patient brains show 

cerebral atrophy, shrinkage of the globus pallidus and pallor of the substantia nigra. 

Biochemical analysis of hyperphosphorylated MAPT shows a distinct pattern on 

western blot (see Figure 2). Upon dephosphorylation this MAPT is shown to consist 

almost exclusively of 4R MAPT (see Figure 2).

Genetic association has been convincingly demonstrated by the strong correlation 

between PSP and the h1h1 MAPT genotype 42,43 (odds ratio for PSP between 

homozygous H1 versus H2 is approximately 4) 57. As previously mentioned, these 

haplotypes are all associated with the same chromosomal inversion on chromosome 

17q21 38,39,58,59. Further refinement of the region showed that increased risk could 

be contributed to htSNP167 (rs242557; a single nucleotide polymorphism (SNP) in 

intron 1 of the MAPT gene). This SNP was present in 14% in controls in contrast to 

22% of the PSP patients 57. In vitro results suggest that this SNP could contribute 

to a change of total MAPT expression, which was demonstrated in brain material, 

although these results can be debated. Indeed, our own results could not confirm 

these observations (manuscript in preparation). More convincing is the correlation 

of this SNP and altered 3R/4R expression ratio in vivo 60. This is also in agreement 

with our own results (manuscript in preparation) and correlates with biochemical 

analysis of hyperphosphorylated MAPT extracted from PSP patients.

It is not yet clear whether this correlation is only associated with htSNP167 or if other 

variants in the H1 haplotype block could be involved. In addition further examination 

of the biological effects of genomic variants on Saitohin and other transcripts in the 

region surrounding MAPT 41 is warranted.

In a large family, linkage between dominant hereditary PSP and chromosome 1q31 

has been reported 61 and recently in a pooled genome wide scan of pathologically 

Table 2. Overall incidence rate Progressive Supranuclear Palsy. nd: not determined.

Average incidence rate per 
100,000

Age adjusted incidence rate per 
100,000

reference

5.3  nd Bower et al., 1997 335

nd 6.4 (95% CI 2.3-10.6) schrag et al., 1999 356

6.5 (95% CI 3.4–9.7) 5.0 (95% CI 2.5–7.5) nath et al., 2001 357
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confirmed PSP patients using ~500.000 SNPs, a novel locus spanning around one 

million bases (Mb) on chromosome 11p12 around SNP rs901746 was identified 62. 

Currently, this region awaits confirmation of other studies to see whether this SNP is 

as robustly associated with PSP as the H1 haplotype.

Environmental factors may also contribute to PSP. A well-studied environmental 

factor influencing PSP is the consumption of leaves or fruit from the tropical plant 

Annona muricata (soursop) on Guadeloupe. On these islands incidence of (an 

atypical form of) PSP (and Parkinson�s disease) seems correlated to amount of 

ingested annonacin 63, a (possible) toxin 64 present in the fruit and leaves of soursop 

and suggested to be an inhibitor of the mitochondrial complex I 65,66.

Corticobasal Degeneration (CBD)
Corticobasal degeneration (CBD) is a sporadic neurodegenerative disorder that 

clinically overlaps with PSP. in 1967 rebeiz et al., described the first patients with 

CBD 67. Patients are clinically characterised by asymmetric limb rigidity accompanied 

by speech and gait disturbances and poor response to Levodopa treatment. The 

most characteristic feature of CBD is alien hand syndrome (the inability to recognize 

movements to be his own) with dystonia and apraxia. Sensory deficits in combination 

with inability to recognise tactile stimuli develop later in the disease. Prevalence 

is very low, and reported to be ~10 times less frequent than PSP 68. Because these 

patients were not confirmed by pathology and considerable overlap between 

neurodegenerative disorders exists 69 prevalence may even be lower.

Even though clinical criteria to establish the diagnosis of CBD have been  

developed 70,71, the overlap with PSP remains considerable. Therefore, 

neuropathological studies are necessary to confirm CBD diagnosis. Pathology is 

characterised by asymmetric parietal atrophy, which may extend into the frontal 

lobes 72. Globus pallidus, substantia nigra, striatum and amygdala are also affected, 

whereas temporal and occipital lobes are usually spared 73. 

Routine staining shows presence of achromatic or ballooned neurons. 

Immunohistochemistry is characterised by a combination of MAPT positive 

neuropil threads and astrocytic plaques. Analysis of both hyperphosphorylated 

and dephosphorylated MAPT on western blot shows a pattern comparable to PSP, 

making CBD also a 4R Tauopathy (see Figure 2). Comparable to PSP, the h1h1 

MAPT genotype has also been demonstrated to be a genetic risk factor for CBD 59.
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Argyrophilic grain disease (AGD)
a third 4R Tauopathy is argyrophilic grain disease (AGD). The first description of 

AGD dates back to the report of 16 patients by Braak and Braak in 1987 74. The illness 

is characterised by presence of argyrophilic grains (AgG) and coiled bodies in the 

hippocampus. Alzheimer�s disease related changes were also seen in half of the cases 

whereas in the remaining cases AgG were the only form of pathology. Subsequent 

studies showed a relatively high frequency (5 to 10 percent) of AGD in pathologically 

confirmed randomly chosen brains (see Table 3). Also, AGD is frequently seen in 

association with other pathologies, including Alzheimer�s disease, frontotemporal 

lobar degeneration (FTLD), vascular dementia and Parkinson�s disease, but also 

in cognitively normal individuals 74-80. AGD severity appears to be correlated with  

age 76,77,81,82.

upon gross examination, AGD brains often appear unchanged 76,83,84. Pathology 

is characterised by oval spindle-shaped of comma-like lesions present in 

transentorrhinal and entorhinal cortex, that can be visualized using Bielschowsky 

and Gallyas silver staining or phosphorylation specific antibodies against MAPT. 

Amygdala and hypothalamus or hippocampus might also be affected, although less 

severely 76,77.

More recently, AgG were proposed to be one of the pathologic substrates of mild 

cognitive inhibition/impairment (MCI) 85, because in part of the AGD patients with 

MCI, AgG were the only neuropathological feature.

Biochemical analysis of argyrophilic grain disease shows that in most cases more 4R 

than 3R MAPT was observed 80,86. in contrast to other mentioned 4R Tauopathies, no 

total with 
dementia

with AgG % with AgG 
only

% prevalence described by

56 56 16 28.6 8 14.3 nd Braak & Braak, 1987 74

80 80 28 35 10 12.5 nd Braak & Braak, 1989 78

33 33 1 3 1 3 nd itagaki et al., 1989 358

300 nd 17 5.7 11 3.7 5.7 Martinez-Lage & Munoz, 
1997 75

301 80 28 35 10 12.5 9.3 Tolnay et al., 1997 79

2661 nd 125 nd 18 nd 4.7 Braak & Braak 1998 76

59 0 14 nd nd nd 23.7 davis et al., 1999 82

190 101 (52) 47 46.5 15 14.9 24.7 saito et al., 2002 77

304 304 (32) 15 (9.7) 4.9 4 1.3 4.9 togo et al., 2002 359

39 0 12 nd nd nd 30.8 Knopman et al., 2003 81

Table 3. Overview of studies revealing AGD prevalence. nd: not determined.
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genetic linkage between H1 and AGD is observed 87.

(Classical) Pick’s disease
In 1892 Arnold Pick described two patients with dementia, showing characteristic 

temporal atrophy at autopsy 88. Only in the beginning of the 20th century it was 

recognized that such patients belonged to a clinically distinct form of dementia. 

In 1926 Onari and Spatz designated patients with frontotemporal atrophy and the 

presence of globose argyrophilic inclusions (i.e. Pick bodies) as Pick�s disease 89. the 

initial presentation is usually behavioural changes, signs of disinhibition or language 

dysfunction. Signs of Parkinsonism are usually absent, even though they may arise 

later in the disease. Prevalence (in the Netherlands) is estimated to be around 9 per 

100 000 in age group 60-70 years and 0.5 per 100 000 over all age groups (calculated 

from 13). 

Pick�s disease pathology is distinctive and characterized by the presence of round 

argyrophilic inclusions (i.e. Pick bodies), that are easily detected using Bielschowsky 

or Bodian silver stain in several, mostly cortical, regions of the brain and dentate gyrus 

of the hippocampus 12. The major constituent of Pick bodies is hyperphosphorylated 

protein MAPT (see more below) that is 12E8 antibody negative, since Ser262 is not 

hyperphosphorylated. In many patients glial pathology and some tangles are present, 

which, as we mentioned before, seems to be a separate process linked to disease 

progression 90.

Biochemical analysis of Pick�s disease patient brain material showed Pick bodies 

to consist of 3R MAPT (see Figure 2). In addition sarkosyl insoluble filaments are 

mostly straight or paired helical with longer periodicity compared to PHF 91-93. as a 

genetic risk factor both the h1 and h2 MAPT haplotypes were not associated with the 

disease 94,95. Until now the only identified genetic risk factor for hereditary (familiar) 

forms of Pick�s disease are mutations in MAPT (see below 90,96). 

 

Frontotemporal lobar degeneration (FTLD) 
Despite the fact that in their original description Onari and Spatz designated 

patients with frontotemporal atrophy and presence of Pick bodies as Pick�s  

disease 89 over the years the term became synonymous for patients with 

(fronto)temporal atrophy. In 1985 Constantinidis proposed a classification of “Pick�s 

disease” patients by grouping them in three subtypes according to presence or 
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absence of Pick bodies and ballooned neurones 97. In 1988 the term “dementia of the 

frontal lobe type” was introduced 98 to denote a similar group of patients that until 

then had been classified as frontal lobe degeneration of the non-Alzheimer type 99,100. 

The term later evolved into “Frontotemporal dementia” to emphasise involvement of 

the temporal cortex 101. The term Pick�s type was introduced to designate the subtype 

with Pick cells and Pick bodies 101, even though it was rarely used.

In 1998 consensus criteria were published to improve clinical recognition and 

provide research diagnostics for this disorder. The term Frontotemporal lobar 

degeneration (FTLD) would be used to encompass the pathologic substrates that 

affect frontal or temporal cortex and three clinical syndromes associated with 

this disorder. Frontotemporal dementia (FTD) would be used as the main clinical 

subtype for this illness, characterised by profound alterations in personality and 

social conduct, inertia and loss of volition or social disinhibition and distractibility, 

with relative preservation of memory function 11 (for more detailed description of 

clinical characteristics see Panel 1). 

Progressive non-fluent aphasia (a disorder in which patients show severe problems 

in word retrieval but mostly preserved word comprehension) and semantic 

dementia (a disorder in which patients lose the abilities to name and understand 

words and objects or to recognize significance of facial expression and other sensory  

stimuli 102) were included as the other two clinical subtypes of this syndrome 11. Also motor 

neuron disease in combination with progressive behavioural or language impairments 

was included as a strongly supportive diagnostic criterion (see Figure 3, adapted  

from 14).

In 2001 another consensus group concluded that “easier” guidelines were needed 

to assist the general physician to recognize patients with FTLD and accelerate 

their referral to diagnostic centres 12. The consequence, however, of basing patient 

diagnosis on clinical definition (i.e. progressive changes in social behavioural and/

or language function, sometimes in co-occurrence with a motor disorder 11,12,14) is 

that heterogeneous neuropathological, biochemical and even genetic abnormalities 

are associated with this definition of FTLD 12. In contrast, the guidelines suggested 

in 1998 were designed to subgroup patients for scientific study during life and 

have accurate pathological diagnosis on autopsy 11. Since patient sub-grouping and 

accurate pathological diagnosis are necessary for research purposes we will use the 

definitions of Frontotemporal lobar degeneration and Frontotemporal dementia 

published in 1998 as guidelines for this chapter 11.
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Panel 1. Guidelines for the clinical diagnosis of Frontotemporal 

dementia.

Clinical profile: The dominant features initially throughout the disease course 

are character change and disordered social conduct.

Core diagnostic features

•	 Insidious onset and gradual progression

•	 Early decline in social interpersonal conduct

•	 Early impairment in regulation of personal conduct

•	 Early emotional blunting

•	 Early loss of insight

Supportive diagnostic features

Behavioural disorder

•	 Decline in personal hygiene and grooming

•	 Mental rigidity and inflexibility

•	 Distractibility and impersistence

•	 Hyperorality and dietary changes

•	 Perseverative and stereotyped behaviour

•	 Utilisation behaviour

Speech and language

•	 Altered speech output: aspontaneity and economy of speech; press of 

speech

•	 Stereotypy of speech

•	 Echolalia

•	 perseveration

•	 Mutism

Physical signs

•	 Primitive reflexes

•	 incontinence

•	 Akinesia, rigidity and tremor

•	 Low and labile blood pressure
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Cinical 
Syndromes

Neuro-
pathological
Topography

Histological 
Appearance

Immuno-
histochemistry

DLDHFTLD-UTauopathies

3R 4R3R+4R

Microvacuolation of 
Upper Cortical Layers

Gliosis of Cortex and 
Subcortical White Matter

Prefrontal/
Anterior temporal

Left Frontotemporal Temporal

Semantic
Dementia

Progressive
Aphasia

FTLD

FTD

GRN+ GRN-

Figure 3. Different levels of description of FTLD. Figure adapted from Neary et al. 14. dLdh: 

dementia lacking distinctive histological features; FTD: frontotemporal dementia; FTLD-U: frontotemporal 

lobar degeneration with ubiquitin inclusions. 3R, 4R or 3R+4R: with 3R, 4R or mixed MAPT pathology, 

respectively. GRN+ or GRN-: with or without Progranulin mutations, respectively.

Investigations

•	 Neuropsychology: significant impairment on frontal lobe tests in the 

absence of severe amnesia, aphasia, or perceptuospatial disorder

•	 Electroencephalography: normal on conventional electroencephalo-

gram despite clinically evident dementia

•	 Brain imaging (structural or functional): predominant frontal or 

anterior temporal abnormality

adapted from 14 
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Clinical changes in Frontotemporal lobar degeneration (FTLD)

Diagnostic criteria for Frontotemporal lobar degeneration are in agreement that 

gradual alterations in personality and social conduct are a central clinical feature of 

the disease 11,12,98,101 (see also  Panel 1). Patients with FTD may present as overactive, 

socially disinhibited and fatuous; others as inert and emotionally blunt. A third type 

may be characterised as stereotypical and associated with muscular rigidity 14. most 

important discriminators of FTD are changes in sentiment and emotion, inhibition 

and lack of insight 103-107. Additional characteristics are: personal neglect, gluttony 

and preference for sweet foods. Wandering, motor and verbal stereotypes, loss of  

pain 103, echolalia and mutism are also often observed, whereas memory and 

visuospatial functions are relatively spared.

Because some FTD patients show verbal and language changes, clinical manifestations 

of FTD overlap with those observed in semantic dementia. On the other hand, 

behavioural changes may be observed in semantic dementia patients. Results have 

shown FTD patients demonstrate loss of emotional insight and loss of the emotion of 

disgust, whereas semantic dementia patients retain both characteristics 104.

Physical changes in FTLD
Physical signs are often absent in early disease phase although Parkinsonism has 

been found in a considerable number of patients 108-110. With disease progression, 

primitive reflexes and signs of akinesia and rigidity emerge. Subsequently, patients 

become akinetic and/or show rigidity and tremor, usually in combination of a low and 

labile blood pressure. These physical signs overlap with the clinical manifestation of 

CBD and PSP. Since behavioural changes become more pronounced in PSP and CBD 

patients, during disease progression, symptoms of PSP and CBD converge causing 

clinical end-stages that overlap (see Figure 4). 

In early disease phase, due to the relative absence of behavioural problems, CBD 

and PSP can more easily distinguished from FTLD. This, on the other hand, causes 

a clinical disease manifestation which shows significant overlap with Parkinson�s 

disease and makes these patients prone for misdiagnosis 111.

Neuropathological characteristics of FTLD
The most common feature of FTLD is atrophy of the prefrontal and temporal cortex. 

Differences in topographical distribution of brain atrophy mainly determine clinical 
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syndromes associated with frontotemporal lobe dementia. Behavioural deficits like 

disinhibition are mainly linked to degeneration of the frontal lobe; language disorders 

are observed when mainly temporal regions are affected; and consequently when 

basal brain areas are affected patients show signs of Parkinsonism. 

Routine histology of most FTLD patients shows mainly microvacuolation of upper 

cortical layers, sometimes in co-occurrence with gliosis of cortex and subcortical 

white matter. Immunohistochemistry defines three subtypes. The first type is 

defined by neuropathological abnormalities with MAPT-positive inclusions and 

associated neuron loss and gliosis. This subtype can then again be subdivided in 

three subgroups based upon MAPT isoform content 12. These are: a subgroup showing 

MAPT-positive inclusions containing mainly three microtubule binding repeats; a 

subgroup showing MAPT-positive inclusions containing mainly four microtubule 

binding repeats; and a subgroup showing MAPT-positive inclusions containing both 
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Figure 4. Schematic representation of overlap between major Tauopathies. three major 

clinical manifestations (memory loss, changed behaviour and Parkinsonism) are shown over time. From 

left to right indication of severity is shown. Top to bottom represents disease progression over time. 

The coloured region represents the variation between patients in one of the diseases. Yellow: disease 

representation of Progressive Supranuclear Palsy (PSP); red: frontotemporal dementia (FTD); and blue: 

Alzheimer�s disease (AD). The last column shows the overlap of the three illnesses. Near the endpoint it is 

very difficult to distinguish the different diseases because clinical disease features start to overlap.
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three and four microtubule binding repeats. In addition there are also hereditary 

FTLD (FTDP-17) patients that show mixed (i.e. 4R positive glial and 3R positive 

neuronal) pathology.

the second main FTLD group shows microvacuolation with ubiquitinated 

intraneuronal inclusions and dystrophic neurites within layer 2 of frontotemporal or 

temporal neocortex and hippocampal dentate gyrus cells, (i.e. Frontotemporal lobar 

degeneration with ubiquitinated inclusions [FTLD-U]); whereas the third group 

has microvacuolation without neuronal inclusions, without detectable amounts of 

sarkosyl insoluble MAPT (i.e. Dementia lacking distinctive histology [DLDH]).

Clinical and histological correlations in FTLD
In individual cases of patients with dementia and frontotemporal atrophy, 

progressive aphasia or semantic dementia, histological changes cannot be precisely 

predicted from patient�s clinical syndrome. Still, some (broad) correlations can be 

made. patients with FTLD with behavioural changes mostly show neuronal MAPT 

inclusions 112-118 as reported in 14. Frontotemporal dementia patients with motor 

neuron disease (FTD-MND) mainly show ubiquitin positive inclusions, which has 

lead to the oversimplification to call ubiquitin positive inclusions motor neuron 

disease-inclusions 119-123. Because FTLD-U features are also present in patients that 

will never suffer from motor neuron disease (MND) during life FTLD-U should be 

used primarily to denote pathology, whereas MND should be limited to indicate the 

clinical phenotype. Furthermore, semantic dementia is often also correlated with 

FTLD-U. The underlying pathology of progressive non-fluent aphasia (PNFA), 

however, is heterogeneous with FTLD-U and FTLD 113,124,125 (for details about language 

disorders see Panel 2).

Large scale correlations between pathology and clinical diagnosis in Frontotemporal 

dementia was in essence started by Constantinidis 97. He already discovered that 

when classical Pick�s disease pathology (type A) and FTLD (type C1) were grouped 

and compared with the group consisting of Type B (histologically resembling 

Corticobasal degeneration 93,97) and type C2 resembling a FTD-MND phenotype, the 

two groups could be distinguished upon clinical phenotype (i.e. the first showed a 

more behavioural phenotype, whereas the second group showed predominant signs 

of Parkinsonism). 
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Epidemiology of FTLD
There are only a few studies reporting on the prevalence of FTLD. the highest 

prevalence of 15 per 100.000 habitants aged between 45 and 64 years was found 

in the area surrounding Cambridge (United Kingdom) 126, making both FTLD and 

Alzheimer�s disease approximately equally prevalent. In our studies that included 

data from four independent university medical centres specialised in dementia 

throughout the Netherlands we reported a much lower prevalence of 3.6 per 100 000 

at age 50–59 years, rising to 9.4 per 100 000 at age 60–69 years from the population 

in the Netherlands 13. One should keep in mind that a limitation of any population 

study is the possibility of under-assessment due to misdiagnosis and non-referral by 

other neurologists, psychiatrists and nursing home physicians. A second limitation 

is the possibility of referral bias for familial cases of FTD.

Also in studies describing pathological series the percentage of FTLD varied 

Panel 2. Language disorders: Primary Progressive Aphasia (PPA) 

and Semantic dementia (SD)

Primary progressive aphasia

A clinical disorder included in FTLD is language problems. Two main and distinct 

types of language disorders are distinguished. The first is primary progressive 

aphasia (PPA). This disorder is characterized by an isolated and gradual 

termination of language function, starting with anomia (word finding difficulty) 

and later progressive loss of fluency to eventual mutism 102,141,360. Eventually 

memory and/or behavioural changes may develop. The underlying pathology 

of PPA is diverse, and includes CBD, PSP or Lewy body disease 141,205,360. disease 

progression is more rapid than other forms of dementia 141.

Semantic dementia

The second disorder is semantic dementia (SD). SD is a progressive language 

disorder, in which patients loose the ability to comprehend, generate and 

recognise words and objects. During early stages of SD, patients may benefit 

from speech therapy. In later stages SD patients may develop decreased memory 

and/or behavioural changes or motor difficulties, similar to other FTLD subtypes. 

Therefore, owing to the overlapping clinical changes between these diseases and 

FTD, they were included as clinical subtypes of FTLD 12,111,361.
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considerably, ranging from 36 (9%) out of 400 in a series from Sweden 127 to 42 

(12.7%) out of 330 patients with dementia 128. in both cases the ratio FTLD/

Alzheimer�s disease was 1 to 5 127,128. Two more recent series from London (United 

Kingdom) and Manchester (United Kingdom) have shown a ratio of approximately 

1 in 3 for presenile dementia, which increased even further to approximately 3 in 5 

patients with dementia onset before 50 years (69 Alzheimer�s disease versus 40 FTD) 

(reviewed in 14). Before drawing the conclusion that considerable regional difference 

in prevalence exist, it is important to realize that a considerable ascertainment 

bias might exist in these studies, influenced by differences in method of obtaining 

subjects, cohort and population size, heredity (see below), local expertise of 

neurologists and criteria used for patient definition and ascertainment of diagnosis. 

Since no population independent longitudinal study of random samples with genetic 

and neuropathological confirmation by independent neurologists and pathologists 

has been done the figures above are currently the best estimation for population 

prevalence.

Previous studies from our group 13 and others 126,129,130 indicate that gender distribution 

in FTLD is approximately equal. Age at onset is typically from 45 to 65 years, with 

a mean age around 50 13,98,111,126,131-136, although, pathologically confirmed FTLD has 

been recorded in individuals as young as 21 years 137. Age at onset in familial and 

sporadic cases does not differ significantly 136 and very early onset has been described 

in both sporadic and familial forms of FTLD 137-139 (reviewed in 138). Median disease 

duration of FTLD is 6 to 8 years with a range of 2 to 20 years 140, although, some 

disease phenotypes may be more prone to have faster decline 141,142. 

Familial occurrence has been found in 20 to 50% of patients with FTLD with 

approximately 10 to 40% of cases following an autosomal dominant inheritance 

pattern 13,100,143-145. MAPT mutations were present in 14% of Dutch FTLD families and 

in 70% of patients with an autosomal dominant pattern of inheritance 13 (for more 

details see below). Mutation frequency has been shown to differ between studies 

and appears to be influenced by study and/or geographical region, 13,144,146-153 (see 

Table 4). MAPT mutation frequency in FTLD might be more similar, when multiple 

members of large families are excluded and only index patients are included. In 

the Netherlands this would lead to an adjusted frequency of ~5 percent (calculated  

from 148).

other FTLD families have been linked to mutations in the chromatin modifying 

protein 2B (CHMP2B) gene on chromosome 3 154, though involvement of this gene in 

familiar FTLD is limited, it was absent in two independent cohort studies 155,156 and 
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 Phenotype Country % MAPT 
mutations in 

FTLD

% MAPT 
mutations in 

familiar FTLD 

# patients 
tested

Publication

ftLd united 
Kingdom

nd 50 22 $ morris et al., 2001 147

ftLd france nd 48* 77 Dumanchin et al., 
1998 149

ftLd the 
Netherlands

18 43 90 Rizzu et al., 1999 148

ftLd the 
Netherlands

14 41 245 rosso et al., 2003 13

ftLd japan 8 33 24 Kowalska et al., 
2001 146

ftLd united 
Kingdom

nd 14 22 Houlden et al., 
1999 152

Non-Alzheimer�s 
disease dementia

usa 6 11 101 poorkaj et al., 2001 151

ftLd usa 4 11 48 sobrido et al., 2003 150

Clinical Tauopathy usa 4 9 82 Houlden et al., 
1999 152

ftLd Italy 3 * 8 38 Binetti et al., 2003 144

ftLd Belgium 3 * 7 * 103 Cruts et al., 2006 157

Non-Alzheimer�s 
disease dementia

usa 0 0 71 Houlden et al., 
1999 152

ftLd sweden 0 0 65 fabre et al., 2001 153

Table 4. MAPT mutation frequency in FTLD and familiar FTLD. * calculated from data; ND: not 

determined; $ families

 Phenotype Country % GRN 
mutations 

% GRN 
mutations in 
familiar FTD

# patients 
tested

Publication

ftd Belgium 11 26 @ 103 Cruts et al., 2006 157

ftd usa 10 (5*) 23 378 Gass et al., 2006 158

ftd the 
Netherlands

nd 4 77$ Bronner et al.,  
2007 160

ftd france 5 13 210$ Le Ber et al., 2007 161

Table 5. GRN mutation frequency in FTLD and familiar FTLD. * families share common founder; 
@ in reported unbiased sample; $ independent cases. 
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may be specific to the Danish pedigree. 

Recently, mutations in the granulin (GRN) gene were linked to familiar FTLD 

patients originally linked to the non-MAPT region of chromosome 17q21 157-159. these 

mutations also seem to be a common cause of FTLD (see Table 5), even though again 

regional differences may exist. Comparison of mutation prevalence between the 

different studies is difficult. In our study only familial cases were tested that were 

from independent families 160. In a recent French study cases were from independent 

families too, although, non familiar patients were also included 161. in the other two 

studies, multiple patients per family were included 157,158. 

Presenilin 1 (PSEN1) mutations have also been associated with FTLD 162-164 (for 

review see 165). The influence of PSEN1 in FTLD remains controversial since in 

most patients with PSEN1 mutations, these mutations provoke aggregation of 

proteolytic fragments of APP and Alzheimer�s disease. FTLD patients, on the other 

hand, generally do not show aggregates of app. Indeed in one families a potential 

PSEN1 mutation was reasoned to be a disease unrelated polymorphism when a GRN 

mutation was found that segregated with the disease 166. in another FTD-associated 

PSEN1 family, no GRN mutations were observed. Whether and how this mutation 

contributes to neurodegeneration leading to aggregates of MAPT has to be addressed 

by future studies. The authors suggested that this mutation affects PSEN1 splice 

donor signals, which gives rise to a C-truncated Presenilin1 protein and/or induces 

PSEN1 degradation, which leads to neurodegeneration 167.

Other loci linked to FTLD are on chromosome 9p13.2-21.3 168,169 and 9q 170, where 

FTD is associated with amyotrophic lateral sclerosis (ALS). another form of FTLD 

(linked to chromosome 9p13.3-p12, with inclusion body myopathy and Paget disease 

of the bone [IBMPFD, OMIM #605382]) 171 has shown to be caused by mutations in 

the valosin-containing protein (VCP) gene 172,173. 

Frontotemporal dementia and Parkinsonism linked to 
chromosome 17 (FTDP-17)
The term Frontotemporal dementia and Parkinsonism linked to chromosome 17 

(FTDP-17) was given in Ann Arbor in 1996 to a select group of families, that were 

linked to chromosome 17q21, showing Frontotemporal dementia and in some cases 

signs of parkinsonism 174,175. 

In 1998, in a collaborative effort, our group found that most of the families 

linked to chromosome 17q21 carried mutations in the MAPT gene 22,176,177. this 
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was an important discovery for the genetics of FTLD and Alzheimer�s disease 

research, since it demonstrated that MAPT dysfunction alone is sufficient to 

cause neurodegeneration. Until then most of Alzheimer�s disease research had 

been focused on aggregates of Amyloid Precursor Protein (APP) and tangles and 

other MAPT aggregates had predominantly been regarded as a secondary disease 

effect. This discovery opened novel areas of investigation into the pathophysiologic 

mechanism of neurodegeneration and the relationship of MAPT dysfunction and 

MAPT abnormalities to dementia.

FTDP-17 with MAPT mutations
Until now more than 40 different mutations in the MAPT gene have been shown to 

segregate with FTDP-17. An up to date overview of known mutations can be found on 

http://www.molgen.ua.ac.be/ADMutations 178. Most of the mutations are missense 

mutations. Analyses of soluble and insoluble MAPT from brains of FTDP-17 patients 

indicated that these different pathogenic mutations gave rise to brain MAPT protein 

with altered biochemical properties and characteristics. In vitro experiments showed 

all mutant MAPT proteins (except for N279K, which seems to affect splicing 179-181, 

see below) to have reduced ability to bind microtubules and promote microtubule 

assembly when compared to wild type, implicating the reduction of these capabilities 

to be essential for disease pathogenesis. 

Another large group of mutations affect alternative splicing of exon 10 of MAPT 

and are therefore referred to as splice mutations. The majority of these mutations 

can be found near the exon-intron border after exon 10 where they destabilise a 

putative stem-loop structure (see Figure 5a and b) that competes with a U1 snRNP 

in regulating alternative splicing of exon 10 22; or affect a complex splice machinery 

consisting of splice enhancers and inhibitors (see Figure 5c; figure adapted from 182). 

Mutations result in altered use of the splice site and therefore affect the proportion of 

MAPT transcripts including exon 10. This mechanism is so fine-tuned that normally 

the ratio of exon 10 containing and exon 10 lacking mRNA transcripts approaches 

one. 

Most of the “splice” mutations change only mRNA transcription and affect MAPT 

protein isoform content, however have no effect on protein stoichiometry (i.e. L284L, 

N296N, S305S 151,183-186). Others affect both protein structure and perturb splice 

enhancing mRNA sequences. Two of them do not affect MAPT protein function in 

vitro (N279K, ∆n296 179-181,187) and the main effect of these mutations is changing 
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Figure 5. Putative mechanisms of alternative splicing. A potential stem-loop structure was 

suggested (A), which regulates exon-10 alternative splicing, by competing with the U1 snRNP for binding 

to the exon-10 splice site (B). Blocking U1 snRNP binding would result in failure to define exon 10 (through 

U1 and U2 snRNP binding) and lead to skipping of this exon. This would allow the splicing of exon 9 to 

exon 11 and the generation of MAPT transcripts lacking exon 10 (figure adapted from 22). Another group 

suggested a complex mechanism of exon splice enhancers (ESE) and silencers (ESS), an intron splice 

silencer (ISS) and a modulator (ISM; figure C). Splice regulating factors (SR) bound to ESEs stabilize U1 

and U2 snRNP interactions with the 5� and 3� splice sites, respectively. Weak interactions between splice 

factors and regulatory elements in exon 10, intron 9 and intron 10 ultimately define exon 10. Disease 

mutations are shown on top. Arrows point toward affected regulatory elements. Scale showing intron 

exon borders is given below (Figure adapted from 182).
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the fine-tuned ratio of exon 10 containing and exon 10 lacking mRNA. Two other 

mutations are even more noteworthy (i.e. ∆K280 and N269H 187,188) since they affect 

splicing and protein structure, and affect microtubule assembly, protein stoichiometry 

and mRNA splicing in vitro. Since the latter can influence disease aetiology in both 

ways they might help determine the causative effect of MAPT mutations in FTDP-17 

and help determine the aetiology of FTLD/Pick�s disease. 

Clinical presentation of FTDP-17 with MAPT mutations
Although one can not clinically detect distinguish FTLD patients carrying a MAPT 

mutation or not, among FTDP-17 patients two major clinical presentation phenotypes 

can be distinguished: a Parkinsonism-predominant and behavioural predominant 

presentation 189, which varies depending on the mutation. Several mutations seem 

to results in a very consistent clinical presentation, both between patients from the 

same family 90 or even between families 179,189,190, whereas others result in much more 

variation within and between families 191-193. The behavioural type is characterised by 

personality changes, with disinhibition, apathy or obsessive-compulsive behaviour. 

Patients develop problems with planning and concentration, and show distractibility, 

loss of insight, and emotional bluntness. On occasion hallucinations or delusions 

occur and may initially suggest a psychiatric disorder 194-196. Memory problems are 

often absent until late in the course of the disease, but when they dominate clinical 

presentation, patients may become diagnosed as Alzheimer�s disease 197,198. Language 

difficulties may develop early in the disease and consist of word finding problems, 

echoing of one�s own (palilalia) or other person�s (echolalia) spoken words and 

paraphasias (language problems where a similar word is substituted for the target 

word or only part of the intended word is produced correctly) 179,194,199-202 and after 

five years almost all patients become mute. Only in a few patients with the R406W 

mutation language abilities seemed to be preserved 194. 

The Parkinsonism-predominant type is characterised by gait impairment, rigidity, 

bradykinesia (slowed movements), postural instability and resting tremor, with 

no or only transient effects upon Levodopa treatment. In a few specific mutations 

(S305N and ∆N296) examination of eye movements revealed saccadic movements 

and vertical gaze palsy, which is consistent with the clinical diagnosis of PSP 186,203. 

Other mutations show an asymmetric form of Parkinsonism with dystonia and 

contractures, suggesting clinical diagnosis of CBD 179,201. these observations indicate 

that there is clinical overlap between FTDP-17, PSP and CBD and have spawned 
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an ongoing discussion whether PSP and CBD are separate disease entities or part 

of a larger syndrome 12,204,205. The majority of patients can be subdivided in these 

major clinical presentations. Mostly atypical patients may show overlap or show 

more uncommon clinical presentations (e.g. epileptic seizures [P301S 206], mental 

retardation [+11 intronic mutation 207] and respiratory failure 139) that are more 

difficult to categorise.

Pathology of FTDP-17 with MAPT mutations
Macroscopic Features

Much is known about the pathological variation for common mutations (P301L, 

N279K, and +16 splice mutation), however, most mutations are rare and the 

pathological observation has been limited to only one patient or family. Still, trends 

can be observed. most FTDP-17 patients show reduced brain weight at autopsy 

(frequently less than 1000 gram). Lateral ventricles are often grossly enlarged 199 

and the brain shows frontal and temporal atrophy. Temporal atrophy is most 

prominent in the anterior part, whereas the posterior part of the superior temporal 

gyrus is relatively spared 191,198,208. Atrophy may extend into the parietal lobe 202,206. 

In particular cases frontotemporal atrophy may be mild 10,209-211. Temporal atrophy, 

may sometimes spread into the hippocampus and amygdala 191,199,202, although in 

several patients these structures are observed to be normal 195,212. Subcortical nuclei 

show variable involvement, ranging from normal in some 198,211,213 to severely atrophic 

in others 202,207-209,212,214. In some patients the substantia nigra and locus coeruleus 

are depigmented, mostly in patients with mutations in (or increasing alternative 

splicing of) exon 10 198,209,214-216. Patients with mutations outside exon 10 are generally  

spared 195,197,208,217. Occasionally, the brainstem and pons are atrophic; the dentate 

nucleus of the cerebellum usually has a normal appearance 143,215,218.

Microscopy

most FTDP-17 patients show severe neuron loss and gliosis in the frontal and/or 

temporal lobe. In a few patients neuron loss was reported to be mild or (almost) 

absent 209-211. Certain patients show ballooned neurones in deeper cortical  

layers 208,209,216. The hippocampus is usually affected and shows loss of pyramidal cells 

in Cornu Ammonis (CA) and subiculum. Patients with a Parkinsonism-predominant 

presentation are exceptions 186,195,209,214. Another region that is usually affected is 

the amygdala. Subcortical nuclei, except for the thalamus, usually show neuron 
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loss 90,188,217,218. again, exceptions exist 183,186,196,208,210,213,214,216,219-221. Subcortical white 

matter may show gliosis and/or demyelination 206,208,218. The substantia nigra and 

locus coeruleus not only show depigmentation but often demonstrate severe neuron 

loss 199. In certain cases these regions may be normal 194,195,200,208. in other brainstem 

nuclei, spinal cord and cerebellar dentate nuclei occasional neuron loss may also 

be observed 10,90,207,209,211. In a few cases, in mostly cortical areas, presence of diffuse 

senile and neuritic plaques has been reported 184,194,212,214,222, which may be associated 

with general aging and seem disease unrelated 223.

Immunohistochemistry

Silver staining is still used to for neuropathological characterisation purposes, since 

it is fast, less expensive than antibody staining and may even have MAPT isoform 

specificity for typical cases depending on the type of silver staining used 224-226. Because 

atypical cases (i.e. Ser262 positive Pick bodies) can show overlap, silver staining 

specificity is not optimal 226. Therefore to obtain conclusive results for (suspected) 

“less typical” cases, validation with (isoform specific) immunohistochemistry is 

necessary 90.

FTDP-17 pathology is diverse and can vary depending on the mutation, therefore 

accurate characterisation is essential. Immunohistochemical changes may consist 

of diffuse or punctate staining, Pick bodies, neurofibrillary tangles, pretangles and 

neuropil threads. Depending on the mutation MAPT pathology may be mostly 

neuronal 188,217; oligodendroglial or astrocytic 201,209,220,222,227; or both 211,228,229. in 

addition, particular patients show MAPT pathology resembling Alzheimer�s disease 

(mostly neurofibrillary tangles) although neuritic plaques are absent 191,195,230-232.

In general MAPT positive inclusions are found in the frontotemporal cortex and 

subcortical nuclei amygdala and hippocampus. Frequently, inclusions are also 

observed in midbrain, pons, brainstem, cerebellum and spinal cord. Inclusions often 

correspond with severity of neuron loss, even though occasionally they are detected 

in regions with less severe neuron loss 209,229. 

Many FTDP-17 patients show predominant presence of pick bodies 90,188,217,220,229 

occasionally in combination with NFT 90, glial pathology 202,228,229 or axonal  

swellings 218. The cortex, hippocampus, amygdala and subcortical nuclei are the 

most affected regions. Pick bodies usually stain positively with 3-repeat specific 

and negative for 4-repeat specific MAPT antibodies 90,188,202. staining is absent 

with 12E8, which labels phosphorylated Ser262, except for patients with the G389R  

mutation 218.
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Flame-shaped or globose neurofibrillary tangles are associated with, but not 

restricted to intronic mutations 209,211,214,222,233. for patients with the most common 

mutation (P301L) pathology is characterised by pre-tangles 194,234, though pre tangles 

may also be present in patients with other mutations. In certain patients glial MAPT 

pathology is more severe than neuronal pathology. Glial tangles or coiled bodies are 

more abundant in the white matter than in the cortex in cases with predominantly 

4-repeat MAPT isoforms 183,201,207,214,216. Tufted astrocytes specific for PSP are 

found the cortex and subcortical nuclei in patients with both exonic and intronic  

mutations 202,211,214,222,228,233,235. The abundance of glial MAPT pathology at first seemed 

only associated with mutations that affected only 4R MAPT (both in affecting splicing 

or mutations in exon 10 191,219). Their presence in brains from patients with mutations 

affecting all six isoforms 211,222,233 is more puzzling. Possibly, it may be related to 

the proposed folding properties of MAPT 26. Otherwise phagocytosis of neuronal 

deposits by astrocytes may provide a possible explanation 202,228,229, although exact 

pathophysiological relationship awaits clarification.

NFT are generally observed in the frontotemporal cortex of FTDP-17 patients. in 

several patients these may be more widespread and are even detected in subcortical 

nuclei 183,209,216,232. Also, NFT are usually present in substantia nigra and locus 

coeruleus, often in combination with glial inclusions or neuropil threads 209,214. in a 

small number of patients these regions may seem unaffected 195,197,198,200,208. Neuropil 

threads are often present in variable severity and distribution, whereas thick axonal 

swellings are occasionally seen 218.

Biochemical analysis of MAPT in FTDP-17
Biochemistry of FTDP-17 patients is diverse and varies depending on the mutation. 

Patients with a mutation that have a more Parkinsonism-predominant clinical 

presentation show mainly presence of 4R hyperphosphorylated MAPT isoforms on 

western blot 179,221, whereas patients with a clinical presentation that is behavioural 

predominant show mainly presence of 3R 90,188,236 (often in combination with some 

4R MAPT 217,218,229). In certain FTDP-17 cases Western blot patterns resemble what 

is normally observed in Alzheimer�s disease patients (see Figure 2). In this case 

immunohistochemistry shows extensive presence of tangles and clinically patients 

show a clinical phenotype with behavioural changes 195, occasionally in combination 

with progressive memory deterioration 198,232,237.
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Correlation between mutation and biochemistry or clinical 

presentation

as mentioned, MAPT mutations broadly fall into two separate groups. The first 

group consists of mutations that have an effect on protein stoichiometry, whereas 

the second group affects mRNA splicing. The first group can be separated in a group 

of missense mutations outside exon 10 that affect all protein isoforms versus a group 

that only changes stoichiometry of 4R isoforms; the second group can be separated 

in mutations that increase or decrease the 4R/3R ratio. 

Mutations affecting alternative splicing seem to show a quite straightforward 

correlation. Altered mRNA expression correlates with disease related biochemistry, 

which correlates with clinical presentation (i.e. 3R increase causes 3R inclusions 

and shows predominantly behavioural clinical presentation 188, whereas 4R increase 

eventually correlates with an predominantly parkinsonian clinical presentation 190,219). 

Why this change in mRNA ratio contributes to disease needs to be established.

Missense mutations that affect only 4R isoforms, also show correlation between 

mutation, aggregation and clinical presentation (i.e. 4R positive MAPT aggregates 

tend to give rise to a phenotype with Parkinsonism 201,234). Missense mutations 

that affect all isoforms, induce a diverse clinical presentation (predominantly  

behavioural 90,236; varying 195,232,236; or predominantly parkinsonian  

respectively 222,227,233). Biochemical representation can also vary (merely 3R 90,236; 

3R and 4R mixed 195,232,236; and 4R only 222,227,233), which makes it (yet) impossible to 

predict the exact clinical phenotype and associated MAPT biochemistry in patients 

with mutations affecting all MAPT protein isoforms. 

The majority of patients with mutations in exon 11 to 13 show 3R 4R mixed 

biochemistry and frequently tangles as pathological hallmark. In exception some 

patients show only 4R pathology 233. In the same way, nearly all patients with 

mutations in exon 9 show 3R 4R mixed biochemistry, correlating with Pick bodies 

instead of tangles. Interestingly in some patients, again predominant 4R pathology 

is observed 227. Because the mutations that cause 4R biochemistry are only few amino 

acids apart from those inducing mixed type biochemistry, the mechanism inflicting 

this change remains undefined.
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MAPT and disease

MAPT hyperphosphorylation correlates with disease
The initial association between abnormal MAPT protein and disease was shown 

with the discoveries that PHF consisted of abnormally phosphorylated (i.e. 

hyperphosphorylated) MAPT protein isoforms 8,9. The discovery that other pathology 

specific neurodegenerative disorders (e.g. Pick�s disease, PSP, AGD) also showed 

inclusions, consisting of hyperphosphorylated MAPT protein, strengthened the link 

between MAPT hyperphosphorylation and neurodegeneration.

Subsequent biochemical analysis showed that these disease specific cellular MAPT 

aggregates (e.g. NFT in Alzheimer�s disease, Pick bodies in Pick�s disease, and 

tufted astrocytes of PSP) consisted of specific hyperphosphorylated MAPT isoform-

combinations (see Figure 2). Although the relevance of this discrimination is yet 

unknown, these patterns enabled the distinction of different pathologically related 

disorders on Western blot. 

Hyperphosphorylated MAPT extracted from brains with neurofibrillary tangles, 

observed in both Alzheimer�s disease and tangle-predominant senile dementia, 

displays a pattern of four bands on western blot (see Figure 2) 9. in contrast to this, 

hyperphosphorylated MAPT extracted from brains with classical Pick�s disease show 

only the lower three bands (see Figure 2). PSP, CBD and many argyrophilic grain 

disease (AGD) brains show another pattern, consisting of the upper three bands (see 

Figure 2) 75,79,80,86.

When dephosphorylated, the four bands in Alzheimer�s disease contain all six MAPT 

protein isoforms (see Figure 2)9; whereas the three Pick�s disease bands contain only 

3R isoforms; and PSP and CBD aggregates contain only 4R MAPT. MAPT pathology 

in AGD usually contains more 4R than 3R 80,86. 

3R/4R equilibrium and disease
With the discovery that certain MAPT mutations influence its alternative splicing, 

the correlation between altered MAPT isoform expression and disease was  

shown 22. Moreover, detailed biochemical analysis of these patients showed that 

altered expression correlates with isoform specificity of hyperphosphorylated MAPT 

on Western blot 199,235,238. A direct link between biochemistry and pathology had 

already been observed in sporadic neurodegenerative cases (e.g. PSP and Pick�s 

disease). In patients with mutations affecting alternative splicing of 4R MAPT the 
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same correlation was observed 199,235,238. as mentioned above, in sporadic cases 

clinical presentation, pathology and MAPT biochemistry on western blot are also 

associated. Astonishingly a related correlation could be observed between increased 

4R expression and a clinical presentation with Parkinsonism in patients with splice 

mutations increasing 4R MAPT 190,199,219,235,238. 

This was not only true for 4R affecting splice mutations. We recently showed 

increased 3R expression correlates with increased hyperphosphorylated 3R isoforms 

on western blot; 3R inclusions (i.e. Pick bodies); a 3R Pick�s disease pathology and 

predominantly behavioural clinical presentation 188, characteristic for patients with 

Pick�s disease pathology. 

Other results also support that MAPT mRNA expression and pathology (and clinical 

presentation) are linked. The H1/H1 MAPT haplotype is a risk factor for PSP. PSP 

patients show selective aggregation of 4R MAPT in their pathology. Recently a study 

was published showing that a specific H1 sub-haplotype was linked to increased 

MAPT expression in vitro 57, and H1 haplotype and MAPT isoform expression are 

correlated in vivo 60. On the other hand, in Pick�s disease (a 3R Tauopathy) no relation 

between h1 and the disorder is observed 94,95. In Alzheimer�s disease a mixed 3R 4R 

Tauopathy, the results are somewhat conflicting. Some groups showed association 

with the R haplotype of Saitohin (i.e. H2) 239; no association in some 240; or a small 

increase of the h1241 or h1c haplotype 242 in others. Expression results in Alzheimer�s 

disease are also inconsistent 60,243,244. Even though the results in Pick�s disease and 

Alzheimer�s disease are somewhat conflicting, the observations in FTDP-17 and PSP 

patients provide in vivo evidence for the aetiological significance of altered MAPT 

isoform content, and its relevance to specific disease processes.

Why and how these changes in mRNA ratio contribute to disease, needs to be 

established. Since the ratio of MAPT to tubulin is normally low, it can be reasoned 

that a shift in 3R/4R MAPT equilibrium increases total levels of MAPT, which would 

inhibit intracellular transport in neurons because of excessive binding of MAPT to 

microtubules. In vivo results showed that indeed increased levels of MAPT increase 

microtubule stability and decrease microtubule dynamics, which hampers transport 

of critical organelles, (e.g. peroxisomes, mitochondria, or transport vesicles carrying 

APP) and prevents them to progress into neurites 245. in addition, it was shown that 

3R and 4R MAPT differentially modulate the dynamic instability of microtubules 

in vitro. Although both isoforms increase microtubule polymerization rate of and 

decrease microtubule polymerization threshold to approximately similar extents, 4R 

MAPT stabilizes microtubules significantly more strongly than 3R MAPT. therefore 
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a dosage effect was suggested in which both MAPT alleles are properly regulated 

to produce appropriate (i.e. similar) amounts of each MAPT protein isoform to 

maintain microtubule dynamics within a tolerable window of activity 246.

Transgenics to understand MAPT’s influence in 
disease

Normal function of MAPT
MAPT is mainly produced during neuronal differentiation and growth 247 where 

it plays a role in stabilisation, elongation 248 and bundling of microtubules 249-252. 

Furthermore it promotes neurite outgrowth and stability 253-255. on the other hand 

knock down of MAPT by antisense mRNA caused delay in axonal polarity and 

formation 256,257. Experiments using primary neurons prepared from MAPT knockout 

mice, gave conflicting results. Whereas no change in the development of axonal 

processes was observed in certain lines 258,259, another mouse line showed significant 

delay in axonal extension, which could only be restored when mice were mated with 

transgenic MAPT mice 260.

Both 3R and 4R have separate functions in regulating microtubule dynamics 261. 

4R MAPT increases microtubule stabilisation 249 and microtubule growth rate 261. 

interaction between 3R and 4R has also been shown, with the observation that 

high quantities of 4R can displace 3R MAPT from microtubules 262. 3R shows 

characteristics distinct from those observed with 4R. At low MAPT to tubulin ratios 

(1:55 and 1:45), all 3R isoforms reduce microtubule growth rates relative to the no-

MAPT control. At high MAPT to tubulin ratio (1:20) 3R increases growth rate 261, 

making 3R a growth modulator. 

MAPT interacts with microtubules through its microtubule binding repeat domains. 

Binding is strongly enhanced by the flanking regions of the repeat regions (i.e. the 

proline-rich domain [see Figure 1] and specific C-terminal sequence downstream 

of the binding repeats 263-265). Using its amino-terminal projection domain MAPT 

interacts with the plasma membrane 23. part of MAPT�s functionality seems to overlap 

with the microtubule associated protein 2 (MAP2). Indirect interaction between 

MAP2 and MAPT influences microtubule dynamics and may be important for normal 

cellular function 266. in addition MAPT has been shown to interact with numerous 

other proteins that regulate its function, usually through phosphorylation.

Phosphorylation affects the ability of MAPT protein to promote microtubule 
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assembly and dynamics 267,268. During mitosis and development the phosphorylation 

status of MAPT compared to adult brain is increased 269. in PHF extracted from 

diseased brains its phosphorylation status is even higher (see Table 1). Because 

several neurodegenerative disorders show inclusions of hyperphosphorylated MAPT 

it supports the idea that MAPT hyperphosphorylation and neurodegeneration are 

correlated.

MAPT hyperphosphorylation
To study MAPT and its influence in neurodegeneration numerous cell- and 

animal models were developed (over)expressing human MAPT. The general 

observation was that human MAPT (over)expression triggers hyperphosphorylation  

(worm 270, frog 271 fly 272,273 and mouse 22,274-280). In some of these models even insoluble 

hyperphosphorylated MAPT protein could be observed (cells 281, worm 270; fly 272,273; 

and mouse 22,274-280). On the other hand, aggregation of hyperphosphorylated MAPT 

protein was more rare and only few models showed aggregates and an even smaller 

number NFT (fly 272, cell lines 281-283 or mouse 277,280). In cells MAPT aggregates 

correlated with very high transgene expression 281 or a combination of decreased 

protein degradation (e.g. cocultured with MG-132), increased hyperphosphorylation 

(e.g. with GSK-3β 283) or (oxidative) stress 282. in mice NFT were observed in 

a model showing high levels of human 3R0N 277,278; or a model expressing all six 

human isoforms in a murine MAPT knockout background 280). Interestingly both 

models showed higher expression of 3R compared to 4R, whereas no mouse model 

overexpressing human 4R MAPT ever showed NFT pathology 274,276,284-286.

Although NFT were rare, in most models (neuro)degeneration was  

detected 270,273,287. Also, compared to other models, mouse models seemed more 

resistant to neurodegeneration 274,275,286. depending on expression, transgenic 

MAPT mouse models showed hyperphosphorylation with pretangles, but no 

neurodegeneration 274,275. In some cases enlarged axons containing neurofilament- 

and MAPT-immunoreactive spheroids were present 275,276. in one case high transgene 

expression in the spinal cord resulted in a typical phenotype of mice clenching 

instead of extending their back paws when suspended by their tail, which correlated 

with loss of function 276 (see 286 below for comparable phenotype). 

In fly and worm hyperphosphorylation by itself seemed enough to induce 

neurodegeneration 270,272, and in cells hyperphosphorylated MAPT disrupted 

the microtubule network 288. In fly levels of phosphorylation correlated with 
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neurodegeneration 272, whereas in worm and mouse they did not 270. instead a 

correlation between human recombinant expression levels and neurodegeneration 

was observed 270,272,276,277, which had an inverse correlation with longevity that 

was even retained in murine models 270,273,277. Therefore, even though it cannot be 

excluded aggregation is necessary for (aggravated) neurodegeneration (especially 

in mice), there is sufficient evidence that neurodegeneration is induced after 

hyperphosphorylation.

3R/4R MAPT ratio
The expression level and timing of the different MAPT isoforms is tightly regulated. 

In developing human and rat brain mostly 3R MAPT is expressed 20,21,27,28,30,289. 

After birth a shift in isoform expression occurs and in adult rodent brain only 4R is  

expressed 20,21,27,28,30 except for the hippocampus where 3R0N is expressed throughout 

adult life 290. In the adult human CNS, expression shifts to equimolar expression of 

3R and 4R MAPT 22. The importance of tight regulation of the 3R4R equilibrium 

in human brain has been shown by FTDP-17 patients carrying splice mutations 

that deregulate the 3R4R ratio and eventually instigate disease 22. Nevertheless 

the exact mechanism how this altered ratio contributes to disease still needs to be 

established.

In vitro results show that 4R demonstrates increased microtubule binding and 

polymerisation compared to 3R MAPT 291. In cell models 4R MAPT stabilises and 

suppresses the shortening of microtubules more strongly than 3R MAPT 246. When 

compared to a no-MAPT control 4R increases microtubule growth rate at any 

concentration. At low MAPT to tubulin ratio, 3R reduces microtubule growth rates, 

whereas at high ratios it increases growth 261. in frog eggs recombinant 4R MAPT 

showed concentration dependent maturation inhibition, whereas 3R did not show 

any effect 292. Consequently, 4R and 3R have separate functions in microtubule 

binding, stabilisation and dynamics.

no experiments to characterise differences between 3R and 4R were conducted in 

worm, fly or mouse, and no experiments were conducted in these species with human 

3R, making it impossible to compare differences between 3R and 4R expression in 

these models. In mouse several models expressing human 3R and 4R MAPT were 

generated, though different models express transgenes in different backgrounds, 

using different promoters and with different expression levels, complicating a 

straightforward interpretation of results. Furthermore, because adult rodents only 
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express 4R MAPT in the CNS they may have adapted their systems to high 4R MAPT 

expression, which may compromise experiments studying the changes in isoform 

ratio observed in FTDP-17 patients with splice mutations.

For instance, overexpression of human 4R MAPT in a wild type or knockout murine 

background did not result in (severe) neurodegeneration 274,276,284-286. none of the 

mouse models showed glial pathology comparable to what is observed in FTDP-

17 patients with splice mutations increasing 4R expression. Changing the ratio by 

expressing high levels of 3R on the other hand caused NFT 278, but not the changes 

associated with Pick�s disease pathology (i.e. Pick bodies). 

In a mouse model expressing all human isoforms only few transgene related changes 

were observed 279 even though expression level of human 3R MAPT was higher than 

4R MAPT. Only when this transgene was expressed in murine knockout background, 

these (htau) mice showed disease related changes (i.e. NFT [after 9 months], MAPT 

insolubility and hyperphosphorylation 280). Since htau mice showed higher levels of 

3R compared to 4R the authors suggested observed alterations were due to a shift 

in MAPT ratio 280. Recently, the htau mouse was re-characterised. The mice showed 

cell-cycle re-entry and cell death 293, which was correlated with increased human 3R 

expression. Interestingly, this mouse model did not show Pick�s bodies. Therefore 

it still needs to be determined, whether these changes are truly caused by a change 

in ratio or, similar to a previously described model 278, by a relative (to adult mouse 

uncommon) overexpression of 3R MAPT.

Because none of the models truly copy human disease, the question remains whether 

the observed changes are comparable with the expression changes in humans. A 

provocative possibility remains that in vitro and cell models have already answered 

the relevant questions and changes in microtubule dynamics are the most important 

factors influencing disease. 

Mutant MAPT
After the discovery that MAPT mutations were linked to FTDP-17 22, models were 

created to study the influence of mutations on the function of MAPT. In vitro 

experiments showed that mutant MAPT had decreased microtubule polymerisation, 

stabilisation and increased aggregation properties 294,295. In vivo experiments in 

frog eggs suggested that most mutations (except S305N and R406W) caused loss of 

microtubule binding 292. In cell lines mutations compromised the ability of MAPT to 

regulate microtubule dynamics 296. In conclusion, these results suggest mutations in 
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MAPT cause a loss of function.

Comparison of mutant with wild type MAPT in fly 273, worm 270 and mouse 286, 

showed that mutant MAPT caused increased aggregation and lethality. In all models, 

mutant MAPT showed more severe neurodegeneration and phenotype compared to 

comparable wild type MAPT models even at lower expression levels (e.g P301L JNPL 

mice 286 compared to 4R2N aLZ17 mice 276). These results suggest mutant MAPT 

has actually a gain of function. What the properties of this gain are, still awaits 

clarification.

Gain of function: increased phosphorylation, aggregation or 
both?
In most mutant MAPT models, MAPT phosphorylation is correlated with severity of 

neurodegeneration 272,273,286,297. In fruit fly MAPT�s ability to become phosphorylated 

plays a critical role in MAPT neurotoxicity 298. in mice, a comparison between 

mutant and wild type transgenic MAPT mice showed that phosphorylation and 

neurodegeneration are correlated 286,297. Exceptions are: worm, where mutant MAPT 

does not show increased phosphorylation compared to wild type and phosphorylation 

and neurodegeneration are not linked 270; and frog oocytes, where some mutant 

forms (e.g. R406W ) are less phosphorylated than wild type 292.

Another characteristic of mutant MAPT is that in most animal models 

neurodegeneration is correlated with aggregation 270,286,297. In this case, flies were an 

exception, since these models showed neurodegeneration, but no aggregation 273. Also 

in cell models aggregation and apoptosis are not directly linked 299. Correlating these 

observations contradicts that increased aggregation is enough to explain the “gain 

of function” observed in the mutant MAPT animal models. Still, variation between 

orthologues and functional overlap between analogues obscure the interpretation of 

results, complicating a definite confirmation.

Tangle formation has also been mentioned to be an essential element of 

neurodegeneration. Especially in humans, tangle density and neurodegeneration 

seem to correlate 46. In animal models results are more contradictory. In some 

models aggregation does not correlate with the presence of tangles 285,300,301, whereas 

in others, tangle content and severity of the phenotype are correlated 270,286. this 

does not seem to be mutation related, but seems to be model specific (e.g. see three 

different P301L models 285,286,301) and is influenced by differences in expression, 

promoter or background.
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Since cognitive decline is a characteristic of most Tauopathies, it is interesting to 

determine whether MAPT expression, phosphorylation or aggregation and cognitive 

decline are linked. Only a few models show cognitive decline but all these models 

show NFT 297,301-305. Interestingly, when MAPT expression was decreased, memory 

function increased, although the amount of NFT kept increasing. These results 

showed that NFT formation and memory problems were not correlated 303. Similarly 

in all models region specific transgenic MAPT expression correlated with cognitive 

decline or behavioural changes 297,301-305. In contrast, in some models aggregation and 

memory problems were correlated 303-305, but no correlation with phosphorylation 

status was determined. 

Recombinant (mutant) MAPT and modifiers
Although the discussed models provide a reasonable idea of the general processes 

involved in MAPT induced neurodegeneration, some contradictions remain and a 

definitive answer of what causes neurodegeneration remains unresolved. Therefore to 

help understand the relevance of the processes in MAPT induced neurodegeneration 

researchers tried to find genes that could modify disease linked processes and improve 

our understanding of the function these processes play in neurodegeneration. 

screening C. elegans expressing V337M mutant MAPT for modifiers using a 

siRNA library, resulted in several neurodegeneration enhancers. No siRNAs where 

identified that decreased neurodegeneration 306. The enhancers turned out to be 

kinases, chaperones, proteases and phosphatases, including several that had already 

been shown to enhance MAPT induced neurodegeneration in other models. Because 

knockdown of these genes enhanced impairment, the authors reasoned that some 

of theses “enhancers” (e.g. chaperones and proteases) could also be part of a more 

general response to cope with cellular increase of aberrant (MAPT) protein. 

In fruit fly, screening for modifiers demonstrated that one third of the detected  

modifiers were kinases or phosphatases (potentially) involved in MAPT 

hyperphosphorylation 307. These results reinforced earlier observations that 

MAPT hyperphosphorylation 273 and its ability to get phosphorylated 298 are 

important for neurodegeneration. This is however contradicted by the findings that 

combined MAPT overexpression and Wnt signalling pathway activation increased  

neurodegeneration 272; cell cycle activation triggered MAPT induced neurodegeneration 
308; and co-expression with cytoskeletal proteins modified MAPT protein toxicity 
309. Instead these findings appeal for re-evaluation of hyperphosphorylation as 
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disease cause and, in line with observations in worm, as a very early disease marker 

instead. 

Because the mouse is a more complex animal compared to worm and fly and orthologues 

and homologues are more similar to human genes, observations in mouse models 

may be more relevant to the changes that take place in human neurodegenerated 

brains. Screening genetic modifiers in mouse has some disadvantages. It is more 

time consuming and laborious, and when modifiers are chosen upon a predefined 

hypothesis results are less unbiased. Nevertheless, screening transgenics with 

genetically crippled mouse lines, may help identify modifiers in a hypothesis free 

way. 

Until now only screenings based upon predefined hypotheses have been published. 

Some of these mouse models were specifically designed to investigate the responsibility 

of hyperphosphorylation in neurodegeneration. One of the genes that has been 

implicated as one of the major genes involved in MAPT hyperphosphorylation is 

Glycogen synthase kinase-3 beta (GSK3β). Co-expressing (orthologues of) this 

protein in cells, fruit fly, worm, or transgenic MAPT mice always resulted in increased 

phosphorylation. 

In fly expressing human wild type MAPT in eye, coexpressed with GSK3β resulted in 

an increase in neurodegeneration 272. in worm, GSK3β and wild type or mutant MAPT 

caused decrease of sensitivity to the touch response, which was clearly significant in 

wild type expressing worms only 310. Also in mice, expression of triple mutant (G272V, 

P301L and R406W) MAPT and inducible GSK3β increased hyperphosphorylation. 

In this model NFT, neurodegeneration and cognitive deterioration were observed 

when GSK3β was expressed, whereas inhibition of the over-expressed GSK3β 

decreased this phenotype 311-313. In another study, P301L mice were given Lithium 

Chloride, which inhibits GSK3β activity. This resulted in a significant reduction of 

MAPT phosphorylation and aggregated MAPT 314. Therefore in most models GSK3β 

and MAPT co-expression resulted in increased neurodegeneration. 

In a different mouse model co-expressing human 4R wild type MAPT and 

consecutively active GSK3β, MAPT phosphorylation by GSK3β rescued the 

axonopathy and decreased neurodegeneration 315. Because these results seem 

conflicting it is important to determine whether these observations are specifically 

caused by MAPT or mutant MAPT hyperphosphorylation or are induced by e.g. 

MAPT induced deterioration of the GSK3β phenotype 316, or induction of (oxidative) 

stress plus MAPT hyperphosphorylation. 

Other genes that regulate the phosphorylation status of MAPT have also been tested 
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e.g. protein phosphatase 2A (PP2A), or activated cyclin dependent kinase 5 (Cdk5). 

Decrease of activity of PP2A by okadaic acid in cells blocks dephosphorylation of 

MAPT 317,318, whereas increased phosphorylation by okadaic acid and oxidative 

stress could induce MAPT filament formation 282. Similarly, when rat brain slices 

were incubated with okadaic acid, MAPT became phosphorylated 319; and neuronal 

expression of a dominant-negative mutant form of the catalytic subunit of PP2A 

developed a pre-NFT phenotype with hyperphosphorylation of murine MAPT in 

transgenic mice 320. Whether this was truly phosphorylation specific or induced by 

co-increase of cellular stress seems an important question to be answered. 

activated Cdk5, another protein reported to be involved in MAPT phosphorylation, 

showed somewhat contradictory results. Crossing P301L mice with p25-

overexpressing mice, caused increased MAPT phosphorylation and a fivefold increase 

in the observed number of NFT 321. A transgenic mouse line co-expressing Cdk5 and 

its activator p35 with wild type human MAPT, however, failed to exhibit increased 

MAPT phosphorylation 322. Still, these contradicting results may have something to 

do with a “gain of function” of mutant MAPT or variation of the expression levels of 

activated p25.

another gene that affects MAPT phosphorylation and tangle formation is the 

protein (peptidylprolyl cis/trans isomerase) NIMA-interacting 1 (PIN1) gene. 

Phosphorylated serine or threonine followed by a proline residues (phospho[Ser/

Thr]-Pro motifs), which are also observed in hyperphosphorylated MAPT can exist 

in two distinct conformations. The prolyl isomerise PIN1 can catalyse the conversion 

of these phospho(Ser/Thr)-Pro motifs and in this manner is able to regulate the 

function and/or dephosphorylation of these phosphoproteins. Knocking out PIN1 in 

mouse increased MAPT hyperphosphorylation, MAPT filament formation, neuronal 

degeneration and progressive age-dependent neuropathy characterized by motor 

and behavioural deficits 323. These phosphorylation-regulating properties make PIN1 

an interesting therapeutic target given that increased expression might help reverse 

MAPT hyperphosphorylation. 

Amyloid Precursor protein and MAPT 
Because both Aβ42 (a gamma secretase proteolytic product of APP) and MAPT are 

hallmarks of Alzheimer�s disease pathology a possible interaction between Aβ42 

and MAPT has received a lot of interest. Co-expression of human recombinant 

wild type 3R with M146L mutated PSEN1 increased MAPT hyperphosphorylation, 
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nevertheless no neurofibrillary tangles were observed 324 and TUNEL staining (a 

marker for apoptosis) was absent. Crossbreeding these mice with 751SL APP mice, 

induced early cerebral extracellular deposits of Aβ, but, compared to the founder, 

the phosphorylation status of MAPT was not increased nor was aggregation  

observed 324,325. 

In cell models co-expression of MAPT and Aβ42 increased MAPT phosphorylation 

and aggregation 326,327. Also crossbreeding a mutant P301L MAPT expressing 

mouse line with a Aβ42 expressing mouse enhanced MAPT aggregation and NFT 

pathology 328. A similar increase in neurodegeneration was seen in the 3xTG-

Alzheimer�s disease mouse expressing M146V PSEN1, double mutant KM670/

671nL APP and mutant P301L MAPT 329,330. another characteristic was that these 

mice exhibited long term potentiation (LTP) deficits in age dependent manner, 

even before plaque and tangle pathology manifested. An additional confirmation 

that APP and MAPT interact in the disease process, came from a transgenic MAPT 

mouse model, which instigated NFT, 18 days post injection with recombinant Aβ42, 

while its non-injected transgenic litter mates did not. Analysis of the filaments 

showed Aβ42 injection induced Alzheimer�s disease related paired helical filaments, 

compared to straight ones observed in the non-injected mice 301. interaction between 

APP and MAPT was again confirmed when Aβ immunotherapy reduced early MAPT 

pathology. Interestingly, hyperphosphorylated MAPT aggregates were not cleared by 

the proteasome 330. Furthermore, decrease of soluble MAPT ameliorated behavioural 

deficits in old transgenic mice 331. 

Because these changes only appeared in mutant MAPT transgenic mice, observed 

characteristics may depend on “a gain of function” of mutant MAPT. this was 

different from what is observed in cell models, where both wild type and mutant 

MAPT are equally potent to aggregate in Aβ co-expressing lines 326,327. Why these 

discrepancies are observed is unclear. One suggestion has been that it involves a 

complex interplay between Aβ expression and distinct MAPT phospho-epitopes 326.

Animal models: conclusion 
Animal models are plenty. Overexpression of MAPT in mouse 274-280,286, worm 270, or 

fruit fly 272,273,298 triggers neuronal changes. In most cases these changes seem (pre-) 

stages of neurodegeneration, even though in some cases aggregation and filaments 

are observed 276-278. At least in mice, severity of neurodegeneration seems linked to 

transgene expression levels 277. Models with high expression levels sometimes show 
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aggregation in the form of tangles and pretangles 286,328. 

In many models hyperphosphorylation was observed before neurodegenera- 

tion 270,272,273,298. In several neurodegenerative models aggregation was observed and 

links phosphorylation and aggregation to neurodegeneration e.g. increase in MAPT 

phosphorylation in P301L mice correlates with the formation of aggregates 332. there 

is, however, increasing evidence aggregation is not the main cytotoxic effect, (and 

may even be beneficial 283,333). On the other hand there is more and more evidence 

that free hyperphosphorylated MAPT is cytotoxic, although this may depend upon 

the sites that are phosphorylated 334, or co-expression of other factors that induce 

cellular stress 282 or even may be linked to a intermediate forms of MAPT fibrils 

called oligomers 335,336. 

The most obvious observation from all mutant recombinant models is that mutated 

MAPT expression induces more severe phenotypes compared to wild type even when 

expression levels are similar. Whether this is influencing tubulin polymerisation, 

aggregation properties, changes in phosphorylation, degradation, or stimulation of 

the cell cycle, increased oxidative stress 337, is still matter of debate. Most models, 

however, suggest a “gain of function”.

Since the phenotypes of the different models do not exactly correlate with what 

is observed in humans the relevance of the MAPT models to the different human 

Tauopathies is difficult to judge. Recombinant MAPT expression levels are much 

higher compared to what is observed in human brain and adult rodents only express 

4R MAPT, whereas human adult brain shows expression of equal amounts of 3R and 

4R. In spite of everything, mouse models may be most adequate to understand disease 

processes. In our opinion understanding the “gain of function” between mutant 

and wild type MAPT models will help understand what mechanisms contribute to 

disease in humans which will help construct better models that may eventually even 

copy human disease.

Treatment
Until now no cures for neurodegenerative disorders are known. Current medication 

strategies used to treat Tauopathies are largely based upon treatment for more 

common neurodegenerative diseases (e.g. Parkinson�s disease or Alzheimer�s 

disease). In addition treatment of memory and behavioural symptoms are based 

upon treatments used for major depression, obsessive-compulsive disorder and 

schizophrenia. For a thorough review about neurotransmitter deficits in FTLD  
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see 338.

The frontal cortex receives strong serotonergic input from the raphe nuclei. The 

clinical and anatomical presentation of the behavioural changes observed in FTLD 

correlate well with serotonergic dysfunction observed in patients with major 

depression (with anxiety disorder) and obsessive compulsive disorder. Also, in the 

majority of FTLD patients, cerebro-spinal fluid (CSF), post-mortem brain and brain 

imaging showed changes in the serotonergic system 339-344. Therefore, physicians 

often treat the behavioural deficits with selective serotonin inhibitors. In spite of 

this, double blinded randomized placebo controlled trials using selective serotonin 

reuptake inhibitors showed the effect on behaviour to be low or possibly adverse, 

depending on the antidepressant used, whereas large part of the patients showed all 

adverse effects, or strong side effects 345,346. 

Impairment of brain cholinergic neurotransmission and particularly a deficit of 

cholinergic neurons in the nucleus basalis of Meynert has been associated with 

Alzheimer�s disease. Since disease symptoms between Alzheimer�s disease and FTLD 

overlap, FTLD patients have also been treated with acetylcholine esterase inhibitors. 

The majority of studies on the cholinergic system in FTLD patients demonstrate 

that it is kept relatively intact 339,342,343,347, which made the validity of this treatment 

reasonably low. Recently, however, an open-label study was published, where 

patients seem to show improvement in behaviour 348. Because, these results appear 

counter-intuitive, validation is necessary.

Except for the generally accepted use of Levodopa to decrease signs of Parkinsonism 

in PSP and CBD and FTDP-17 patients, dopamine is another neurotransmitter 

that is currently under investigation for the treatment of FTLD. schizophrenia 

and psychosis can be treated with dopamine receptor antagonists. Because FTLD 

patients show behavioural deficits (especially psychosis or agitation) that are also 

observed during psychosis, dopamine receptor antagonists are currently validated for 

treatment of these deficits in FTLD. Still, according to the American Food and Drug 

Administration (FDA) the treatment of behavioural disorders in elderly patients with 

dementia with atypical (second generation) antipsychotic medications is associated 

with increased mortality, related to the common pharmacologic effects of this form 

of medication. therefore the american FDA concluded that although these drugs 

are approved for the treatment of schizophrenia, none is currently approved for the 

treatment of behavioural disorders in patients with dementia.

Another system that has been studied for the treatment of dementias is the glutamate 

system. In patients suffering from moderate to severe Alzheimer�s disease; mild to 
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moderate Alzheimer�s disease; and also in mild to moderate vascular dementia 349, 

the glutamate receptor antagonist Memantine showed to decrease disease burden. 

Even though the reported effects were small, this has gained interest in the glutamate 

system for the treatment of other dementias. Since most of the studies are ongoing, 

until now, not that much is known about the effectiveness in treatment of these other 

disorders. 

In conclusion: only some of the medications show beneficial effects (e.g. Memantine 

in Alzheimer�s disease 349 and serotonin in FTLD 350) but none of them reverse or 

decrease the neurodegenerative process correlating to the disease process.

 

New ideas about therapies that reverse or decrease the neurodegenerative process 

are just arising. Many of these therapies are based upon reducing phosphorylation 

of MAPT. One approach is to treat Tauopathy patients with Lithium, a commonly 

used anti-depressant. Lithium has been shown to be an unspecific inhibitor of GSK-

3β, a key enzyme necessary for the hyperphosphorylation of MAPT and thought to 

induce neurodegeneration. Studies in mouse models have shown that decreasing 

hyperphosphorylation of MAPT by decreasing GSK3β (activity) decreases aggregation 

of MAPT 312,313. Whether lithium administration also suppressed cognitive deficits 

still needs to be tested. Preliminary studies in humans seem less decisive than  

hoped 351. Other future therapies that are based upon the same idea, are: increasing 

MAPT protein phosphatases (e.g. PP2A) or decreasing activity of protein kinases 

(e.g. MAP/microtubule affinity-regulating kinases [MARKs] or MAP kinases like 

p38 and extracellular signal-regulated kinase [ERK]). 

To decrease aggregated proteins, specific chemicals are tested that decrease MAPT 

aggregation or reduce MAPT aggregates. Another presented method is the use 

of aggregate specific antibodies or to stimulate the patient�s immune system to 

selectively attack aggregated proteins. Because the aggregation of MAPT as a cause 

of neurodegeneration is matter of contradiction, another group is thinking exactly 

the opposite. They reason MAPT aggregation is actually protective and the best 

treatment strategy would be to increase MAPT aggregation 352.

Because the population prevalence of neurodegenerative disorders will increase due 

to an increase in median population age new medicines to treat neurodegenerative 

disorders are essential. At the moment the majority of developed medicines depend 

on strategies to reduce MAPT hyperphosphorylation or aggregation. Even though 

these characteristics have been well studied and seem to correlate quite well with 

neurodegeneration, we have mentioned some results are contradicting that MAPT 



hyperphosphorylation and aggregation indeed cause neurodegeneration. Therefore, 

despite the fact developed medicines based on these strategies may turn out to be 

quite effective in reducing aggregation-burden, the eventual effect may be that 

these medicines only slow down neurodegeneration, which by itself is already a gain 

compared to current medicines.
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Introduction
Frontotemporal dementia, linked to chromosome 17q21–22, is a familial group 

of neurodegenerative diseases characterized by mutations in the microtubule 

associated protein tau (MAPT). Patients have a diverse clinical presentation that can 

vary between and even within families. Furthermore, depending on the type and 

location of the MAPT mutation, FTDP-17 patients show considerable variation in 

the type and MAPT isoform composition of neuronal and glial MAPT inclusions. As a 

result of this, the clinicopathological presentation associated with MAPT mutations 

has been expanded beyond Frontotemporal dementia alone, and now includes 

phenotypes like Progressive Supranuclear Palsy (PSP), corticobasal degeneration 

(CBD) and Pick�s disease.

With the discovery that in most FTDP-17 families, disease co-segregated with 

mutations in the MAPT gene, it was shown that dysfunction of MAPT, could by 

itself cause neurodegeneration. In spite of intensive study, the exact mechanism 

how MAPT mutations contribute to disease has not been established yet. To 

understand disease process however, it is necessary to determine, which mutation 

induced illness associated changes take place (e.g. variability of age of onset between 

mutations and within mutation groups; variability in phenotypical changes such as 

behavioural changes or Parkinsonism; why certain brain regions are more likely to 

be affected; which pathological changes predominate [i.e. tangles, tufted astrocytes 

or Pick bodies]; or even MAPT�s phosphorylation status e.g. the lack of Ser262 

hyperphosphorylation in Pick bodies). In addition, comprehensive study of patients 

with a hereditary disorder may help improve diagnostic criteria and make families 

suitable for extensive clinical trials. Additionally, disease models based upon MAPT 

mutations that evoke a well-defined clinicopathological presentation (e.g. Pick�s 

disease) may give relevant information about crucial steps and pathways in disease 

aetiology, which may help development of medicines that also apply to sporadic 

cases. therefore characterising FTDP-17 patient material and determine disease 

correlated changes as thoroughly as possible is the first step to understand disease 

aetiology and may contribute to the understanding of disease in sporadic cases with 

related clinicopathological phenotypes.

One of the possible pathological entities of FTDP-17 is Pick�s disease. This disorder 

is characterised by the presence of round argyrophilic inclusions (i.e. Pick bodies) 

in several regions of the brain. Several years ago we determined that patients 

belonging to a huge family originally reported to suffer from hereditary Pick�s  

disease 96,362,363 carried a MAPT G272V mutation that associated with disease 22. owing 
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to unavailability of fresh frozen brain material, biochemical and electron microscopic 

characterisation of the pathological hallmarks associated with this mutation had 

not been performed. In chapter 3 we establish whether patients carrying the G272V 

MAPT mutation are indeed similar to sporadic Pick�s disease cases by characterising 

brain material from two patients using available methods (i.e. biochemical assays, 

immunohistochemistry and electron microscopy). 

FTDP-17 with a ∆K280 MAPT mutation
in chapter 4 we characterise FTDP-17 patient brain material from an individual 

carrying a ∆K280 MAPT mutation in exon 10. This mutation is very contradictory 

in several ways. Only one patient has been described and although heredity of the 

mutation is suspected, it could not be confirmed 148. Furthermore, in vitro results 

showed this mutation eliminates the ability of MAPT to bind microtubules and 

induce tubulin polymerisation, whereas it enhances the aggregation properties of 

mutant MAPT. Conversely in vitro splicing assays showed this mutation affects 

alternative splicing which would lead to a reduction of 4R isoforms, eliminating all 

mutant isoforms. 

If the ∆K280 MAPT mutation would indeed affect alternative splicing, it could 

make this patient the first patient described to show disease induced by a relative 

overexpression of 3R MAPT, and might again strengthen the idea that relative 

changes in expression can induce disease purely by changing the 3R/4R equilibrium. 

In addition, similarly to the 4R related changes observed in patients with relative 

4R overexpression, a relative 3R overexpression might cause a 3R related illness 

(i.e. Pick�s disease). Since Pick�s disease is characterised by specific disease related 

changes in behaviour, this mutation would correlate genetic deregulation with 

changes in behaviour. 

Because of its contradictory nature the ∆K280 MAPT mutation is an important 

mutation, which will help understand how MAPT mutations induce FTDP-17. to 

determine relevant changes, we characterised ∆K280 MAPT mutation induced 

alterations by characterising patient brain material using immunohistochemical, 

quantitative biochemical and expression assays.

FTDP-17 without MAPT mutations
After the original discovery that in most FTDP-17 families MAPT mutations co-

segregated with disease, one of our families (family III) could not be correlated with 
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mutations in MAPT 22. Results however from our and other groups showed this was 

a more general observation in other chromosome 17 linked families 364. Initially it 

was thought disease in these patients was caused by yet undiscovered changes in 

regulatory elements in the MAPT gene, however sequencing of the total gene did 

not result in general disease-correlated changes 39. Furthermore patients were 

discriminable upon pathology, showing MAPT negative ubiquitin positive inclusions; 

hence patients were redefined as Frontotemporal lobar degeneration with ubiquitin 

positive inclusions (FTLD-U). 

In chapter 5 we describe the disease related changes in FTLD-U family III. Furthermore 

we could establish that in similar FTLD-U families, mutations in the same gene co-

segregated with disease. In addition, we describe the genetic contribution of this gene 

to Frontotemporal lobar degeneration (FTLD) in a series of familial cases recruited 

from a large cohort of FTLD patients from the Netherlands.

The discovery of a novel FTLD related gene implied another disease related pathway. 

Furthermore because the genetic defect of FTLD-U is known, it opens up the 

possibility for pre-diagnostic testing. Furthermore similarly to the FTDP-17 patients 

a comprehensive study of FTLD-U patients may help improve diagnostic criteria and 

families may be used for extensive clinical trials. Additionally, characterising FTLD-

U brain material may give relevant information about crucial steps and pathways in 

disease aetiology, which may help development of medicines.

Microarray analysis of Tauopathies
A large group of neurodegenerative diseases show aggregates of MAPT as a pathological 

hallmark and are therefore called Tauopathies 9,10. Because Tauopathy patients (e.g. 

Alzheimer�s disease (AD), Frontotemporal dementia (FTD), Pick�s disease and 

Progressive Supranuclear Palsy (PSP) patients) share pathological characteristics 

(i.e. aggregates of MAPT), especially patients with less typical pathology are difficult 

to classify. Given the complexity of these diseases the aetiology of the majority of 

these neurodegenerative disorder patients must be explained by a combination of 

genetic background and environmental factors. 

Because of this influence, we propose a much more precise distinction can be 

obtained if actual gene products (i.e. mRNA and proteins) will be taken into account. 

Microarrays provide the ability to study whole genome mRNA expression in one 

experiment. Therefore we wondered if it would be possible to classify patients upon 

gene expression data; and when possible whether we could define pathways that 
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explain (differences and overlap between) disease processes. 

In chapter 6 we describe a first attempt to distinguish different neurodegenerative 

disorders with MAPT pathology (and related disease processes) upon gene product 

expression levels. For this reason we compared genome wide gene expression 

profiles of 4 groups of patients suffering from similar neurodegenerative but distinct 

neuropathological disorders with a control group.
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Abstract
Frontotemporal dementia and Parkinsonism linked to chromosome 17 has been 

associated with mutations in the microtubule associated protein tau (MAPT or tau) 

gene. This disorder is characterised by a large spectrum of neuronal and glial MAPT 

lesions in different brain regions. Pick bodies were found in a family with hereditary 

Pick�s disease with the G272V mutation and in several families with other MAPT 

mutations in exons 9 and 11–13. The biochemical composition of Pick bodies varies 

between these mutations. Until recently, no detailed biochemical characterisation of 

G272V brain material was done owing to unavailability of fresh frozen brain material. 

We now report a detailed study using the immunohistochemistry, western blots and 

electron microscopy of two brains with the G272V mutation that recently became 

available. Both brains showed severe neuronal loss in the temporal cortex, whereas 

in the frontal cortex the loss was less; and abundant Pick bodies in the dentate gyrus 

of the hippocampus, and caudate nucleus. The Pick bodies consisted exclusively of 

three repeat (3R) isoforms, as was demonstrated by isoform-specific antibodies and 

supported by western blot analysis of sarkosyl-insoluble MAPT. these observations 

confirm that this family diagnosed with hereditary Pick disease meets all the criteria 

for this condition, including the presence of Pick bodies that are unphosphorylated 

at ser262 and contain twisted filaments with long periodicity consisting only of 3R 

MAPT. 

Introduction 
Pick�s disease is one of the possible pathological entities of Frontotemporal 

dementia, and is characterised by the presence of round argyrophilic inclusions 

(i.e. Pick bodies) in several regions of the brain. The major constituent of Pick 

bodies is the hyperphosphorylated protein MAPT. Several other diseases, such as 

Alzheimer�s disease or Progressive Supranuclear Palsy (PSP), also contain MAPT 

aggregates and therefore, the general term Tauopathies was introduced 9,10. the 

observation, however, that disease-specific neuronal and glial inclusions showed 

selective aggregation of 3-repeat (3R) and 4-repeat (4R) MAPT isoforms, led to the 

further subclassification of Tauopathies into 3R and 4R Tauopathies. For example, 

the MAPT positive inclusions (neurofibrillary tangles [NFT]) in PSP mainly consist 

of 4R MAPT, whereas MAPT inclusions in sporadic Pick�s disease (Pick bodies) are 

predominantly composed of 3R MAPT. therefore, these conditions are considered 

to be 4R and 3R Tauopathies.
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Frontotemporal dementia, linked to chromosome 17q21–22, is a familial group of 

Tauopathies in which neuronal and glial MAPT inclusions can vary in morphology 

and MAPT isoform composition depending on the type and localisation of the 

mutation in the MAPT gene. In these families Pick bodies are observed in patients 

with most exon 9 mutations and several mutations outside exon 10 and flanking 

regions: K257T 217, L266V 202,228, L315R 229, S320F 197, Q336R 213, G342V 200, K369I 208, 

G389R 218,365. Interestingly, some variance is observed between different mutations in 

the composition of Pick bodies. Several mutations give rise to Pick bodies that consist 

of mainly 3R isoforms, whereas others consist of a mixture of both 3R and 4R MAPT, 

demonstrating that a detailed analysis (e.g. MAPT isoform specific antibodies) should 

supplement standard (immuno)-histochemistry results and western blotting. 

Hereditary Pick disease as a clinicopathological phenotype of FTDP-17 has been 

associated with the G272V mutation in the MAPT gene 96,234,362,363,366. Biochemical and 

electron microscopic characterisation of the Pick bodies associated with this mutation 

had not been performed owing to unavailability of fresh frozen brain material. 

Fresh frozen brain material of two patients from such a family has recently become 

available and is characterised in this paper by means of immunohistochemistry, 

western blot and electron microscopy. Using isoform-specific antibodies 367 we were 

able to determine that the hereditary Pick disease in this family (Figure 1), originally 

described as early as 1939 by Sanders et al. 362 and later by Schenk 363 and Groen and 

endtz 96 is a classical 3R Tauopathy. 

Figure 1. Family tree of the G272V family with hereditary Pick’s disease. Males are depicted as 

squares, females as circles. Affected members are shown in half black, members suspected to be affected 

as quarter black. I and II represent patients I and II, respectively.
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Materials and methods 

Clinical history
Patient I 
At the age of 45 years this patient increasingly created problems at work as a 

legal employee as a result of conflicts with her colleagues. At home she became 

increasingly apathetic, neglected household affairs and personal hygiene. Owing to 

impulsiveness and loss of attention, driving a car became dangerous. Her impaired 

financial judgement resulted in huge debts. Neurological examination of the patient 

showed intact language and memory functions, but impaired planning and abstract 

thinking. Cranial nerves were intact. Upper and lower extremities showed normal 

muscle tone and strength; tendon reflexes were symmetrically intact. Magnetic 

resonance imaging (MRI) showed mild atrophy of the anterior and temporal lobes. 

In the next 2 years, she became socially withdrawn, and even avoided visits by family 

members. Her condition gradually deteriorated over the next 5 years. At the age of 

50 years she was admitted to a psychogeriatric nursing home. She died at the age of 

54 years. Family history showed that her father and her eldest brother had died from 

Pick�s disease at the age of 53 and 47 years, respectively, whereas a sister is currently 

affected and still alive. 

Patient II 
At the age of 52 years, this woman developed inappropriate and repetitive (verbal and 

motor) behaviour and became stubborn and emotionally blunt. At her first out-clinic 

visit, the patient showed impaired orientation and naming, recurring utterances and 

perseverations, but normal memory and visuoconstructive functions. Cranial nerves 

were intact. Muscle-tone, strength and reflexes of upper and lower extremities were 

normal. At that time the computed tomography (CT) scan showed mild symmetrical 

temporal atrophy. She was admitted to a psychogeriatric nursing home at the age 

of 58 years, where she died at the age of 67 years, 15 years after the onset of the 

disease. Family history showed that her father and her brother had died from Pick�s 

disease at the age of 55 and 54 years, respectively, whereas her youngest son already 

developed dementia at the age of 44 years. 
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Brain pathology and staining 
Routine staining with haematoxylin-eosin, Bodian, Gallyas and Congo red was 

performed. Immunohistochemistry for MAPT protein made use of phosphorylation-

dependent (AT8 [1:40, Innogenetics, Ghent, Belgium], AT180 [1:500, Innogenetics], 

AT270 [1:500, Innogenetics], PHF1 [1:500, donated by P. Davies], MC1 [1:25, donated 

by P. Davies] and 12E8 [1:500, donated by P. Seubert, Elan Pharmaceuticals, San 

Francisco, CA, USA]) and phosphorylation independent (HT7 [1:500, Innogenetics], 

Tau 2 [1:100, Sigma Fine Chemicals, St Louis, MO, USA]) antibodies. Antibodies 

directed against ubiquitin (1:500, Dako, Glostrup, Denmark), β-amyloid (1:100, 

Dako), α-synuclein (1:500, Chemicon, Temecula, CA, USA) and glial fibrillary 

acidic protein (GFAP; 1:500, Dako) were also used. Staining was revealed using the 

biotin/avidin Vectastain system (Vector Laboratories, Burlingame, CA, USA), as  

described 368. 

For staining with specific anti-MAPT phospho-specific Ser262 antibody (577814, 

Calbiochem, Darmstadt, Germany; 1:500), tissue sections were boiled in citrate 

buffer for 5 min, treated with 99% formic acid for 20 s and stored overnight at room 

temperature. MAPT antibodies specific against 3R (RD3, Upstate, Charlottesville, VA, 

USA) and 4R MAPT isoforms (RD4, Upstate, Charlottesville, VA, USA) were used 367 

to investigate the MAPT isoform composition of pick bodies. sections from the two 

G272V cases as well as an Alzheimer�s disease and a PSP control were pretreated by 

pressure-cooking in sodium citrate buffer (pH 6) for 5 min, followed by incubation 

with RD3 (1:6000) and RD4 (1:100) at 4°C overnight. 

MAPT haplotyping
MAPT H1/H2 haplotypes were determined by SNPs rs9468, rs916793 and rs1800547 

using Taqman SNP genotyping assay and 20 ng of genomic DNA according to the 

manufacturer�s protocol. 

MAPT extraction, immunoblotting and electron 
microscopy 
Sarkosyl-soluble and insoluble MAPT proteins were extracted from the gyrus 

frontalis inferior, gyrus frontalis medialis, gyrus temporalis medialis, cerebellum, 

hippocampus and caudate of both patients as described 9. Dephosphorylation and 

immunoblotting using the phosphorylation-independent anti-MAPT antibody HT7 
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(1:2000) 369 or the 3R specific anti-MAPT antibody RD3 (1:2000) were performed 

as described 368,370. Aliquots of sarkosyl-insoluble MAPT extracted from the gyrus 

frontalis medialis were processed for electron microscopy as described 9,371. the 

phosphorylation dependent anti-MAPT antibody AT8 was gold conjugated and used 

at a dilution of 1:100. 

Results 

Pathology 
Severe frontal and temporal atrophy with enlarged lateral ventricles was present in 

both brains. Brain weights were 872 and 897 g for brain I and brain II, respectively. 

The hippocampus and amygdala showed atrophy in both brains, but much more 

severe in brain II. The anterior part of the caudate nucleus and putamen were severely 

atrophic in brain II. Substantia nigra and locus coeruleus were normally pigmented 

in both brains. In both brains, neuronal loss and gliosis were severe in all layers, 

except layer IV, of the temporal and insular cortices, although more pronounced in 

brain II. The frontal cortex showed a mild neuronal loss and gliosis in brain I and 

a moderate loss in brain II. The cingular cortex, the parietal and occipital cortices 

were normal, except for some senile plaques in the occipital cortex of brain II. Both 

brains showed moderate neuronal loss in CA1 and CA2, and severe loss in subiculum, 

entorhinal cortex and amygdala. The caudate nuclei had a normal appearance, but 

showed severe loss of large neurones in both brains. Neuronal loss in the substantia 

nigra was severe in brain I and mild in brain II.

Bodian and Gallyas staining revealed a few NFT in the frontal cortex in brain I and 

in both patients many round inclusions (Pick bodies) in the granular cells of the 

dentate gyrus and the small neurones of the caudate nucleus. 

Immunohistochemical staining with AT8 showed numerous Pick bodies, which were 

abundant in the granular cells of the dentate gyrus of brain I, whereas the dentate 

gyrus of brain II showed more curvilinear deposits and a few Pick bodies (Figures 

2A and B). NFT were present in a few neurones of the CA, the subiculum and the 

entorhinal cortex, the amygdala and the thalamus of both brains. Some MAPT-

positive neurones and a few glial cells were present in the frontal cortex (Figure 

3C), whereas almost no MAPT staining was seen in the temporal cortex. Abundant 

MAPT inclusions were present in small neurones of the caudate nucleus (Figure 

3A). MAPT staining was positive in several neurones of the substantia nigra of brain 
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Figure 2. Immunohistochemistry (Pick bodies). Immunohistochemistry with AT8 antibody shows 

numerous Pick bodies in the granular cells of the dentate gyrus of brain I (A) and some Pick bodies 

and curvilinear cytoplasmatic deposits in the same cells in brain II (B). The RD3 antibody gives positive 

staining of numerous Pick bodies (although less than with AT8) in brain I (C), and some Pick bodies and 

more diffuse cytoplasmatic staining of many granular cells in brain II (D). Staining with RD4 antibody is 

negative for Pick bodies (E), but shows diffuse cytoplasmatic staining in a few granular cells in brain II 

(F), and of a few NFT in CA1 of brain I (G). NFT and glial inclusions in a PSP brain were positive for RD4 

staining (H). Scale bar A through H = 100 µm.
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Figure 3. Immunohistochemistry with AT8 antibody shows numerous Pick bodies in small and medium-

sized neurones of the caudate nucleus of both brains (A), which are strongly immunoreactive for RD3 

antibody (B) and negative with RD4 antibody (not shown). AT8 staining shows a few Pick bodies and 

MAPT-positive neurones in the frontal cortex (C) and the dentate nucleus of the cerebellum (D). Scale 

bar = 100 µm.

II, but was absent in brain I. A few MAPT-positive neurones were present in locus 

coeruleus, pons and brainstem in both brains. The cingular, parietal and occipital 

cortices in both brains did not show MAPT-positive inclusions. A few MAPT-positive 

neuronal inclusions and some dystrophic neurites were seen in the dentate nucleus 

of the cerebellum (Figure 3D). Immunohistochemistry with PHF1 and AT180 gave a 

similar, although less intense, staining. Staining with the 3R specific antibody, RD3, 

showed many Pick bodies in the granular cells of the dentate gyrus of brain I (Figure 

2C), whereas more diffuse cytoplasmic staining and a few Pick bodies were found in 

the granular cells of brain II (Figure 2D). Abundant Pick bodies were present in the 

small neurones of the caudate nucleus of both brains (Figure 3B). RD4 staining was 

negative for all Pick bodies in both brains (Figure 2E), but gave positive staining of a 

few NFT in CA1 and CA2 of brain I (Figure 2G) and a diffuse cytoplasmic staining. In 

addition, rd4 gave positive staining of a few NFT in CA1 and CA2 of brain I (Figure 

2G) and a diffuse cytoplasmic staining of some granular cells in the dentate gyrus 

of brain II (Figure 2F). A faint cytoplasmic staining of a few small neurones in the 
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caudate nucleus was seen in both brains (data not shown). The RD4 staining of 

Alzheimer�s disease and PSP controls showed NFT in Alzheimer�s disease, and gave 

NFT and MAPT-positive glial inclusions in the PSP brain (Figure 2H). Pick bodies 

did not stain with the antibodies 12E8 and PS262, but weak staining was observed in 

some Pick bodies when stained for ubiquitin. Staining for α-synuclein and β-amyloid 

was negative in both brains. 

Mutation analysis and haplotyping 
Mutation analysis of both patients had already been done as described before 234. in 

addition, MAPT haplotypes of both mutant and wild-type alleles were determined. 

Since both patients showed a H1/H1 haplotype, both mutant alleles were expressed 

in the H1 background. 

Figure 4. Western blots of MAPT protein extracted from patients’ brains. (A) Sarkosyl-

insoluble MAPT extracted from several brain regions of patients I and II. AD, sarkosyl-insoluble MAPT 

extracted from Alzheimer�s diseased brain. (B) Dephosphorylated sarkosyl-insoluble MAPT from several 

brain regions of patients I and II. (C) Dephosphorylated sarkosyl-soluble MAPT from several brain regions 

of patients I and II. AD, sarkosyl-soluble MAPT extracted from the same region of Alzheimer�s diseased 

brain; Rec, recombinant MAPT consisting of all six isoforms. Names are according to MAPT isoforms. 

sizes are in kda.
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Characterisation of frozen brain material 
Western blots of the sarkosyl-insoluble fraction of MAPT from several regions 

(including the frontal and temporal cortices) mainly showed 60 and 64 kDa bands. 

In some regions (i.e. frontal cortex and caudate) an extra band of 68 kDa band was 

also present (Figure 4A). This pattern is typical for Pick�s disease pathology 372. 

Interestingly, the sarkosyl-insoluble MAPT from the cerebellum in brain II also 

showed 60 and 64 kda bands, which is in accordance with the presence of MAPT 

inclusions observed in the immunohistochemistry.

After dephosphorylation, sarkosyl-insoluble MAPT consisted predominantly of 3R 

MAPT, and the amount of 3R0N and 3R1N was much higher than 3R2N. the 3R0N 

isoform ran somewhat lower on gel than the corresponding recombinant MAPT 

band (Figure 4B), as a result of the high amount of alkaline phosphatase used in 

this dephosphorylation step, which was confirmed by using the 3R-specific antibody 

(Figure 5). The small amount of 4R MAPT observed consisted mainly of 4R1N (Figure 

4B), although, probably owing to the sensitivity of the monoclonal antibody, some 

other 4R bands could also be detected.

Western blots of the sarkosyl-soluble fraction from the frontal and temporal cortices 

showed all isoforms (Figure 4C). 

Figure 5. Western blots of MAPT protein extracted from patients’ brains stained with 

RD3. (A) Hyperphosphorylated sarkosyl-insoluble MAPT stained with the 3R specific antibody RD3. 

II, sarkosyl-insoluble MAPT extracted from brain material of patient II; PiD, sarkosyl-insoluble MAPT 

extracted from a classical Pick�s disease patient; AD, sarkosyl-insoluble MAPT extracted from brain 

material of an Alzheimer�s disease patient. Sizes are in kDa. (B) Dephosphorylated sarkosyl-insoluble 

MAPT stained with the 3R specific antibody RD3. Rec, recombinant MAPT consisting of all six isoforms. 

Since the antibody is 3R MAPT specific, only the 3R isoforms are stained. Names are according to MAPT 

isoforms.
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Sarkosyl-insoluble MAPT filaments 
When the sarkosyl-insoluble fractions of both patients were evaluated under the 

EM, it contained AT-8 positive MAPT filaments (Figure 6A) that resembled ribbon 

twisted filaments (Figure 6B). They had however a longer periodicity (>110 nm) than 

those found in Alzheimer�s disease patients, but their width was similar (20 nm). 

Discussion 
The present study shows abundant Pick bodies in the caudate nucleus and dentate 

gyrus of the hippocampus in two patients with the G272V mutation in exon 9 of the 

MAPT gene. Furthermore, we showed, that sarkosyl-insoluble MAPT extracted from 

Pick bodies consists predominantly of 3R MAPT isoforms. Sarkosyl-insoluble MAPT 

filaments were shown to be ribbon twisted, with long periodicity. 

The presence of Pick bodies in the two G272V brains could be detected using 

both Bodian and Gallyas silver staining, as has been also observed in the L266V  

mutation 202. this is in contrast to other MAPT mutations and sporadic Pick cases, 

in which Pick bodies are Bodian positive and Gallyas negative 197,208,220,226. Although it 

has been suggested that this difference could be explained by the increased affinity 

of the Gallyas method for 4R MAPT 93, in our experiments, by using isoform specific 

antibodies, no 4R MAPT was detected in these Pick bodies. Therefore, an alternate 

Figure 6. Electron micrographs of G272V MAPT filaments. Electron microscopic examination of 

sarkosyl-insoluble MAPT extracted from the frontal lobe of patients I and II. (A) A MAPT filament taken 

from patient I. Both patients showed similar filaments. (B) Sarkosyl-insoluble MAPT labelled with gold 

conjugated AT8. In both micrographs the black bar depicts 50 nm.
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explanation for this observation must be found. 

The distribution of the Pick bodies to the caudate nucleus differs from most sporadic 

Pick�s disease cases and several MAPT mutations, in which Pick bodies are abundant 

in the frontal and temporal cortices 200,208,213,218,373,374. the absence of pick bodies in 

the temporal cortex may be related to the severe neuronal loss; however Pick bodies 

were also absent in the frontal cortex, which was much less affected. The presence of 

MAPT-positive lesions in the dentate nucleus of the cerebellum is in agreement with 

the presence of insoluble MAPT protein on western blot (Figure 4A).

 The mild glial or astrocytic MAPT pathology in the present G272V brains contrasts 

with several other mutations with Pick bodies, in which glial or astrocytic MAPT 

pathology was much more pronounced 200,208,218,220,228,229. This variable extent of glial 

or astrocytic MAPT pathology in conjunction with the presence of Pick bodies might 

reflect an intermediate step in the neurodegenerative process comparable with the 

astrocytic reaction that is specific for 4R MAPT isoforms. 

The positive RD3 (Figure 2B and D) and negative RD4 staining of Pick bodies 

reflects the exclusive accumulation of 3R MAPT isoforms in the pick bodies of 

the G272V patients. Our western blot data, which show the presence of 60 and 64 

kDa bands in the sarkosyl-insoluble MAPT fraction, and mainly 3R isoforms after 

dephosphorylation confirm these immunohistochemical findings. We reason that the 

low levels of 4R MAPT observed on these western blots correspond to the presence 

of some NFT in the CA1 and CA2 in brain I; the diffuse or faint positive cytoplasmic 

staining of some granular cells and of few small neurones in the caudate nucleus of 

brain II that could also be detected by our sensitive monoclonal RD4 antibody in the 

immunostaining. 

With ageing, MAPT proteins can become insoluble, and sometimes contaminate the 

preparation of the so-called ‘pathological MAPT aggregates�. We reason, therefore, 

that the presence of NFT in our patients is a part of the normal ageing process and 

not a part of the disease. This contamination has also been described in several other 

neurodegenerative diseases 375-377. The diffuse cytoplasmic staining in some granular 

cells of the other brain, however, is interesting and should be investigated for other 

mutations. 

Therefore, our observations are in accordance with the generally accepted concept 

of Pick bodies, which is, to be exclusively composed of 3R MAPT isoforms 372,378. 

other FTDP-17 mutations with a Pick-like phenotype have also shown the presence 

of 3R and 4R MAPT isoforms on western blots of sarkosyl-insoluble MAPT. in these 

studies, this might also be explained by the co-occurrence of glial pathology or  
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NFT 197,200,208,218,229, as the composition of Pick bodies was not tested using isoform-

specific antibodies. 

The absence of staining, using the antibodies 12E8 and PS262 with and without 

formic acid pretreatment, indicates the lack of phosphorylation of the serine 

at position 262, and agrees with the observations of most other studies of Pick�s  

disease 226,372,378-380. it is, however, in contrast with the more recent observations, where 

Pick bodies, following formic acid pretreatment, showed some immunoreactivity with 

the antibody 12E8 and strong staining with PS262 381,382. Since this immunoreactivity 

was even observed in patients showing Pick bodies that consisted predominantly 

of 3R MAPT isoforms 382, we reason that this observation cannot be explained by a 

specific reaction with phosphorylated Ser262 of 4R tau. 

Since Pick bodies in the G272V and L266V mutations consist only of 3R MAPT, it is 

an interesting question whether exon 9 mutations induce a more efficient aggregation 

of 3R MAPT compared with 4R MAPT. however, in vitro studies showed a higher 

aggregation rate of 3R and 4R L266V MAPT 202. In addition, another exon 9 mutation 

(i.e. I260V) causes a 4R Tauopathy with NFT (PSP) and shows a higher aggregation 

rate for 4R MAPT compared with 3R MAPT 227,294,295. 

the MAPT positive filaments from both patients were shown to have a very long 

periodicity. Although most filaments described in sporadic Pick�s disease are straight 

filaments, several cases described PHF-like filaments with a long periodicity of 

120–160 nm, whereas the filament width has been shown to vary between 13 and 26  

nm 92,91,93. This means that the observed width of 13 nm is also according to the 

filaments described in the literature. 

The present immunohistochemical and biochemical investigations show that 

our patients meet all of the criteria to be diagnosed as hereditary Pick�s disease. 

However, pathology-proven cases of Pick�s disease are clinically indistinguishable 

from FTD cases without Pick bodies. In addition, Pick�s disease is aetiologically 

heterogeneous by the fact that it has been associated with different types of Tauopathy 

(3R, combined 3R-4R or even 4R) 374 as well as with combined 3R-4R FTDP-17  

cases 213,229,236. Conversely, other MAPT mutations that also have a combined 3R-4R 

isoform profile (V337M and R406W 22,177) are not classified as Pick�s disease because 

these patients show only presence of neurofibrillary tangles. This means that Pick�s 

disease is nothing more than another connotation for the presence of Pick bodies. We 

would suggest to bring the term Pick�s disease back into clinical practice and to use 

the pathological classification of 3R, 4R or mixed type of Tauopathy for aetiological 

refinement.
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We also suggest to include immunohistochemistry using isoform specific MAPT 

antibodies to supplement the results of western blots of other FTDP-17 and atypical 

Tauopathy cases in order to refine MAPT pathology. This detailed analysis will allow 

us to include also the somewhat atypical Pick cases and will lead to the identification 

of new subgroups. Possibly these groups will help us to reveal new and distinct 

disease pathways that could help us in understanding the pathogenesis of all 

neurodegenerative diseases better. 
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Abstract 
MAPT mutations in Frontotemporal dementia and Parkinsonism linked to 

chromosome 17 (FTDP-17) are associated with changes in alternative splicing of 

exon 10. The ∆K280 mutation in exon 10 is exceptional because in vitro observations 

suggest a dramatic effect on microtubule binding, enhanced self-aggregation, as 

well as a decrease of the 4R/3R ratio by the ablation of an exon splicing enhancer 

element. Using immunohistochemistry, Western blotting and electron microscopy 

on brain material with the ∆K280 mutation, we investigated which of these effects 

is most dominant in vivo. The brain showed abundant Pick bodies in several brain 

regions, which stained positive with 3-repeat-specific but not with 4-repeat-specific 

MAPT antibodies. Western blots of sarkosyl-insoluble MAPT showed exclusively 

three repeat (3R0N and 3R1N) MAPT in most regions, although some 4R1N could be 

detected in the frontal cortex. In addition, the sarkosyl-soluble MAPT fraction showed 

a significantly higher amount of 3-repeat MAPT. Because quantitative analysis of 4R 

and 3R mrna transcripts showed a 4R/3R ratio of only 0.3, association between 

increased transcription and protein expression was observed. these observations 

confirm the postulated hypothesis that the ∆K280 mutation abolishes a splice 

enhancer element, which overrules the decreased microtubule binding and enhanced 

self-aggregation. 

Introduction
Mutations in the MAPT gene are associated with familial Frontotemporal dementia and 

Parkinsonism linked to chromosome 17 (FTDP-17). FTDP-17 is usually characterized 

by neuronal and glial MAPT pathology, including neurofibrillary tangles, pretangles, 

coiled bodies and tufted astrocytes 22,176,177. The more than 40 different identified 

mutations can be divided into 2 classes. The first class of mutations give rise to 

amino acid changes that affect the ability of MAPT to promote microtubule assembly 

in vitro 22,221,294,383,384. The second class of mutations affect alternative splicing of exon 

10, leading to changes in relative levels of mRNA encoding for MAPT protein with 3 

amino-acid repeat regions (3R) versus isoforms with 4-repeat regions (4R) 22,184. the 

alternative splicing of MAPT is regulated by a complex combination of intronic and 

exonic sequences and normally gives a ratio of approximately 1:1 for 3R:4R 20,182,385. 

Most of the “splice” mutations lead to an excess of 4R MAPT isoforms and are 

associated with the presence of both neuronal and glial MAPT aggregates consisting 
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predominantly of 4R MAPT isoforms. 

The ∆K280 mutation, resulting from a deletion of the nucleotides AAG in exon 10, 

was detected in a single Dutch patient with FTD as previously reported 148. In vitro 

experiments suggest that the lack of a lysine residue in 4R MAPT isoforms resulting 

from this mutation dramatically decreases both microtubule binding and strongly 

increases the induction of self-aggregation of MAPT into filaments 148,295,386,387. 

Strikingly, in vitro splicing assays showed that the ∆K280 mutation also affected 

the alternative splicing of exon 10 by abolishing an exon splicing enhancer element, 

resulting in a decrease of the 4R:3R ratio 184. This reduction of the 4R:3R ratio is 

unique because all other “splice” mutations have the opposite effect. In this case, the 

dramatic effect of the ∆K280 mutation on microtubule binding of 4R MAPT and self-

aggregation would be overruled by the postulated excess of 3R and we would expect 

that MAPT aggregates should predominantly be composed of 3R MAPT analogous 

to pick disease 184. To clarify which of these mechanisms is most important for the 

disease-causing process in this mutation, it is essential to investigate these effects in 

available brain material from a patient with this unique mutation. 

Recently, formalin-fixed and fresh-frozen brain material from the only known patient 

with the ∆K280 mutation has become available and opens perspectives to address 

these issues by means of immunohistochemistry with isoform-specific antibodies, 

semi-quantitative Western blotting and quantitative mRNA analysis. 

Materials and Methods

Clinical History 
The patient with the ∆K280 mutation presented with restlessness, agitation and 

emotional bluntness at the age of 53. She also developed loss of initiative and roaming 

behaviour without losing her way. Family history revealed that her father had died 

from Parkinson disease and dementia at the age of 71 and her grandfather had also 

had dementia. The patient became impulsive and distractible. 

Neuropsychological testing showed impairment in executive functions, reduced 

mental flexibility and verbal memory dysfunction. Neurological examination revealed 

normal muscle, no rigidity or tremor, no signs of motor neuron disease and no focal 

neurological deficits. Magnetic resonance imaging of the brain showed asymmetric 

left-sided frontotemporal atrophy. Her speech gradually reduced to stereotyped 

phrases, which finally developed into mutism. She was admitted to a nursing home 4 
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years after onset and her condition gradually worsened. Neurological reexamination 

8 years after onset showed no extrapyramidal rigidity or postural instability. The 

patient died from sudden heart arrest at the age of 63 years.

Brain Pathology and Staining 
Brain autopsy was carried out within 4 hours after death according to the Legal and 

Ethical Code of Conduct of the Netherlands Brain Bank. Tissue blocks were taken 

from the frontal, temporal, parietal and occipital cortex, hippocampus, striatum, 

thalamus, substantia nigra, pons, medulla and cerebellum and frozen at -80°C. Half 

of the brain was fixed in 10% buffered formalin solution for 4 weeks. Eight micron 

paraffin-embedded sections of the same brain regions underwent routine staining 

with haematoxylin and eosin, Bodian, methenamine silver, Gallyas and Congo red 

staining.

Immunohistochemistry was performed using phosphorylation-dependent 

antibodies: AT8 (1:40; Innogenetics, Ghent, Belgium), AT180 (1:100; Innogenetics), 

PHF1 (1:100; donated by P. Davies, Albert Einstein College of Medicine, New York, 

NY, USA), antibodies directed against ubiquitin (1:500; Dako, Glostrup, Denmark), 

β-amyloid (1:100; Dako) and α-synuclein (1:1; Zymed Laboratories, San Francisco, 

CA, USA). To expose antibody-specific epitopes, tissue sections were pretreated at 

80°C for 30 minutes in 0.1 M sodium citrate buffer at pH 7.7 before incubation with 

ubiquitin antibody 368, whereas a 99% formic acid solution was used for pretreatment 

for α-synuclein (5 minutes) and β-amyloid (20 seconds). Before incubation with the 

anti-MAPT phosphorylation-specific Ser262 antibody (1:100; 577814; Calbiochem, San 

Diego, CA, USA), tissue sections were pretreated by microwave. MAPT antibodies 

specific against 3-repeat (RD3 [1:6000], Upstate, Charlottesville, VA, USA) and 4-

repeat MAPT isoforms (RD4 [1:100]; Upstate, Charlottesville, VA, USA) were used to 

investigate the MAPT isoform composition of MAPT-positive inclusions 367. sections 

from the ∆K280 brain as well as an Alzheimer disease (AD), Progressive Supranuclear 

Palsy, (PSP) and Pick controls were pretreated by pressure-cooking in 0.1 M sodium 

citrate buffer (pH 6) for 5 minutes followed by incubation with RD3 (1:6000) and 

RD4 (1:100) at 4°C overnight (17). The Histostain-Plus broad-spectrum kit DAB 

(Zymed Laboratories, San Francisco, CA, USA) was used as a detection system. 
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MAPT Extraction, Immunoblotting and Electron 
Microscopy
Sarkosyl-soluble and -insoluble MAPT proteins were extracted from the inferior 

frontal gyrus, medial temporal gyrus, hippocampus, caudate nucleus and 

mesencephalon as described 9. Half of the sarkosyl-insoluble MAPT pellet was stored 

at -80°C until loaded on a 12% SDS-polyacrylamide gel (PAGE, see subsequently). 

The other half was incubated in 25 mM Tris-HCl pH 7.5 containing 4 M guanidine 

hydrochloride for 1 hour. Next, the guanidine hydrochloride was washed away 

and the sample concentrated using Microcon centrifugal filter devices (Millipore, 

Bedford, MA, USA). Approximately one tenth of sarkosyl-soluble MAPT extracted 

from 100 mg frozen brain was also concentrated using Microcon centrifugal filter 

devices (Millipore, Bedford, MA, USA). Subsequently, both the sarkosyl-insoluble 

and sarkosyl-soluble MAPT samples were redissolved in 50 mM Tris-HCl pH 7.5 and 

incubated with 0.6 units of bacterial alkaline phosphatase (Sigma Benelux, Aalsmeer, 

The Netherlands) overnight. All samples were run on a 10% 1:37.5 Bis-/acrylamide 

SDS-PAGE. Immunoblotting using the phosphorylation-independent anti-MAPT 

antibody HT7 (1:2000) 369 was performed as described 368,370. recombinant MAPT 

was a generous gift from Dr. M. Goedert, MRC Laboratory of Molecular Biology, 

Cambridge, United Kingdom. 

Western blots containing sarkosyl-soluble MAPT homogenates from different 

regions of the ∆K280 patient�s brain, an Alzheimer�s disease brain and a control 

brain were exposed to Fuji Super RX film (Fuji Photo Film Co., Tokyo, Japan) using 

ECL (Amersham Biosciences, Buckinghamshire, United Kingdom) as a detection 

agent. As a result of the nonlinear nature of film, 2 separate Western blots containing 

the same samples were exposed to the same film and scanned using a HP Scanjet 

3570c scanner (Hewlett-Packard Nederland B.V., Amstelveen, The Netherlands). 

Obtained tag image file format (TIFF) files were imported into ImageJ 388,389 and lane 

profile plots were generated. Next, peak areas were measured and 3R/4R soluble 

MAPT ratios were determined. Statistical significance between samples and controls 

was calculated using a one-way analysis of variance, including a Tukey honest 

significant difference (HSD) post hoc test to determine differences between regions 

and control.

Electron Microscopy 
Sarkosyl-insoluble MAPT extracted from freshly frozen medial temporal gyrus with 
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abundant and representative MAPT pathology was processed for electron microscopy 

as described 9,371. A small droplet of resuspended sarkosyl insoluble pellet was placed 

on a formvar-coated copper grid (200-mesh) for 2 minutes. Unlabelled filaments 

were prepared by negative staining with 2% uranyl acetate. For antibody labelling, 

the grid with absorbed specimen was placed on a drop of phosphate-buffered 

saline (PBS)+ (bovine serum albumine [BSA] 0.5%, glycin 0.15%) and blocked for 

15 minutes. Subsequently, the grid was placed on a solution of the (AT8 1:100; 

Innogenetics, Ghent, Belgium) primary antibody for 30 minutes at room temperature 

followed by 3 washing steps in PBS+. Antigen-antibody complexes were visualized 

with a secondary antibody conjugated to gold 10 nm (Aurion, Wageningen, The 

Netherlands) for 30 minutes at room temperature. The grid was washed with PBS+ 

and aquadest and subsequently stained with 2% uranyl acetate and allowed to air 

dry. 

MAPT Haplotyping, cDNA Synthesis and 4R/3R 
Quantification
MAPT haplotype was determined on genomic DNA as described previously 90. 

RNA was extracted from snap-frozen medial temporal lobe using RNA-Bee (IsoTex 

Diagnostics, Friendswood, TX, USA) according to standard protocols with the 

modification that the volume of RNA-Bee per tissue weight was doubled. RNA 

was purified using QIAgen RNeasy Kit (Qiagen Benelux, Venlo, The Netherlands) 

according to manufacturer protocol. cDNA was made according to standard protocols 

using Superscript III (Invitrogen, Breda, The Netherlands) at 50°C. Polymerase chain 

reaction (PCR) was performed between exon 9 and 11 and exon 9 and 13 in triplicate 

as described previously 22 except that FAM was used as fluorochrome on the 5� end 

of the forward primer. For every experiment, the optimal amount of cycles (i.e. 27-

30) was determined on agarose gel. PCR products were confirmed by sequencing. 

Quantitative fluorescent signals were detected on an ABI 3730 and analysed using 

Genemapper 3.7 (Applied Biosystems, Foster City, CA, USA). 

Results

Pathology 
The brain (weight 870 g) showed severe atrophy of the frontal and temporal cortex 



chapter 4

82

extending into the inferior parietal lobe (no macroscopic pictures). The ventricles 

were enlarged and the white matter of the frontal and temporal lobes was reduced. 

The caudate nucleus, the amygdala and hippocampus were very atrophic, whereas 

thalamus, putamen, pallidum and substantia nigra had a normal appearance. 

Microscopically, the frontal and the anterior pole of the temporal cortex showed 

subtotal loss of neurons with severe gliosis (Figure 1), including the underlying 

white matter. There was severe neuronal loss in the granular layer of the dentate 

gyrus, Ammon�s horn 1-4, subiculum, parahippocampal gyrus and in the inferior 

parietal cortex. The caudate nucleus, claustrum, medial part of the thalamus, 

subthalamic nucleus and insular cortex also showed severe gliosis and neuronal 

loss. Mesencephalon, pons, locus coeruleus, medulla and cerebellum were normal. 

Bodian staining showed argyrophilic round inclusions resembling Pick bodies in 

the granular cells of the dentate gyrus, in the remaining neurons of cornu ammonis 

(CA) 1-4 and the frontal and temporal cortex. Some neurons of the substantia nigra, 

caudate nucleus and amygdala contained round argyrophilic inclusions as well. Pick 

Figure 1. Haematoxylin & eosin (H&E) staining of the frontal cortex. (A) Severe neuronal loss 

in layer III and spongiform changes in layer II of the frontal cortex and (B) severe gliosis of the frontal 

cortex (H&E, original magnification: 200×). (C) Neuronal loss in layer II and III of the temporal cortex 

(H&E, original magnification: 200×). (D) Mild neuronal loss in layer II and III of the inferior parietal 

cortex (H&E, original magnification: 200×). Scale bar = 100 µm.
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Figure 2. Immunohistochemistry with MAPT antibodies. (A) Numerous MAPT-positive Pick 

bodies in the granular cells of the dentate gyrus. (B) The frontal cortex showed MAPT-positive Pick bodies 

and also MAPT-positive astrocytes (AT8 MAPT, original magnification: 400×). Positive staining of Pick 

bodies with a 3-repeat MAPT specific antibody in the dentate gyrus (C) and in the frontal cortex (D) (RD3, 

original magnification: 400×). (E, F) The same regions showed negative staining with a 4-repeat MAPT 

specific antibody (RD4, original magnification: 400×). (G) MAPT-positive Pick bodies were also present 

in the caudate nucleus (AT8, original magnification: 400×). (H) RD4 antibody gave positive staining of 

globoid tangles, coiled bodies and tufted astrocytes with a 4-repeat specific antibody in the striatum of a 

control Progressive Supranuclear Palsy brain. (B, H) Black arrows point to tufted astrocytes. (H) White 

arrows point to oligodendroglial MAPT-positive inclusions. Scale bar = (A-H) 100 µm.
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bodies did not stain with Gallyas silver stain. 

Immunohistochemical staining with antibody AT8 showed numerous Pick bodies 

in the dentate gyrus (Figure 2A) and in neurons of CA 1-4 subiculum and entorhinal 

cortex. In addition, many Pick bodies were present in neurons of layer II and III and V 

and VI of the frontal cortex (Figure 2B) and temporal and cingular cortices. Numerous 

small neurons in the caudate nucleus also contained MAPT-positive inclusions 

(Figure 2G). Abundant MAPT-positive astrocytes and a few oligodendroglial cells 

were present in the cortical regions (Figure 2B), whereas the white matter showed 

very few glial inclusions. The amygdala showed many MAPT-positive neurons, some 

of them with Pick bodies and others with more granular staining. The substantia 

nigra exhibited abundant MAPT-positive neuropil threads, some MAPT-positive 

neurons and a few MAPT-positive astrocytes. Eccentric Pick bodies or neurons with 

more granular staining were visible in the pontine nuclei.

Immunohistochemistry with the antibody PHF1 gave a similar pattern of staining, 

although less intense. The staining with AT180 was negative but positive for the 

Alzheimer�s disease and Pick samples that were used as positive controls. The 

staining with the ser262 antibody was negative for Pick bodies, although a few of them 

and some astrocytic dendritic processes gave some punctate staining. 

Staining with the 3-repeat specific antibody, RD3, revealed many Pick bodies in the 

granular cells of the dentate gyrus (Figure 2C) and in the pyramidal cells of CA2 

and 3, but did not stain the AT8-positive astrocytic ramifications. Abundant RD3-

positive neurons were also present in the substantia nigra, caudate nucleus and 

pontine nuclei. In contrast, RD4 antibody did not stain Pick bodies and also failed 

to stain the MAPT-positive astrocytic ramifications in the ∆K280 brain (Figure 2F), 

whereas neurofibrillary tangles in Alzheimer�s disease and PSP were RD4-positive 

(Figure 2H). Pick bodies showed weak staining with ubiquitin antibody and negative 

staining with α-synuclein. Staining with β-amyloid was negative as well.

 

Characterization of Frozen Brain Material 
Western blots of the sarkosyl-insoluble fraction of MAPT from frontal and temporal 

cortex, hippocampus and caudate nucleus showed a 60- and a 64-kDa band (Figure 

3A). After dephosphorylation, sarkosyl-insoluble MAPT from the temporal cortex and 

hippocampus consisted of 3-repeat (3R0N and 3R1N) MAPT exclusively, whereas the 

frontal cortex showed 3R0N and 3R1N and a small amount 4R1N (Figure 3B). These 

results are surprising if we consider the available in vitro data on the enhanced self-
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Figure 3. Western blots of sarkosyl-insoluble MAPT protein. (A) Hyperphosphorylated sarkosyl-

insoluble MAPT from the ∆K280 patient�s brain was run in two gels: gel 1: Alzheimer-diseased brain (AD) 

and temporal cortex (T); and gel 2: AD, caudate (Cau), frontal cortex (F) and hippocampus (H). All regions 

showed only 60- and 64-kDa bands. (B) Dephosphorylated sarkosyl insoluble MAPT from the ∆K280 

patient�s brain. Pathogenic MAPT is hyperphosphorylated. Because of this posttranslational modification, 

the behavior on SDS-PAGE changed. To determine the precise isoform contents of the pathogenic MAPT, 

hyperphosphorylated MAPT was dephosphorylated. Temporal (T), hippocampus (H), frontal cortex (F) 

and recombinant MAPT (Rec). All regions contained mainly 3R0N and 3R1N sarkosyl-insoluble MAPT. 

In the temporal lobe, some 4R0N is present, whereas in the frontal lobe, some 4R0N and 4R1N is seen. 

(C) Sarkosyl-soluble fraction from Alzheimer control (AD), unaffected control (Con), caudate nucleus 

(Cau), cerebellum (Ce), frontal cortex (F), substantia nigra (SN) and hippocampus (H). All regions of 

the ∆K280 patient�s brain showed a relative predominance of 3R1N over 4R1N and 4R0N, especially 

compared with both Alzheimer and unaffected controls. Names are according to MAPT isoforms. Sizes 

are in kDa. (D) Graph of 4R/3R signal ratios on Western blot. Unaffected control (Con), Alzheimer control 

and brain regions from the ∆K280 patient (AD), caudate putamen (Cau), cerebellum (Ce), frontal cortex 

(F), substantia nigra (SN) and hippocampus (H). Signal intensities were quantified from 2 separate blots 

using ImageJ and ratios were calculated. *, p < 0.01; **, p < 0.001 (one-way analysis of variance) when 

compared with both Alzheimer and unaffected control. Error bars depict 95% confidence intervals. Higher 

3R/4R signal ratios in frontal lobe and hippocampus could not be confirmed as a result of low signal 

intensities, the limited amount of brain material and nonlinearity of film.
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aggregation properties of 4R MAPT with a ∆K280 mutation but they are consistent 

with an effect of the mutation on the alternative splicing of exon 10. 

Western blots of the sarkosyl-soluble fraction from several regions demonstrated all 

6 isoforms, although the soluble MAPT fraction showed a higher expression of 3R1N 

in all regions compared with the unaffected or Alzheimer�s disease controls (Figure 

3C). 

When 3R and 4R MAPT expression in those regions was compared (twice) with the 

expression in unaffected or Alzheimer�s disease controls using ImageJ 388,389, the 

3R/4R MAPT ratio was significantly higher (1.5-4 times excess of 3R to 4R-soluble 

MAPT) in cerebellum (p = 0.01), caudate putamen (p < 0.0001) and substantia nigra 

(p < 0.001) in the ∆K280 patient, whereas in unaffected or Alzheimer�s disease control 

material, this ratio was approximately one (0.9-1.0) (Figure 3D). Significance was 

determined using a one-way analysis of variance including a Tukey honest significant 

difference (HSD) post hoc test. When multiple blots were compared, expression of 

3R1N was also higher in the frontal lobe. However, as a result of the limited amount 

of brain material, together with nonlinear properties of signal strength using film, 

this higher ratio of 3R MAPT could not be established in ∆K280 frontal lobe or 

possibly also in hippocampus material (Figure 3D). 

In conclusion, the combined results of the insoluble and soluble fractions strongly 

suggest that less 4R MAPT is produced, which would be consistent with the predicted 

effect of the ∆K280 mutation on the alternative splicing of exon 10. Sarkosyl-insoluble 

MAPT filaments electron microscopy of sarkosyl-insoluble MAPT material extracted 

from the temporal cortex showed a low number of twisted and straight filaments that 

were positively labelled with antibody AT-8 (Figure 4). The majority of filaments 

were narrowly twisted with a diameter of 7 to 8 nm and a half-periodicity of 95 nm, 

similar to twisted ribbons. 

Quantitative Analysis of 4R/3R RNA Isoform Ratio In 
Vivo 
the mrna expression of 3R and 4R MAPT from this patient was compared with 

that from 4 controls and a patient with dementia-disinhibition-Parkinsonism-

amyotrophy complex (DDPAC) carrying a +14 splice site mutation for whom we have 

previously shown an increased 4R/3R ratio 22. All individuals were carrying an H1/

H1 haplotype; therefore, all mutant alleles were expressed in an H1 background. Two 

separate reverse transcriptase-polymerase chain reactions were done, one reaction 
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Figure 4. Electron microscopy of ∆K280 MAPT filaments. Electron microscopic examination 

of sarkosyl-insoluble MAPT extracted from freshly frozen frontal lobe of the patient�s brain. Sarkosyl-

insoluble MAPT was fixed and mounted on a grid. Several filaments were measured and average half-

periodicity and diameter were calculated. (A) Paired helical filaments with a diameter of 7 to 8 nm and 

half-periodicity of 95 nm labeled with gold conjugated AT8. (B) Straight filaments labeled with gold 

conjugated AT8. In both micrographs, the scale bar depicts 50 nm. White arrows point to crossovers of 

filaments.

Figure 5. Ratio between 4- and 3-repeat MAPT. All experiments were done in triplicate. Two 

separate reverse transcriptase-polymerase chain reactions were done. The black bars depict the ratio 

of amplification reactions for exon 9 to 13 and the gray bars depict the ratio of reactions amplifying 

exons 9 to 11. Error bars depict the standard error. Delta K280 is the patient with the ∆K280 mutation 

and the DDPAC patient carries a + 14 splice site mutation. DDPAC indicates dementia-disinhibition-

Parkinsonism-amyotrophy complex.
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amplifying exons 9 to 11 and a separate reaction essentially amplifying exons 9  

to 13 22. All experiments were conducted in triplicate. Both reactions generated 

2 products, one corresponding to the 3R mrna isoform and the other to the 4R 

isoform. In controls, the ratio between 4R and 3R was on average 0.7 for reactions 

amplifying exons 9 to 13 and 0.8 for reactions including exon 9 to 11 (Figure 5). 

As previously described, the patient carrying the +14 splice site mutation showed 

an increased 4R/3R ratio of 3.0 for reactions, including exons 9 to 13 and 3.3 for 

reactions, including exon 9 to 11 (Figure 5) 22. The ∆K280 patient showed a 4R/3R 

ratio of only 0.3 for both reactions (Figure 5). These findings indicate that although 

4R expression is largely decreased, the change in 3R/4R ratio with a factor of 

approximately 2.3 is smaller than that observed in the DDPAC patient (a factor of 

approximately 4.3). In conclusion, the ∆K280 mutation has a significant effect on the 

alternative splicing of exon 10; however, the effect is less dramatic than previously 

suggested by in vitro splicing assays 184.

Discussion
The present study shows that the ∆K280 mutation in the MAPT gene is associated 

with the presence of abundant Pick bodies consisting predominantly of 3-repeat 

MAPT isoforms as was shown with immunohistochemistry using a 3-repeat specific 

antibody and Western blotting of dephosphorylated sarkosyl-insoluble MAPT. 

This neuropathological picture of Pick bodies in the absence of glial tangles or 

coiled bodies clearly distinguishes this patient from patients with mutations, 

resulting in the overexpression of 4R mRNA transcripts characterized by abundant 

neurofibrillary and glial tangles. It is also in contrast to the observations of the exon 

10 + 19 mutation with decreased exon 10 inclusion in splicing assays in which MAPT 

pathology is lacking in the brain 390. the 4R-specific antibody stained the threads 

and tufts in the L266V mutation with Pick bodies 202,391, whereas the AT8-positive 

astrocytic ramifications in the present mutation failed to stain with both RD3 and 

RD4 antibody. The fact that we could not draw any conclusions about the exact (3R 

or 4R) composition within these MAPT-positive astrocytes could be explained by the 

low amount of abnormal MAPT present within astrocytes. Apparently, the affinity of 

RD3 and RD4 for abnormal MAPT (compared with AT8) was below the threshold for 

visualizing these lesions using these antibodies. 

The relative overexpression of 3R transcripts confirms the hypothesis that the ∆K280 

mutation disrupts an exon splicing enhancer that plays a role in a complex network 
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of exonic and intronic splicing regulatory sequences 182. However, the mutation 

only results in an approximately 2-fold decrease in 4R mrna transcripts. this is 

consistent with the observation that the relative excess of 3R over 4R MAPT in the 

sarkosyl-soluble fraction is lower than a ratio of 75:25, although as a result of the 

nonlinear properties of film, an exact 3R/4R MAPT ratio could not be established 

with this method. 

Our results only partly confirm the results of in vitro splicing assays that suggest 

an almost exclusive production of 3R mrna transcripts 184. However, one should 

keep in mind that these in vitro assays are artificial and can only partly validate the 

more complex mechanisms that occur in brain. Therefore, it is very likely that small 

amounts of 4R MAPT isoforms containing the ∆K280 mutation are still produced. 

The nearly complete absence of 4R MAPT in neuronal and astrocytic inclusions and 

sarkosyl-insoluble MAPT fraction of the ∆K280 brain is intriguing in the light of 

its effects on microtubule binding and self-aggregation. In vitro results have shown 

that this mutation in the VQIVYNK motif of the second repeat has the largest effect 

on microtubule binding compared with other mutations 295. Additionally, mutant 

∆K280 MAPT leads to remarkable rapid and extensive aggregation of MAPT into 

filaments by increasing the β-structure propensity within the repeat region in  

vitro 295. Therefore, one might hypothesize that the small amount of mutant 4R MAPT 

would act as a seed for MAPT aggregation and that sarkosyl-insoluble MAPT would 

contain a significant amount of 4R mutant MAPT. However, only in the frontal cortex 

a small amount of sarkosyl-insoluble 4R1N MAPT could be detected on Western 

blots (Figure 3B). Furthermore, it is unknown whether this is normal or mutant 4R 

MAPT. We have attempted to generate specific peptide-based polyclonal antibodies 

against the mutant ∆K280 MAPT but have failed to obtain a good antigenic response 

(data not shown). 

Alternatively, the increased amount of unbound 3R MAPT protein might act as a 

seed and during the following process some 4R normal or mutant protein is trapped 

in the aggregates. This mechanism is essentially similar to the effect of the splice 

mutations leading to excess of 4R MAPT protein isoforms. 

The molecular mechanism of neuronal cell death and selective aggregation of 

4R isoforms in intronic mutations with overexpression of 4R MAPT is poorly  

understood 190,234,370,392. Also, in AD, a shift in the ratio of 3R MAPT to 4R MAPT mrna 

has been found in individual neurons of the human cholinergic basal forebrain 393. 

Analogous to this, it is also unknown how the relative overexpression of 3R MAPT in the 

∆K280 mutation would lead to neuronal cell loss and accumulation of exclusively 3R  
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MAPT 246. the 3R MAPT isoforms have a significantly weaker ability to stabilize 

microtubules. Furthermore, 3R isoforms show a reduced rate and extent of 

microtubule growth when compared with 4R MAPT isoforms. therefore, an increase 

in 3R MAPT protein isoforms would lead to increased microtubule shortening and 

decreased microtubule stabilisation 246. This is likely to be explained by specific 

sequences within and outside the first 2-repeat regions and their inter-repeat 

in 3-repeat and 4- repeat isoforms, which are responsible for isoform-specific 

conformational changes and lead to isoform-specific interactions of MAPT with 

microtubules 291. Additionally, there is evidence for 2 distinct microtubule-bound 

MAPT populations in which MAPT might be reversibly and weakly bound to the 

surface of microtubules or might be stronger and irreversibly incorporated into 

microtubule network 261,394,395. The difference in rate of microtubule assembly and 

the isoform specific interactions may explain why a change in the ratio of MAPT 

isoforms will have deleterious changes in the regulation of microtubule dynamics in 

neurons leading to cell death 289.

The morphology of filaments with a crossover spacing of 95 nm in the ∆K280 

mutation shows a typical paired helical structure, as expected 295. They differ from 

those found in other exon 10 splicing mutations in which there is an accumulation 

of 4-repeat MAPT isoforms 10,176. This is not surprising because the conformational 

characteristics of filaments are highly determined by the seventh residue of the 

second and third repeat region 396. 

In conclusion, the immunohistochemical and biochemical features of the ∆K280 

mutation confirm the hypothesis of decreased splicing of exon 10 and relative 

increase in 3R MAPT protein isoforms. second, the present observations prove the 

aetiologic significance of an excess of 3R MAPT to the disease process. Although the 

pathophysiological significance of mutant 4R MAPT could not be ruled out, MAPT 

deposits do not contain mutant 4R MAPT at significant levels. However, because 

mutant 4R MAPT isoforms appear to be produced its contribution to the disease 

process remains unclear. 
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Abstract
Mutations in the progranulin (PGRN) gene have recently been identified in 

Frontotemporal lobar degeneration with ubiquitin inclusions linked to chromosome 

17q21. We report here the finding of two novel frameshift mutations and three possible 

pathogenic missense mutations in the PGRN gene. Furthermore, we determined the 

frequency of PGRN mutations in familial cases recruited from a large population-

based study of Frontotemporal lobar degeneration carried out in The Netherlands. 

Introduction 
The term Frontotemporal lobar degeneration (FTLD) refers to an heterogeneous 

group of neurodegenerative disorders clinically characterised by progressive 

behavioural changes and cognitive dysfunctions, including executive and language 

functions 11. Sometimes, language impairment presents as an initial symptom sub-

classifying this FTLD group into progressive non-fluent aphasia and semantic 

dementia. Additionally, the clinical picture can be complicated by motor symptoms 

such as motor neuron disease (MND) or Parkinsonism 397. 

Two main pathological FTLD subtypes are recognised based on the presence of 

MAPT-positive inclusions (Tauopathies) or MAPT-negative ubiquitin-positive 

neuronal inclusions (FTLD-U) 12. Characteristically the ubiquitin immunoreactive 

inclusions (ub-i) are observed in the dentate gyrus of the hippocampus and in the 

superficial layers of the frontal and temporal cortex 368. 

A positive family history is found in approximately 40% of FTLD cases, and linkage 

studies have shown that FTLD is genetically heterogeneous with loci and genes 

identified on chromosomes 3 (FTD3) 154, 9p 168, 9q 170 and 17q (FTDP-17 22 and FTDU-

17 157,159). Recently, mutations in the PGRN gene were found in several families with 

FTDU-17 157,159. PGRN encodes a biologically active precursor glycoprotein described 

previously as a multifunctional growth factor involved in development, inflammation 

and wound repair 398. 

In the present study, we report the finding of two novel frameshift mutations and 

three possible pathogenic missense mutations in the progranulin (PGRN) gene. In 

addition, we describe the genetic contribution of PGRN to FTLD in a series of familial 

cases recruited from a large cohort of FTLD patients. 
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Materials and methods
 
Patients 
Three hundred and thirty-eight patients with FTLD (182 females and 156 males) with 

mean age at onset of 57.4±9.3 years were identified in a genetic-epidemiological study 

in the Netherlands. The clinical diagnosis in all patients was established according to 

international consensus criteria 101. Clinical family history was positive in 166 patients 

(59%) and among them DNA was available in 137 cases. Eighty-seven of these 137 

patients came from independent families: 10 families presented MAPT mutations 156, 

two large families showed FTLD-U with definite linkage to chromosome 17q21-22, 

six smaller families had multiple (42) affecteds and 69 had two affecteds.

DNA study 
The 13 exons of PGRN including intron/exons boundaries were amplified from 

genomic DNA by PCR and directly sequenced in both strands. Novel sequence 

variants were analysed in a minimum of 380 chromosomes from healthy individuals 

of matched ethnicity. 

Immunohistochemistry 
Immunohistochemistry experiments were performed on eight available brains as 

described previously 13.

Results 
To determine the possible involvement of the newly found PGRN gene in our cohort, 

we systematically screened for mutations in 77 cases with positive family history of 

dementia consistent with autosomal dominant pattern of inheritance and with no 

MAPT and CHMP2B mutations. The mean age at onset in this group was 59.3±9.1 

years. 

We identified two novel frameshift mutations Ser82Valfs174X and Val411Sfr1X 

(Table 1), predicted to cause premature termination of the coding sequence likely 

leading to loss of functional PGRN protein similar to previous reports. One nonsense 

mutation (Gln125X) was also observed in a independently ascertained member of 

the 1083 FTLD-U family already described 157. Furthermore, we identified five novel 
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coding sequence variants (three missense and two silent mutations), two intronic 

sequence changes in intron 2 and 7 and the previously reported missense mutation 

Gly414Val 158. The frameshift mutations and the GGG93GGA, Thr182Met, Pro233His, 

CAC447CAT and Trp541Cys mutations were not found in controls; in contrast, the 

two intronic variants were also present in healthy individuals suggesting they are 

not pathogenic. Moreover, the GGG93GGA silent mutation was detected in co-

occurrence with the Pro233His. 

The Ser82Valfs174X mutation was found in a 69-year-old woman, member of the 

HFTD3 family previously linked to 17q21–22.4 (Figure 1a). A large variation in age 

at onset (between 45 and 75 years) was observed between affected individual from 

this family. 

Sequencing of 13 additional DNA samples from affected family members showed 

complete segregation of the mutation with the disease. The clinical symptoms in 

this family consisted of apathy, loss of initiative and interest, roaming behaviour 

and word finding difficulties. Two patients developed Parkinsonism early in the 

Location Genomica  predicted cdnab proteinc Rs number patients 
(N)

Controls (N)

exon 2 g.4407delC c.243delC Ser82ValfsX174 HFTD3 -

intron 2 g.4436G>A 1 4

intron 2 g.4445G>A rs9897526 19 35

Exon 3 g.4559G>A c.279G>A Gly93Gly 1 -

intron 3 g.4661G>C - 1

exon 4 g.5129C>T c.592C>T Gln125X 1 -

exon 5 g.5402C>T c.545C>T thr182met 1 -

exon 6 g.5667>A c.698C>A Pro233His 1 -

intron 7 g.6048G>A 22 18

exon 10 g.6944_
6945delGT

c.1231_1232delGT Val411SerfsX1 1 -

exon 10 g.6954G>T c.1241G>T Gly414Val 1 1

exon 10 g.7054C>T c.1341C>T his447his 1 -

exon 10 g.6966G>A c.1253G>A Arg418Gln - 2

exon 11 g.7428G>C  c.1623G>C Trp541Cys 1 -

Table 1. PGRN mutations identified in FTLD patients and healthy control individuals
a Numbering relative to NC_000017.9 Genbank Accession Number and starting at nucleotide 1. 
b Numbering relative to NM_002087.2 starting at the ATG. 
c Numbering relative to NP_002087.1.
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course of the disease, which moderately responded to Levodopa treatment. Signs of 

motor neuron disease were not observed. Extensive neuropsychological testing in six 

patients revealed impaired naming with normal comprehension of language. 

The Val411Serfr1X mutation was identified in a 66-year old woman, who presented 

with speech, and writing errors, and word finding difficulties. The patient showed 

social inappropriate behaviour and emotional bluntness. Magnetic resonance 

imaging showed asymmetric right-sided frontotemporal atrophy. The patient 

developed loss of initiative, and died from bronchopneumonia. Her mother and 

grandmother suffered from identical symptoms, whereas her uncle and a nephew 

were diagnosed as Pick�s disease. 

The Gln125X mutation was found in a 60-year-old woman, who came from the 

family 1083, described previously 157. She presented with memory problems and 

word findings difficulties. Neuropathological examination showed ub-i in dentate 

Figure 1. Pedigree and ubiquitin pathology (A). Pedigree of family HFTD3; only affected individuals 

are shown. This large family consists of 42 affected and 102 unaffected members. Arrow indicates a 

healthy carrier: a 72-year-old mother of two affected sisters who carried the mutation and did not have 

any cognitive complaints and behavioural changes as confirmed by reports of other family members 

and by neurological examination. (B–D) Ubiquitin staining; ubiquitin-positive neuronal cytoplasmic 

inclusions in granular cells of the dentate gyrus (B) and in the superficial layers of the frontal neocortex 

(C) with ubiquitin-positive dystrophic neurites (C) in Ser82Valfs174X brain. Lentiform ubiquitin-positive 

neuronal intranuclear inclusion in one FTLD case with no PGRN mutations (D). Scale bars: 100 µm.
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gyrus, neocortex and/or striatum (Figure 1B and C). Ubiquitin inclusions were also 

present in six additional brains from FTLD cases with no PGRN mutations with the 

distinct morphology and distribution pattern characteristic of FTLD-U type 2 399 

including several neuronal intranuclear inclusions in the frontal neocortex in one 

case (Figure 1D). 

Discussion 
The present study report the identification of three pathogenic (Val411Serfr1X and 

Ser82Valfs174X as novel) PGRN mutations that account for ~4% of the independent 

familial FTLD cases. 

Similar to previous PGRN studies the two novel mutations determine a frameshift, 

which results in the generation of premature termination codons. Eukaryotic cells 

are capable to detect and degrade transcripts harbouring premature signals for the 

termination of translation through the nonsense-mediated mRNA decay (NMD) 

pathway. Degradation of mutant mRNAs results in null alleles 158,159 with loss of 

functional PGRN. 

Several rare missense and silent mutations were detected in patients but not in 

controls. Segregation studies could not be performed in these cases, as DNA from 

affected family members was not available. 

Although it cannot be excluded that these changes are benign variants as they are 

located in granulin domains each composed of 7.5 tandem repeats of highly conserved 

motifs of 12 cystein residues suggested to be functional redundant 158, several 

studies have shown that separate repeats may have alternative binding capacities 

and therefore different functions 400, highlighting the possibility that these variants 

are pathogenic. the pro233 and the trp541, in particular, are highly conserved among 

species (Figure 2A) and in the granulin domains (Figure 2B). Furthermore, previous 

reports have suggested these amino acids are essential for the proper folding of the 

protein 401-403. The Trp residue is likely involved in the hydrophobic packaging of the 

beta-sheet and substitution with the Cys residue, which has the ability to form disulfide 

bridges, might affect PGRN three-dimensional (3D) structure. The Pro residue is 

part of an antiparallel beta-sheet, and might be important for stacking multiple 

repeats, necessary for the proper protein conformation. Therefore, his substitution 

with the His residue may also change PGRN 3D structure with consequences at 

functional level. The effect of the Thr182Met mutation is less clear since it is just 

outside the granulin motif. This amino acid is conserved between mammals and was 
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Fig 2A 

GRANULIN MOTIF II 
 1 HOMO SAPIENS                IQCPDSQFECPDFST CCVMVDGSWGCCPMP QASCCEDRVHCCPHG AFCDLVHTRCITPT- -GTHPLAKKLPAQRT NRAV----------- 200  

 2 PAN TROGLODYTES             --------------- --------------- -ASCCEDRVHCCPHG AFCDLVHTRCITPT- -GTHPLAKKLPAQRT NRAV----------- 46  

 3 MACACA MULATTA              VQCPDSHFECPDLST CCVMVDGSWGCCPMP QASCCEDRVHCCPHG AFCDLVHTRCITPT- -GTHPLAKKIPAQRS NRAV----------- 200  

 4 BOS TAURUS                  VQCPDKQFQCPNSST CCTMPDGSWGCCPMP QASCCEDKIHCCPHG TSCDLARGRCLSAT- -GTHPLAKKMPAHKT KSSA----------- 213  

 5 CANIS FAMILIARIS            IQCPDSQFLCPNSST CCTMLDGSWGCCPMP QASCCEDKVHCCPHG TSCDLAHARCLTAT- -GSHPLAKKIPAQRS NR------------- 199  

 6 RATTUS NORVEGICUS           VQCPGSQFECPDSAT CCIMIDGSWGCCPMP QASCCEDRVHCCPHG ASCDLVHTRCISPT- -GTHPLLKKFPAQRT NRAV----------- 199  

 7 MUS MUSCULUS                VQCPGSQFECPDSAT CCIMVDGSWGCCPMP QASCCEDRVHCCPHG ASCDLVHTRCVSPT- -GTHTLLKKFPAQKT NRAV----------- 212  

 8 DASYPUS NOVEMCINCTUS        IQCPDSQFECPDFST CCVMVDGSWGCCPMP QASCCEDRVHCCPHG AFCDLVHTRCITPT- -GTHPLAKKLPAQRT NRAV----------- 200  

 9 MONODELPHIS DOMESTICA       VKCPDSEFECPDEST CCMMQDGSWGCCPMP KASCCEDKVHCCPQG SVCDLAHSRCLTSG- -GTYPLAQKNPAKKI QQEKD---------- 201  

10 DANIO RERIO GRNA            DVACNDTAACPDGST CCKTKDGGWACCPLP EAVCCEDFIHCCPHG KKCDVAAGSCEDPS- -GSVSWVEKVPVRPI RKQK----------- 364  

11 DANIO RERIO GRNB            VICPDKISKCPEDTT CCLLETGSYGCCPMP KAVCCSDQKHCCPEG TTCDLIHSTCLSAN- -GVSEMAIKIPAVT- --------------- 256  

12 TAKIFUGU RUBRIPES           IICPDGKSRCQLGHT CCQLASGAYGCCPLQ QAVCCSDHERCCPAG TRCDLEHDACVSG-- -ATPVPMLRIAAVPG EGTRVFAAT--AAET 256  

13 TETRAODON NIGROVIRIDIS      VICPDGKSSCSEGAT CCQLTSGEYGCCPYP QAVCCSDHLHCCPTG TRCDLALSVCVAGP- -GGPSPASKIIAALG PEPKSSGQV--FAGV 215  

14 GASTEROSTEUS ACULEATUS GRNA VLCKDGVSECPDGTT CCENPDGKWACCPLP KAVCCEDKTHCCPEG TTCDVEHSKCISLFT KQELPMWAKSPARLR ADWENPKDRFPLSEQ 259  

15 GASTEROSTEUS ACULEATUS GRNB VSCPGGKSSCPDSYT CCLLASGDYGCCPYS QAMCCSDHLHCCPSN TICDLAHGVCKDGE- -AIFPLLKKIAAVPN DVTCPDETS--SCPD 264  

16 CIONA INTESTINALIS          VQCPDGRSACPDGNT CCKLASGAYGCCPQP KAVCCSDHVHCCPQG YSCNVGSGTCLKQDS LSVVPWMEKQEAVTL NVGMVQCPDGHSACP 331  

GRANULIN MOTIF III 
1 HOMO SAPIENS                 -------------AL S-SSVMCPDARSRCP DGSTCCELPSGKYGC CPMPNATCCSDHLHC CPQDTVCDLIQSKCL SKENATTDLLTKLPA 276 

2 PAN TROGLODYTES              -------------AL S-SSVMCPDARSQCP DGSTCCELPSGKYGC CPMPNATCCSDHLHC CPQDTVCDLVQSKCL SKENATTDLLTKLPA 122 

3 MACACA MULATTA               -------------AL S-SSVMCPDARSQCP DGSTCCELPSGKYGC CPMPNAMCCSDHLHC CPQDTVCDLIQSKCL SKENTTMDLLTKLPA 276 

4 BOS TAURUS                   -------------FF PLPVILCPDGQSQCP DGSTCCKLPTGKYGC CPMPNAICCSDHLHC CPQNTVCDLTQSKCL SKE-NATDLLTKLPA 289 

5 CANIS FAMILIARIS             --------------- --AGVICPDGRSQCP DGSTCCELPSGKYGC CPMPHAICCSDHLHC CPQDTVCDLVRSKCL SKE-NATDLLTKLPA 271 

6 RATTUS NORVEGICUS            -------------AF P-FSVVCPDAKTQCP DDSTCCELPTGKYGC CPMPNAICCSDHLHC CPQDTVCDLIQSKCI SKD-YTTDLMTKLPG 274 

7 MUS MUSCULUS                 -------------SL P-FSVVCPDAKTQCP DDSTCCELPTGKYGC CPMPNAICCSDHLHC CPQDTVCDLIQSKCL SKN-YTTDLLTKLPG 287 

8 DASYPUS NOVEMCINCTUS         -------------AL S-SSVMCPDARSRCP DGSTCCELPSGKYGC CPMPNATCCSDHLHC CPQDTVCDLIQSKCL SKENATTDLLTKLPA 276 

9 MONODELPHIS DOMESTICA        -------------VT VTTNRLCPDGRSQCS DGTTCCQLPSGSYGC CPLPNAICCPDHMHC CPQNTVCDLEKSECL SKNGSASGLFVKLPA 278 

10 DANIO RERIO GRNA            --------VAVTQVS SVSSDVPCNDTAACA DGTTCCKTKEGDWAC CPLPEAVCCEDFVHC CPKGKKCNIAAMKCE DPLCTEEPLVKQTPV 446 

11 DANIO RERIO GRNB            ------------VLK PKEEVVPCNETVACS SGTTCCKTPEGSWAC CPLPKAVCCEDHIHC CPEGTLCNVAASSCD DPTELSVSVPWMEKV 334 

12 TAKIFUGU RUBRIPES           ---------ATPVVP IKIDNNKCDESTTCP GDSTCCRTLEGGWAC CPLAQAVCCDDHVHC CPHDTICNLETQTCD GQSGGRPPLRWVEKV 353 

13 TETRAODON NIGROVIRIDIS      ----SPGVATTPVLP FLPDDTKCDDTASCP GDYTCCRTLKGGWAC CPLAQAVCCSDHTHC CPHNTICNLQERTCN SQSGGRPPLRWVEKV 318 

14 GASTEROSTEUS ACULEATUS GRNA VPRPGFRHEGNFAVV FAGVSVACDATEACA GNSTCCMTPEGGWSC CPLPEAVDCEDSVHC CPKGRKCNPATQACD SEGCSVPWLQKVPTI 439 

15 GASTEROSTEUS ACULEATUS GRNB AALTVVAVATPTEVQ KKVSVLPCNDSVACA EGSTCCGLVEGGWAC CPLPKAVCCEDHQHC CPHGTVCDLEASTCV DSSAG-TSTPWFDKS 402 

16 CIONA INTESTINALIS          LTVVPWMEKQDSVAF NVGMVQCPDGRSACP DGNTCCKLASGAYGC CPQPKAVCCSDHVHC CPQGYSCNVGSGTCL KQD-SLSVVPWMEKQ 469

GRANULIN MOTIF V-a 
 1 HOMO SAPIENS                LSLPD---------- --PQ----ALKRDVP CDNVSSCPSSDTCCQ LTSG-EWGCCPIP-- --------------- --------------- 392  

 2 PAN TROGLODYTES             LSLPD---------- --PQ----ALKRDVP CDNVSSCPSSDTCCQ LMSG-EWGCCPIP-- --------------- --------------- 238  

 3 MACACA MULATTA              LSLPD---------- --PQ----ALKRDVP CHIVS---------- --------------- --------------- --------------- 370  

 4 BOS TAURUS                  LSLLD---------- --LG----AVEGDVP CDNVTSCPSSTTCCR LKSG-EWACCPAP-- --------------- --------------- 405  

 5 CANIS FAMILIARIS            LQLLN---------- --PQ----ATENDVP CDNVTSCPSSNTCCR LMSG-EWGCCPAP-- --------------- --------------- 387  

 6 RATTUS NORVEGICUS           LSLPD---------- --PQ----ILKNDVP CDDFSSCPSNNTCCR LSSG-DWGCCPIP-- --------------- --------------- 390  

 7 MUS MUSCULUS                LRLPD---------- --PQ----ILKSDTP CDDFTRCPTNNTCCK LNSG-DWGCCPIP-- --------------- --------------- 403  

 8 DASYPUS NOVEMCINCTUS        LSLPD---------- --PQ----ALKRDVP CDNVSSCPSSDTCCQ LTSG-EWGCCPIP-- --------------- --------------- 392  

 9 MONODELPHIS DOMESTICA       LAAVG---------- ------------NVP CDNTTSCPSETTCCV LESG-AWGCCPAP-- --------------- --------------- 388  

10 DANIO RERIO GRNA            PIRKQKV-------- --AVTTASSASSDVP CNDTAACPDGSTCCK TKDG-GWACCPLP-- --------------- --------------- 578  

11 DANIO RERIO GRNB            ATR------------ ---AVAMPTLPARNM CDAQTSCPRDTTCCF MDQTRKWGCCPLP-- --------------- --------------- 525  

12 TAKIFUGU RUBRIPES           QEEPS---------- --GAASGPARPAGVM CDDRTSCPRDTSCCF MQETRRWGCCPVP-- --------------- --------------- 476  

13 TETRAODON NIGROVIRIDIS      VEP------------ ---SPALPAQLAEVV CDNQTSCPSHTTCCF VQKWQKFGCCPVPNV GPAVQRHRRRGQALT F-------------- 459  

14 GASTEROSTEUS ACULEATUS GRNA VTAGPFPQSRATITK GEEATKAPEEDEVVQ CDSRTSCPQSNTCCF MAESQKWGCCPLPKT LCHTHCSHCRIDRFC TNHISAVKQPAEISD 606  

15 GASTEROSTEUS ACULEATUS GRNB ATR------------ ---AVAMPTLPARNM CDAQTSCPRDTTCCF MDQTRKWGCCPLP-- --------------- --------------- 525  

16 CIONA INTESTINALIS          TFN------------ ---------VGMVQC PDGRSACPDGNTCCK LASG-AYGCCPQP-- --------------- --------------- 587  
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Figure 2. (A) Progranulin motif alignment between species. Human progranulin sequence is given 

in blue. Only progranulin motifs containing mutations are shown. Progranulin motifs are underlined. 

Conserved amino acids described by He and Bateman 398 are turquoise and nonconserved amino acids 

are shown in yellow. The possible Thr182Met, Pro233His and Trp541Cis mutations are shown in red. The 

Gly414Val polymorphism is given in green.

(B) Conservation of amino acids between progranulin motifs. The longest human progranulin isoform 

is shown. All human progranulin motifs are aligned. Conserved amino acids described by He and  

Bateman 398 are turquoise and non-conserved amino acids are shown in yellow. Consensus depicts the 

consensus motif adapted from He and Bateman 398. The possible Thr182Met, Pro233His and Trp541Cys 

mutations are shown in red. The Gly414Val polymorphism is given in green.

GRANULIN MOTIF V-b

1 HOMO SAPIENS --------------- --------------- --------------- ---EAVCCSDHQHCC PQGYTCVAEGQ-CQR –GSEIVA-GLEKMPA 431

2 PAN TROGLODYTES --------------- --------------- --------------- ---EAVCCSDHQHCC PQGYTCVAEGQ-CQR -GSEIVA-GLEKMPA 277

3 MACACA MULATTA --------------- --------------- --------------- --------------- --------------- --------------- 370

4 BOS TAURUS --------------- --------------- --------------- ---EAVCCSDHQHCC PKGYTCVARRH-CKR -GKQVVT-GLDKVPA 444

5 CANIS FAMILIARIS --------------- --------------- --------------- ---EAVCCSDHQHCC PHGYTCLDDGH-CQR -GSKVVS-GLEKMPA 426

6 RATTUS NORVEGICUS --------------- --------------- --------------- ---EAVCCLDHQHCC PQGFKCMDEGY-CQK -GDRMVA-GLEKMPV 429

7 MUS MUSCULUS --------------- --------------- --------------- ---EAVCCSDNQHCC PQGFTCLAQGY-CQK -GDTMVA-GLEKIPA 442

8 DASYPUS NOVEMCINCTUS --------------- --------------- --------------- ---EAVCCSDHQHCC PQGYTCVAEGQ-CQR -GSEIVA-GLEKMPA 431

9 MONODELPHIS DOMESTICA --------------- --------------- --------------- ---QAVCCPDHKHCC PHGFVCSPDG--CKS -GQKAVP-WLEKIAA 426

10 DANIO RERIO GRNA --------------- --------------- --------------- ---EAVCCEDFIHCC PHGKKCNVAAGSCDD --PSGSVPWVEKVPV 618

11 DANIO RERIO GRNB --------------- --------------- --------------- ---QAVCCADQEHCC PQGYTCDLAQSSCVR -SGLPSMAWFRKEPA 495

12 TAKIFUGU RUBRIPES --------------- --------------- --------------- ---NAVCCEDGDHCC PRGHRCDPHRRSCSK -GPLVTP-WFTKLSA 516

13 TETRAODON NIGROVIRIDIS --------------- --------------- --------------- ARPQAVCCEGGSHCC PMGHRCDPYRSSCSK -GPLVTP-WFTKLSA 502

14 GASTEROSTEUS ACULEATUS GRNA FGNRLPFTSRTCSNT KINALRCLHSPSFEE LRNGIADVKLALPPP PPPQAVCCSDGNHCC PTDYTCDVEKTTCTK G--EVVIPWYTKLPA 694

15 GASTEROSTEUS ACULEATUS GRNB --------------- --------------- --------------- ---KAVCCHDGDHCC PSGHTCEPHRSSCSK -GPLVLVPWFSKLSA 566

16 CIONA INTESTINALIS --------------- --------------- --------------- ---KAVCCSDHVHCC PQGYSCNVGSGTCLK QDSLSVVPWMEKQGE 629

GRANULIN MOTIF VII

1 HOMO SAPIENS ---------VKDVEC G--EGHFCHDNQTCC RDNRQGWACCPYRQG VCCADRRHCCPAGFR CAARGTKCLRREAPR WDAPLRDPALRQLL- 593

2 PAN TROGLODYTES ---------VKDVEC G--EGHFCHDNQTCC RDNRQGWACCPYRQG VCCADRRHCCPAGFR CAARGTKCLRREAPR WDAPLRDPALRQLL- 439

3 MACACA MULATTA -------------SW -----HFCHDNQTCC RDNRGGWACCPYRQG ICCADRRHCCPAGFR CAARGAKCLRREALR WDAPLRDPALRQLL- 441

4 BOS TAURUS ---------MGNVEC G--ARHFCHDNQTCC PDSQGGWACCPYRKG TCCGDKHHCCP---- --------------- --------------- 573

5 CANIS FAMILIARIS ---------VGNVKC G--EGHFCHDNQTCC RDSRGGWACCPYHQG VCCADQRHCCPTGFH CGAKGTKCLRRESLR WDMPLRDPAPRPLL- 588

6 RATTUS NORVEGICUS ----------GNVEC G--AGHFCHDNQSCC KDSQGGWACCPYVKG VCCRDGRHCCPIGFH CSAKGTKCLRKKTPR WDILLRDPAPRPLL- 589

7 MUS MUSCULUS ----------GNVEC G--EGHFCHDNQTCC KDSAGVWACCPYLKG VCCRDGRHCCPGGFH CSARGTKCLRKKIPR WDMFLRDPVPRPLL- 602

8 DASYPUS NOVEMCINCTUS ---------VKDVEC G--EGHFCHDNQTCC RDNRQGWACCPYRQG VCCADRRHCCPAGFR CAARGTKCLRREAPR WDAPLRDPALRQLL- 593

9 MONODELPHIS DOMESTICA ---------KGDIQC D--GKHFCHSHQTCC LARGGRWACCPLDKG VCCADGQHCCPNGFH CRAKGTKCLRRKNLR WDVLWELL------- 580

10 DANIO RERIO GRNA P-KL----DLGVVKC D--EQSSCSADSTCC LLSKDETGCCPFPEA VCCPDQKHCCPEGYR CDLRRRSCVKTTRLY VEITQLTHIRSNKPQ 786

11 DANIO RERIO GRNB -SDE----LLGHEDV KCDSSTSCPSGSTCC ILPTGQWGCCPLVKA VCCKDMKHCCPMGYK CDPKVQGCTKSSS-- --------------- 648

12 TAKIFUGU RUBRIPES RSRG----AQGVLSC GGTGEFHCPKEDTCC PTSATEWACCPSPRA VCCSDQKHCCPAGFS CDPSGG-CVQDLSSW DAWFDRS-------- 676

13 TETRAODON NIGROVIRIDIS GAGR----PEGLAPC GGTGEFHCPKEDTCC PTSATEWACCPSPGA VCCSDHKHCCPAGFS CDLKAGGCVRDPSPW DAWFHRPVRSRL--- 668

14 GASTEROSTEUS ACULEATUS GRNA AEPTSSPSEQGDVVC D--DQTSCPDGQTCC RTSATTWGCCPAPNA VCCSDMQHCCPEGHT CTETGG-CTGNNVPH WHKWQVFFSNKKRSL 865

15 GASTEROSTEUS ACULEATUS GRNB PVDH----EDVACDV G--GEFRCPGRATCC RVSASEWGCCPSPQA VCCPDSKHCCPAGYS CDPKAGGCSRPQLTW DGKSDFVPHGL---- 732

16 CIONA INTESTINALIS N--------VGMVQC P-DGRSACPDGNTCC KLASGAYGCCPQPKA VCCSDHVHCCPQGYS CNVGSGTCLKQDSLS VVPWMEKQILTKEKC 799

Fig 2B 

HUMAN PROGRANULIN 
  1                                                     MWTLVSWVALTAGLVAGTRCPDGQFCPVACCLDPGGASYSCCRPLLDKWPTTLSRHLG   58  

 59                           -GPCQVDAHCSAGHSCIFTVSGTSSCCPFPEAVACGDGHHCCPRGFHCSADGRSCFQRSGNNSVGA ----------------   123  

124                           IQCPDSQFECPDFSTCCVMVDGSWGCCPMPQASCCEDRVHCCPHGAFCDLVHTRCITPTGTHPLAKKLPAQRTNRAVALSSS-   205  

206                           VMCPDARSRCPDGSTCCELPSGKYGCCPMPNATCCSDHLHCCPQDTVCDLIQSKCLSKENATTDLLTKLPAHTVGD-------   281  

282                           -VKCDMEVSCPDGYTCCRLQSGAWGCCPFTQAVCCEDHIHCCPAGFTCDTQKGTCEQGPHQVPWMEKAPAHLSLPDPQALKRD   363  

464                           -VPCDNVSSCPSSDTCCQLTSGEWGCCPIPEAVCCSDHQHCCPQGYTCVAEGQCQRGSEIVAGLEKMPARRASLSHPRD----   441  

542                           -IGCDQHTSCPVGQTCCPSLGGSWACCQLPHAVCCEDRQHCCPAGYTCNVKARSCEKEVVSAQPATFLARSPHVGVKD-----   518  

619                           -VECGEGHFCHDNQTCCRDNRQGWACCPYRQGVCCADRRHCCPAGFRCAARGTKCLRREAPRWDAPLRDPALRQLL          593  

CONSENSUS                     --C-D----CPD--TCC----G-WGCCP-----CC-D--HCCP----CD--G--C---T------------------------ 

Fig 2B
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not detected in controls. 

consistent with other PGRN studies, the clinical presentation in patients carrying 

the pathogenic mutations is characterised by a large variation in age at onset and by 

occurrence of symptoms of non-fluent aphasia, whereas semantic deficits were more 

often seen in patients with missense and intronic MAPT mutations within the same 

cohort 14. the HFTD3 family, in particular, shows a large variation in age at onset. 

The high variability is further confirmed by the presence of a 72-year-old healthy 

carrier. Our and other findings show that a significant proportion of patients remain 

unaffected until old age suggesting therefore interplay of several genetic and/or 

environmental factors in the disease development. 

the percentage of PGRN mutations detected in our familial FTLD cohort (up to ~7% 

by including the two highly conserved missense mutations) is lower compared to the 

much higher frequency observed in other studies where PGRN mutations explain up 

to ~25% of familial FTLD 157,158. The lower frequency of PGRN mutations in our group 

might reflect differences in patients recruitment methods, as the MAPT mutations 

in the Belgian cohort account for only to 7% of all familial cases compared to 14% 

detected in this cohort 13,157,159. In addition, in the studies by Cruts et al. 157 and Baker 

et al. 159 a strong founder effect among probands carrying the IVS0+5G>C and 

Arg493X was observed, whereas we restricted our estimation of mutation frequency 

to independent patients only. 

In addition, geographical differences in frequencies may also play a role, as seen in 

MAPT studies, and they cannot be ruled out until more reports will allow a better 

estimate of PGRN mutation frequency in familial FTLD. In summary, mutations in 

PGRN explain only part of FTLD in our cohort and they are absent in ~80% of cases 

including familial FTLD+MND as well as FTLD-U without MND strongly suggesting 

that we are only beginning to unravel the molecular pathways leading to FTLD and 

that additional genes contribute to the disease pathogenesis.
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Abstract
As a result of intensive research, our understanding of the complex aetiologies 

of neurodegenerative diseases such as Alzheimer�s disease (AD), Pick�s disease 

(PiD), Progressive Supranuclear Palsy (PSP) and Frontotemporal dementia (FTD) 

is improving. Many questions, however, remain and finding the answers is often 

hampered by the considerable clinical and molecular overlap between these diseases 

and with normal ageing. The development of high throughput genomic technologies 

such as microarrays have provided us with new molecular tools to gain insight in 

the complexity and relationships between diseases, as they provide data on the 

simultaneous activity of multiple genes, gene networks and cellular pathways. 

We have constructed genome wide expression profiles from snap frozen post-mortem 

tissue from the medial temporal lobe of patients with four different Tauopathies (5 

AD, 5 PSP, 5 Pick�s disease (PiD), 5 Frontotemporal dementia (FTD) patients) and 

5 control subjects. All patients were matched for age, gender, ApoE-ε and MAPT 

(tau) haplotype. From all groups a total of 790 probes were shown to be differently 

expressed when compared to control individuals. The results from these experiments 

were then used to investigate the correlations between the clinical, pathological 

and molecular findings. From the 790 identified probes we extracted a gene set of 

166 probes whose expression could discriminate between several Tauopathies and 

normal ageing. This gene set can be further developed into an accurate microarray-

based classification test. Furthermore, from this dataset we extracted a disease 

specific set of genes and identified the IFG-1 signalling pathway as PSP specific, 

with two aging related transcription forkhead box factors (FOXO1A and FOXO3A) 

as important disease targets in progressive supranuclear palsy, and possibly other 

neurodegenerative disorders.

Introduction
Neurodegenerative diseases are characterised by a progressive loss (of function) of 

neurons, of which on careful examination of brain pathology is generally distinctive 

between the different diseases. On clinical level however, large differences exist 

which can vary during the course of the disease. Although classification of patients 

is possible into broadly defined clinical and pathological groups, the borders of such 

classification are often hampered by individual variation between patients, even 

within families with Mendelian forms of disease (e.g. as is the case in Frontotemporal 

dementia [FTD], where some controversy exists how to classify distinct groups of 
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patients 12,14,404). Furthermore, towards the endpoint of disease clinical characteristics 

of the different disorders converge, making it even more difficult to classify patients 

with less typical disease phenotypes 12.

Characteristic for many neurodegenerative diseases is the occurrence of amyloidosis 

(characteristic aggregation of specific proteins) in brain. Neurodegenerative 

disorders may be distinguished upon presence and absence of disease specific protein 

aggregates (e.g. α-synuclein in Parkinson�s disease, and amyloid precursor protein 

in Alzheimer�s disease). Furthermore, a large group of patients show aggregates 

of the microtubule associated protein tau (MAPT or tau) and are therefore called 

Tauopathies (e.g. Alzheimer�s disease, FTD, Pick�s disease progressive supranuclear 

palsy) 9,10. Although these Tauopathy patients are usually well distinguishable upon 

pathology, patients with less typical or mixed pathology are difficult to classify, 

proving the need to understand the underlying processes behind these pathological 

changes. 

The identification of genetic defects for Mendelian forms of neurodegenerative 

disorders has given important new clues about molecular pathways involved in 

their aetiology, and has contributed to a better classification systems for a range 

of these neurodegenerative disorders 404. Although these genes usually explain only 

a minority of cases their identification has opened up new research directions and 

this has given us important new clues about involved molecular pathways. As the 

genetic forms do not always result in uniform clinical and pathological findings, it 

can be hypothesised that genetic and/or environmental modifying factors contribute 

to the disease process. The same genes (i.e. MAPT, α-synuclein) also seem to 

play a role in the more common (non-Mendelian) forms of the disease, as they 

have similar neuronal accumulation of proteins and it is likely that the aetiology 

of neurodegenerative disorders must be explained by a combination of genetic 

background and environmental factors and that the effect of these factors should be 

reflected in gene expression patterns both on the RNA and protein level. 

Identification of the complete network of genetic and environmental factors 

involved in a disease is a daunting task. In the past, genetic association studies of 

candidate genes tried to identify risk factors one at a time. The full elucidation of 

the genetic influences of neurodegenerative diseases, however, requires a thorough 

understanding of the relationship between the variation present in our genome 

and the corresponding phenotypes. The ability to collect this genomic information, 

including sequence and genotype information, gene/protein expression levels and 

cell biological parameters, rapidly and inexpensively, has long been a bottleneck to 
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realizing this goal. However, in the past 15 years genomic approaches have entered 

the functional evaluation phase and newly developed high-throughput methods 

now provide enormous amounts of raw data for that purpose (see e.g. 405,406). The 

ability to perform these highly parallel genomic assays depends on two fundamental 

characteristics of the assays: a highly parallel array based read-out and an intrinsically 

scalable multiplexing sample preparation. Gene expression profiling was the first 

type of genomic assay to be parallelized and over the years using high-density 

DNA arrays for read out from a single-tube sample preparation has matured into a 

“standard” molecular biology tool for many research institutions. Gene expression 

profiling has been used for neurodegenerative disorders but mainly with the aim to 

identify molecular pathways affected by the disease process. An important criticism 

on these studies has been that human post-mortem brain represents an end stage 

of disease where a total collapse of the system might lead to many changes not 

relevant for the disease process. An alternative approach would therefore be to use 

animal models such as transgenic mice with human mutations. However, this only 

partly overcomes the problem, there is indeed an advantage that one can study the 

expression patterns longitudinally, however, most animal models mimic only part of 

the human phenotype.

Studying human brain material, although indeed not ideal, can still provide 

important information and by using a different study design than commonly used 

(i.e. comparing patient with a specific disease with a control group) the value of 

human material can be improved. We have therefore systematically compared four 

groups of patients of different disorders, with significant overlap in clinical and 

pathological characteristics with controls and searched for discriminating gene 

expression patterns as well as common denominators for more than a single disease. 

Furthermore, we compared our original group with a group of independent samples 

to confirm our obtained results were robust and reliable. This study is a first attempt 

to distinguish different neurodegenerative disorders with MAPT pathology (and 

related disease processes) based upon genome wide gene expression patterns. 

Material and Methods

Brain region selection
Snap frozen brain material from 4 pathologically defined disease groups (i.e. PSP, 

Pick�s disease (Constantinidis type A), FTD (Constantinidis type C1)97, Alzheimer�s 
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disease [Braak stage 6] 46) and controls were obtained from the Netherlands brain 

bank. To obtain sufficient statistical power all groups consisted of 5 samples per 

group. Because there are considerable regional differences in pathology between 

disease groups we selected the medial temporal lobe to determine gene expression 

patterns, as this is an affected region for all patients. All brain samples were matched 

by age (all groups p>0.05, t-test), post mortem delay (all groups p>0.05, t-test), 

gender (in total 13 males and 12 females and every group consisted of 2 or 3 males), 

MAPT haplotype (p>0.05, Fischer exact test) and ApoE-ε haplotype (p>0.05, Fischer 

exact test). Although all patients were selected to be non-familiar, GRN mutation 

frequency is in non-familial FTD samples had not been determined, therefore all 

patients were screened for absence of Progranulin (GRN) mutations.

In our confirmation experiment two additional PSP patients, two Alzheimer�s disease 

patients (Braak stage 6) 46, one FTD patient (Constantinidis type C1) and one Pick�s 

disease patient (Constantinidis type A) 97, were included and matched according to 

the same inclusion criteria.

RNA isolation, quality assessment and labelling
Post-mortem delay might influence RNA quality 407-413. therefore to obtain rna of 

adequate quality we selected patient samples with a relatively short post-mortem 

delay (on average 5:15 with the largest being 8:55). RNA was isolated from 100 - 200 

mg snap frozen brain material that had been stored at -80 °C. RNA was isolated 

in groups of four samples, to prevent degradation during the isolation procedure, 

using 2-4 ml RNA-Bee (Iso-Tex diagnostics Inc, Friendswood, Texas, USA) and 

purified using the RNeasy RNA cleanup kit (QIAGEN Benelux B.V., Venlo, The 

Netherlands) according to manufacturer�s protocol. It was then quantified using a 

spectrophotometer and quality was assessed using an Agilent 6000 Nano bioanalyser 

chip (Agilent Technologies Netherlands B.V., Amstelveen, The Netherlands). RNA 

samples were only included when the ratio between 28s and 18s rRNA was higher 

than 0.5 and contributed to more than 15% of total mRNA. An average sample was 

labelled and run on an Affymetrix GeneChip Test3 Array (Affymetrix, Inc., Santa 

Clara, California, USA) to determine RNA quality and labelling (see supplementary 

table 1; Appendix A). 

Ten µg of total RNA was transcribed into cDNA and subsequently into biotin 

labelled complement RNA (cRNA) using the Affymetrix one cycle target labelling kit 

(Affymetrix, Inc., Santa Clara, California, USA). All samples were hybridised by the 
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Leiden Genome Technology Center (LGTC, Leiden, The Netherlands) on Affymetrix 

GeneChip Human Genome U133 Plus 2.0 microarrays according to protocol. Quality 

control showed that the amount of detected probes was on average between 40 and 

50 percent (see supplementary table 3A; Appendix A); furthermore detectable noise 

levels were low (see supplementary table 3B; Appendix A) and thus RNA degradation 

was low. Therefore all our samples were of sufficient quality to proceed. 

Microarray analysis, clustering and pathway analysis
All microarray data was normalised by the Leiden genome technology center (LGTC) 

using GeneChip Operating Software (GCOS) 3.0 (Affymetrix, Inc., Santa Clara, 

California, USA). Only marginal (0.06<p<0.04) and present (p<0.04) probe sets 

were used for subsequent analyses. To correct for experimental differences, all probes 

from the confirmation experiment were normalised using the ratio of average gene 

expression per probe of the original experiment and confirmation experiment. Data 

analysis was done using the statistical package Significance Analysis of Microarrays 

(SAM) 414 in R (http://www.r-project.org) since previous results had shown this test 

to give valid results 415,416. Permutation analysis on a test set showed a minimum 

of 300 permutations needed to be performed for consistent results. Z-values were 

chosen to obtain gene sets per group containing less than 1 median false positive. 

Next, expression of independent genes (Exp
n
) was transformed to fit between 1 and 0 

using the minimal (Exp
min

) and maximal expression (Exp
max

) according to following 

formula: (Exp
n
-Exp

min
/(Exp

max
-Exp

min
)), and hierarchical cluster analysis was done 

using Cluster3 417. 

To list affected biological processes and (canonical) pathways we determined, using 

SAM 414, a gene set containing ~1300 genes and investigated affected biological 

processes. Set-size of 1300 genes was defined by including approximately the top 

5% (p=0.05) of the total amount of detected probes. Significance of the analysed 

pathways was calculated in Ingenuity (http://www.ingenuity.com/) using the 

“Functional Analysis” option, using the right-tailed Fisher�s Exact Test, by comparing 

the number of user-specified genes that participate in a pathway, relative to the total 

number these genes in all pathway annotations stored in the Ingenuity Pathways 

Knowledge Base. Validation of the results and analysis of interesting genes was also 

done in “Functional Analysis” using above mentioned gene sets containing less than 

1 median false positive per group.

http://www.r-project.org
http://www.ingenuity.com/
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Quantitative PCR and Primers
To confirm microarray results, cDNA was made according to standard protocols 

at 50˚C using superscript III, (Invitrogen, Breda, The Netherlands). To confirm 

microarray data, the following primers for quantitative PCR were designed using 

Primer Express 2.0.0 software (applied Biosystems, Foster City, California, USA). 

(For details about the primer sequences see supplementary table 2; Appendix A). 

PCRs were performed on an applied Biosystems 7900HT Fast Real-Time PCR 

System (applied Biosystems, USA) using standard settings.

MAPT haplotyping
DNA was isolated from brain using the Gentra PUREGENE DNA purification kit 

(QIAGEN Benelux B.V., Venlo, The Netherlands) according to protocol with the 

exception that all buffer amounts per mg of brain tissue were doubled due to the 

high protein and fat content of brain material. MAPT haplotyping was performed as 

described 90.

Results

Clustering
We performed a hierarchical cluster analysis purely based on upon similarities in 

gene expression without using clinical, pathological or genetic characteristics. No 

clustering was observed for age of death, gender, ApoE-ε and MAPT haplotype or 

post mortem delays. 

Considerable overlap in expression patterns for samples with distinct clinical 

and pathological findings was detected even though most Frontotemporal lobar 

degeneration 11 samples (i.e. FTD and Pick�s disease samples) clustered separately 

from the other samples (results not shown). A straightforward distinction based on 

existing clinical and pathological criteria is therefore not immediately obvious from 

these gene expression data. A possible explanation for this ambiguous clustering 

may be variation in environmental influences (e.g. life style or the conditions 

under which the patients had died) and genomic-background effects for individual 

patients. Therefore we aimed to neutralize these effects by using the data from 

the control group as reference level. Using significance analysis of microarrays  

(SAM) 414 we then compared each clinically and pathologically defined patient group 
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to the control group and identified those genes that were expressed significantly 

different from standard levels (see supplementary table 4; Appendix A). Microarray 

results for significantly changed genes were confirmed by quantitative reverse 

transcriptase PCR (qRT-PCR) (figure 1B). Interestingly the expression levels of 
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Figure 1. (A) Clustering of all 25 samples using the background filtered dataset of 790 probes. (B) Results 

of 3 genes (FOXC1, SASH1 and MOXD1) that showed to be significantly differently regulated in Alzheimer�s 

disease. Experiments were done in duplo (a and b) using cDNA from two separate isolations of the same 

brain material (Exp 1 and 2). Statistical testing was done using a Univariate Analysis of Variance with 

p<0.001 in all samples. Similar results were observed in the other tested illnesses. (C) Graphical overview 

of probes and their correlation between pathology defined groups. Amount of up- and down-regulated 

probes is shown with up- or downwards facing arrowheads. Pathology defined groups are represented 

as coloured ellipses; Alzheimer�s disease (AD): blue, Pick�s disease (PiD): red, Frontotemporal dementia 

(FTD), yellow and Progressive Supranuclear Palsy (PSP): green.
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several general neurodegeneration related genes (i.e. MAPT, GRN, APP or PSEN1 

and PSEN2) were different from background levels in any clinical and pathological 

related group, although failed to reach significance due to large individual variability 

(results not shown).

This analysis defined a new data set consisting of 790 significantly altered probes 

(~730 genes; see table 1) between patients and controls. Re-clustering using this 

reduced gene set resulted in separation of samples into clinically and pathology-

related groups (see figure 1A). All controls and 4 of the 5 PSP patients formed separate 

clusters. The FTD and Pick�s disease samples clustered as a single large group and 

four of five Alzheimer samples also clustered together. However, an Alzheimer 

sample (AD5) grouped with the PSP group (see figure 1A). Interestingly, we observed 

(supplementary table 4; Appendix A) that the Alzheimer�s disease samples and control 

samples were highly similar (only 11 differently expressed genes) in gene expression. 

Although this seems unexpected, it might be explained by an observation made by 

drs. K. Bossers and J. Verhage (pers. comm.) that most of the disease specific gene 

expression changes take place in earlier Braak stages, whereas in latter Braak stages 

expression levels return to background. 

We further observed (figure 1C) that the majority of genes in the reduced data set 

of 790 probes were significantly different expressed from the control group were 

specific for the patient groups. Since we assumed some of the overlap was caused 

by the expression of genes that were still part of common processes, we increased 

stringency of the dataset by including only those genes that were significantly 

altered in at least two patient groups. This reduced the gene set to only 166 probes  

(table 2). Interestingly we observed no common gene significantly altered in all 

patient groups.

Using this more stringent gene set clustering further improved the separation of 

samples in clinically and pathologically defined groups, especially for the Alzheimer�s 

disease, PSP and control samples (see figure 2A). However, FTD and Pick�s disease 

samples still clustered as a single large group. Although the considerable overlap in 

gene expression might be explained by the overlap in disease symptoms and affected 

brain regions, we noted that these samples only showed overlap for a small subset 

of genes significantly different from control group levels, whereas for the majority of 

genes in the dataset expression seemed unrelated (see figure 1C). Since clustering of 

the two sample groups into a single cluster was very robust, this suggested a strong 

correlation in gene expression between the two sample groups. Therefore we made 

correlation plots between the 166 probes and the 790 probes of the larger dataset, 
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and calculated correlation coefficients. The correlation coefficient between both 

illnesses was approximately 1 (data not shown) confirming that Pick�s disease and 

FTD are closely related disorders based on clinical and pathological findings and 

furthermore reflected in mRNA gene expression patterns.

Although the majority of samples clustered within their clinically and pathologically 

related sample group, two samples (AD5 and PSP1) did not (see figure 2A). Since, 

gender, age at death, ApoE-ε and MAPT haplotype could not explain why gene 

expression in these samples was distinct from related samples, we evaluated the 

medical history of these samples in more detail. 

Sample PSP1 showed a somewhat longer post mortem delay than the average of our 

samples (8.55 hours; average for samples 5:15 hours); however RNA quality, noise 

levels and the number of detected probes on the microarrays did not differ form other 

samples (see table 2A and 2B). Although this sample was pathologically classified as 

PSP, the patient originally was clinically diagnosed with corticobasal degeneration, 

which shows considerable phenotypic overlap with PSP 418. Furthermore, this patient 

had died following euthanasia (Nesdonal 10 mg i.v., Pavulon 1000 mg i.v.), which 

indicates a substantial period of unbearable suffering for the patient prior to this 

medication and this might have had an influence on RNA expression patterns. We 

therefore excluded this sample from further analysis.

Sample AD5 was from an Alzheimer�s disease patient who was reported to suffer 

from epileptic seizures and motoric disturbances. These additional clinical findings 

might explain why this case did not group with the other Alzheimer�s disease cases. 

Because of these atypical findings this patient was excluded from further analysis.

In conclusion, using a stringent gene set consisting of 166 probes it was possible 

to discriminate controls, Alzheimer�s disease and PSP cases from each other and 

clearly discriminates these groups from the group of FTD/Pick�s disease samples, 

i.e. a FTLD 11 group. 

We then tested whether this dataset would also be valid in an independent group 

of patients. We acquired brain material from 6 additional cases: two Alzheimer�s 

disease (Braak stage 6), two PSP and two Pick/FTD samples (i.e. one sample with 

classical Pick�s disease [Constantinidis type A], and one with FTD [Constantinidis 

type C1]). All samples matched the ones from the earlier experiment. RNA was 

isolated, labelled and run on new Affymetrix GeneChip Human Genome U133 Plus 

2.0 microarrays by the LGTC according to protocol. 

Considering the results of our first experiment we first performed cluster analysis 

using the set of 790 significantly different expressed probes. To correct for inter-
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experimental error, all 790 probes were standardised using the average expression 

ratio of the 790 genes from the original dataset and the new dataset. Since the second 

set of samples did not include controls, standardisation was only done using patient 

samples from the first dataset. This correction is necessary since the ratio of gene 

expression per probe from the first 20 experiments and the latter 6 experiments was 

on average 1.5 times higher (data not shown). 

Including the new PSP and FTD/Pick�s disease samples in the cluster analysis with 

the 166 probes containing dataset, confirmed that this probe-set could discriminate 

PSP, FTD/Pick�s disease from controls based on gene expression (see figure 2B). 

However when new Alzheimer�s disease samples were also included, they did not 

cluster together with matching samples from the previous experiment, see figure 2C. 

As mentioned above, this was hardly surprising since we observed very few differences 

between the Alzheimer�s disease and control samples in our first experiment. 

In conclusion, the current identified set of 166 genes is suitable to distinguish PSP 

samples from controls and FTD/Pick�s disease samples upon expression, furthermore, 

our results show that FTD/Pick�s disease samples behave as one group that can be 

distinguished from PSP samples and non demented controls.

Pathway analysis 
Since we could use gene expression data to distinguish patient samples from non-

demented controls and each other into pathology related groups we reasoned our 

1

170
probes

 
F
T
D
1
 

 
P
I
D
4
 

 
F
T
D
5
 

 
F
T
D
3
 

 
P
I
D
3
 

 
F
T
D
2
 

 
F
T
D
4
 

 
P
I
D
5
 

 
P
I
D
1
 

 
P
I
D
2
 

 
P
S
P
2
 

 
P
S
P
4
 

 
P
S
P
3
 

 
P
S
P
5
 

 
A
D
5
 

 
P
S
P
1
 

 
A
D
1
 

 
A
D
2
 

 
A
D
3
 

 
A
D
4
 

 
C
O
N
T
1
 

 
C
O
N
T
2
 

 
C
O
N
T
4
 

 
C
O
N
T
3
 

 
C
O
N
T
5
 

 0
.0

0 
 0

.1
4 

 0
.2

9 
 0

.4
3 

 0
.5

7 
 0

.7
1 

 0
.8

6 
 1

.0
0 

A B C

 
F
T
D
1
 

 
P
I
D
4
 

 
F
T
D
5
 

 
F
T
D
3
 

 
P
I
D
3
 

 
F
T
D
2
 

 
F
T
D
4
 

 
9
7
-
0
5
1
-
F
T
D
 

 
P
I
D
5
 

 
P
I
D
1
 

 
P
I
D
2
 

 
9
8
-
1
6
3
-
P
i
D
 

 
P
S
P
4
 

 
9
5
-
0
9
9
-
P
S
P
 

 
P
S
P
2
 

 
P
S
P
3
 

 
P
S
P
5
 

 
0
0
-
0
9
6
-
P
S
P
 

 
C
O
N
T
R
1
 

 
C
O
N
T
R
2
 

 
C
O
N
T
R
4
 

 
C
O
N
T
R
3
 

 
C
O
N
T
R
5
 

 
F
T
D
1
 

 
F
T
D
5
 

 
F
T
D
3
 

 
P
I
D
3
 

 
F
T
D
2
 

 
F
T
D
4
 

 
P
I
D
5
 

 
P
I
D
1
 

 
P
I
D
2
 

 
P
I
D
4
 

 
8
9
-
0
7
3
-
A
D
 

 
P
S
P
2
 

 
P
S
P
4
 

 
P
S
P
3
 

 
P
S
P
5
 

 
9
8
-
1
6
3
-
P
I
D
 

 
9
7
-
0
5
1
-
F
T
D
 

 
9
5
-
0
9
9
-
P
S
P
 

 
A
D
1
 

 
A
D
2
 

 
A
D
3
 

 
A
D
4
 

 
C
O
N
T
1
 

 
C
O
N
T
2
 

 
C
O
N
T
4
 

 
C
O
N
T
3
 

 
C
O
N
T
5
 

 
9
5
-
0
6
9
-
A
D
 

 
0
0
-
0
9
6
-
P
S
P
 

Figure 2. (A) Clustering of all 25 samples using the refined background filtered dataset of 166 probes. 

(B) Clustering of previous 23 samples and new PSP, FTD and Pick�s disease samples. (C) Clustering of 

previous 23 samples and new PSP, FTD and Pick�s - and Alzheimer�s disease samples. Sample names are 

as reported in figure 1.
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data would also be suitable for identifying disease-related molecular pathways.

Using a tool, which uses the gene ontology database (PANTHER classification 

systems) we could classify the majority of the significantly expressed genes to belong 

to different molecular pathways such as the Wnt signalling pathway or Cadherin 

signalling pathway, or biological processes like signal transduction, or molecular 

function like nucleic acid binding (Supplementary Figure 1A-L; Appendix A). 

Although this is a generally accepted approach to interpret microarray data, in our 

opinion these observations seemed too general. Another issue common to these 

databases is that part of the gene ontology data is based upon homology between 

genes and therefore has a hypothetical character. Therefore, conclusive answers to 

which of the genes or pathways is truly important is difficult to answer and prone to 

(interpretation) errors. 

Instead we chose to make use of the Ingenuity database that contains literature based 

manually curated gene ontology data, which decreases the hypothetical character of 

detected interactions and the validity of the interactions can be re-assessed from 

literature. In addition, the ingenuity pathway analysis software grants the possibility 

to determine likelihood of observed changes using statistical analysis (see materials 

and methods for details). To increase reliability of the identified interactions even 

more we also limited ourselves to known canonical pathways. 

Since above mentioned results showed especially the PSP samples could be robustly 

distinguished from the other diseases, we focused our analysis on PSP and analysed 

how alternatively expressed genes in this disease group influence canonical pathways. 

To determine disease related pathways we needed to exclude disease unrelated (i.e. 

house keeping) processes, without increasing stringency beyond levels that are 

needed to find relevant disease affected pathways and genes. We therefore created 

a conservative dataset that included the top 5% (p=0.05 without correction) of all 

detected genes (~1300 genes) and used statistics (see materials and methods) to 

determine the likelihood for a pathway to be affected. Using the criteria described in 

the materials and methods, five pathways were detected to be affected, among which 

the insulin receptor signalling (p=0.047). A further two showed a trend toward 

significance (i.e. IFG-1 [p=0.051] and PTEN [p=0.055]; see A).

Next, to confirm these results and to determine relevant target genes in these 

pathways, we repeated the analysis with a stringency of 1 median false positive per 

dataset (implicating essentially all detected genes to be disease related). Detecting 

the same pathways using this more stringent and smaller dataset would increase 

confidence that pathways were disease related. With this dataset we obtained again 
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five affected pathways. Only three of earlier mentioned pathways were detected to 

be significantly affected (i.e. insulin receptor signalling [p=0.025]; IFG-1 [p=0.006] 

and “phosphatase and tensin homolog” (PTEN) [p=0.039] signalling pathways; see 

figure 3B), suggesting that the other detected pathways were false positives because of 

inclusion of house keeping processes in the conservative dataset and over-detection 

of small and less defined pathways in the latter dataset. 

All three pathways show considerable overlap in gene content. Interestingly, the 

insulin/IFG-1 signalling (IIS) pathway is a key regulator of the ageing process 419,420 

and we observed that the transcription factors, forkhead box factors O1A and  O3A 

(FOXO1A and FOXO3A, respectively) previously implicated as key regulators of the 

ageing process 420-424 were up-regulated in our PSP data set.

To determine, whether the upregulation of FOXO1A and FOXO3A was specific for 

PSP, we determined whether these genes were also differentially expressed in the 

other disease groups. In FTD samples both FOXO1A and FOXO3A were significantly 

upregulated too, whereas in Pick�s disease samples only FOXO3A was part of the 

significantly upregulated genes. In Alzheimer�s disease samples no FOXO factor 

upregulation was observed, however as mentioned the Alzheimer�s disease samples 

and controls vary only on 11 genes, which may be related to the Braak stage.
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Figure 3. (A) Significantly changed canonical pathways in PSP brain in the uncorrected dataset. 

Threshold for significance is shown in the dotted line. * signifies the significantly deregulated (p=0.047) 

Insulin Receptor Signalling pathway and ^ signifies the almost significantly deregulated (p=0.051 and 

p=0.055) IFG-1 and PTEN Signalling pathways respectively. (B) Significantly changed canonical pathways 

in PSP brain in the corrected dataset. Threshold for significance is shown in the dotted line. ** signifies 

the two times significantly deregulated (p=0.025) Insulin Receptor Signalling pathway and * signifies the 

significantly deregulated (p=0.006 and p=0.039) IFG-1 and PTEN Signalling pathways, respectively.
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Discussion
Our results demonstrate that it possible to separate PSP, Alzheimer�s disease and 

FTD/PiD from each other based on their gene expression patterns. in addition we 

identified gene a set of 166 genes that can become a useful tool to aid in classification 

of patients. Although we identified genes that were differently expressed in more 

than one patient group we did not find differentially expressed genes common to all 

patient groups, demonstrating that although there is considerable overlap between 

these disorders different molecular pathways are affected. However, our analysis 

might have been overly stringent. We used this high stringency to minimize false 

positive findings. We did not reanalyse the data using lower stringency but instead 

aim to extend our experiment to additional brain regions. 

Analysing human post-mortem brain material might be complicated by expression 

changes because of events just prior to death. To minimize such artefacts, gene 

expression patterns were standardised against control brains. The overlap 

between Alzheimer�s disease and normal ageing might depend on the severity of 

neurodegeneration in this region and should be confirmed by including Alzheimer�s 

disease samples with different Braak stages.

In addition, based on our analysis frontal forms of dementia (i.e. FTD and PiD) 

show not only considerable overlap in clinical symptoms and pathology but also in 

gene expression (see figure 2A and B) confirming the validity to group them under 

the general term Frontotemporal lobar degeneration (FTLD) 11. However to rule 

out that processes correlated with severity of neurodegeneration are the reason of 

the similarity in gene expression observed in FTD and Pick�s disease, our results 

should be validated in other, less affected regions. Similarly, including differently 

affected regions may provide more details why some regions are more sensitive to 

neurodegeneration and which processes are behind this.

The observation that the insulin/IFG-1 signalling pathway is PSP specific makes this 

pathway an interesting target for further PSP related research. Furthermore the role 

its targets (FOXO1A and FOXO3A) seem to play in the disease process of described 

neurodegenerative disorders may be of interest for neurodegenerative research.

The function of FOXO transcription factors is diverse and depends on activity of other 

transcription factors and cell type. FOXO transcription factors influence a diverse 

group of cellular mechanisms, including glucose metabolism 425, cell cycle 426-430, cell 

differentiation 431,432, regulation of apoptosis 433-436 or decrease of reactive oxygen 

species (ROS) 427,429,430. Therefore depending on signal and cell type they balance 

stress resistance, growth and cell death. For these reasons FOXO transcription 
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factors can be best defined as regulators of cell fate 437. 

Their mode of action however largely depends on interactions with upstream 

pathways, since these regulate FOXO phosphorylation, acetylation or  

ubiquitinilation 438, which influences FOXO stability and interaction with downstream 

promoters. Therefore characterisation of the upstream pathway influences cell 

outcome. In our microarray experiments an up regulation of IGF-1 receptor and 

RAF1 was observed. Synergy between PI3K/Akt and RAF/MEK/ERK pathways has 

been described to prevents apoptosis and is therefore protective 439. 

Furthermore, FOXO proteins have been reported to decrease ROS by increasing the 

radical scavenging proteins Mn superoxide dismutase (MnSOD) and catalase 427,429,430. 

In several neurodegenerative disorders oxidative stress has been suggested to be 

correlated with disease aetiology, and therefore may provide a possible explanation. 

Recently however in C. elegans a link between aggregation-mediated toxicity and 

decreased insulin/IFG-1-like signalling was shown. Downstream transcription 

factors (heat shock factor-1 and Daf-16) regulated (dis-)aggregation activities to 

promote cellular survival in response to constitutive toxic protein aggregation 440. 

Therefore, this pathway might provide a mechanistic link to aggregation-mediated 

proteotoxicity and neurodegeneration.

These results imply that instead of focusing on a single gene only, future experiments to 

study the involvement of (e.g. these FOXO) factors in PSP or other neurodegenerative 

diseases should be focused on the whole pathway and its interacting pathways, instead 

of focusing on single genes to get a more complete idea of the true involvement of 

these factors in neurodegeneration or PSP. 

With our experiments we have shown microarray data can contribute to the field 

of neurodegeneration research as a fresh and unbiased approach. We think this 

experiment has shown to be a cost effective way to discriminate a whole group of 

patients and might change the view of the relations between different Tauopathies, 

which would never had been the case when testing separate brain regions from one 

group of patients.

Our experiments pave the way for research with increased sample sizes for improved 

reliability; include other regions to get better understanding of regional differences 

in disease sensitivity; and include other patient groups to determine how these 

patients relate to the tested groups. Furthermore, correlating our mRNA expression 

data with proteomics and correlating these results with existing disease models may 

help refine disease models; distinguish new important pharmaceutical targets; and 

provide models to test new pharmaceuticals.
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Table 1. Total gene set of significant probes / genes

Probe Set ID Gene Symbol Gene Title

1552256_a_at scarB1 scavenger receptor class B, member 1

1552301_a_at coro6 coronin 6

1552536_at Vti1a vesicle transport through interaction with t-SNAREs homolog 
1A (yeast)

1552739_s_at st7L suppression of tumorigenicity 7 like

1552957_at LOC200383 similar to Dynein heavy chain at 16F

1553150_at aof1 amine oxidase (flavin containing) domain 1

1553407_at macf1 microtubule-actin crosslinking factor 1

1553479_at tmem145 transmembrane protein 145

1553565_s_at ddah1 dimethylarginine dimethylaminohydrolase 1

1553613_s_at FOXC1 forkhead box c1

1553703_at Znf791 zinc finger protein 791

1553704_x_at Znf791 zinc finger protein 791

1553796_at FLJ30594 hypothetical locus FLJ30594

1553995_a_at nt5e 5�-nucleotidase, ecto (CD73)

1554473_at SRGAP1 SLIT-ROBO Rho GTPase activating protein 1

1554474_a_at MOXD1 monooxygenase, DBH-like 1

1554595_at SYMPK symplekin

1554679_a_at Laptm4B lysosomal associated protein transmembrane 4 beta

1554703_at ARHGEF10 Rho guanine nucleotide exchange factor (GEF) 10

1554747_a_at sept2 septin 2

1554963_at --- CDNA clone IMAGE:5310797

1555014_x_at --- OK/SW-cl.92

1555192_at Znf277p zinc finger protein 277 pseudogene

1555259_at ZAK sterile alpha motif and leucine zipper containing kinase AZK

1555318_at HIF3A hypoxia inducible factor 3, alpha subunit

1555372_at BcL2L11 BCL2-like 11 (apoptosis facilitator)

1555470_a_at ppm1f protein phosphatase 1F (PP2C domain containing)

1555491_a_at fLj11286 hypothetical protein FLJ11286

1555653_at HNRPA3 heterogeneous nuclear ribonucleoprotein A3

1555827_at ccnL1 Cyclin L1

1555922_at c10orf114 chromosome 10 open reading frame 114

1556000_s_at BtBd7 BTB (POZ) domain containing 7

1556331_a_at --- CDNA clone IMAGE:5259142

1556352_at --- CDNA FLJ30440 fis, clone BRACE2009185

1556442_x_at --- CDNA FLJ13882 fis, clone THYRO1001480
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1556551_s_at SLC39A6 solute carrier family 39 (zinc transporter), member 6

1556606_at naV2 neuron navigator 2

1556650_at --- CDNA FLJ13011 fis, clone NT2RP3000561

1556658_a_at --- CDNA FLJ36459 fis, clone THYMU2014762

1556762_a_at --- CDNA FLJ30197 fis, clone BRACE2001423

1556818_at --- Full length insert cDNA clone YB35F05

1556849_at --- CDNA FLJ11909 fis, clone HEMBB1000099

1557186_s_at tpcn1 two pore segment channel 1

1557394_at DLGAP4 discs, large (Drosophila) homolog-associated protein 4

1557477_at --- CDNA FLJ33037 fis, clone THYMU2000317

1557505_a_at --- Full length insert cDNA YQ11E04

1557585_at atp6V1h ATPase, H+ transporting, lysosomal 50/57kDa, V1 subunit H

1557586_s_at atp6V1h ATPase, H+ transporting, lysosomal 50/57kDa, V1 subunit H

1557690_x_at --- CDNA FLJ11951 fis, clone HEMBB1000827

1557706_at ZHX2 zinc fingers and homeoboxes 2

1557745_at --- CDNA FLJ25178 fis, clone CBR09176

1557803_at --- Full length insert cDNA clone YZ56G10

1557889_at --- CDNA clone IMAGE:4138742

1558009_at sLc1a2 solute carrier family 1 (glial high affinity glutamate 
transporter), member 2

1558010_s_at sLc1a2 solute carrier family 1 (glial high affinity glutamate 
transporter), member 2

1558041_a_at LOC653319 hypothetical protein LOC653319

1558569_at --- MRNA; cDNA DKFZp667K1619 (from clone DKFZp667K1619)

1558621_at caBLes1 Cdk5 and Abl enzyme substrate 1

1558678_s_at maLat1 metastasis associated lung adenocarcinoma transcript 1 (non-
coding RNA)

1558783_at --- CDNA: FLJ21152 fis, clone CAS09594

1558796_a_at LOC728052; 
LOC731255

hypothetical protein LOC728052; hypothetical protein 
LOC731255

1558822_at --- Full length insert cDNA clone YP59C02

1558831_x_at --- CDNA FLJ34403 fis, clone HCHON2001607

1558832_at FLJ32224 hypothetical gene supported by AK056786

1558877_at --- CDNA FLJ36355 fis, clone THYMU2007384

1559020_a_at --- CDNA FLJ14081 fis, clone HEMBB1002280

1559156_at --- MRNA; cDNA DKFZp686B1142 (from clone DKFZp686B1142)

1559249_at ATXN1 ataxin 1

1559375_s_at --- Full length insert cDNA clone YI45C08

1559410_at --- CDNA FLJ34677 fis, clone LIVER2002660
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1559436_x_at --- MRNA; cDNA DKFZp313M2114 (from clone DKFZp313M2114)

1559593_a_at crsp7 Cofactor required for Sp1 transcriptional activation, subunit 7, 
70kda

1559618_at --- CDNA FLJ30384 fis, clone BRACE2008114

1559820_at ATG10 ATG10 autophagy related 10 homolog (S. cerevisiae)

1559965_at --- CDNA clone IMAGE:4811567

1559987_at --- Homo sapiens, clone IMAGE:5585678, mRNA

1560018_at ARPP-21 cyclic AMP-regulated phosphoprotein, 21 kD

1560445_x_at ARHGEF1 Rho guanine nucleotide exchange factor (GEF) 1

1560512_at --- CDNA FLJ30409 fis, clone BRACE2008615

1560659_at --- ---

1560661_x_at --- ---

1560798_at --- CDNA FLJ14121 fis, clone MAMMA1002009

1560926_at --- Full length insert cDNA clone YR43G06

1561139_at --- Full length insert cDNA clone ZD67D12

1561166_a_at --- Full length insert cDNA clone YB22D01

1561167_at --- Full length insert cDNA clone YA75A09

1561180_at --- CDNA FLJ11745 fis, clone HEMBA1005526

1561195_at --- MRNA; cDNA DKFZp686A22111 (from clone 
DKFZp686A22111)

1561346_at --- CDNA FLJ32691 fis, clone TESTI2000221

1561362_at --- CDNA FLJ36285 fis, clone THYMU2003470

1561657_at --- Full length insert cDNA clone YZ55H04

1561777_at --- (TL22) mRNA from LNCaP cell line

1562062_at KIAA1245; 
LOC728895; 
NBPF1; NBPF10; 
NBPF11; NBPF20; 
NBPF3; NBPF8; 
NBPF9; XXyac-
YX155B6.1

neuroblastoma breakpoint family, member 1; neuroblastoma 
breakpoint family, member 3; KIAA1245; neuroblastoma 
breakpoint family, member 11; neuroblastoma breakpoint 
family, member 20; neuroblastoma breakpoint family, 
member 9; neuroblastoma breakpoint family, member 10; 
neuroblastoma breakpoint family, member 8; hypothetical 
protein LOC728895; CLIP-190-like

1562063_x_at KIAA1245; 
LOC728895; 
NBPF1; NBPF10; 
NBPF11; NBPF20; 
NBPF3; NBPF8; 
NBPF9; XXyac-
YX155B6.1

neuroblastoma breakpoint family, member 1; neuroblastoma 
breakpoint family, member 3; KIAA1245; neuroblastoma 
breakpoint family, member 11; neuroblastoma breakpoint 
family, member 20; neuroblastoma breakpoint family, 
member 9; neuroblastoma breakpoint family, member 10; 
neuroblastoma breakpoint family, member 8; hypothetical 
protein LOC728895; CLIP-190-like

1562235_s_at --- Transcribed locus

1562583_s_at LOC646405; 
LOC651239

hypothetical LOC646405; hypothetical protein LOC651239

1562905_at --- CDNA clone IMAGE:5311591

1562948_at --- Homo sapiens, clone IMAGE:5722724, mRNA
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1562955_at --- Homo sapiens, clone IMAGE:5396455, mRNA

1563321_s_at mLLt10 myeloid/lymphoid or mixed-lineage leukemia (trithorax 
homolog, Drosophila); translocated to, 10

1563482_at --- CDNA FLJ26750 fis, clone PRS01773

1565692_at --- CDNA FLJ40647 fis, clone THYMU2017522

1565743_at --- CDNA FLJ37648 fis, clone BRHIP2000532

1566472_s_at retsat retinol saturase (all-trans-retinol 13,14-reductase)

1566482_at --- MRNA; cDNA DKFZp313L2229 (from clone DKFZp313L2229)

1566491_at --- MRNA; cDNA DKFZp547C018 (from clone DKFZp547C018)

1566539_at --- MRNA; cDNA DKFZp586G081 (from clone DKFZp586G081)

1566551_at --- MRNA; cDNA DKFZp586L2217 (from clone DKFZp586L2217)

1566887_x_at --- Multiple myeloma susceptibility mRNA sequence

1568619_s_at LOC162073 hypothetical protein LOC162073

1568866_at --- CDNA clone IMAGE:5450715

1568986_x_at PIGT phosphatidylinositol glycan anchor biosynthesis, class T

1569323_at PTPRG protein tyrosine phosphatase, receptor type, G

1569477_at --- Homo sapiens, clone IMAGE:4291396, mRNA

1569519_at KIAA1245; 
LOC728895; 
NBPF1; NBPF10; 
NBPF11; NBPF20; 
NBPF8; NBPF9; 
XXyac-YX155B6.1

neuroblastoma breakpoint family, member 1; KIAA1245; 
neuroblastoma breakpoint family, member 11; neuroblastoma 
breakpoint family, member 20; neuroblastoma breakpoint 
family, member 9; neuroblastoma breakpoint family, member 
10; neuroblastoma breakpoint family, member 8; hypothetical 
protein LOC728895; CLIP-190-like

1569578_at --- Homo sapiens, clone IMAGE:4516734, mRNA

1569661_at --- CDNA clone IMAGE:5260324

1569948_at --- CDNA clone IMAGE:5275301

1570414_x_at FLJ13197 hypothetical FLJ13197

1570511_at ARHGEF10L Rho guanine nucleotide exchange factor (GEF) 10-like

200041_s_at Bat1 HLA-B associated transcript 1

200076_s_at c19orf50 chromosome 19 open reading frame 50

200644_at MARCKSL1 MARCKS-like 1

200754_x_at sfrs2 splicing factor, arginine/serine-rich 2

200778_s_at sept2 septin 2

200868_s_at ZNF313 zinc finger protein 313

200898_s_at MGEA5 meningioma expressed antigen 5 (hyaluronidase)

200946_x_at GLUD1 glutamate dehydrogenase 1

200980_s_at pdha1 pyruvate dehydrogenase (lipoamide) alpha 1

201014_s_at paics phosphoribosylaminoimidazole carboxylase, 
phosphoribosylaminoimidazole succinocarboxamide 
synthetase
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201103_x_at LOC728936; 
LOC728980; 
NBPF10; NBPF11; 
NBPF15; NBPF8

neuroblastoma breakpoint family, member 11; neuroblastoma 
breakpoint family, member 15; neuroblastoma breakpoint 
family, member 10; neuroblastoma breakpoint family, member 
8; similar to CG10522-PA; hypothetical protein LOC728980

201116_s_at cpe carboxypeptidase E

201135_at echs1 enoyl Coenzyme A hydratase, short chain, 1, mitochondrial

201185_at htra1 htra serine peptidase 1

201220_x_at ctBp2 C-terminal binding protein 2

201349_at SLC9A3R1 solute carrier family 9 (sodium/hydrogen exchanger), member 
3 regulator 1

201404_x_at psmB2 proteasome (prosome, macropain) subunit, beta type, 2

201429_s_at PLK1; RPL37A polo-like kinase 1 (Drosophila); ribosomal protein L37a

201439_at GBF1 golgi-specific brefeldin A resistance factor 1

201559_s_at cLic4 chloride intracellular channel 4

201619_at PRDX3 peroxiredoxin 3

201667_at GJA1 gap junction protein, alpha 1, 43kDa

201818_at AYTL2 acyltransferase like 2

201867_s_at TBL1X transducin (beta)-like 1X-linked

201901_s_at YY1 YY1 transcription factor

201904_s_at ctdspL CTD (carboxy-terminal domain, RNA polymerase II, 
polypeptide A) small phosphatase-like

201996_s_at spen spen homolog, transcriptional regulator (Drosophila)

202026_at sdhd succinate dehydrogenase complex, subunit D, integral 
membrane protein

202040_s_at jarid1a jumonji, AT rich interactive domain 1A

202087_s_at ctsL1 cathepsin L1

202281_at GAK cyclin G associated kinase

202449_s_at RXRA retinoid X receptor, alpha

202481_at DHRS3 dehydrogenase/reductase (SDR family) member 3

202578_s_at DDX19A DEAlzheimer�s disease (Asp-Glu-Ala-As) box polypeptide 19A

202734_at trip10 thyroid hormone receptor interactor 10

202740_at ACY1 aminoacylase 1

202796_at SYNPO synaptopodin

202935_s_at SOX9 SRY (sex determining region Y)-box 9 (campomelic dysplasia, 
autosomal sex-reversal)

202975_s_at RHOBTB3 Rho-related BTB domain containing 3

203007_x_at LYPLA1 lysophospholipase I

203025_at ard1a ARD1 homolog A, N-acetyltransferase (S. cerevisiae)

203146_s_at GABBR1 gamma-aminobutyric acid (GABA) B receptor, 1

203179_at GALT galactose-1-phosphate uridylyltransferase
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203229_s_at CLK2 CDC-like kinase 2

203408_s_at satB1 satB homeobox 1

203423_at rBp1 retinol binding protein 1, cellular

203452_at B3GAT3 beta-1,3-glucuronyltransferase 3 (glucuronosyltransferase I)

203488_at Lphn1 latrophilin 1

203496_s_at pparBp ppar binding protein

203615_x_at suLt1a1 sulfotransferase family, cytosolic, 1A, phenol-preferring, 
member 1

203628_at IGF1R insulin-like growth factor 1 receptor

203668_at man2c1 mannosidase, alpha, class 2C, member 1

203790_s_at hrsp12 heat-responsive protein 12

203802_x_at nsun5 NOL1/NOP2/Sun domain family, member 5

204090_at STK19 serine/threonine kinase 19

204193_at CHKB; CPT1B choline kinase beta; carnitine palmitoyltransferase 1B (muscle)

204223_at preLp proline/arginine-rich end leucine-rich repeat protein

204257_at FADS3 fatty acid desaturase 3

204461_x_at rad1 RAD1 homolog (S. pombe)

204538_x_at LOC339047; 
LOC642778; 
LOC642799; NPIP

nuclear pore complex interacting protein; hypothetical protein 
LOC339047; similar to nuclear pore complex interacting 
protein

204621_s_at nr4a2 nuclear receptor subfamily 4, group A, member 2

204650_s_at APBB3 amyloid beta (A4) precursor protein-binding, family B, 
member 3

204786_s_at ifnar2 interferon (alpha, beta and omega) receptor 2

204864_s_at iL6st interleukin 6 signal transducer (gp130, oncostatin M receptor)

205130_at RAGE renal tumor antigen

205187_at smad5 SMAD family member 5

205255_x_at tcf7 transcription factor 7 (T-cell specific, HMG-box)

205318_at KIF5A kinesin family member 5A

205344_at CSPG5 chondroitin sulfate proteoglycan 5 (neuroglycan C)

205383_s_at ZBtB20 zinc finger and BTB domain containing 20

205435_s_at AAK1 ap2 associated kinase 1

205662_at eppB9 B9 protein

205839_s_at BZrap1 benzodiazapine receptor (peripheral) associated protein 1

205887_x_at MSH3 mutS homolog 3 (E. coli)

205902_at KCNN3 potassium intermediate/small conductance calcium-activated 
channel, subfamily N, member 3

206056_x_at spn sialophorin (leukosialin, CD43)

206278_at ptafr platelet-activating factor receptor
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206374_at dusp8 dual specificity phosphatase 8

206527_at aBat 4-aminobutyrate aminotransferase

206531_at dpf1 D4, zinc and double PHD fingers family 1

206541_at KLKB1 kallikrein B, plasma (Fletcher factor) 1

206548_at FLJ23556 hypothetical protein FLJ23556

206565_x_at SMA3 SMA3

206582_s_at GPR56 G protein-coupled receptor 56

206701_x_at ednrB endothelin receptor type B

206792_x_at pde4c phosphodiesterase 4C, cAMP-specific (phosphodiesterase E1 
dunce homolog, Drosophila)

206846_s_at hdac6 histone deacetylase 6

206950_at scn9a sodium channel, voltage-gated, type IX, alpha subunit

207048_at sLc6a11 solute carrier family 6 (neurotransmitter transporter, GABA), 
member 11

207122_x_at suLt1a2 sulfotransferase family, cytosolic, 1A, phenol-preferring, 
member 2

207499_x_at unc45a unc-45 homolog A (C. elegans)

207657_x_at tnpo1 transportin 1

207660_at dmd dystrophin (muscular dystrophy, Duchenne and Becker types)

208054_at herc4 hect domain and rLd 4

208238_x_at --- ---

208475_at frmd4a ferm domain containing 4a

208591_s_at PDE3B phosphodiesterase 3B, cGMP-inhibited

208633_s_at macf1 microtubule-actin crosslinking factor 1

208634_s_at macf1 microtubule-actin crosslinking factor 1

208686_s_at Brd2 bromodomain containing 2

208829_at tapBp TAP binding protein (tapasin)

208853_s_at CANX calnexin

208871_at atn1 atrophin 1

208922_s_at NXF1 nuclear RNA export factor 1

209074_s_at fam107a family with sequence similarity 107, member A

209091_s_at SH3GLB1 SH3-domain GRB2-like endophilin B1

209121_x_at nr2f2 nuclear receptor subfamily 2, group F, member 2

209135_at asph aspartate beta-hydroxylase

209209_s_at PLEKHC1 pleckstrin homology domain containing, family C (with FERM 
domain) member 1

209225_x_at tnpo1 transportin 1

209393_s_at eif4e2 eukaryotic translation initiation factor 4E family member 2
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209403_at LOC653380; 
LOC653498; 
LOC727735; 
LOC729837; 
LOC729873; 
LOC729877; 
TBC1D3; TBC1D3C

TBC1 domain family, member 3; TBC1 domain family, member 
3C; similar to USP6 N-terminal like; similar to TBC1 domain 
family member 3 (Rab GTPase-activating protein PRC17) 
(Prostate cancer gene 17 protein) (TRE17 alpha protein); 
similar to TBC1 domain family, member 3

209428_s_at ZfpL1 zinc finger protein-like 1

209437_s_at spon1 spondin 1, extracellular matrix protein

209450_at OSGEP O-sialoglycoprotein endopeptidase

209593_s_at tor1B torsin family 1, member B (torsin B)

209623_at mccc2 methylcrotonoyl-Coenzyme A carboxylase 2 (beta)

209651_at TGFB1I1 transforming growth factor beta 1 induced transcript 1

209708_at MOXD1 monooxygenase, DBH-like 1

209866_s_at LPHN3 latrophilin 3

209940_at PARP3 poly (ADP-ribose) polymerase family, member 3

209954_x_at ss18 synovial sarcoma translocation, chromosome 18

209982_s_at NRXN2 neurexin 2

210101_x_at SH3GLB1 SH3-domain GRB2-like endophilin B1

210153_s_at me2 malic enzyme 2, NAD(+)-dependent, mitochondrial

210210_at mpZL1 myelin protein zero-like 1

210407_at ppm1a protein phosphatase 1A (formerly 2C), magnesium-dependent, 
alpha isoform

210528_at mr1 major histocompatibility complex, class I-related

210556_at NFATC3 nuclear factor of activated T-cells, cytoplasmic, calcineurin-
dependent 3

210738_s_at sLc4a4 solute carrier family 4, sodium bicarbonate cotransporter, 
member 4

210775_x_at casp9 caspase 9, apoptosis-related cysteine peptidase

210778_s_at MXD4 MAX dimerization protein 4

210794_s_at MEG3 maternally expressed 3

210835_s_at ctBp2 C-terminal binding protein 2

210843_s_at MFAP3L microfibrillar-associated protein 3-like

210896_s_at asph aspartate beta-hydroxylase

211207_s_at acsL6 acyl-CoA synthetase long-chain family member 6

211276_at tceaL2 transcription elongation factor A (SII)-like 2

211316_x_at cfLar CASP8 and FADD-like apoptosis regulator

211569_s_at hadh hydroxyacyl-Coenzyme A dehydrogenase

211574_s_at cd46 CD46 molecule, complement regulatory protein

211713_x_at KIAA0101 KIAA0101

211715_s_at Bdh1 3-hydroxybutyrate dehydrogenase, type 1
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211775_x_at MGC13053 hypothetical MGC13053

211876_x_at PCDHGA10; 
PCDHGA11; 
PCDHGA12; 
PCDHGA3; 
PCDHGA5; 
PCDHGA6

protocadherin gamma subfamily A, 12; protocadherin gamma 
subfamily A, 11; protocadherin gamma subfamily A, 10; 
protocadherin gamma subfamily A, 6; protocadherin gamma 
subfamily A, 5; protocadherin gamma subfamily A, 3

211890_x_at CAPN3 calpain 3, (p94)

212059_s_at trpc4ap transient receptor potential cation channel, subfamily C, 
member 4 associated protein

212079_s_at mLL myeloid/lymphoid or mixed-lineage leukemia (trithorax 
homolog, Drosophila)

212087_s_at eraL1 Era G-protein-like 1 (E. coli)

212228_s_at coQ9 coenzyme Q9 homolog (S. cerevisiae)

212291_at HIPK1 homeodomain interacting protein kinase 1

212303_x_at --- ---

212492_s_at jmjd2B jumonji domain containing 2B

212512_s_at carm1 coactivator-associated arginine methyltransferase 1

212520_s_at smarca4 SWI/SNF related, matrix associated, actin dependent regulator 
of chromatin, subfamily a, member 4

212553_at KIAA0460 KIAA0460

212601_at ZZef1 zinc finger, ZZ-type with EF-hand domain 1

212762_s_at tcf7L2 transcription factor 7-like 2 (T-cell specific, HMG-box)

212852_s_at troVe2 TROVE domain family, member 2

213002_at MARCKS Myristoylated alanine-rich protein kinase C substrate

213143_at Loc257407 hypothetical protein LOC257407

213236_at sash1 SAM and SH3 domain containing 1

213531_s_at RAB3GAP1 RAB3 GTPase activating protein subunit 1 (catalytic)

213641_at Znf500 zinc finger protein 500

213652_at PCSK5 Proprotein convertase subtilisin/kexin type 5

213675_at --- CDNA FLJ25106 fis, clone CBR01467

213872_at c6orf62 chromosome 6 open reading frame 62

213956_at CEP350 centrosomal protein 350kDa

214004_s_at VGLL4 vestigial like 4 (Drosophila)

214035_x_at LOC399491 LOC399491 protein

214104_at GPR161 G protein-coupled receptor 161

214121_x_at pdLim7 PDZ and LIM domain 7 (enigma)

214176_s_at PBXIP1 Pre-B-cell leukemia homeobox interacting protein 1

214205_x_at TXNL2 thioredoxin-like 2

214241_at ndufB8 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 8, 
19kda
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214329_x_at tnfsf10 Tumor necrosis factor (ligand) superfamily, member 10

214405_at --- Clone 23705 mRNA sequence

214427_at noL1 nucleolar protein 1, 120kDa

214564_s_at PCDHGC3 protocadherin gamma subfamily C, 3

214707_x_at aLms1 Alstrom syndrome 1

214743_at cutL1 cut-like 1, CCAAT displacement protein (Drosophila)

214806_at Bicd1 bicaudal D homolog 1 (Drosophila)

214882_s_at sfrs2 splicing factor, arginine/serine-rich 2

214902_x_at --- MRNA; cDNA DKFZp586A061 (from clone DKFZp586A061)

214929_s_at KIAA1109 KIAA1109

214989_x_at --- CDNA FLJ11875 fis, clone HEMBA1007078

215067_x_at PRDX2 peroxiredoxin 2

215147_at --- Clone 23712 mRNA sequence

215200_x_at --- UG0651E06

215253_s_at dscr1 Down syndrome critical region gene 1

215310_at apc Adenomatosis polyposis coli

215350_at SYNE1 spectrin repeat containing, nuclear envelope 1

215372_x_at --- CDNA FLJ12002 fis, clone HEMBB1001536

215383_x_at SPG21 spastic paraplegia 21 (autosomal recessive, Mast syndrome)

215385_at --- CDNA FLJ12411 fis, clone MAMMA1002964

215386_at --- CDNA FLJ12396 fis, clone MAMMA1002758

215390_at --- CDNA FLJ12102 fis, clone HEMBB1002684

215418_at parVa parvin, alpha

215435_at --- CDNA FLJ11921 fis, clone HEMBB1000318

215439_x_at --- CDNA FLJ11924 fis, clone HEMBB1000343

215455_at timeLess timeless homolog (Drosophila)

215507_x_at --- Transcribed locus

215588_x_at RIOK3 RIO kinase 3 (yeast)

215589_at --- CDNA: FLJ21284 fis, clone COL01911

215595_x_at --- CDNA FLJ13856 fis, clone THYRO1000988

215600_x_at FBXW12 F-box and WD repeat domain containing 12

215615_x_at --- CDNA FLJ14152 fis, clone MAMMA1003089

215653_at --- Clone IMAGE:248602, mRNA sequence

215683_at --- Clone 24803 mRNA sequence

215698_at jarid1a jumonji, AT rich interactive domain 1A

215794_x_at GLUD2 glutamate dehydrogenase 2

215810_x_at d6s1101 Dystonia musculorum of mouse, human homolog of
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215836_s_at PCDHGA1; 
PCDHGA10; 
PCDHGA11; 
PCDHGA12; 
PCDHGA2; 
PCDHGA3; 
PCDHGA4; 
PCDHGA5; 
PCDHGA6; 
PCDHGA7; 
PCDHGA8; 
PCDHGA9; 
PCDHGB1; 
PCDHGB2; 
PCDHGB3; 
PCDHGB4; 
PCDHGB5; 
PCDHGB6; 
PCDHGB7; 
PCDHGC3; 
PCDHGC4; 
PCDHGC5

protocadherin gamma subfamily C, 3; protocadherin 
gamma subfamily B, 4; protocadherin gamma subfamily A, 
8; protocadherin gamma subfamily A, 12; protocadherin 
gamma subfamily C, 5; protocadherin gamma subfamily 
C, 4; protocadherin gamma subfamily B, 7; protocadherin 
gamma subfamily B, 6; protocadherin gamma subfamily 
B, 5; protocadherin gamma subfamily B, 3; protocadherin 
gamma subfamily B, 2; protocadherin gamma subfamily 
B, 1; protocadherin gamma subfamily A, 11; protocadherin 
gamma subfamily A, 10; protocadherin gamma subfamily 
A, 9; protocadherin gamma subfamily A, 7; protocadherin 
gamma subfamily A, 6; protocadherin gamma subfamily 
A, 5; protocadherin gamma subfamily A, 4; protocadherin 
gamma subfamily A, 3; protocadherin gamma subfamily A, 2; 
protocadherin gamma subfamily A, 1

215982_s_at DOM3Z dom-3 homolog Z (C. elegans)

216080_s_at FADS3 fatty acid desaturase 3

216101_at --- Full length insert cDNA clone YR67C11

216123_x_at --- CDNA FLJ14096 fis, clone MAMMA1000752

216176_at hcrp1 hepatocellular carcinoma-related HCRP1

216187_x_at --- Alu repeat (LNX1) mRNA sequence

216189_at --- Homo sapiens, clone IMAGE:3344506

216259_at --- Clone IMAGE:35527 unknown protein

216294_s_at KIAA1109 KIAA1109

216352_x_at PCDHGA3 protocadherin gamma subfamily A, 3

216509_x_at mLLt10 myeloid/lymphoid or mixed-lineage leukemia (trithorax 
homolog, Drosophila); translocated to, 10

216524_x_at --- MRNA; cDNA DKFZp564E233 (from clone DKFZp564E233)

216532_x_at LOC643450; 
LOC728344

similar to Thioredoxin-like protein 2 (PKC-interacting cousin 
of thioredoxin) (PKC-theta-interacting protein) (PKCq-
interacting protein)

216958_s_at iVd isovaleryl Coenzyme A dehydrogenase

217446_x_at --- MRNA; cDNA DKFZp434M054 (from clone DKFZp434M054)

217536_x_at --- Transcribed locus

217541_x_at LOC731901; 
Znf816a

zinc finger protein 816A; similar to zinc finger protein 160

217550_at atf6 activating transcription factor 6

217643_x_at --- ---

217662_x_at --- Transcribed locus



chapter 6

130

217679_x_at --- ---

217713_x_at --- ---

217715_x_at --- ---

217810_x_at Lars leucyl-tRNA synthetase

217889_s_at CYBRD1 cytochrome b reductase 1

218059_at Znf706 zinc finger protein 706

218131_s_at GATAD2A GATA zinc finger domain containing 2A

218253_s_at LGTN ligatin

218358_at creLd2 cysteine-rich with EGF-like domains 2

218418_s_at ANKRD25 ankyrin repeat domain 25

218429_s_at fLj11286 hypothetical protein FLJ11286

218505_at WDR59 WD repeat domain 59

218803_at chfr checkpoint with forkhead and ring finger domains

218958_at c19orf60 chromosome 19 open reading frame 60

219045_at rhof ras homolog gene family, member F (in filopodia)

219196_at SCG3 secretogranin iii

219290_x_at dapp1 dual adaptor of phosphotyrosine and 3-phosphoinositides

219333_s_at capn10 calpain 10

219392_x_at prr11 proline rich 11

219426_at EIF2C3 eukaryotic translation initiation factor 2C, 3

219527_at mosc2 MOCO sulphurase C-terminal domain containing 2

219577_s_at aBca7 ATP-binding cassette, sub-family A (ABC1), member 7

219627_at Znf767 zinc finger family member 767

219774_at CCDC93 coiled-coil domain containing 93

219807_x_at raB4B RAB4B, member RAS oncogene family

219968_at Znf589 zinc finger protein 589

219975_x_at oLah oleoyl-ACP hydrolase

220029_at eLoVL2 elongation of very long chain fatty acids (FEN1/Elo2, SUR4/
Elo3, yeast)-like 2

220071_x_at cep27 centrosomal protein 27kDa

220113_x_at poLr1B polymerase (RNA) I polypeptide B, 128kDa

220612_at --- Clone HQ0641 PRO0641

220642_x_at GPR89A; 
LOC728932; 
unQ192

G protein-coupled receptor 89A; similar to G protein-coupled 
receptor 89

220694_at ddef1it1 ddef1 intronic transcript 1

220791_x_at scn11a sodium channel, voltage-gated, type XI, alpha subunit

220892_s_at psat1 phosphoserine aminotransferase 1

221036_s_at aph1B anterior pharynx defective 1 homolog B (C. elegans)
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221050_s_at GTPBP2 GTP binding protein 2

221141_x_at epn1 epsin 1

221176_x_at WBSCR23 Williams-Beuren syndrome chromosome region 23

221191_at DKFZP434A0131 DKFZp434A0131 protein

221307_at KCNIP1 Kv channel interacting protein 1

221501_x_at LOC339047 hypothetical protein LOC339047

221535_at LSG1 large subunit GTPase 1 homolog (S. cerevisiae)

221636_s_at mosc2 MOCO sulphurase C-terminal domain containing 2

221739_at c19orf10 chromosome 19 open reading frame 10

221829_s_at tnpo1 transportin 1

221881_s_at cLic4 chloride intracellular channel 4

221963_x_at --- Transcribed locus

221972_s_at sdf4 stromal cell derived factor 4

222024_s_at AKAP13 A kinase (PRKA) anchor protein 13

222026_at RBM3 RNA binding motif (RNP1, RRM) protein 3

222104_x_at GTF2H3 general transcription factor IIH, polypeptide 3, 34kDa

222150_s_at LOC54103 hypothetical protein LOC54103

222158_s_at c1orf121 chromosome 1 open reading frame 121

222159_at --- CDNA FLJ12996 fis, clone NT2RP3000235

222282_at --- Transcribed locus

222284_at --- Transcribed locus

222302_at --- ---

222319_at --- ---

222320_at --- Transcribed locus

222366_at --- Transcribed locus

222385_x_at sec61a1 Sec61 alpha 1 subunit (S. cerevisiae)

222540_s_at rsf1 remodeling and spacing factor 1

222760_at ZNF703 zinc finger protein 703

222762_x_at Limd1 Lim domains containing 1

222780_s_at BaaLc brain and acute leukemia, cytoplasmic

223134_at BBX bobby sox homolog (Drosophila)

223390_at C9orf37 chromosome 9 open reading frame 37

223519_at ZAK sterile alpha motif and leucine zipper containing kinase AZK

223528_s_at LOC731602; 
mett11d1

methyltransferase 11 domain containing 1; similar to 
methyltransferase 11 domain containing 1 isoform 2

223534_s_at RPS6KL1 ribosomal protein S6 kinase-like 1

223539_s_at LOC728492; 
SERF1A; SERF1B

small EDRK-rich factor 1A (telomeric); small EDRK-rich 
factor 1B (centromeric); similar to small EDRK-rich factor 1A, 
telomeric

223933_at KIF5A kinesin family member 5A
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224105_x_at --- Clone FLB8034 PRO2158

224196_x_at dph5 DPH5 homolog (S. cerevisiae)

224259_at WNT8A wingless-type MMTV integration site family, member 8A

224372_at IQWD1; UNC5B IQ motif and WD repeats 1; unc-5 homolog B (C. elegans)

224567_x_at maLat1 metastasis associated lung adenocarcinoma transcript 1 (non-
coding RNA)

224569_s_at irf2Bp2 interferon regulatory factor 2 binding protein 2

224667_x_at c10orf104 chromosome 10 open reading frame 104

224712_x_at c19orf42 chromosome 19 open reading frame 42

224727_at LOC284361 hematopoietic signal peptide-containing

224771_at naV1 neuron navigator 1

224804_s_at c15orf17 chromosome 15 open reading frame 17

224904_at pdpr pyruvate dehydrogenase phosphatase regulatory subunit

224970_at nfia nuclear factor I/A

224991_at cmip c-Maf-inducing protein

225035_x_at CXYorf1; FAM39B; 
FAM39DP; 
FLJ00038; 
LOC376475; 
LOC653635

family with sequence similarity 39, member D pseudogene; 
family with sequence similarity 39, member B; CXYorf1-related 
protein; chromosomes X and Y open reading frame 1; similar to 
CXYorf1-related protein

225117_at KIAA1267 KIAA1267

225234_at cBL Cas-Br-M (murine) ecotropic retroviral transforming sequence

225269_s_at rBms1 RNA binding motif, single stranded interacting protein 1

225298_at PNKD paroxysmal nonkinesiogenic dyskinesia

225311_at iVd isovaleryl Coenzyme A dehydrogenase

225529_at centB5 centaurin, beta 5

225570_at sLc41a1 solute carrier family 41, member 1

225758_s_at TUBGCP6 tubulin, gamma complex associated protein 6

225866_at BXDC1 brix domain containing 1

225906_at --- CDNA FLJ38264 fis, clone FCBBF3001657

225973_at tap2 transporter 2, ATP-binding cassette, sub-family B (MDR/TAP)

225995_x_at FAM39B family with sequence similarity 39, member B

226144_at REXO1 REX1, RNA exonuclease 1 homolog (S. cerevisiae)

226153_s_at cnot6L CCR4-NOT transcription complex, subunit 6-like

226179_at SLC25A37 solute carrier family 25, member 37

226200_at Vars2 valyl-tRNA synthetase 2, mitochondrial (putative)

226252_at --- CDNA FLJ34585 fis, clone KIDNE2008758

226354_at LactB lactamase, beta

226372_at chst11 Carbohydrate (chondroitin 4) sulfotransferase 11

226554_at ZBtB7a zinc finger and BTB domain containing 7A
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226620_x_at daZap1 daZ associated protein 1

226848_at --- CDNA FLJ39306 fis, clone OCBBF2013123

226876_at fam101B family with sequence similarity 101, member B

227039_at AKAP13 A kinase (PRKA) anchor protein 13

227082_at --- MRNA; cDNA DKFZp586K1922 (from clone DKFZp586K1922)

227168_at miat myocardial infarction associated transcript (non-protein 
coding)

227208_at ccdc84 coiled-coil domain containing 84

227286_at ccdc95 coiled-coil domain containing 95

227347_x_at hes4 hairy and enhancer of split 4 (Drosophila)

227417_at mosc2 MOCO sulphurase C-terminal domain containing 2

227431_at --- CDNA clone IMAGE:4791585

227484_at --- CDNA FLJ41690 fis, clone HCASM2009405

227640_s_at LOC441212; RP9 retinitis pigmentosa 9 (autosomal dominant); retinitis 
pigmentosa 9 pseudogene

227651_at BtBd14B BTB (POZ) domain containing 14B

227677_at JAK3 Janus kinase 3 (a protein tyrosine kinase, leukocyte)

227727_at MRGPRF MAS-related GPR, member F

227923_at SHANK3 SH3 and multiple ankyrin repeat domains 3

227931_at --- MRNA; cDNA DKFZp686D22106 (from clone 
DKFZp686D22106)

227948_at FGD4 FYVE, RhoGEF and PH domain containing 4

228070_at --- CDNA FLJ34250 fis, clone FCBBF4000529

228155_at c10orf58 chromosome 10 open reading frame 58

228224_at preLp proline/arginine-rich end leucine-rich repeat protein

229220_x_at nom1 nucleolar protein with MIF4G domain 1

229265_at atn1 atrophin 1

229272_at fnBp4 formin binding protein 4

229351_at --- CDNA FLJ13620 fis, clone PLACE1010947

229467_at pcBp2 Poly(rC) binding protein 2

229574_at tra2a transformer-2 alpha

229654_at Znf44 Zinc finger protein 44

229686_at P2RY8 purinergic receptor P2Y, G-protein coupled, 8

229851_s_at c11orf54 chromosome 11 open reading frame 54

229858_at --- CDNA FLJ12024 fis, clone HEMBB1001797

229943_at TRIM13 tripartite motif-containing 13

230014_at --- Transcribed locus

230200_at nsun6 NOL1/NOP2/Sun domain family, member 6

230440_at Znf469 zinc finger protein 469
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230528_s_at MGC2752 hypothetical protein MGC2752

230599_at --- Transcribed locus

230630_at --- Transcribed locus

230733_at --- Transcribed locus

230779_at tnrc6B trinucleotide repeat containing 6B

230820_at --- Transcribed locus

230843_at --- Transcribed locus

230941_at LOC728537; 
LOC730797

hypothetical protein LOC728537; hypothetical protein 
LOC730797

231109_at --- CDNA FLJ38468 fis, clone FEBRA2021864

231116_at --- Transcribed locus

231164_at LOC440331 hypothetical gene supported by AK095200; BC042853

231212_x_at --- ---

231238_at --- Transcribed locus

231240_at dio2 deiodinase, iodothyronine, type II

231495_at --- Transcribed locus

231696_x_at --- Transcribed locus

231828_at LOC253039 Hypothetical protein LOC253039

231829_at Visa virus-induced signaling adapter

231992_x_at --- CDNA clone IMAGE:4722553

232015_at fam59B family with sequence similarity 59, member B

232096_x_at --- CDNA: FLJ22140 fis, clone HEP20977

232125_at --- CDNA FLJ34585 fis, clone KIDNE2008758

232169_x_at ndufs8 NADH dehydrogenase (ubiquinone) Fe-S protein 8, 23kDa 
(NADH-coenzyme Q reductase)

232175_at arf1 ADP-ribosylation factor 1

232215_x_at prr11 proline rich 11

232216_at YME1L1 YME1-like 1 (S. cerevisiae)

232225_at --- CDNA FLJ11764 fis, clone HEMBA1005685

232264_at --- CDNA FLJ12142 fis, clone MAMMA1000356

232347_x_at --- CDNA FLJ11379 fis, clone HEMBA1000469

232392_at SFRS3 Splicing factor, arginine/serine-rich 3

232396_at --- MRNA full length insert cDNA clone EUROIMAGE 113222

232408_at ZFYVE28 zinc finger, FYVE domain containing 28

232416_at BrunoL5 bruno-like 5, RNA binding protein (Drosophila)

232420_x_at Loc286260 hypothetical protein LOC286260

232455_x_at LOC340085 hypothetical protein LOC340085

232472_at --- CDNA FLJ12399 fis, clone MAMMA1002780
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232516_x_at YY1AP1 YY1 associated protein 1

232537_x_at MARK3 MAP/microtubule affinity-regulating kinase 3

232541_at --- CDNA FLJ20099 fis, clone COL04544

232554_at Lrrc56 leucine rich repeat containing 56

232614_at --- CDNA FLJ12049 fis, clone HEMBB1001996

232615_at --- CDNA: FLJ22765 fis, clone KAIA1180

232653_at --- CDNA FLJ14044 fis, clone HEMBA1006124

232663_s_at LOC390595 similar to ubiquitin-associated protein 1 (predicted)

232665_x_at --- ---

232685_at --- CDNA: FLJ21564 fis, clone COL06452

232691_at SFXN5 Sideroflexin 5

232693_s_at FBXO16; ZNF395 zinc finger protein 395; F-box protein 16

232753_at ZNF346 Zinc finger protein 346

232882_at --- CDNA FLJ12289 fis, clone MAMMA1001788

232935_at --- Primary neuroblastoma cDNA, clone:Nbla03614, full insert 
sequence

232940_s_at MLL3 myeloid/lymphoid or mixed-lineage leukemia 3

232957_x_at --- CDNA FLJ13017 fis, clone NT2RP3000628

233014_at --- CDNA FLJ12918 fis, clone NT2RP2004580

233017_x_at --- CDNA FLJ12326 fis, clone MAMMA1002132

233025_at pdZd2 pdZ domain containing 2

233041_x_at --- CDNA: FLJ21356 fis, clone COL02831

233130_at --- CDNA FLJ12202 fis, clone MAMMA1000908

233168_s_at RP3-402G11.5 selenoprotein O

233226_at ptpn9 Protein tyrosine phosphatase, non-receptor type 9

233265_at --- CDNA FLJ12203 fis, clone MAMMA1000914

233306_at --- CDNA FLJ11447 fis, clone HEMBA1001383

233313_at --- CDNA FLJ14302 fis, clone PLACE2000003

233315_at --- CDNA: FLJ21294 fis, clone COL01981

233319_x_at --- CDNA FLJ13845 fis, clone THYRO1000815

233321_x_at LOC90834 hypothetical protein BC001742

233417_at --- CDNA FLJ11625 fis, clone HEMBA1004200

233427_x_at --- CDNA FLJ13808 fis, clone THYRO1000253

233442_at --- CDNA FLJ12196 fis, clone MAMMA1000867

233449_at --- CDNA FLJ11377 fis, clone HEMBA1000442

233596_at --- Clone FLB2543

233605_x_at hnrpm heterogeneous nuclear ribonucleoprotein M

233608_at --- CDNA FLJ11929 fis, clone HEMBB1000434
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233622_x_at --- MRNA; cDNA DKFZp761A219 (from clone DKFZp761A219)

233664_at --- CDNA: FLJ22803 fis, clone KAIA2685

233702_x_at --- CDNA: FLJ20946 fis, clone ADSE01819

233851_s_at TOR3A torsin family 3, member A

233873_x_at papd1 pap associated domain containing 1

233877_at --- CDNA FLJ20770 fis, clone COL06509

233901_at --- MRNA full length insert cDNA clone EUROIMAGE 163507

234033_at --- Clone IMAGE:110218 mRNA sequence

234126_at --- MRNA; cDNA DKFZp761M1112 (from clone DKFZp761M1112)

234127_at --- CDNA FLJ13320 fis, clone OVARC1001611

234135_x_at --- CDNA FLJ11590 fis, clone HEMBA1003758

234159_at --- CDNA: FLJ21529 fis, clone COL05981

234294_x_at GATAD2A GATA zinc finger domain containing 2A

234307_s_at KIF26A kinesin family member 26A

234314_at c20orf74 chromosome 20 open reading frame 74

234382_x_at --- ---

234491_s_at saV1 salvador homolog 1 (Drosophila)

234501_x_at --- MRNA; cDNA DKFZp586M151 (from clone DKFZp586M151)

234762_x_at nLn Neurolysin (metallopeptidase M3 family)

234981_x_at cmBL carboxymethylenebutenolidase homolog (Pseudomonas)

234989_at tncrna trophoblast-derived noncoding RNA

235041_at GOSR2 golgi SNAP receptor complex member 2

235081_x_at trim65 tripartite motif-containing 65

235084_x_at --- Transcribed locus

235308_at ZBtB20 zinc finger and BTB domain containing 20

235508_at pmL promyelocytic leukemia

235538_at --- CDNA FLJ30718 fis, clone FCBBF2001675

235652_at --- CDNA FLJ37623 fis, clone BRCOC2014013

235660_at --- MRNA; cDNA DKFZp667E0114 (from clone DKFZp667E0114)

235756_at --- CDNA FLJ26187 fis, clone ADG04782

235803_at --- Transcribed locus

235847_at --- Transcribed locus

235875_at --- Transcribed locus

235902_at --- CDNA FLJ42963 fis, clone BRSTN2012380

235985_at --- Transcribed locus

235990_at --- CDNA FLJ38836 fis, clone MESAN2002519, weakly similar to 
Mus musculus cell cycle checkpoint control protein Mrad9 gene

235999_at --- Transcribed locus

236041_at --- CDNA FLJ33236 fis, clone ASTRO2002571
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236060_at --- Transcribed locus

236229_at --- Transcribed locus

236327_at --- ---

236558_at --- ---

236593_at --- Transcribed locus, weakly similar to XP_341471.3 similar to 
WD repeat domain 17 [Rattus norvegicus]

236617_at --- Transcribed locus

236679_x_at --- ---

236766_at C8orf38 Chromosome 8 open reading frame 38

236841_at FAM39DP Family with sequence similarity 39, member D pseudogene

236923_x_at --- ---

236946_at GPR75 G protein-coupled receptor 75

236966_at armc8 armadillo repeat containing 8

237035_at --- Transcribed locus

237108_x_at fLj42875 fLj42875 protein

237118_at --- ---

237383_at --- Transcribed locus

237398_at --- Transcribed locus

237475_x_at sepp1 Selenoprotein P, plasma, 1

237491_at --- ---

237586_at --- ---

237733_at --- ---

237864_at --- CDNA FLJ26101 fis, clone SLV05922

238058_at --- ---

238152_at MGC3032 hypothetical protein MGC3032

238430_x_at sLfn5 schlafen family member 5

238447_at RBMS3 RNA binding motif, single stranded interacting protein

238642_at --- ---

238672_at --- Transcribed locus

238712_at --- Transcribed locus

238743_at --- Full-length cDNA clone CS0DK002YF13 of HeLa cells Cot 25-
normalized of Homo sapiens (human)

238761_at --- Transcribed locus

238863_x_at --- Transcribed locus

238884_at --- Transcribed locus

238964_at --- Transcribed locus

239058_at --- Transcribed locus

239091_at --- Transcribed locus

239167_at --- Transcribed locus
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239171_at --- ---

239190_at VRK3 vaccinia related kinase 3

239296_at --- Transcribed locus

239361_at --- Transcribed locus

239385_at TFG TRK-fused gene

239448_at --- Transcribed locus

239629_at cfLar CASP8 and FADD-like apoptosis regulator

239661_at --- Transcribed locus

239748_x_at ociad1 ocia domain containing 1

239753_at LOC441383 hypothetical gene supported by AF086559; BC065734

239804_at --- Transcribed locus

239851_at --- ---

239856_at --- Transcribed locus, strongly similar to XP_001175123.1 
hypothetical protein [Pan troglodytes]

239956_at --- Transcribed locus

240125_at --- Transcribed locus

240138_at --- Transcribed locus

240139_at --- Transcribed locus

240146_at --- ---

240165_at --- Transcribed locus

240168_at --- ---

240174_at --- Transcribed locus

240205_x_at --- ---

240279_at --- ---

240544_at --- Transcribed locus

240651_at --- Transcribed locus

240665_at --- ---

240666_at --- Transcribed locus

240773_at --- Transcribed locus

240798_at --- ---

240870_at --- ---

240971_x_at --- ---

241223_x_at --- Transcribed locus, weakly similar to NP_001013658.1 protein 
LOC387873 [Homo sapiens]

241303_x_at --- ---

241336_at --- ---

241347_at KIAA1618 KIAA1618

241445_at --- Transcribed locus

241464_s_at --- Transcribed locus
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241542_at --- ---

241585_at Lrrc4c leucine rich repeat containing 4C

241790_at --- Transcribed locus

241797_at --- ---

241818_at --- Transcribed locus

241843_at snora28 small nucleolar RNA, H/ACA box 28

241987_x_at MGC39715 hypothetical protein MGC39715

242022_at --- ---

242077_x_at c6orf150 chromosome 6 open reading frame 150

242099_at --- ---

242106_at --- Transcribed locus

242121_at rnf12 Ring finger protein 12

242167_at --- ---

242171_at --- ---

242188_at --- ---

242232_at --- ---

242235_x_at nrd1 Nardilysin (N-arginine dibasic convertase)

242261_at --- ---

242268_at CUGBP2 CUG triplet repeat, RNA binding protein 2

242280_x_at cpeB4 cytoplasmic polyadenylation element binding protein 4

242303_at --- Transcribed locus

242320_at --- Homo sapiens, clone IMAGE:4769230, mRNA

242364_x_at --- CDNA clone IMAGE:5286005

242377_x_at THUMPD3 THUMP domain containing 3

242405_at --- Transcribed locus

242407_at --- ---

242416_at --- ---

242431_at --- ---

242443_at emL5 Echinoderm microtubule associated protein like 5

242461_at --- ---

242471_at --- Clone HLS_IMAGE_238756 mRNA sequence

242472_x_at fnBp4 formin binding protein 4

242480_at --- Transcribed locus

242551_at --- ---

242558_at --- CDNA FLJ45490 fis, clone BRTHA2005831

242578_x_at SLC22A3 Solute carrier family 22 (extraneuronal monoamine 
transporter), member 3

242579_at --- Transcribed locus

242611_at --- Transcribed locus
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242622_x_at pten Phosphatase and tensin homolog (mutated in multiple 
advanced cancers 1)

242645_at --- Full length insert cDNA clone YR92A01

242664_at --- ---

242670_at LGI4 leucine-rich repeat LGI family, member 4

242671_at --- ---

242736_at --- ---

242846_at --- Transcribed locus

242859_at --- ---

242865_at --- ---

242872_at cit citron (rho-interacting, serine/threonine kinase 21)

242889_x_at LOC645431 hypothetical protein LOC645431

242903_at IFNGR1 interferon gamma receptor 1

243006_at --- CDNA FLJ30333 fis, clone BRACE2007262

243158_at --- ---

243169_at --- ---

243218_at --- Transcribed locus

243291_at --- Transcribed locus

243295_at rBm27 rna binding motif protein 27

243365_s_at auts2 autism susceptibility candidate 2

243431_at --- Transcribed locus

243442_x_at --- Transcribed locus

243546_at --- Transcribed locus

243586_at --- Transcribed locus

243612_at nsd1 Nuclear receptor binding SET domain protein 1

243618_s_at Loc152485 Hypothetical protein LOC152485

243640_x_at --- ---

243648_at --- ---

243826_at --- Transcribed locus

243929_at --- ---

243963_at SDCCAG8 Serologically defined colon cancer antigen 8

243964_at --- Transcribed locus

243997_x_at --- Transcribed locus

244062_at daam1 dishevelled associated activator of morphogenesis 1

244093_at --- ---

244197_x_at --- ---

244217_at --- Transcribed locus

244241_x_at --- Transcribed locus

244310_at --- Full length insert cDNA clone YU07D01
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244345_at cadm1 cell adhesion molecule 1

244358_at --- ---

244373_at --- ---

244433_at --- ---

244457_at --- Transcribed locus

244459_at --- Transcribed locus

244480_at --- Transcribed locus

244535_at --- Transcribed locus

244579_at --- Transcribed locus

244605_at --- ---

244646_at --- Transcribed locus

244669_at SNHG5; 
SNORD50A; 
snord50B

small nucleolar RNA, C/D box 50A; small nucleolar RNA host 
gene (non-protein coding) 5; small nucleolar RNA, C/D box 
50B

244697_at --- ---

244726_at --- Transcribed locus

244753_at --- Transcribed locus

244826_at --- Transcribed locus

244868_at --- ---

33132_at cpsf1 cleavage and polyadenylation specific factor 1, 160kDa

34697_at Lrp6 low density lipoprotein receptor-related protein 6

36019_at STK19 serine/threonine kinase 19

36936_at TSTA3 tissue specific transplantation antigen P35B

37278_at taZ tafazzin (cardiomyopathy, dilated 3A (X-linked); endocardial 
fibroelastosis 2; Barth syndrome)

38157_at DOM3Z dom-3 homolog Z (C. elegans)

39854_r_at pnpLa2 patatin-like phospholipase domain containing 2

40016_g_at mast4 microtubule associated serine/threonine kinase family member 
4

40562_at GNA11 guanine nucleotide binding protein (G protein), alpha 11 (GQ 
class)

41160_at MBD3 methyl-CpG binding domain protein 3

41512_at --- Transcribed locus

41644_at sash1 SAM and SH3 domain containing 1

46167_at C1orf175; TTC4 tetratricopeptide repeat domain 4; chromosome 1 open reading 
frame 175

52078_at c1orf160 chromosome 1 open reading frame 160

Table 1. Compiled table of all 790 probes detected to be significantly different from 

background levels. When possible probes are named using official gene symbol names. Gene symbol: 

official genbank gene symbol. Gene name: official genbank gene name. ---: Unknown
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Table 2. Multiple overlapping significantly altered probes / genes

Probe Set ID Gene Symbol Gene Title

1552301_a_at coro6 coronin 6

1552536_at Vti1a vesicle transport through interaction with t-SNAREs 
homolog 1A (yeast)

1553565_s_at ddah1 dimethylarginine dimethylaminohydrolase 1

1553613_s_at FOXC1 forkhead box c1

1553995_a_at nt5e 5�-nucleotidase, ecto (CD73)

1555014_x_at --- OK/SW-cl.92

1556000_s_at BtBd7 BTB (POZ) domain containing 7

1556606_at naV2 neuron navigator 2

1558009_at sLc1a2 solute carrier family 1 (glial high affinity glutamate 
transporter), member 2

1558010_s_at sLc1a2 solute carrier family 1 (glial high affinity glutamate 
transporter), member 2

1558041_a_at LOC653319 hypothetical protein LOC653319

1558783_at --- CDNA: FLJ21152 fis, clone CAS09594

1559156_at --- MRNA; cDNA DKFZp686B1142 (from clone 
DKFZp686B1142)

1559375_s_at --- Full length insert cDNA clone YI45C08

1559436_x_at --- MRNA; cDNA DKFZp313M2114 (from clone 
DKFZp313M2114)

1559965_at --- CDNA clone IMAGE:4811567

1561167_at --- Full length insert cDNA clone YA75A09

1561195_at --- MRNA; cDNA DKFZp686A22111 (from clone 
DKFZp686A22111)

1561346_at --- CDNA FLJ32691 fis, clone TESTI2000221

1562063_x_at KIAA1245; 
LOC728895; NBPF1; 
NBPF10; NBPF11; 
NBPF20; NBPF3; 
NBPF8; NBPF9; 
XXyac-YX155B6.1

neuroblastoma breakpoint family, member 1; 
neuroblastoma breakpoint family, member 3; 
KIAA1245; neuroblastoma breakpoint family, member 
11; neuroblastoma breakpoint family, member 
20; neuroblastoma breakpoint family, member 
9; neuroblastoma breakpoint family, member 10; 
neuroblastoma breakpoint family, member 8; hypothetical 
protein LOC728895; CLIP-190-like

1565692_at --- CDNA FLJ40647 fis, clone THYMU2017522

1566887_x_at --- Multiple myeloma susceptibility mRNA sequence

1569477_at --- Homo sapiens, clone IMAGE:4291396, mRNA

1570414_x_at FLJ13197 hypothetical FLJ13197

200778_s_at sept2 septin 2

201135_at echs1 enoyl Coenzyme A hydratase, short chain, 1, mitochondrial
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201185_at htra1 htra serine peptidase 1

202040_s_at jarid1a jumonji, AT rich interactive domain 1A

202935_s_at SOX9 SRY (sex determining region Y)-box 9 (campomelic 
dysplasia, autosomal sex-reversal)

203628_at IGF1R insulin-like growth factor 1 receptor

203668_at man2c1 mannosidase, alpha, class 2C, member 1

203802_x_at nsun5 NOL1/NOP2/Sun domain family, member 5

204257_at FADS3 fatty acid desaturase 3

204538_x_at LOC339047; 
LOC642778; 
LOC642799; NPIP

nuclear pore complex interacting protein; hypothetical 
protein LOC339047; similar to nuclear pore complex 
interacting protein

204650_s_at APBB3 amyloid beta (A4) precursor protein-binding, family B, 
member 3

205130_at RAGE renal tumor antigen

205344_at CSPG5 chondroitin sulfate proteoglycan 5 (neuroglycan C)

205887_x_at MSH3 mutS homolog 3 (E. coli)

206056_x_at spn sialophorin (leukosialin, CD43)

206527_at aBat 4-aminobutyrate aminotransferase

206548_at FLJ23556 hypothetical protein FLJ23556

206565_x_at SMA3 SMA3

206792_x_at pde4c phosphodiesterase 4C, cAMP-specific (phosphodiesterase 
E1 dunce homolog, Drosophila)

206950_at scn9a sodium channel, voltage-gated, type IX, alpha subunit

207660_at dmd dystrophin (muscular dystrophy, Duchenne and Becker 
types)

208686_s_at Brd2 bromodomain containing 2

209708_at MOXD1 monooxygenase, DBH-like 1

210407_at ppm1a protein phosphatase 1A (formerly 2C), magnesium-
dependent, alpha isoform

210528_at mr1 major histocompatibility complex, class I-related

211876_x_at PCDHGA10; 
PCDHGA11; 
PCDHGA12; 
PCDHGA3; PCDHGA5; 
PCDHGA6

protocadherin gamma subfamily A, 12; protocadherin 
gamma subfamily A, 11; protocadherin gamma subfamily 
A, 10; protocadherin gamma subfamily A, 6; protocadherin 
gamma subfamily A, 5; protocadherin gamma subfamily 
A, 3

212079_s_at mLL myeloid/lymphoid or mixed-lineage leukemia (trithorax 
homolog, Drosophila)

212228_s_at coQ9 coenzyme Q9 homolog (S. cerevisiae)

213143_at Loc257407 hypothetical protein LOC257407

213652_at PCSK5 Proprotein convertase subtilisin/kexin type 5

214004_s_at VGLL4 vestigial like 4 (Drosophila)

214707_x_at aLms1 Alstrom syndrome 1
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214882_s_at sfrs2 splicing factor, arginine/serine-rich 2

215067_x_at PRDX2 peroxiredoxin 2

215372_x_at --- CDNA FLJ12002 fis, clone HEMBB1001536

215383_x_at SPG21 spastic paraplegia 21 (autosomal recessive, Mast 
syndrome)

215435_at --- CDNA FLJ11921 fis, clone HEMBB1000318

215600_x_at FBXW12 F-box and WD repeat domain containing 12

215615_x_at --- CDNA FLJ14152 fis, clone MAMMA1003089

215683_at --- Clone 24803 mRNA sequence

215982_s_at DOM3Z dom-3 homolog Z (C. elegans)

216187_x_at --- Alu repeat (LNX1) mRNA sequence

216189_at --- Homo sapiens, clone IMAGE:3344506

216532_x_at LOC643450; 
LOC728344

similar to Thioredoxin-like protein 2 (PKC-interacting 
cousin of thioredoxin) (PKC-theta-interacting protein) 
(PKCq-interacting protein)

216958_s_at iVd isovaleryl Coenzyme A dehydrogenase

217550_at atf6 activating transcription factor 6

217643_x_at --- ---

217679_x_at --- ---

217713_x_at --- ---

217715_x_at --- ---

217810_x_at Lars leucyl-tRNA synthetase

218803_at chfr checkpoint with forkhead and ring finger domains

218958_at c19orf60 chromosome 19 open reading frame 60

219392_x_at prr11 proline rich 11

219975_x_at oLah oleoyl-ACP hydrolase

220071_x_at cep27 centrosomal protein 27kDa

220694_at ddef1it1 ddef1 intronic transcript 1

220791_x_at scn11a sodium channel, voltage-gated, type XI, alpha subunit

221307_at KCNIP1 Kv channel interacting protein 1

221501_x_at LOC339047 hypothetical protein LOC339047

221636_s_at mosc2 MOCO sulphurase C-terminal domain containing 2

221829_s_at tnpo1 transportin 1

222026_at RBM3 RNA binding motif (RNP1, RRM) protein 3

222104_x_at GTF2H3 general transcription factor IIH, polypeptide 3, 34kDa

222282_at --- Transcribed locus

222366_at --- Transcribed locus

222762_x_at Limd1 Lim domains containing 1
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223528_s_at LOC731602; 
mett11d1

methyltransferase 11 domain containing 1; similar to 
methyltransferase 11 domain containing 1 isoform 2

223534_s_at RPS6KL1 ribosomal protein S6 kinase-like 1

224105_x_at --- Clone FLB8034 PRO2158

224771_at naV1 neuron navigator 1

225035_x_at CXYorf1; FAM39B; 
FAM39DP; FLJ00038; 
LOC376475; 
LOC653635

family with sequence similarity 39, member D pseudogene; 
family with sequence similarity 39, member B; CXYorf1-
related protein; chromosomes X and Y open reading frame 
1; similar to CXYorf1-related protein

225234_at cBL Cas-Br-M (murine) ecotropic retroviral transforming 
sequence

225311_at iVd isovaleryl Coenzyme A dehydrogenase

225529_at centB5 centaurin, beta 5

225995_x_at FAM39B family with sequence similarity 39, member B

226620_x_at daZap1 daZ associated protein 1

229467_at pcBp2 Poly(rC) binding protein 2

229943_at TRIM13 tripartite motif-containing 13

231109_at --- CDNA FLJ38468 fis, clone FEBRA2021864

232096_x_at --- CDNA: FLJ22140 fis, clone HEP20977

232215_x_at prr11 proline rich 11

232347_x_at --- CDNA FLJ11379 fis, clone HEMBA1000469

232420_x_at Loc286260 hypothetical protein LOC286260

232541_at --- CDNA FLJ20099 fis, clone COL04544

232663_s_at LOC390595 similar to ubiquitin-associated protein 1 (predicted)

232665_x_at --- ---

232882_at --- CDNA FLJ12289 fis, clone MAMMA1001788

232935_at --- Primary neuroblastoma cDNA, clone:Nbla03614, full 
insert sequence

232957_x_at --- CDNA FLJ13017 fis, clone NT2RP3000628

233017_x_at --- CDNA FLJ12326 fis, clone MAMMA1002132

233319_x_at --- CDNA FLJ13845 fis, clone THYRO1000815

233321_x_at LOC90834 hypothetical protein BC001742

233449_at --- CDNA FLJ11377 fis, clone HEMBA1000442

233622_x_at --- MRNA; cDNA DKFZp761A219 (from clone 
DKFZp761A219)

233702_x_at --- CDNA: FLJ20946 fis, clone ADSE01819

233901_at --- MRNA full length insert cDNA clone EUROIMAGE 163507

234382_x_at --- ---

234981_x_at cmBL carboxymethylenebutenolidase homolog (Pseudomonas)
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235081_x_at trim65 tripartite motif-containing 65

235084_x_at --- Transcribed locus

235538_at --- CDNA FLJ30718 fis, clone FCBBF2001675

236617_at --- Transcribed locus

236923_x_at --- ---

237108_x_at fLj42875 fLj42875 protein

237475_x_at sepp1 Selenoprotein P, plasma, 1

238743_at --- Full-length cDNA clone CS0DK002YF13 of HeLa cells Cot 
25-normalized of Homo sapiens (human)

238884_at --- Transcribed locus

239167_at --- Transcribed locus

239661_at --- Transcribed locus

239748_x_at ociad1 ocia domain containing 1

240125_at --- Transcribed locus

240174_at --- Transcribed locus

240665_at --- ---

241303_x_at --- ---

241797_at --- ---

241818_at --- Transcribed locus

242077_x_at c6orf150 chromosome 6 open reading frame 150

242106_at --- Transcribed locus

242235_x_at nrd1 Nardilysin (N-arginine dibasic convertase)

242280_x_at cpeB4 cytoplasmic polyadenylation element binding protein 4

242320_at --- Homo sapiens, clone IMAGE:4769230, mRNA

242364_x_at --- CDNA clone IMAGE:5286005

242377_x_at THUMPD3 THUMP domain containing 3

242405_at --- Transcribed locus

242611_at --- Transcribed locus

242664_at --- ---

242889_x_at LOC645431 hypothetical protein LOC645431

243158_at --- ---

243291_at --- Transcribed locus

243365_s_at auts2 autism susceptibility candidate 2

243431_at --- Transcribed locus

243442_x_at --- Transcribed locus

243640_x_at --- ---

244345_at cadm1 cell adhesion molecule 1

244358_at --- ---
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Frontotemporal lobar degeneration (FTLD)
The first description of a patient with the clinical appearance of Frontotemporal lobar 

degeneration (FTLD) was in 1892 by Arnold Pick. In this work “Über die Beziehungen 

der senilen Hirnatrophie zur Aphasie” he described a patient with progressive loss 

of speech, mental deterioration and on autopsy, unusual shrinkage of the frontal 

cortex 88. For many decades this form of dementia received significantly less scientific 

attention than the much more common dementing disorder, Alzheimer�s disease. In 

the late 1980s, scientists from Sweden and the United Kingdom 98-100 renewed the 

interest in this distinct form of dementia. 

A first milestone was the definition of clinical and neuropathological criteria of 

this disorder in 1994 by the Lund and Manchester groups. Next, on a consensus 

conference in 1996 a hereditary form of this disease was defined as a separate 

disorder. The disorder in these families showed different clinical presentations 

but had neurodegenerative changes in the frontotemporal cortex and linkage to 

chromosome 17q21-22 in common, and was named Frontotemporal dementia with 

Parkinsonism linked to chromosome 17 (FTDP-17) 174. In 1998 this resulted in a 

scientific breakthrough when it was discovered that in the majority of these FTDP-17 

families mutations in the microtubule associated protein tau (MAPT) gene segregated 

with the disease 22,176,177. With this discovery, the significance of the MAPT in the field 

of neurodegenerative diseases was established. 

The microtubule associated protein tau (MAPT)
The function of the microtubule associated protein tau (MAPT) as a potent inducer 

of tubulin assembly into microtubules, was already established 30 years ago 248,441. 

Only when it was discovered that paired helical filaments (PHF), which are the major 

constituent of tangles in Alzheimer�s disease 7, consisted of hyperphosphorylated 

MAPT, its importance in neurodegeneration was recognized 8,9. in 1992 it was shown 

that MAPT in the adult central nervous system could be alternatively spliced into 

six different isoforms. Depending on the inclusion of exon 10, encoding for a fourth 

microtubule binding repeat, MAPT contains three or four tandem repeats 17. MAPT�s 

role in neurodegeneration was further established, when it was shown that other 

neurodegenerative disorders, (classified as Tauopathies 9,10), shared aggregation of 

MAPT protein as a characteristic component of disease pathology. Furthermore 

these disorders are distinguishable by topographic distribution and cell type of the 

inclusions and show strong correlation between clinical phenotype, pathology and 
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aggregation of MAPT isoforms that include or exclude exon 10. In addition, in 1991 

Braak and Braak showed in obducted brains that MAPT pathology (neurofibrillary 

tangles and neuropil threads) exhibited a characteristic distribution pattern that 

could be related to disease 46. Still, the attention for MAPT in dementia research 

remained quite small. Only when it was shown that mutations in MAPT could cause 

neurodegeneration as in FTDP-17 22,176,177, the interest in MAPT research boomed.

FTDP-17, a disorder characterised by a hereditary clinical presentation of FTD 

with linkage to chromosome 17, sometimes in co-occurrence with Parkinsonism 

and (often; see below) with MAPT inclusions co-segregated in families with MAPT 

mutations. This demonstrated that MAPT dysfunction alone was sufficient to result 

in neurodegeneration. Currently FTDP-17 with MAPT mutations, includes a wide 

spectrum of clinical presentations and neuropathology, both within and between 

families. Thus a highly variable group of clinicopathological entities can be linked to 

changes in a single gene (i.e. MAPT) and this group currently includes FTD 192,212,234, 

Pick�s disease 213,217, PSP 179,211,222, CBD 183,201, an Alzheimer-like phenotype 194, semantic 

dementia (SD) 227 and even respiratory failure 139.

Apart from variability in clinical presentation, patients also show variability in age of 

onset and disease duration. Not only do these characteristics vary between families 

with different mutations, but also between families carrying the same mutation or 

even within a family. Furthermore, in some families even non-penetrance has been 

reported 199,217,218,229,442. Some of this variability can be explained by the mutation or 

type of mutation; but the majority must be explained by other unknown genetic or 

environmental variation. 

In 10 to 40 percent of familial cases of FTLD MAPT mutations can be identified 

as potential disease cause. Familial occurrence has been reported to be between 

20 to 50% of patients with FTLD with approximately 10 to 40% of cases following 

an autosomal dominant inheritance pattern 13,100,143-145. Although generally MAPT 

mutations are associated with an autosomal dominant pattern of inheritance, 

an autosomal recessive pattern of inheritance has also been described 139,203. this 

suggests that mutations in the MAPT gene are a potential cause of FTLD in 2-20% of 

the total FTLD population.

Although initially FTDP-17 had been considered as a single disorder 174, it became clear 

over the years that a large proportion of the FTDP-17 patients did not show MAPT 

mutations, nor inclusions of aggregates of MAPT and instead was characterised by 

MAPT negative, ubiquitin positive inclusions (for table of families see 364). 

Even though these families are indistinguishable upon clinical presentation, it recently 
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became clear that these families suffer from a distinct genetic-neuropathologic 

disorder caused by mutations in the GRN gene (see chapter 5) 157,159. this makes the 

term FTDP-17 somewhat outdated and maybe should be limited to patients linked 

to chromosome 17 with MAPT mutations; or as has been proposed change the term 

FTDP-17 with MAPT mutations to FTDP-17t 443.

Implications of MAPT mutations
Currently, more than 40 different MAPT mutations have been identified (also see 

http://www.molgen.ua.ac.be/ADMutations/ 178). Continuing efforts to identify new 

mutations are ongoing. Detailed characterization of the clinical, neuropathological 

and biochemical features of patients with MAPT mutations is important for both 

diagnostic and research purposes. Clinical and molecular diagnosis is important to 

understand disease related changes and to have a better clinical prediction of the 

disease for those people that have MAPT mutations. Furthermore individuals that 

are at-risk can consider presymptomatic DNA testing to help decide in life-planning 

decisions.

From a scientific point of view, the identification of new MAPT mutations and 

characterisation of patient and brain material can give more insight into the 

mechanisms through which MAPT dysfunction can lead to neurodegeneration. In the 

last few years, identification of new MAPT mutations has broadened the spectrum 

of neurodegenerative disorders associated with MAPT dysfunction and has made it 

more clear how mutations contribute to disease by correlating pathology findings 

with in vivo data.

 

FTDP-17 patient characterisation

Characterisation of two patients with a G272V MAPT 
mutation
Our contribution to this subject is given in chapters 3 and 4. In chapter 3 we 

discuss a group of patients with a hereditary form of Pick�s disease. This family of 

patients carry the G272V MAPT mutation and are from the same family originally 

described by Sanders et al., in 1939 as hereditary Pick�s disease 96,362,363. We describe 

both the clinical characteristics and post mortem pathology of two patients in 

detail. Not only did we characterize pathology using routine staining methods (e.g. 
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Bodian and Gallyas silver staining), we also characterised pathology using several 

phosphorylation dependent, phosphorylation independent and isoform specific 

(RD3 and RD4) antibodies. Furthermore, detailed biochemical analysis for sarkosyl-

soluble and insoluble MAPT protein from several brain regions was discussed. In 

addition, MAPT filaments were studied using EM. In all aspects the patients met 

the criteria for Pick�s disease, including presence of Pick bodies that contain twisted 

filaments with long periodicity consisting only of hyperphosphorylated 3R MAPT 

unphosphorylated at Ser262.

Based upon isoform specific immunohistochemistry, the Pick bodies were shown 

to consist of 3R MAPT only, whereas if relied on western blots alone, we could have 

easily made the wrong assumption to characterize Pick bodies as a mix of 3R and 

4R isoforms. The staining with the isoform specific antibodies showed that the low 

amount of detected 4R corresponded to presence of various NFT or diffuse or faint 

positive cytoplasmic staining of granular cells (or may be glial pathology), which 

as we discussed may be a separate or intermediate step in the neurodegenerative 

process. In our opinion, these results showed that biochemical analysis of patient 

material alone is not accurate enough for patient characterisation and needs to be 

extended with immunohistochemistry using isoform specific antibodies. 

Correlating the diagnosis of Pick�s disease with in vitro determined mutation effects 

(e.g. a lower microtubule assembly rate 294,295; decreased microtubule binding 295; 

increased aggregation rates compared to wild type) is difficult. Especially since the 

majority of mutations have very similar effects, affecting microtubule polymerisation 

and aggregation properties. This makes it difficult to explain how distinct mutations 

contribute differently to dementia, let alone explain the difference in clinical 

phenotype (e.g based upon protein properties it is difficult to understand why 

L257K, I266V and G272V mutant protein give rise to Pick�s disease, whereas the 

I260V mutation, which is located between these mutations and part of the same 

exon, gives rise to a PSP-like phenotype.

Correlating the effects that mutated proteins have upon an ability to induce distinct 

clinicopathological phenotypes (like G272V MAPT) may help identify molecular and 

cellular mechanisms that cause these specific clinical presentations. For example, 

recently the influence of four mutations that induce distinct clinicopathological 

phenotypes, was characterised, showing that different mutations resulted in distinct 

isoform-dependent effects on microtubule dynamics 296. We suggest that, correlating 

these changes with seemingly independent effects, (e.g. phosphorylation status), 

may help identify superimposed molecular and cellular mechanisms that eventually 
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lead to the development of FTDP-17 and correlated clinical presentations. 

To help understand sporadic forms of the disease, characterising patients with 

mutations that lead to well defined clinical and pathological characteristics, as is the 

case in the G272V family, is eminent. Refining disease related data using detailed 

pathology (e.g. with isoform specific antibodies), both in sporadic and familiar forms, 

correlated with age at onset, disease progression and duration and genetics may help 

in searches to identify new risk factors. Furthermore the development of G272V based 

model systems may help understand Pick�s disease as a clinicopathological disease 

entity and may contribute to the understanding of (the aetiology of) Frontotemporal 

dementia. 

Characterisation of the ∆K280 patient
We also characterised the brain of a patient carrying a ∆K280 mutation and showed 

that the pathology was compatible with the diagnosis of Pick�s disease, including 

the presence of 3R specific 12E8 negative Pick bodies, although in various regions 

on western blot a small amount of sarkosyl insoluble 4R could be detected (see  

chapter 4). 

The ∆K280 mutation is a very controversial mutation in several ways. First of all, 

only one patient has been described in detail, although a positive family history was 

present. Furthermore, in vitro results have shown that ∆K280 MAPT protein loses 

its ability to polymerise and bind tubulin 295, whereas it also enhances aggregation 

into insoluble filaments compared to wild type or other mutated MAPT proteins. on 

the other hand, in vitro splicing assays showed this mutation completely abolishes 

alternative splicing of exon 10, producing only transcripts lacking exon 10, eliminating 

all mutant isoforms 188, suggesting that the effects on microtubule binding and self-

aggregation are biologically irrelevant.

To verify the suggested effects of the mutation it is important to establish what 

happens in an in vivo situation. During the study, the only known patient with a ∆K280 

mutation diseased and the brain became available and enabled us to characterise 

MAPT pathology (see chapter 4). The results showed that patient pathology was 

compatible with Pick�s disease. Furthermore, alternative splicing in the patient was 

not completely abolished, as suggested by in vitro assays, but considerably reduced, 

effectively resulting in an increase of soluble 3R MAPT protein. these observations 

again provided support for the aetiological significance of variation in the alternative 

splicing of MAPT isoforms in vivo and its relevance to specific disease processes.
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The dramatic effects of the ∆K280 MAPT mutation on its protein properties described 

above could not be proven nor disproven using the available brain material. Although 

in several regions some sarkosyl insoluble hyperphosphorylated aggregated 4R 

could be detected, expression of the mutant protein could not be verified, since no 

specific antibody against the mutant protein could be raised (unpublished results). 

We hypothesise that small amounts of mutant protein are still produced but we can 

only speculate how this contributes to the disease process. Since other mutations 

that affect 4R isoform stoichiometry, or give rise to an increase in 4R isoforms, also 

give rise to aggregation of 4R isoforms in glial cells, one possibility would be that 

∆K280 mutant protein selectively aggregates into glial cells. Glial pathology in this 

patient, however, was minimal. An alternative idea would be that because ∆K280 is 

very prone to aggregate, it contributes to aggregation of all isoforms, acting as a seed 

for aggregation. on the other hand, its increased aggregation properties might make 

it more prone to degradation and mutant protein would become selectively cleared 

from the brain.

In conclusion, our results have shown that investigating human patient brain is 

relevant to obtain a better understanding of specific disease processes. Moreover, 

we described the first patient to show disease induced by a relative overexpression of 

3R MAPT. In addition, similarly to the 4R related changes observed in patients with 

relative 4R overexpression, a relative 3R overexpression caused a 3R related illness 

(i.e. Pick�s disease). Since Pick�s disease is characterised by specific disease related 

changes in behaviour, this mutation correlates changes in behaviour with genetic 

deregulation. This will help develop more accurate relevant model systems that may 

help understand disease, characterise pathways and will help development of future 

medicines to cure patients.

Frontotemporal lobar degeneration with ubiquitin 
inclusions (FTLD-U) linked to chromosome 17
Although mutations in MAPT were linked to most families linked to chromosome 

17q21 in some families no MAPT mutations could be observed 22,113,147,148,151,368,444-446 

(see for table of described families 364). Furthermore, pathologically, these families 

did show ubiquitin positive inclusions in the absence of MAPT pathology and were 

therefore classified as Frontotemporal lobar degeneration with ubiquitin inclusions 

(FTLD-U) 101,447. Recently, mutations in the GRN (granulin) gene were linked to 
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FTLD-U 157-159. Until now around 50 different mutations in GRN were shown to 

segregate with FTLD-U. An up to date overview of all known mutations can be found 

on http://www.molgen.ua.ac.be/ADMutations 178. 

GRN precursor protein (Progranulin) is a secreted growth factor composed of 7.5 

tandem repeats called granulin domains. Cleavage of the signal peptide produces 

mature GRN, which can be further cleaved into a variety of active, 6 kDa peptides. 

Both the peptides and intact GRN protein have been shown to regulate multiple 

processes including: development, wound repair, inflammation, tumorigenesis 

and cell cycle regulation 400. Furthermore, it seems that loss of GRN decreases 

MAPT protein expression 448, whereas in several neurodegenerative diseases GRN 

expression is increased in activated microglia 449,450. 

Each of the granulin domains consists of a highly conserved motif of 12 cysteine 

residues. Because the granulin domains consists of such highly conserved motif, 

they have been suggested to be functionally redundant 158. More recent studies have 

shown that full length granulin and separate cleaved granulins may have alternative 

binding capacities and functions 400, suggesting that both the peptides and intact 

GRN protein regulate distinct processes.

Generally FTLD-U patients show mutations that cause a premature stop codon, 

which results in decreased mRNA expression (i.e. haploinsufficiency) due to 

nonsense mediated mRNA decay 157,159,166, in essence this means these patients are 

hemi-knockout. It is apparent that patient with similar mutations or from the same 

families show varying phenotypes 451-454. Disease phenotypes mostly seem to resemble 

FTD (the behavioural form of FTLD) or a phenotype with progressive language 

dysfunction. Sporadically phenotypes resembling an atypical form of multiple 

sclerosis (MS) 453, evolving motor neuron disease 166 or Corticobasal degeneration 
158,452 can be observed, however these generally seem to be exceptions.

Although patients with GRN mutations differ somewhat in clinical presentation, 

all patients with GRN mutations show presence of ubiquitin positive lentiform 

neuronal intranuclear inclusions (LNII) in the neocortex and striatum. In some cases 

aggregates of other proteins (α-synuclein and MAPT) are also observed, although 

this seems to be rare 455. Initially, these inclusions were considered pathognomonic 

for GRN mutations, but this has been challenged by recent observations of LNII 

in FTD brains without GRN mutations 451,456-458. A major breakthrough was the 

identification, these inclusion bodies did not contain granulin proteins, but the TAR 

DNA binding protein (TARDBP or TDP-43) 459,460, which was also true for cases 

without GRN mutations.
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TDP-43 is a nuclear protein, involved in transcriptional repression and alternative 

splicing, although its precise function in brain is still unknown. In addition, presence 

of protein aggregates of TARDBP in several related diseases is observed (i.e. 

Frontotemporal dementia with motor neurone disease [FTD-MND] and amyotrophic 

lateral sclerosis [ALS]). In some cases TDP-43 was also detected in Pick bodies, 

neurofibrillary tangles, tangles from tangle only dementia and thread- and coil-like 

structures in CBD. Conversely tufted astrocytes seen in PSP or Lewy bodies, and glial 

cytoplasmic inclusions observed in multiple system atrophy (MSA) were negative 

proving the specificity of the staining 459. Furthermore, inclusion bodies consisting 

of this protein were also observed in regions that did not show ubiquitin positive 

inclusion bodies, demonstrating the specificity of this protein as a marker for (a yet 

undiscovered) disease process. 

Dutch FTLD linked to chromosome 17 with GRN 

mutations
In chapter 5 we discuss our findings on the discovery of GRN mutations in our Dutch 

cohort including several FTLD families without MAPT mutations, some of which were 

originally linked to chromosome 17 (FTLD-U families). Except for three mutations 

that, similar to previous reports 157,158, cause frame shifts and premature stop codons, 

we were the first to describe three possible missense mutations. Furthermore, in 

one family non-penetrance of the mutation was observed. The frequency of GRN 

mutations in the Netherlands (~7% by including two highly conserved missense 

mutations) was low compared to other studies (~13-25%) 157,158,161, even when 

frequencies were compared for index patients only. Patient�s pathology consisting of 

ubiquitin positive lentiform inclusion bodies was comparable to previously reported 

patients 461.

the differences in GRN mutation frequency may reflect differences in patients 

recruitment methods, as is suggested by the observation that MAPT mutations in 

the Belgian cohort accounted for only to 7% of all familial cases compared to 14% 

detected in this cohort 13,157. In addition, in the Belgian study a strong founder effect 

among probands was observed (Marc Crutz, personal communication), whereas our 

mutation frequency estimation was restricted to independent patients only. Still, a 

(re)estimation of the frequency in a combined Belgian-French cohort showed a higher 
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GRN mutation frequency than our cohort 160,161. Therefore geographical differences 

in frequencies may also be important and cannot be ruled out until more reports will 

allow a better approximation of GRN mutation frequency in familial FTLD.

In one family, non-penetrance of the mutation was reported although recently 

this carrier also became affected (John van Swieten, personal communication). 

Other groups also described non-penetrance 161,452. Although, non-penetrance gives 

hope to mutation carriers to be spared from disease, this may also mean genetic 

or environmental effects can postpone disease in mutation carriers. Correlating 

differences (e.g. in clinical representation, disease onset, severity and duration) both 

within and between families, with genetic and environmental disease factors, may 

help discover targets for pharmacological interference. 

In conclusion, the discovery that mutations in GRN initiate a form of FTLD is an 

important breakthrough. Patients and families have now the ability to receive genetic 

counselling and can consider pre-diagnostic screening to find relief from anxiety 

and help make life planning decisions. Furthermore, non-penetrance gives hope to 

mutation carriers to be spared from disease.

GRN mutations in FTLD
Scientifically, the discovery unveiled a pathway that had not yet been linked to 

neurodegeneration and dementia. The reasons why GRN mutations cause dementia 

may be addressed by studying the genetic variation between mutation carriers. 

most GRN mutants demonstrate a similar putative disease mechanism (i.e. 

haploinsufficiency by nonsense mediated mRNA decay [NMD]). Studying differences 

(e.g. in clinical representation, disease onset, severity and duration) between various 

families and correlating these factors with genetic and environmental disease 

confounders may help define new disease linked modifiers, which may be targets for 

pharmacological interference.

Furthermore, our discovery of potential missense mutations may help recognize 

more specifically how loss of Progranulin or specific granulins contributes to disease. 

Originally it was suggested that granulin haploinsufficiency, due to reduced granulin-

mediated neuronal survival, leads to neurodegeneration. Because recent studies have 

shown that full length granulin and separate cleaved granulins may have alternative 

binding capacities and functions 400 it might mean that decrease of certain granulins 

causes disease. To improve understanding of the disease process, the functions of 

Progranulin and mature granulins need to be established. 
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Since some of the missense mutations we found 160 are in conserved motifs, they may 

help pinpoint how distinct regions are involved in the loss of function of GRN protein 

in FTD, which may help clear up through which pathways GRN loss causes FTD. for 

instance missense mutations might change the conformation of granulin, rendering 

it functionally incapable. Another possibility would be that these mutations disturb 

subsequent processing, creating a “functional haploinsufficient” allele. In addition, 

disturbed processing may make granulin more prone to degradation, creating 

haploinsufficiency via increased degradation 160. 

TDP-43
since TDP-43 inclusions are characteristic for the pathology of patients suffering from 

GRN mutations, this protein is an important target to study. It may help determine 

which pathways are altered by the decrease in GRN that eventually causes FTLD-U. 

as mentioned, TDP-43 is a nuclear protein, involved in transcriptional repression 

and alternative splicing, although its precise function in brain is still unknown. To 

resolve, why loss off GRN leads to TDP-43 aggregation and neurodegeneration, it is 

interesting to determine the effect of GRN decrease on TDP-43 expression. 

One link between TDP-43 and GRN mutations may be that TDP-43 binds several 

heterogeneous nuclear ribonucleoproteins (hnRNPs). hnRNPs are part of the 

splicing machinery, which is involved in NMD 462, providing evidence that TDP-43 

may be involved in NMD. increased NMD due to the nonsense mutations in GRN 

may increase TDP-43 turnover. Prolonged increased turnover, might lead to partial 

degradation products, aggregation, amyloidation and cell death, similar to what is 

observed in other neurodegenerative diseases. A principal issue, which needs to be 

resolved, is whether TDP-43 aggregation is protective or neurotoxic.

Characterisation of Tauopathy patients on 
expression
Tauopathies 9,10 share the aggregation of the microtubule associated protein tau 

(MAPT) as a hallmark of pathology. Due to this overlap, especially patients with less 

typical pathology are difficult to classify. Genetic findings on Mendelian disorder 

have created some clarity, even though in the majority of patients disease aetiology 

can only be explained by a combination of genetic background and environmental 
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factors. Therefore we propose that a much more precise distinction can be obtained 

if actual gene products (i.e. mRNA and proteins) will be taken into account. For this 

reason we compared as a pilot study genome wide gene expression profiles of 4 groups 

of patients suffering from similar neurodegenerative but distinct neuropathological 

disorders with a control group (see chapter 6). 

After correction for non specific background levels and atypical patient samples, 

the majority of clinicopathological patient groups were distinguishable upon gene 

expression and could be validated with independent matched samples. Still, based 

upon expression levels, FTD and Pick�s samples seemed to have similar disease 

induced expression levels, whereas Alzheimer�s disease samples showed to be 

almost indistinguishable from non demented aged controls. The overlap between 

Alzheimer�s disease and normal ageing may have to do with presence of severe 

neurodegeneration in the analysed region (Koen Bossers, personal communication) 

and should be confirmed by including Alzheimer�s disease samples with less severe 

Braak stages or by studying other regions. 

in the case of the FTD and Pick�s disease samples our analyses showed both FTD 

and Pick�s disease to be very similar upon gene expression. To exclude processes 

correlated with severity of neurodegeneration as reason of this correlation our results 

should be validated in other, less affected regions. Similarly, including differently 

affected regions may provide more details why some regions are more sensitive to 

neurodegeneration and which processes are behind this.

Pathway analysis
Pathway analysis of disease related changes in the diverse neurodegenerative 

disorders showed pathways known to be involved in Tauopathies (e.g. endoplasmic 

reticulum (ER) stress, oxidative stress, Wnt signalling pathway) to be differently 

regulated in patient brain material, showing the validity of the experiment. 

Furthermore the observation that the insulin/IFG-1 signalling (IIS) pathway and 

FOXO1A and FOXO3A transcription factors play a role in the disease process of 

described neurodegenerative disorders is of interest. Our results suggest a strong 

link between this pathway and aging. Depending on signal and cell type FOXO 

transcription factors balance stress resistance, growth and cell death 425-436,463. for 

these reasons FOXO transcription factors can be best defined as regulators of cell 

fate 437. As can be concluded from the above, there is a good correlation between 

upregulation of FOXO factors and cell stress. The mode of action of FOXO factors 
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largely depends on interactions with upstream pathways, since these regulate FOXO 

phosphorylation, acetylation or ubiquitinylation 438, which influences FOXO stability 

and interaction with downstream promoters. The collaboration between a multitude 

of different pathways (during stress) affects survival (see figure 1). Therefore 

upstream pathways influence how FOXO factors influence cell faith. According to 

the microarray experiments upregulation of IGF-1 receptor and RAF1 is observed. 

In haematopoietic cells synergy between PI3K/Akt and RAF/MEK/ERK pathways 

and IFG-1 receptor prevents apoptosis and is therefore protective 439. however, these 

results were obtained in a different cell type and may not apply for neurones. 

An alternative hypothesis is that FOXO proteins are decreasing reactive oxygen 

species (ROS). FOXO proteins have been reported to decrease ROS by increasing 

the radical scavenging proteins Mn superoxide dismutase (MnSOD) and  

catalase 427,429,430. In several neurodegenerative disorders (e.g. Alzheimer�s and 

Parkinson�s disease) increase of oxidative stress has been suggested to be correlated 

with disease aetiology, which means FOXO factors might help decreasing ROS in 

PSP brains too.

Conversely, in C. Elegans, a link between aggregation-mediated toxicity and decreased 

insulin/IFG-1-like signalling was shown. Downstream transcription factors (heat 

shock factor-1 and Daf-16) regulated disaggregation and aggregation activities to 

promote cellular survival in response to constitutive toxic protein aggregation 440. 

Possibly this response can be generalised and provides a link between FOXO factors 
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and aggregation-mediated proteotoxicity of MAPT observed in PSP.

In our opinion our trial experiment to determine whether pathology defined samples 

can be distinguished on gene expression is promising. Nevertheless there is room for 

improvements. To help identify pathways that determine sensitivity of certain brain 

regions to certain disorders (e.g. the frontal lobe in FTD) we suggest to include other 

brain regions in the analysis. Furthermore correlating expression in these regions 

with disease severity and between different disorders may help to define common 

pathways involved in the neurodegenerative process versus changes that are related 

to disease aetiology. Defining these processes will help understand the overlap in 

expression we observed between FTD and Pick�s disease; and Alzheimer�s disease 

and normal aging.

Because our experiments showed that pathologically defined samples could be 

distinguished on gene expression, we wondered whether similar types of data can 

also be used for clinical diagnosis. Our results were obtained using post mortem brain 

material. Since obtaining brain material during the disease course is not possible 

characterisation of patients for diagnosis has to rely on easily obtainable patient 

material such as fibroblasts and leukocytes, which are frequently used for research. 

A possible drawback for this material is that one might obtain data that distinguish 

between diseases but does not have an obvious correlation with disease aetiology. 

Another more disease related “source of RNA” may be extracted from microglia from 

cerebrospinal fluid (CSF), although amounts may be too small to extract sufficient 

amounts of RNA. 

Using our gene set as guideline to determine disease related genes in these other 

tissues might be helpful for creating expression based diagnostic tests. Furthermore 

correlating our observed expression changes with variation in protein content and 

related post-translational modifications may help define protein biomarkers. Testing 

these changes in the CSF of patients may be easier and more sensitive. Consequently, 

our research may be the basis to help define new tests that correlate with disease 

progression and give a more accurate prediction of disease course and effectiveness 

of treatment.

Conclusions and future of FTLD research

Genotype phenotype correlations
We are confident our results will guide future research. Hereditary forms of disease 
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will help to identify important factors involved in disease (e.g. as was the case with 

mutations in MAPT and GRN). Therefore finding disease families and characterizing 

disease related mutations, microdeletions, duplications or inversions is important. 

Detailed analysis of large families as described in chapter 3, 4 or 6 is necessary 

to understand differences (e.g. in age of onset, disease course and age of death). 

Moreover, to estimate genetic risk and determine confounding factors, accurate 

patient phenotypes need to be correlated with genomic data. 

Finding the cause of disease in familial cases needs only limited sample sizes, which 

reduces costs. In addition, because families share parts of their genome, genomic 

regions that seem to affect disease status, onset and progression are more easily to 

detect, although it also increases the chance of false positives.

 However, mutations may be rare and may be difficult to correlate to changes affecting 

the general population. Therefore it has been proposed that the future of genetics is 

in the use of large cohorts of sporadic cases. However, whole genome data will always 

be more expensive due to larger sample sizes, even though developments like “the 

thousand-dollar-genome” are decreasing costs. Attempts to cut costs by decreasing 

sample size may lead to inadequate sample size or matched controls, which will 

decrease the validity of results and increase false positives. Hence, whatever the study 

design, results should always be validated with independent samples, something that 

is unfortunately not always done!

Detailed patient characterisation
Another direction for future research is to correlate genotypes with data on transcription 

and translation. This may help to increase understanding of these processes and 

their influence on disease. To manage data flow, correlate changes and calculate or 

predict effects, this needs to be accompanied with advances in (bio)informatics. Using 

sophisticated tools it will be easier to determine and understand cellular processes 

and characterise which processes are exceeding “healthy” perimeters. Except for 

providing a basis for personalized medical treatment, targets may also be selected to 

decrease patient�s risks by altering nutrition or life style.

Patient characterisation is also necessary to improve genetic counselling for families 

of patients suffering from these illnesses. Increasing knowledge about genetic 

factors helps to estimate risk, age of onset, disease duration or even disease severity. 

All these factors are important to determine treatment and patient care, future 

prospects (of next of kin) or even family planning. Currently clinical genetics and 
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pre-diagnostic testing is done on clear genetic risk factors with high penetrance (e.g. 

MAPT or presenilin-1 mutations), for patients with high risk (i.e mostly familial 

cases). Increasing our knowledge about genetic factors (e.g. using large cohort 

studies), or characterizing patients on transcription information might help to 

discover individuals that do not carry mutations but have high disease risk, providing 

accurate genetic counselling to both (next of kin of) familiar and sporadic cases.

MAPT haplotype and risk on PSP
The correlation between MAPT H1 haplotype and PSP has been proven to be very 

robust. Furthermore, when mRNA expression in brain was correlated with haplotype, 

no change in total MAPT mRNA expression was observed but the 4R/3R ratio was 

influenced 60. Our own preliminary data confirm these observations (results not 

shown). The question remains: ”how?” As mentioned the existence of high linkage 

disequilibrium (LD) between SNPs in and around the MAPT gene is the result of a 

common chromosomal inversion. Because of the inversion recombination between 

the major haplotypes (H1 and H2) is less likely in healthy individuals 464 and has 

allowed divergence between the major haplotypes. Many of the observed changes are 

SNPs. The increased risk could be refined to a small region surrounding a single SNP 

in a conserved region in intron 1 of MAPT 57. according to in vitro studies this SNP is 

located in a phylogenetically conserved domain and can alter promoter expression. 

How altered expression is able to influence 3R/4R transcript ratio is unclear. One 

possibility is that essentially all H1 haplotypes share an increased risk and that the 

refined haplotype is essentially tagging a yet undetermined disease related alteration. 

The genomic region around MAPT has a complex structure and discrepancies 

between in silico analysis and the observed chromosomal inversions might suggest 

that sequence contigs and/or large-insert clone assemblies in the MAPT genomic 

region need refinement or that the size of low copy repeats (LCR) that are part of this 

region, is variable among individuals 39. Furthermore the possibility exists that the 

PSP correlated SNP is tagging a specific LCR variant.

this LCR variant itself or the chromosomal structure associated with this variation 

may alter expression of genes or partial genes within this region 38,39 by influencing 

(proximity of) regulatory elements. Altered expression of genes like PLEKHM1 

may increase sensitivity to apoptosis 465, whereas pseudo genes (e.g. partial N-

etylmaleimide sensitive factor [NSF]) may alter expression of functional mRNA in 

trans, decreasing NSF function (i.e. AMPA receptor cycling 466 or SNARE complex 
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regulation 467). Although these changes provide a basis for interactions between H1 

haplotype and increased risk on PSP, a (in)direct interaction between these genes 

and altered 3R/4R ratio will be need to be proven.

Another proposed model is presence of an antisense transcript in the promoter region 

of MAPT (Ian D�Souza, personal communication; 41). Antisense RNA could decrease 

MAPT expression by occupying the locus or decreasing expression through small 

interfering RNAs (siRNAs). Haplotype related SNPs would alter specificity of this 

antisense rna or siRNAs, providing a basis for an altered 3R/4R ratio. Furthermore 

the SNP located in the phylogenetically conserved regulatory domain in MAPT 

intron 1 may influence expression, providing a direct correlation between this SNP 

and increased risk on PSP.

The influence of MAPT in dementia
MAPT aggregation in brain has been associated with a variety of neurodegenerative 

diseases collectively called Tauopathies. The most common Tauopathy is Alzheimer�s 

disease. Although in Alzheimer�s disease, NFT pathology, disease progression and 

severity strongly correlate, no MAPT mutations were ever found. Instead the most 

important (genetic) influences correlated with Alzheimer�s disease seem those 

that influence the amyloid precursor protein (APP). This still leaves the question 

whether the MAPT related changes in Alzheimer�s disease are cause or effect of the 

disease. Because of the strong correlation between NFT pathology and disease and 

the interaction between MAPT and APP in several disease models, the majority of 

researchers are convinced that MAPT deregulation in Alzheimer�s disease contributes 

significantly to disease.

When, MAPT mutations were linked to FTDP-17, it was demonstrated that altered 

MAPT function itself was sufficient to result in neurodegeneration. Furthermore, 

some patients with MAPT mutations (i.e. FTDP-17 patients), showed a clinical 

presentation that resembled Alzheimer�s disease. However, in all FTDP-17 patients 

the main component of pathology is MAPT and amyloid pathology is rare. Moreover, 

the majority of FTDP-17 patients show a distinct form of neurodegeneration classified 

by the reduction/degeneration of the frontotemporal lobes. This triggered a quest 

to understand the correlation between MAPT dysfunction, disease and pathology 

independent from APP pathology.
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MAPT hyperphosphorylation
One of the key characteristics of Tauopathies is the presence of hyperphosphorylated 

aggregated MAPT protein. In humans, aggregation of hyperphosphorylated 

MAPT isoforms correlates well with altered disease related mRNA expression 

(e.g. disturbed expression due to intronic mutations 176, the ∆K280 MAPT  

mutation 188 and the H1 haplotype 60). Also, pseudo-hyperphosphorylated MAPT 

shows increased neurodegeneration 468 whereas preventing phosphorylation 

by modifying phosphorylation epitopes in Drosophila, reduces MAPT toxicity 

in vivo 298. Hyperphosphorylated MAPT has altered microtubule binding and 

polymerisation properties compared to unphosphorylated MAPT 263,264,267,469,470. 

Furthermore, increasing phosphorylation (e.g. by co-expressing GSK3β in fly or 

mice) can increase neurodegeneration 272,311 and several enzymes that alter MAPT 

hyperphosphorylation increase a neurodegenerative phenotype in transgenic 

C. elegans 306. this makes the evidence that MAPT hyperphosphorylation has an 

important role in neurodegeneration overwhelming.

Expressing human wild type or mutant MAPT in cell or animal models, 

induces hyperphosphorylation but the amount of hyperphosphorylation and 

hyperphosphorylated isotopes can differ depending on the model used or the kind of 

mutated MAPT 270,272,280,286,471. Interestingly, not all models show neurodegeneration 

when MAPT of mutant MAPT is expressed. in C. elegans MAPT hyperphosphorylation 

and neurodegeneration are not linked and co-expressing consecutively active GSK3β 

in mice decreased neurodegeneration.

These observations show that although phosphorylation is mostly linked to 

neurodegeneration, some exceptions exist. Whether these exceptions are induced by 

protective pathways or whether they hint to specific changes that need to occur before 

hyperphosphorylation becomes noxious is still matter of debate. Determining why 

these models do not show neurodegeneration may help to determine which pathways 

are essential for phosphorylation to become noxious and cause neurodegeneration.

Filament formation and aggregation
The relationship between MAPT hyperphosphorylation and neurodegeneration has 

been intensively studied. One of the oldest theories is that MAPT hyperphosphorylation 

increases filament formation, which leads to aggregation and neurodegeneration. 

In vitro hyperphosphorylated MAPT increases filament formation and correlation 

between phosphorylation sites and severity of disease induced MAPT aggregation 
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seems to exist 472. In addition mutant MAPT is much more effective in stimulating 

filament formation, compared to wild type MAPT and in several animal models the 

severity of neurodegeneration and filament-formation seem linked 278,286,301. 

Filament formation eventually leads to MAPT aggregation. In theory insoluble 

filaments could affect cell homeostasis, which would interfere with cellular function, 

induce stress and would eventually cause apoptosis and neurodegeneration 473,474. 

Although it is hard to imagine how large aggregates could be beneficial to the cell, it 

is important to distinguish if aggregation itself causes loss of function and cell death 

or if loss of function and cell death is induced by another cause. 

There is a large amount of evidence that suggests that aggregation is an important 

part of the disease process e.g. Alzheimer�s disease patients show MAPT pathology 

that correlates well with disease status; increased aggregation properties of mutant 

MAPT are linked to FTDP-17; hyperphosphorylated MAPT is more prone to aggregate; 

proteolytic fragments of MAPT are more prone to aggregate; mouse models with 

aggregates show motoric or behaviour impairment. However, there is also evidence 

that neuroimpairment already has taken place before aggregation starts. 

for instance, in MAPT overexpressing mouse models, reducing the amount of 

MAPT by decreasing expression was shown to decrease neurodegeneration and 

loss of function 303, even though aggregation still increased. In cell models filament 

formation by itself does not cause apoptosis and as mentioned, several models show 

neurodegeneration and neuroimpairment before aggregation starts 270,273,277. this 

might mean that aggregation is a final sink to dispose of noxious MAPT proteins 

and it seems there is a crucial step between phosphorylation and aggregation that is 

essential for neurodegeneration and loss of function (functio laesa). 

Altered degradation and truncation
Literature suggests that at least one crucial disease step takes place after 

phosphorylation and before aggregation. One of these steps may be degradation 

or truncation of MAPT. Truncation has been hypothesized to play a major role in 

Alzheimer�s disease 475. Rats expressing human truncated MAPT displayed massive 

neurofibrillary structures 476 and progressive neurobehavioural impairment 477. 

Furthermore, hyperphosphorylation at certain epitopes has been shown to change 

the ability of MAPT to become degraded 478-480. By using antibodies that specifically 

recognize truncated MAPT, it has been demonstrated that proteolysed MAPT within 

or outside aggregates is present in Alzheimer�s disease brain but not in control  
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brain 481-484. Furthermore MAPT truncation appears relatively early in Alzheimer�s 

disease during neurofibrillary tangle evolution 483,485 and in cellular models, truncated 

MAPT has been shown to induce neurodegeneration independent of aggregation and 

NFT formation 486. 

The majority of the changes in degradation have been linked to increased aggregation. 

for instance, in vitro, truncated MAPT assembles more rapidly and more extensively 

into filaments than wild-type MAPT, suggesting it may initiate and/or catalyse 

tangle formation 482,487. Furthermore, mutant MAPT proteins seem to have altered 

aggregation and degradation properties in vivo 370. Additionally a recent rapport 

shows stepwise proteolysis liberates MAPT fragments that provoke Alzheimer-

like aggregation of full-length MAPT 488. These properties have contributed to 

the hypothesis that truncation of MAPT may be a catalyst of aggregation for NFT 

formation and the cause of neurodegeneration. Still, as we have already discussed the 

importance of these observations is demoted by results showing neurodegeneration 

proceeds aggregation 270,273,277. 

The influence of MAPT mutations 
as observed in FTDP-17 patients, MAPT toxicity is influenced by changes in its 

expression and its protein isoform properties. Based upon initial observations, it 

was suggested that MAPT mutations initiate disease through loss of function, by 

changing MAPT induced microtubule binding and polymerisation. Furthermore 

mutations changing the alternative splicing of MAPT would also be considered to 

be a loss of function. Indeed, most missense mutations show decreased microtubule 

binding and polymerisation. 

Still, not all missense mutations show a decrease in microtubule binding or affect 

microtubule dynamics. For instance R406W MAPT seems to bind tubulin even 

stronger than wild type protein 294,295 and does not seem to affect microtubule dynamics 

in vivo 296. Most mutant transgenic models show an increased neurodegenerative 

effect compare to wild type models, even when expression levels are lower. Although 

this obviously only applies to mutations that affect MAPT protein stoichiometry, this 

is an important observation and has lead to the hypothesis that mutant MAPT has a 

gain of function. 

The properties of this gain of function have been proposed to be: increased aggregation 

properties 295; increased phosphorylation 489; or even altered degradation 490. Still, 

these properties are compromised by other observations, (e.g. fact only ∆K280 
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mutant MAPT shows increased aggregation in vivo 299; in some cases phosphorylation 

is diminished 491,492). Therefore, the hunt to understand the exact nature of such gain 

of function continues.

Microtubule dynamics
One of the suggested crucial steps is altered microtubule dynamics. Distinct isoforms, 

including mutated isoforms, differently affect microtubule dynamics 296. In vivo 

experiments have shown that 4R MAPT increases microtubule growth rate in all 

concentrations tested, whereas 3R MAPT decreases MT growth rate at low MAPT:

tubulin ratios and increases growth rate at high MAPT:tubulin concentrations 261. 

Mutant MAPT proteins also alter these dynamics 296. Correlating these results 

with changes in ratio as provoked by splice mutations, would make it quite easy to 

understand why changes in splicing may have dramatic effects. Furthermore to regain 

control, it would lead to an increase of phosphorylation, which mediates MAPT�s 

functionality 493; and degradation. Aggregation would be a secondary response.

Similarly mutation induced decreased microtubule binding would increase the 

amount of “free MAPT protein”, which would be more prone to get abnormally 

(hyper)phosphorylated, which would lead to an increase in aggregation. This idea is 

supported by the observation that two distinct microtubule-bound MAPT populations 

exist in which MAPT is reversibly and weakly bound to the surface of microtubules or 

might be stronger and irreversibly incorporated into microtubule network 261,394,395. 

Free mutant MAPT isoforms would affect this process more effectively and would 

show “a gain of function”.

Cellular transport
Except for microtubule dynamics MAPT also affects cellular transport. In 

microtubule-dependent transport of single vesicles and organelles MAPT regulates 

the attachment/detachment and not the speed of these vesicles 494. Furthermore, 

in several neuronal and non neuronal cells, MAPT overexpression blocks axonal 

transport of mitochondria, APP vesicles, and other cell components, which leads 

to clogging of axons by MAPT, inhibition of axonal traffic starvation of axons and 

synapses and vulnerability against stress 495,496. This can be rescued by expression 

of phosphatases like MARK, which causes phosphorylation of MAPT at the KXGS 

motifs. this detaches MAPT from the microtubules thus facilitating the transport of 
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particles 495. 

Furthermore in healthy neurons, at physiological levels, MAPT can regulate transport 

by locally altering the number of motors moving a cargo 497. this seems to be isoform 

specific, suggesting that MAPT (isoform) levels could be an important regulator of 

transport 497. in addition, in absence of MAPT, motion at microtubule intersections 

could only occur when microtubules were distorted. On the other hand, if either 

of the crossed microtubules were decorated with MAPT, microtubule switching at 

intersections was much more effective 497. Therefore correct regulation of MAPT 

in cellular transport seems of vital importance to the cell. Whether deregulation 

through mutations or change in isoform expression levels and starvation of axons 

and synapses are sufficient for neurodegeneration is still matter of debate. One of its 

influences may be the increase of oxidative stress 245.

Oxidative stress
Oxidative stress is an important pathological component of neurodegenerative 

disorders including Alzheimer�s disease 498,499. Several oxidation markers are found 

in Alzheimer�s disease brain 500-502. Furthermore, some of these oxidation markers 

were also found in the accumulated MAPT protein aggregates seen in Alzheimer�s 

disease 501,502. In addition, oxidative stress can precede disease pathology 503,504 and 

truncated MAPT protein also seems to increase oxidative stress in vivo 505. 

The effects of oxidative stress on phosphorylation of the MAPT protein are complex, 

and appear to be somewhat contradictory 506-509. some reports show that oxidative 

stress changes MAPT phosphorylation 507,509, others do not 506,508,. A study on the 

effect of antioxidants (e.g. vitamin E) in humans showed a (marginally) beneficial or 

no effect 510-515 and it may even increase all-cause mortality 516. Therefore the role of 

oxidative stress in neurodegeneration in Alzheimer�s disease and related disorders 

continues to be controversial. 

As an alternative, a two hit theory was suggested linking aberrant mitotic signalling 

and oxidative stress. The role of MAPT in this process would be to induce cell cycle 

re-entry upon MAPT hyperphosphorylation 517,518. Recently, it was shown oxidative 

stress indeed mediates MAPT-induced neurodegeneration in Drosophila. these 

findings suggest that oxidative stress does not promote MAPT phosphorylation, but 

enhances MAPT-induced cell cycle activation 508, suggesting a mediating role for 

oxidative stress in MAPT induced neurotoxicity. A role for Aβ in this process would 

be to increase oxidative stress decreasing neuron viability 509. 
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Cell cycle
MAPT is hyperphosphorylated and dephosphorylated by many protein phosphatases 

and kinases that are involved in the cell cycle and homeostasis. Some cellular 

and animal models expressing human MAPT proteins, show alternative MAPT 

phosphorylation of the same epitopes, though they do not demonstrate increased 

filament formation, aggregation or neurodegeneration 274,276. In several organisms 

including humans, MAPT phosphorylation is an accurate measure for disease 

status. 

This has lead to the proposal that MAPT phosphorylation is a sensing mechanism 

(e.g. of alternate cell division cycle) or influences cellular processes by alternative 

binding (e.g. binding of proteins involved in the cell cycle, which induces escape 

of G1 cell cycle arrest, which in neurons induces apoptotic signals). These results 

are validated by the observations that blocking apoptotic signals decreases 

neurodegeneration, whereas stimulating pathways (e.g. Wnt signalling) that increase 

cell cycle progression induce apoptosis in neurones. In Drosophila for example 

co-expression of GSK3β and MAPT increased a rough eye phenotype, whereas co-

expression with non-functional β-catenin or TCF decreased this phenotype 272. recent 

studies in Drosophila convincingly demonstrated that MAPT defects and cell cycle 

activation causes neurodegeneration 308. Furthermore co-expression of MAPT and 

constitutively active GSK3β in mice, which increased MAPT hyperphosphorylation 

but at the same time decreased Wnt signalling, decreased neurodegeneration 315. this 

again correlates with another rapport where it was even shown that phosphorylation 

of MAPT antagonizes apoptosis by stabilizing β-catenin 519.

The unified MAPT theory
Can all the above be merged into a unifying theory describing the role of MAPT in 

a range of neurodegenerative diseases? Most theories seem to complement rather 

than contradict each other. Although researchers feel the need to persuade one 

another that their theory is more valuable than those of others none of the theories 

answers all questions. In addition, Alzheimer�s disease, PSP and Pick�s disease are 

all different diseases that show distinct pathology consisting of different MAPT 

isoforms and these illnesses affect distinct regions (e.g. mostly white matter in PSP, 

mostly frontotemporal cortical in Pick�s disease); and different cell types (neuronal 

in Pick�s disease or glial in PSP). Even in a specific disease group as FTDP-17 we lack 

understanding why mutation or even the type of mutation (i.e. splice or missense) 
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influences disease phenotype. Therefore detailed studies of patients, describing 

the differences between Tauopathies and correlating these observations with 

animal models is needed to increase our understanding of MAPT induced disease 

aetiology.

MAPT induced neurodegeneration and treatment
At present, research has to rely on the development of effective disease inhibitors 

or medications designed upon available model-systems. Effectiveness of these 

medications in humans eventually will be validated in patients, which (inevitably) will 

show discrepancies between theory and practice and will help define (new) critical 

pathways. A good example is immunization of Alzheimer�s disease patients against 

Aβ. Although in several model systems immunization reverted disease, a clinical trial 

was discontinued when part of the patients developed meningoencephalitis as a side 

effect of the immunization 520. Still, since some patients showed decrease of disease 

progression and new trials using more specific antibodies are under way.

Similar trials are undertaken to dispose of noxious MAPT. in this case treatment 

is designed to decrease the amount of hyperphosphorylated MAPT. Effectively this 

may also influence total MAPT levels or levels of truncated MAPT, which all have 

been presented as initial disease mechanisms. Hopefully, these initial trials will be 

beneficiary to patients, and will meanwhile elucidate new or refinements to disease 

mechanisms. 

In line with this trial, another method to decrease hyperphosphorylated MAPT is 

pursued. By decreasing activity of a key enzyme in MAPT hyperphosphorylation 

(i.e. GSK3β), MAPT hyperphosphorylation and tangle formation will be decreased. 

For these trials lithium chloride (LiCl), an unselective but effective GSK3β inhibitor, 

which has already been thoroughly tested on humans as antidepressant, will be 

used. Although in theory LiCl will decrease disease burden, it may accelerate disease 

when MAPT phosphorylation is protective. Furthermore, since LiCl blocks the Wnt 

signalling pathway, it may have a secondary effect, (i.e. stimulating cell cycle arrest), 

which by itself may already be beneficiary to neurons. Conversely, since glial cells do 

not loose their ability to divide LiCl treatment in patients with glial pathology may 

have no or even adverse effects. Therefore, substantiated research is essential, but to 

understand how nature works, model systems can only help.
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Summary
Frontotemporal lobar degeneration (FTLD) is a presenile neurodegenerative disorder 

characterized by progressive behavioural disturbances, aphasia and eventually 

cognitive decline. A proportion of patients show an autosomal dominant pattern of 

inheritance with linkage to chromosome 17q21. In a consensus conference it was 

recognized that these families suffered from a distinct disorder with comparable 

clinical and neuropathological features, designated as Frontotemporal dementia 

and Parkinsonism linked to chromosome 17 (FTDP-17). In 1998 genetic analysis 

from several groups (including ours) showed that in most of these FTDP-17 families 

mutations in the microtubule associated protein tau (MAPT) were linked to this 

hereditary form of FTLD. Several exonic and intronic mutations were found in most 

FTDP-17 families and now over 100 families carrying more than 40 different MAPT 

mutations are known. 

In all families with MAPT mutations, pathology is characterised by cellular inclusions 

of MAPT protein. characterisation of FTDP-17 patients showed that different MAPT 

mutations can cause a variety of specific clinical phenotypes providing valuable 

information for both diagnostic and research purposes. In this thesis we describe 

studies to characterise the effects of both the G272V and ∆K280 MAPT mutations in 

patients. In these studies clinical, pathological and biochemical data, together with 

functional studies measuring the in vivo effects of MAPT mutations on (aggregated) 

protein composition and rna expression are described.

The first mutation, G272V, was found in a large family with hereditary Pick�s 

disease, which description dates back from the beginning of last century. In this 

thesis a detailed overview of two brains with the G272V mutation that had become 

available is described. Both brains showed severe neuronal loss and abundant Pick 

bodies, characteristic for Pick�s disease pathology. Furthermore all biochemical, 

immunohistochemical and electron microscopic results further confirmed that this 

family met all criteria to be diagnosed as hereditary Pick disease. This makes this 

family, ideal for providing valuable information for diagnosis of and research on the 

aetiology of Pick�s disease. Furthermore model systems using G272V mutant MAPT 

may provide valuable data about the mechanism causing this disabling and lethal 

disorder.

The second mutation, ∆K280, was identified in a single patient only. This mutation is 

important due to the duality in its predicted disease evoking mechanism. Alternative 

splicing in human adult brain gives rise to six alternatively spliced MAPT proteins. 

Because one of the alternatively spliced exons encodes for one of the four microtubule 
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binding repeats, three of the six isoforms have three (those that do not contain exon 

10) and three of them (those containing exon 10) contain four microtubule binding 

repeats. In healthy human adult brain, there is equilibrium in the alternative use of 

exon 10 in MAPT transcripts and the ratio between the three repeat containing (3R) 

and four repeat containing (4R) MAPT proteins is approximately 1. Some mutations 

affect the alternative splicing of exon 10 and therefore alter the equilibrium between 

3R and 4R MAPT, which subsequently leads to disease. In vitro experiments 

suggest that the ∆K280 mutation decreases both microtubule binding and increases 

the induction of self-aggregation of MAPT into filaments; and secondly, affects 

alternative splicing, changing MAPT isoform equilibrium. In the latter case, the 

dramatic effect of the ∆K280 mutation on microtubule binding or self-aggregation 

would be overruled by the postulated absence of mutant MAPT and relative increase 

of other MAPT isoforms, which may cause disease by itself. Our results confirmed a 

decrease in 4R isoform alternative splicing and 4R protein isoforms, which provided 

evidence for the latter hypothesis and support for the aetiologic significance of excess 

of MAPT isoforms to the disease process.

except for FTDP-17 patients carrying MAPT mutations, MAPT pathology is also a 

characteristic for several other neurodegenerative disorders, covered by the name 

“Tauopathies”. Tauopathies include illnesses like Alzheimer�s disease, Pick�s disease 

or Progressive Supranuclear Palsy (PSP). To study the influence of the MAPT protein 

in different neurodegenerative processes we analysed snap frozen post-mortem 

tissue from the medial temporal lobe of patients with four different Tauopathies 

(Alzheimer�s disease, PSP, Pick�s disease and Frontotemporal dementia [FTD]) for 

gene expression and compared results with those from a control group. All patients 

were matched for age, gender, ApoE-ε and MAPT haplotype. From all groups a total 

of 790 probes (representing ~730 genes) were shown to be differently expressed 

when compared to control background levels. From the 790 identified probes we 

were able to extract a gene set of 166 genes that made it is possible to distinguish PSP 

patients and Pick�s disease/FTD patients from each other and from controls. Since 

PSP patients could be differentiated as a distinct group we chose to study disease 

linked pathways in this illness. We demonstrated that expression of genes of the 

insulin receptor signalling, IFG-1 and PTEN signalling pathways were significantly 

changed. These pathways show large overlap of involved genes and affect the same 

transcription factors (i.e. FOXO1A and FOXO3A).

Interestingly insulin receptor signalling is linked to lifespan increase in various 
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species including mouse, by affecting regulation of FOXO transcription factors. 

According to our microarray experiments FOXO1A and FOXO3A were significantly 

upregulated. Furthermore in all other tested neurodegenerative diseases, except 

Alzheimer�s disease at least one of these genes was shown to be upregulated, stressing 

the importance of these genes in the neurodegenerative disease progresses. 

The exact involvement of this signalling pathway on PSP however is still speculative. 

Possibly, FOXO factors in combination with heat shock factors regulate aggregation 

and disaggregation activities to promote cellular survival in response to constitutive 

toxic protein aggregation. This pathway would provide a mechanistic link between 

aggregation-mediated proteotoxicity and PSP.

Although in 1998 genetic analysis showed that in most FTDP-17 families mutations 

in MAPT were linked to this patient group, in part of these families, no MAPT 

mutations could be detected. Furthermore, most patients showed characteristic 

MAPT-negative but ubiquitin-positive neuronal inclusions. Only recently genetic 

defects (mutations in the GRN [granulin precursor protein; Progranulin] gene) were 

found in several families linked to chromosome 17q21.

Progranulin encodes a biologically active precursor glycoprotein of 7,5 tandem 

repeats of highly conserved motifs of 12 cystein residues called in granulin domains. 

Progranulin is suggested to be a multifunctional growth factor that in order to 

become functionally active is cleaved into separate granulins that may be involved in 

development, inflammation and wound repair. 

To determine the possible involvement of GRN mutations in our FTLD cohort, we 

systematically screened for mutations in 77 cases with positive family history of 

dementia consistent with autosomal dominant pattern of inheritance and with no 

CHMP2B (another gene involved in FTLD) or MAPT mutations. Here we report on 

the finding of two novel frameshift mutations and three possible pathogenic missense 

mutations in the GRN gene. Although it cannot be excluded that the latter changes 

are benign variants as they are located in granulin domains, that were suggested to 

be functional redundant, recently studies have shown that separate repeats may have 

alternative binding capacities and also the precursor protein itself may have a distinct 

function, which highlights the possibility that these variants may be pathogenic. 

in addition, we determined GRN mutation frequency in a large cohort of familial 

Frontotemporal lobar degeneration patients from the Netherlands. Recently, GRN 

mutations were suggested to be a very common cause of FTLD, however our and 

other studies couldn�t confirm these data, therefore regional differences may exist. 
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In conclusion, this work provides substantial contribution to the knowledge of 

Frontotemporal lobar degeneration (FTLD) and dementia in general. The results 

presented in this thesis show that research based upon the G272V MAPT mutation 

provides valuable information for diagnosis of and research on the aetiology of Pick�s 

disease; the ∆K280 MAPT mutation provides evidence that relative overexpression 

of 3R MAPT contributes to disease; characterisation of pathology defined patient 

groups on gene expression is possible and provides a basis for pathway analysis in 

different groups of Tauopathies; and also in the Netherlands GRN mutations present 

a significant risk on FTLD. 

Samenvatting 

“Frontotemporal lobar degeneration” (FTLD) is een neurodegeneratieve aandoening 

gekenmerkt door een ziektebeeld, waarbij patienten meestal in toenemende mate 

gedragsproblemen vertonen, wat langzamerhand overgaat in geheugenstoornissen. De 

gedragsproblemen kunnen eventueel voorkomen in combinatie met taalstoornissen. 

Een deel van de patienten heeft een autosomaal dominant patroon van overerving 

gekoppeld aan chromosoom 17q21. Aangezien al deze families aan een aandoening 

lijden met vergelijkbare klinische en neuropathologische eigenschappen, werd in 

een consensusconferentie aan deze groep van patienten, de naam Frontotemporal 

dementia en Parkinsonism gelinkt aan chromosoom 17 (FTDP-17) toegekend. In 

1998 toonde de genetische analyse van verscheidene groepen (met inbegrip van 

onze) dat in de meerderheid van deze FTDP-17 families de erfelijke vorm van FTLD, 

toe te kennen was aan mutaties in het microtubulus bindend eiwit tau (MAPT). 

Ondertussen zijn meer dan 100 families met meer dan 40 verschillende MAPT 

mutaties bekend. Een deel hiervan bevindt zich zelfs in de intronen van MAPT. in 

al deze families wordt de pathologie gekenmerkt door cellulaire ophopingen van het 

eiwit MAPT. Karakterisatie van de FTDP-17 patiënten toonde dat verschillende MAPT 

mutaties een scala aan specifieke klinische fenotypes veroorzaakt, wat een schat aan 

informatie gaf voor zowel de diagnostiek en het onderzoek van deze verwante ziekten. 

In dit proefschrift worden de gevolgen van zowel G272V als ∆K280 MAPT mutaties 

in patiënten beschreven. Daarnaast worden zowel de klinische, pathologische als 

biochemische gegevens beschreven, in combinatie met functionele studies die de 

gevolgen van deze mutaties op (de samenstelling van) cellulaire ophopingen van 

het eiwit MAPT en MAPT RNA expressie belichten. De eerste mutatie (G272V) 

werd gevonden in een zeer grote familie, waarbij patienten lijden aan een erfelijke 
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vorm van de ziekte van Pick. De beschrijving van deze familie dateert reeds uit het 

begin van vorige eeuw. In dit proefschrift wordt in detail de observaties van twee 

paar hersenen van patienten uit deze familie met de G272V mutatie beschreven. 

Beide hersenen toonden enorm neuronenverlies en een overvloedige hoeveelheid 

Pick bodies, kenmerkend voor de pathologie van de ziekte van Pick. Daarnaast 

bevestigden alle biochemische, immunohistochemische en elektronenmicroscoop 

resultaten dat deze familie inderdaad aan alle criteria voldoet om als erfelijke vorm 

van de ziekte van Pick te worden gediagnostiseerd. Dit maakt deze familie, geschikt 

voor het verstrekken van waardevolle informatie voor de diagnose van en onderzoek 

naar de etiologie van de ziekte van Pick. Verder kunnen modelsystemen gebaseerd 

op gemuteerd G272V MAPT gebruikt worden om waardevolle gegevens te verkrijgen 

over het mechanisme achter deze levensverwoestende ziekte. 

De tweede mutatie (∆K280), werd slechts gevonden in één patiënt. Deze mutatie is 

belangrijk door de (nagenoeg contradictoire) in vitro resultaten die het mechanisme 

beschrijven waarmee deze mutatie zou bijdragen aan het ziekteproces. Wisselende 

splicing van het MAPT mRNA, leidt in het volwassen menselijke brein tot de expressie 

van zes verschilende MAPT eiwit varianten, zogenaamde isoformen. Omdat één 

van exons (exon 10), die aan wisselende splicing onderhevig is in wezen voor een 

microtubulus bindende eiwitsequentie codeert, hebben drie van zes isoformen, drie 

(zij die geen exon 10 bevatten) en de andere drie (zij die wel exon 10 bevatten) vier 

microtubulus bindende eiwitsequenties. In het gezonde volwassen menselijke brein 

is er een zodanig evenwicht dat de verhouding tussen MAPT eiwitten die drie (3R) of 

vier microtubulus-bindende-eiwitsequenties (4R) bevatten nagenoeg equimolair is. 

Sommige mutaties beïnvloeden de wisselende splicing en veranderen het evenwicht 

tussen 3R en 4R MAPT en veroorzaken op deze manier ziekte. echter in vitro 

experimenten met gemuteerd ∆K280 MAPT, hebben laten zien de ∆K280 mutatie 

MAPT�s eigenschap microtubuli te binden te niet doet en er tegelijkertijd voor zorgt 

dat MAPT zeer effectief met zichzelf samenklontert. Ten tweede, beïnvloedt deze 

mutatie wisselende splicing van het MAPT mrna en verandert op deze manier het 

MAPT isoform equilibrium. In het laatstgenoemde geval, zal door de verandering 

van het isofom equilibrium, mutant MAPT ontbreken en dus het enorme effect van 

de ∆K280 mutatie op microtubululus-binding en samenklontering te niet worden 

gedaan. Echter dit zal ondertussen wel een gepaard gaan met een relatieve verhoging 

van de andere (d.w.z. 3R) isoformen, wat op zich ook weer ziekte kan veroorzaken. 

Onze resultaten bevestigden dat patienten een afname van wisselende splicing van 

4R isoformen en eiwitten laten zien wat de laatstgenoemde hypothese versterkt en 
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dus een veranderd MAPT isoform equilibrium aan de grondslag van het ziekteproces 

ligt.

Behalve in FTDP-17 patiënten met MAPT mutaties, is MAPT-pathologie ook een 

kenmerk voor verscheidene andere neurodegenerative ziekten, samengevat door 

de term “tauopathieën”. Tauopathieën zijn bijvoorbeeld, de ziekte van Alzheimer, 

de ziekte van Pick en Progressive Supranuclear Palsy (PSP). Om de invloed van 

het MAPT eiwit op verschillende neurodegenerative processen te bestuderen 

analyseerden wij de genexpressie in de mediale temporale kwab van ingevroren post-

mortem patiëntenmateriaal van de volgende tauopathieën: de ziekte van Alzheimer, 

PSP, de ziekte van Pick en Frontotemporal dementia (FTD); en vergeleken de 

resultaten met die van een controlegroep. Alle patiënten werden bij elkaar gezocht 

zodat leeftijd, geslacht en ApoE-ε en MAPT haplotype tussen de groepen overeen 

kwam. De resultaten gaven aan dat uiteindelijk alle ziekten onderscheiden konden 

worden van de controles aan de hand van de expressie van 790 probes. Uit deze 

groep konden wij een genenreeks van 166 genen extrapoleren die het mogelijk 

maakte om PSP patiënten en patiënten met ziekte van pick en FTD van elkaar en 

van controles te onderscheiden. Aangezien de PSP patiënten op expressieprofiel 

konden worden onderscheiden waren, verkozen we om juist in deze groep ziekte-

gerelateerde processen te bestuderen. Hiermee kon aangetoond worden dat in 

PSP de insulinereceptor signaaltransductie, de IFG-1 en PTEN signaaltransductie 

significant verandert. Dit is consistent met bevindingen uit de literatuur waaruit blijkt 

dat de genoemde signaaltransductieprocessen grote overlap in de betrokken genen 

tonen, en uiteindelijk dezelfde transcriptiefactoren beïnvloeden (d.w.z. FOXO1A en 

FOXO3A).

Interessant om te melden is dat insulinereceptor signaaltransductie en FOXO 

transcriptiefactoren een belangrijke invloed lijken te hebben in levensduursregulatie 

van diverse organismen waaronder de muis en het juist deze factoren waren die 

volgens onze microarray experimenten significant verhoogd tot expressie kwamen. 

Alhoewel deze genen in PSP verhoogd tot expressie komen, is dit niet alleen het geval 

voor PSP. Ook in al de andere geteste neurodegeneratieve aandoeningen, behalve de 

ziekte van Alzheimer was ten minste een van deze genen verhoogd in expressie en 

benadrukt het belang van deze factoren in het neurodegeneratieve ziekteproces. 

Hoe dit signaaltransductieproces PSP echter beïnvloedt is nog speculatief. 

Wellicht, werken de FOXO transcriptiefactoren samen met genen die eiwitvouwing 

beinvloeden (heat shock eiwitten) en reguleren ze (de giftige) eiwitontklontering om 

overleving van de cel te bevorderen. Mogelijkerwijs zou hiermee een verband tussen 
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eiwitontklontering en eiwittoxiciteit in PSP worden gelegd. 

Zoals reeds vermeld, toonde de genetische analyse van FTDP-17 families aan dat in de 

meeste families mutaties in MAPT konden worden aangewezen als oorzaak. Nochtans, 

voor een deel van de families konden geen mutaties in MAPT worden ontdekt. 

daarnaast toonden de meeste van deze MAPT mutatie negatieve patiënten geen 

MAPT-positieve eiwitontklontering maar ubiquitine-positieve eiwitontklontering. 

Zeer recent werd echter duidelijk dat in deze aan chromosoom 17q21 gelinkte 

families mutaties in het gen GRN (granuline precursor eiwit of Progranuline) als 

genetische defect konden worden aangewezen. Progranuline codeert voor een 

biologisch actief voorloper-suikereiwit met 7,5 zeer geconserveerde achter elkaar 

liggende en zich herhalende aminozuursequenties van 12 cysteine residu�s, genaamd 

granulinedomeinen. Progranuline zelf zou dienen als multifunctionele groeifactor. 

Echter omdat het een voorloper-eiwit is zou het om actief te worden eerst in 

afzonderlijke granuline eiwitten worden geknipt, en zou op deze manier bijdragen 

aan ontwikkeling, ontsteking en wondgenezing. 

om de betrokkenheid van GRN mutaties in ons FTLD cohort te bepalen, werden 77 

gevallen van familiaire dementie met een autosomaal dominant overervingspatroon 

onderzocht, waarvan reeds bekend was dat ze geen dragers waren van mutaties 

in MAPT en CHMP2B (een ander gen betrokken bij FTLD), systematisch voor 

mutaties in het GRN gen. in dit proefschrift beschrijven wij de vondst van twee 

nieuwe frameshift mutaties en drie mogelijk pathogene missense mutaties in 

het GRN gen. Hoewel het niet mogelijk is uit te sluiten dat de laatstgenoemde 

mutaties goedaardige varianten zijn, aangezien zij zich in granulindomeinen 

bevinden, waarvan de functie mogelijkerwijs door andere domeinen gecompenseerd 

wordt. Echter recentelijk hebben studies aangetoond dat afzonderlijke domeinen 

onderscheidbare eiwitsbindinscapaciteiten hebben en wellicht het voorlopereiwit 

zelf ook een eigen functie heeft. Deze observaties benadrukken dat de gevonden 

varianten mogelijkerwijs toch pathogeen zijn. 

Daarnaast hebben we ook in ons zeer aanzienlijke cohort van Nederlandse FTLD 

patienten de mutatiefrequentie in het GRN gen bepaald. Onlangs werd gemeld dat 

GRN mutaties een zeer veel voorkomende oorzaak van FTLD zou zijn. Dit konden we 

net zo als andere studies niet met onze gegevens bevestigen. Aangezien de originele 

publicatie laat zien dat het gaat om een mogelijk founder effect, kan het zijn dat deze 

hoge mutatiefrequentie puur te wijten is aan regionale verschillen. 

Samenvattend, dit werk draagt wezenlijk bij tot een verruiming van de kennis van 
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Frontotemporal lobar degeneration (FTLD) en dementie in het algemeen. Onze 

resultaten tonen aan, dat onderzoek naar de G272V MAPT mutatie waardevol kan zijn 

voor het verkrijgen van informatie over mogelijke oorzaken van de ziekte van Pick; 

dat de ∆K280 MAPT mutatie bewijs levert dat relatieve overexpressie van 3R MAPT 

bijdraagt aan het ziekteproces; dat op pathologie geselecteerde neurodegeneratieve 

aandoeningen kunnen worden onderscheiden aan de hand van genexpressie, wat op 

zich kan bijdragen aan de opheldering de ziekteprocessen die bij deze verschillende 

ziekten betrokken zijn; en dat mutaties in het GRN gen ook in Nederland een 

belangrijke oorzaak van FTLD zijn. 
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List of abbreviations
3D three-dimensional

3R three repeat tau

4R four repeat tau 

aβ amyloid-beta or beta amyloid

aβ42  gamma secretase cleaved product of APP

AD Alzheimer's disease

AGD argyrophilic grain disease 

AgG argyrophilic grains

Akt v-akt murine thymoma viral oncogene homolog 1

ALS amyotrophic lateral sclerosis

APP amyloid precursor protein

BSA bovine serum albumine

CA Cornu Ammonis

CAA cerebral amyloid angiopathy

CBD corticobasal degeneration 

Cdk5 cyclin dependent kinase 5

CHMP2B  chromatin modifying protein 2B

CNS central nervous system

cRNA complement RNA 

CSF cerebrospinal fluid 

CT-scan computed tomography scan

DDPAC dementia-disinhibition-Parkinsonism-amyotrophy complex

DLDH dementia lacking distinctive histology

EM electron microscopy

ER endoplasmic reticulum 

ERK extracellular signal-regulated kinase/mitogen-activated protein  

 kinase 1

ESE exon splice enhancer

ESS exon splice silencer

EST expressed sequence tag

FDA Food and Drug Administration 

FOXO forkhead box O

FOXO1A  forkhead box O1A

FOXO3A forkhead box O3A

FTD frontotemporal dementia 
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FTD3 FTLD with loci and genes identified on chromosome 3

FTD-MND frontotemporal dementia patients with motor neuron disease 

FTDP-17 frontotemporal dementia and Parkinsonism linked to chromosome  

 17 

FTDP-17T FTDP-17 with MAPT mutations

FTDU-17  FTDP-17 with ubiquitin immunoreactive inclusions linked to the non

 MAPT region of chromosome 17q21

FTLD frontotemporal lobar degeneration

FTLD-U frontotemporal lobar degeneration with ubiquitinated inclusions 

GCOS GeneChip operating software 

GRN granulin gene or progranulin

GSK-3β  glycogen synthase kinase-3 beta

H&E haematoxylin & eosin 

HFTD3 Dutch family 3 showing ubiquitin inclusions and linkage to

 chromosome 17q21

hnRNPs  heterogeneous nuclear ribonucleoproteins

HSD honest significant difference

IBMPFD inclusion body myopathy and Paget disease of the bone 

ICD-10 International Statistical Classification of Diseases and Related 

Health Problems, 10th Revision 

IGF-1  insulin growth factor 1

IIS insulin/IFG-1 signalling 

ISM intron splice modulator

ISS intron splice silencer

kDa kilo Dalton

LCR low copy repeats

LD linkage disequilibrium 

LGTC Leiden genome technology center 

LNII ubiquitin positive lentiform neuronal intranuclear inclusions

LTP long term potentiation 

MAP kinases  microtubule associated protein kinases 

MAP2 microtubule associated protein 2 

MAPT microtubule associated protein tau 

MARK  MAP/microtubule affinity-regulating kinase

MCI mild cognitive inhibition/impairment 

MEK mitogen-activated protein kinase kinase 1
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MND motor neuron disease 

MnSOD Mn superoxide dismutase 

mri magnetic resonance imaging

MS multiple sclerosis 

MSA multiple system atrophy 

NFT neurofibrillary tangles 

NMD nonsense-mediated mRNA decay 

NSF N-etylmaleimide sensitive factor

PBS phosphate-buffered saline 

PCR polymerase chain reaction 

PGRN progranulin

PHF paired helical filaments 

PI3K phosphoinositide-3 kinase

PiD Pick�s disease

PIN1 protein (peptidylprolyl cis/trans isomerase) NIMA-interacting 1 

PNFA progressive non-fluent aphasia 

pp2a protein phosphatase 2a 

PPA primary progressive aphasia

PSEN1 presenilin 1

PSEN2 presenilin 2

PSP progressive supranuclear palsy 

PTEN phosphatase and tensin homolog 

qRT-PCR quantitative reverse transcriptase PCR 

RAF1  v-raf-1 murine leukemia viral oncogene homolog 1

ROS reactive oxygen species 

SAM significance analysis of microarrays 

sd semantic dementia 

SDS-PAGE sodium dodecylsulphate - poly-acrylamide gel electrophoresis

siRNA small interfering RNA

SNP single nucleotide polymorphism

SR splice regulating factor

tardBp  tar dna binding protein 

TDP-43 TAR DNA binding protein 

TIFF  tag image file format

ub-i ubiquitin immunoreactive inclusions

VCP valosin-containing protein
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Blocq, Dr. Dina Ruano, Dr. Esther van Herpen, Florencia Gosso, Hilga Katerberg, 

Katarina Rak, Laura Donker Kaat, Dr. Linda van den Berg, Dr. Luba Pardo Cortes, 

Maria Macedo, Marijke Mast-Joosse, Dr. Martine van Belzen, Osama Hadi, Saskia 

van Mil, Dr. Shushant Jain en Dr. Yue Fang, en alle studenten waarvan met name: 

Bertine Lokhorst en Liane Klok.

Ook mijn collegae van de wittestofziektengroep: Dr. Barbara van Kollenburg, Carola 

van Berkel, Dr. Gert Scheper, Dr. Ilja Boor, Dr. Jan Pronk, Koen de Groot, Machiel 

Nagtegaal, Margreet Ridder, Dr. Mirriam Tacken, Rob van Andel, Dr. Xiaoxian Ma 

en groepleider Prof. Dr. Marjo van der Knaap, en met name de volgende studenten: 

Jantine van Dijk en Naomi de Koning.

Verder al de mensen van het Center for Neurogenomics en Cognitive (moet dit niet 

cognition zijn?) Research (CNCR); en met name, de groepsleiders, Prof. Dr. Arjen 

Brussaard, Prof. Dr. Guus Smit en Prof. Dr. Matthijs Verhage voor hun critische blik 

en hulpvaardigheid. 

Mijn voetbalmaatjes van het CNCR voetbalteam Biohazard: Jaap Timmerman, Dr. 

Jurgen Riedl, Dr. Klaus Linkenkaer-Hansen, Mahrouz Foumani, Dr. Mark Verheijen, 

Dr. Niels Cornelisse, Robbert Zalm en voormalig medespelers: Dr. Huib Mansvelder, 

Jay Couey, Jur Koksma en Keimpe Wierda.

De mensen die ik ken vanuit het Nederlands Instituut voor Hersenonderzoek (NIH), 

het huidige Nederlands Instituut voor Neuroscience (NIN): Dr. Rivka Ravid, Afra van 
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den Berg, Jose Wouda, Michiel Kooreman en Dr.YingHui Wu; en in het bijzonder de 

mensen die het wetenschappelijke vuur in mij hebben doen ontbranden: Dr. Elly 

Hol, Dr. Fred van Leeuwen, Jaqueline Sluijs en Prof Dr. Joost Verhagen.

Daarnaast natuurlijk mijn kennisen en vrienden: Ernst-Jan Verhoeven, Dr. Dennis 

de Graaf, Karin de Graaf-Seijdell, Martijn Rijnberg, Barry Koopen, Astrid Keijser, 

Nora Bijl, Joris Kleintjens, Steven Lücke, Elbert Rijnberg, Hert Zöllner, en Ben 

Sepers; en van mijn squashgroepje: Matthijs Brouwer, Erwin Gorissen en Ernst-Jan 

Verhoeven; my foreign friends: Dr. Andrew Chalk and Dr. Jennifer Strande, MD.

… en last but not least, natuurlijk mijn familie: Ferdinand (pap) Bronner, Cootje 

(mam) Bronner, Thirza (Thirzie) Bronner en mijn vrouw Burcu (Burcucum) Anar, 

wiens optimisme, onvoorwaardelijke steun en vertrouwen bijgedragen hebben dit 

proefschrift te volbrengen.

Jullie allemaal hebben er aan toe bijgedragen dat de laatste jaren als onvergetelijk 

in mijn geheugen zullen zijn gegrift. Het was zwaar, maar door jullie toedoen is het 

allemaal meer dan dragelijk gebleven. Ik dank jullie allen hartelijk voor de steun.
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Curriculum Vitae
name  iraad ferdinand Bronner
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Biology (MRC-LMB), Division of Neurobiology, Cambridge, United 

Kingdom
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2003-2007 PhD student at the department of Clinical Genetics, Section 

Medical Genomics, VU University Medical Center, Amsterdam, The 

Netherlands

Supervisor: Prof. Dr. Peter Heutink, PhD

Continued project: Protein interactions of the Microtubule 

Associated Protein tau in FTD

2001-2003 PhD student at the department of Clinical Genetics, Erasmus 

Medical Centre, Rotterdam, The Netherlands

Supervisor: Prof. Dr. Peter Heutink, PhD

project: Protein interactions of the Microtubule Associated Protein 

tau in FTD

1999-2000 Internship at the Friedrich Alexander University Erlangen-

Nürnberg, Erlangen, Germany

Supervisors: Prof. Dr. Hans-Martin Jäck, PhD and Prof. Dr. Joost 

Verhagen, phd

project: The role of hUPF1 in Nonsense Mediated mRNA decay in 

the chicken B-cell line DT-40

1998-1999 Internship at The Netherlands Brain Institute, Amsterdam, The   

  Netherlands

Supervisors: Dr. Fred van Leeuwen PhD and Dr. Elly Hol, PhD.

project: The role of Molecular Misreading in Alzheimer’s disease
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Supplementary figures and tables chapter 6

J
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D

A
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B
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I

F

C

Supplementary Figure 1. A-C Alzheimer�s disease, D-F FTD, G-I Pick�s disease, J-L PSP; A, D, G, 

J, affected biological Pathways; B, E, H, K affected molecular functions; C, F, I, L affected biological 

processes. For colour scheme legend see next page.
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Pathways
Category name (Accession) ad ftd pid psp

# genes % of total # genes % of total # genes % of total # genes % of total
color in 

pie chart

Wnt signaling pathway (P00057) 21 6% 99 14% 34 10%  

Cadherin signaling pathway (P00012) 31 10% 76 11% 4 1%  

PI3 kinase pathway (P00048) 18 6% 17 2% 19 5%  

Inflammation mediated by chemokine and cytokine 

signaling pathway (P00031)
5 2% 27 4% 25 7%  

Angiogenesis (P00005) 11 3% 22 3% 18 5%  

EGF receptor signaling pathway (P00018) 16 5% 21 3% 9 3%  

Endothelin signaling pathway (P00019) 15 5% 9 1% 14 4%  

Integrin signalling pathway (P00034) 5 2% 26 4% 16 5%  

Alzheimer disease-presenilin pathway (P00004) 11 3% 28 4% 8 2%  

Apoptosis signaling pathway (P00006) 11 3% 36 5% 3 1%  

Interleukin signaling pathway (P00036) 17 5% 10 1% 8 2%  

Parkinson disease (P00049) 17 5% 16 2%  

Alzheimer disease-amyloid secretase pathway 

(P00003)
9 3% 18 3% 5 1%  

Insulin/IGF pathway-mitogen activated protein 

kinase kinase/MAP kinase cascade (P00032)
5 2% 12 2% 12 3%  

Insulin/IGF pathway-protein kinase B signaling 

cascade (P00033)
3 1% 17 2% 11 3%  

Metabotropic glutamate receptor group III pathway 

(P00039)
6 27% 11 3% 11 2%  

Huntington disease (P00029) 2 9% 6 2% 15 2%  

Ionotropic glutamate receptor pathway (P00037) 6 27% 6 2% 4 1% 5 1%  

Adrenaline and noradrenaline biosynthesis 

(P00001)
4 18% 4 1%  

Total amount of genes involved in mayor pathways 18 82% 222 69% 464 67% 191 54%

Total amount of genes involved in pathways 22 100% 324 100% 689 100% 354 100%

Molecular function
Category name (Accession) ad ftd pid psp

# genes % of total # genes % of total # genes % of total # genes % of total
color in 

pie chart

Molecular function unclassified (MF00208) 9 21% 199 20% 248 16% 175 21%  

Nucleic acid binding (MF00042) 5 12% 92 9% 216 14% 127 15%  

Transcription factor (MF00036) 6 14% 84 8% 186 12% 118 14%  

Receptor (MF00001) 53 5% 73 5% 74 9%  

Hydrolase (MF00141) 2 5% 48 5% 61 4% 54 6%  

Kinase (MF00107) 46 5% 83 6% 21 2%  

Cytoskeletal protein (MF00091) 2 5% 28 3% 73 5% 40 5%  

Oxidoreductase (MF00123) 4 9% 73 7% 27 2% 22 3%  

Transporter (MF00082) 6 14% 37 4% 22 1% 32 4%  

Total amount of genes involved in mayor pathways 34 79% 660 65% 989 66% 663 78%

Total amount of genes involved in pathways 43 100% 1013 100% 1506 100% 852 100%

Biological processes
Category name (Accession) ad ftd pid psp

# genes % of total # genes % of total # genes % of total # genes % of total
color in 

pie chart

Signal transduction (BP00102) 14 16% 173 12% 274 13% 182 15%  

Biological process unclassified (BP00216) 9 10% 212 15% 258 13% 157 13%  
Nucleoside, nucleotide and nucleic acid metabolism 

(BP00031)
10 11% 131 9% 259 13% 163 13%  

Protein metabolism and modification (BP00060) 140 10% 232 11% 88 7%  

Developmental processes (BP00193) 5 6% 83 6% 137 7% 78 6%  

Cell cycle (BP00203) 53 4% 84 4% 71 6%  

Transport (BP00141) 6 7% 70 5% 59 3% 65 5%  

Total amount of genes involved in mayor pathways 44 50% 407 61% 1303 64% 804 67%

Total amount of genes involved in pathways 88 100% 1420 100% 2030 100% 1209 100%
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Human GAPDH

Signal Call Signal Call Signal Call Signal ratio

(5�) (5�) (M�) (M�) (3�) (3�) (3�/5�)

17332.7 p 19996.6 p 28715.9 p 1.66

Human beta-actin

Signal Call Signal Call Signal Call Signal ratio

(5�) (5�) (M�) (M�) (3�) (3�) (3�/5�)

8790.8 p 10868 p 17447.9 p 1.98

RAW 

Noise

Scale 

Factor

Norm 

Factor
Background Noise

(Q) (SF) (NF) avg std min max avg std min max

1.01 60.624 1 37.12 0.37 36.5 38 0.83 0.06 0.7 1.1

Supplementary Table 1. Test chip results. Overview of 5� middle and 3� signal strength. Last column 

shows 3�/5� ratio. For adequate RNA quality and labelling this factor should not be more than 3.

Gene forward reverse 

MOXD1 tcagcctgccagtgaatgtga tgccacacaccaaaggttctg
Znf589 ggctgaagcagaagatcaacga tggtggtctctggaacaggcta
FOXC1 ctacatcgcgctcatcaccat ctgcttgttgtcccggtagaag
sash1 agctggtaaactccactcgcag aggaccggcgaattctcaa
acad2 ggtgatggaggagatatcccga cctcattcccattgcgtacaag
sept2 gcccttagatgtggcgtttatg gaatccttttcttcagccgctc
pnpLa2 atccaggccaatgtctgca ggttgtctgaaatgccacca
tnpo1 atgctggactcttagccgctat tctggcggctggctga
cBL gtgtgaccaccccaaaatcaaa gctatcaatctgctggtcgcaa
GOLPH4 agcaggaggacaatgttgatga cagcattatgctccagttccc
nrd1 tttgacttccttcgaaccaagc tatttggttgcctgagtcccc
PARD3 ttgccgaggtgactttgaatg ttgtcgatggcagctctgaag
pten tcagtggcggaacttgcaa catgaacttgtcttcccgtcg
npip aagaaagcctctttgcaaccg ggtggcccatcctgtttttt
BtBd14a atcccaagctctactcggaagg ttatgcttcacccctgcacac
centB5 tgagcttggaaacagcgct gtatttgtccttgatccaggcc

Supplementary Table 2. Primer sequences of primers used for quantitative reverse transcriptase 

confirmation of the microarray data.
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Probe sets Average Signals

present % absent % Marginal % present absent Marginal Overall

22666 41.50% 31050 56.80% 959 1.80% 719.8 47.4 131.7 327.6

22321 40.80% 31400 57.40% 954 1.70% 737.9 46.1 132.8 330.0

25138 46.00% 28658 52.40% 879 1.60% 682.5 35.8 103.0 334.2

24829 45.40% 28996 53.00% 850 1.60% 656.0 36.1 104.8 318.7

24301 44.40% 29445 53.90% 929 1.70% 652.9 44.5 131.4 316.4

20850 38.10% 32829 60.00% 996 1.80% 790.8 60.6 172.7 341.1

23377 42.80% 30346 55.50% 952 1.70% 690.6 45.9 135.5 323.1

24527 44.90% 29213 53.40% 935 1.70% 648.0 42.1 118.9 315.2

26122 47.80% 27683 50.60% 870 1.60% 619.3 34.5 97.2 314.9

23846 43.60% 29902 54.70% 927 1.70% 654.8 43.7 118.9 311.5

23355 42.70% 30437 55.70% 883 1.60% 687.4 45.5 128.5 321.1

25868 47.30% 27914 51.10% 893 1.60% 678.1 34.5 101.6 340.1

25855 47.30% 27916 51.10% 904 1.70% 627.5 33.2 91.9 315.2

22960 42.00% 30793 56.30% 922 1.70% 699.4 47.8 144.6 323.0

25120 45.90% 28651 52.40% 904 1.70% 680.1 37.3 109.1 333.8

26606 48.70% 27181 49.70% 888 1.60% 591.9 28.3 80.4 303.4

26591 48.60% 27235 49.80% 849 1.60% 629.5 26.4 84.3 320.6

24738 45.20% 29038 53.10% 899 1.60% 683.8 34.6 105.9 329.5

22171 40.60% 31529 57.70% 975 1.80% 733.3 47.9 150.6 327.7

24199 44.30% 29501 54.00% 975 1.80% 668.3 40.5 122.8 319.9

24252 44.40% 29547 54.00% 876 1.60% 650.3 36.4 115.5 310.0

26878 49.20% 27007 49.40% 790 1.40% 591.8 27.6 77.7 305.6

26150 47.80% 27691 50.60% 834 1.50% 599.3 32.2 99.7 304.5

23791 43.50% 29997 54.90% 887 1.60% 645.8 42.7 128.6 306.5

23086 42.20% 30669 56.10% 920 1.70% 709.8 43.5 136.9 326.4

25457 46.60% 28416 52.00% 802 1.50% 625.1 29.3 87.5 307.6

24250 44.40% 29533 54.00% 892 1.60% 660.5 36.9 106.2 314.7

27320 50.00% 26588 48.60% 767 1.40% 560.7 25.1 73.5 293.4

22240 40.70% 31499 57.60% 936 1.70% 729.9 46.3 139.5 326.0

27216 49.80% 26615 48.70% 844 1.50% 575.4 29.5 84.4 302.1

Supplementary Table 3A. Overview of detected probes and signal strengths. 
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RAW Noise Scale Factor Norm Factor Background Noise

(Q) (SF) (NF) avg std min max avg std min max

2.12 3.686 TGT Value: 200 1 59.2 0.7 57.3 60.8 3.1 0.1 2.9 3.7

2.36 3.269 TGT Value: 200 1 65.6 0.9 64.0 68.5 3.6 0.4 3.2 6.3

1.76 3.758 TGT Value: 200 1 48.5 0.7 46.0 50.4 2.7 0.4 2.3 5.1

2.33 2.921 TGT Value: 200 1 66.3 0.9 64.0 68.8 3.4 0.1 3.2 3.6

2.51 3.111 TGT Value: 200 1 67.9 0.9 66.0 70.5 3.7 0.2 3.4 5.2

2.14 4.320 TGT Value: 200 1 59.6 0.8 57.0 61.6 3.2 0.1 2.8 3.6

2.71 3.247 TGT Value: 200 1 73.2 1.0 72.0 76.3 3.9 0.1 3.5 4.3

2.82 2.581 TGT Value: 200 1 77.7 1.1 75.0 80.0 4.5 0.3 4.1 6.1

2.70 2.305 TGT Value: 200 1 73.4 1.0 72.0 76.2 4.1 0.1 3.8 4.4

2.79 2.758 TGT Value: 200 1 73.1 1.2 71.0 77.2 4.2 0.1 3.9 4.6

2.76 2.998 TGT Value: 200 1 75.9 0.9 74.0 79.1 4.0 0.1 3.7 4.3

2.21 2.895 TGT Value: 200 1 61.3 0.8 59.0 63.2 3.2 0.1 3.1 3.4

2.47 2.391 TGT Value: 200 1 69.3 1.1 66.0 72.6 3.6 0.1 3.2 3.9

2.25 3.593 TGT Value: 200 1 61.8 0.7 60.0 63.6 3.2 0.1 3.0 3.6

2.46 2.870 TGT Value: 200 1 68.7 0.9 66.0 71.1 3.6 0.1 3.4 3.9

2.81 1.359 TGT Value: 200 1 80.4 1.1 78.0 83.7 4.4 0.2 4.0 4.8

2.08 1.945 TGT Value: 200 1 56.3 0.7 55.0 58.0 3.1 0.1 2.8 3.7

2.24 2.592 TGT Value: 200 1 60.8 0.7 59.0 62.7 3.3 0.2 3.0 4.0

2.18 3.789 TGT Value: 200 1 58.9 0.7 58.0 60.6 3.0 0.1 2.7 3.2

2.29 2.782 TGT Value: 200 1 63.2 1.2 61.0 66.3 3.3 0.1 3.1 3.5

2.19 3.306 TGT Value: 200 1 62.0 0.9 59.0 64.0 3.1 0.1 2.8 3.3

2.61 2.187 TGT Value: 200 1 75.6 1.1 73.0 77.8 3.9 0.1 3.7 4.4

2.48 2.301 TGT Value: 200 1 71.6 1.0 69.0 73.3 3.9 0.3 3.4 5.6

2.63 3.032 TGT Value: 200 1 79.4 1.1 77.0 81.7 4.2 0.5 3.6 7.2

2.15 3.845 TGT Value: 200 1 63.6 0.8 62.0 64.8 3.1 0.2 2.8 4.2

2.82 2.181 TGT Value: 200 1 84.5 1.2 81.0 86.9 4.2 0.1 3.9 4.5

2.61 3.002 TGT Value: 200 1 79.4 1.0 76.0 80.8 3.8 0.2 3.5 4.5

3.07 1.505 TGT Value: 200 1 94.9 1.3 92.0 96.3 4.9 0.1 4.5 5.2

2.72 3.312 TGT Value: 200 1 80.1 0.9 78.0 82.4 4.0 0.1 3.7 4.3

2.62 1.991 TGT Value: 200 1 78.7 1.2 75.0 80.3 3.9 0.1 3.6 4.2

Supplementary Table 3B. Overview of background and noise levels.
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Alzheimer’s disease

probe set id Gene Symbol Gene Title expression

1552957_at LOC200383 similar to Dynein heavy chain at 16F down

1553995_a_at nt5e 5�-nucleotidase, ecto (CD73) down

1558009_at sLc1a2
solute carrier family 1 (glial high affinity glutamate 

transporter), member 2
down

205839_s_at BZrap1
benzodiazapine receptor (peripheral) associated 

protein 1
down

209708_at MOXD1 monooxygenase, DBH-like 1 down

219968_at Znf589 zinc finger protein 589 down

1553613_s_at FOXC1 forkhead box c1 up

1565692_at --- CDNA FLJ40647 fis, clone THYMU2017522 up

213641_at Znf500 zinc finger protein 500 up

222760_at ZNF703 zinc finger protein 703 up

233901_at ---
MRNA full length insert cDNA clone EUROIMAGE 

163507
up

242611_at --- Transcribed locus up

41644_at sash1 SAM and SH3 domain containing 1 up

Frontotemporal dementia

probe set id Gene Symbol Gene Title expression

1552256_a_at scarB1 scavenger receptor class B, member 1 down

1552301_a_at coro6 coronin 6 down

1552739_s_at st7L suppression of tumorigenicity 7 like down

1553150_at aof1 amine oxidase (flavin containing) domain 1 down

1553479_at tmem145 transmembrane protein 145 down

1553565_s_at ddah1 dimethylarginine dimethylaminohydrolase 1 down

1553796_at FLJ30594 hypothetical locus FLJ30594 down

1554474_a_at MOXD1 monooxygenase, DBH-like 1 down

1554679_a_at Laptm4B
lysosomal associated protein transmembrane 4 

beta
down

1554747_a_at sept2 septin 2 down

1555491_a_at fLj11286 hypothetical protein FLJ11286 down

1555827_at ccnL1 Cyclin L1 down

1556551_s_at SLC39A6
solute carrier family 39 (zinc transporter), member 

6
down

1558009_at sLc1a2
solute carrier family 1 (glial high affinity glutamate 

transporter), member 2
down

1558010_s_at sLc1a2
solute carrier family 1 (glial high affinity glutamate 

transporter), member 2
down

1558041_a_at LOC653319 hypothetical protein LOC653319 down

1558796_a_at
LOC728052; 

LOC731255

hypothetical protein LOC728052; hypothetical 

protein LOC731255
down
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1559965_at --- CDNA clone IMAGE:4811567 down

1560659_at --- --- down

1560661_x_at --- --- down

1562583_s_at
LOC646405; 

LOC651239

hypothetical LOC646405; hypothetical protein 

LOC651239
down

1566472_s_at retsat retinol saturase (all-trans-retinol 13,14-reductase) down

200041_s_at Bat1 HLA-B associated transcript 1 down

200076_s_at c19orf50 chromosome 19 open reading frame 50 down

200754_x_at sfrs2 splicing factor, arginine/serine-rich 2 down

200778_s_at sept2 septin 2 down

200868_s_at ZNF313 zinc finger protein 313 down

200898_s_at MGEA5 meningioma expressed antigen 5 (hyaluronidase) down

200946_x_at GLUD1 glutamate dehydrogenase 1 down

200980_s_at pdha1 pyruvate dehydrogenase (lipoamide) alpha 1 down

201014_s_at paics

phosphoribosylaminoimidazole carboxylase, 

phosphoribosylaminoimidazole 

succinocarboxamide synthetase

down

201103_x_at

LOC728936; 

LOC728980; 

NBPF10; 

NBPF11; 

NBPF15; 

nBpf8

neuroblastoma breakpoint family, member 11; 

neuroblastoma breakpoint family, member 15; 

neuroblastoma breakpoint family, member 10; 

neuroblastoma breakpoint family, member 8; 

similar to CG10522-PA; hypothetical protein 

Loc728980

down

201116_s_at cpe carboxypeptidase E down

201135_at echs1
enoyl Coenzyme A hydratase, short chain, 1, 

mitochondrial
down

201185_at htra1 htra serine peptidase 1 down

201349_at SLC9A3R1
solute carrier family 9 (sodium/hydrogen 

exchanger), member 3 regulator 1
down

201439_at GBF1 golgi-specific brefeldin A resistance factor 1 down

201559_s_at cLic4 chloride intracellular channel 4 down

201619_at PRDX3 peroxiredoxin 3 down

201818_at AYTL2 acyltransferase like 2 down

202026_at sdhd
succinate dehydrogenase complex, subunit D, 

integral membrane protein
down

202087_s_at ctsL1 cathepsin L1 down

202281_at GAK cyclin G associated kinase down

202578_s_at DDX19A
DEAlzheimer�s disease (Asp-Glu-Ala-As) box 

polypeptide 19A
down

202740_at ACY1 aminoacylase 1 down

203025_at ard1a
ARD1 homolog A, N-acetyltransferase (S. 

cerevisiae)
down
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203146_s_at GABBR1 gamma-aminobutyric acid (GABA) B receptor, 1 down

203423_at rBp1 retinol binding protein 1, cellular down

203615_x_at suLt1a1
sulfotransferase family, cytosolic, 1A, phenol-

preferring, member 1
down

203668_at man2c1 mannosidase, alpha, class 2C, member 1 down

203790_s_at hrsp12 heat-responsive protein 12 down

203802_x_at nsun5 NOL1/NOP2/Sun domain family, member 5 down

204090_at STK19 serine/threonine kinase 19 down

204257_at FADS3 fatty acid desaturase 3 down

204538_x_at

LOC339047; 

LOC642778; 

LOC642799; 

npip

nuclear pore complex interacting protein; 

hypothetical protein LOC339047; similar to 

nuclear pore complex interacting protein

down

204650_s_at APBB3
amyloid beta (A4) precursor protein-binding, 

family B, member 3
down

204864_s_at iL6st
interleukin 6 signal transducer (gp130, oncostatin 

M receptor)
down

205130_at RAGE renal tumor antigen down

205344_at CSPG5 chondroitin sulfate proteoglycan 5 (neuroglycan C) down

205662_at eppB9 B9 protein down

206527_at aBat 4-aminobutyrate aminotransferase down

206541_at KLKB1 kallikrein B, plasma (Fletcher factor) 1 down

206582_s_at GPR56 G protein-coupled receptor 56 down

206701_x_at ednrB endothelin receptor type B down

206846_s_at hdac6 histone deacetylase 6 down

206950_at scn9a
sodium channel, voltage-gated, type IX, alpha 

subunit
down

207048_at sLc6a11
solute carrier family 6 (neurotransmitter 

transporter, GABA), member 11
down

208591_s_at PDE3B phosphodiesterase 3B, cGMP-inhibited down

208633_s_at macf1 microtubule-actin crosslinking factor 1 down

208634_s_at macf1 microtubule-actin crosslinking factor 1 down

208686_s_at Brd2 bromodomain containing 2 down

208853_s_at CANX calnexin down

208922_s_at NXF1 nuclear RNA export factor 1 down

209091_s_at SH3GLB1 SH3-domain GRB2-like endophilin B1 down

209135_at asph aspartate beta-hydroxylase down

209209_s_at PLEKHC1
pleckstrin homology domain containing, family C 

(with FERM domain) member 1
down

209393_s_at eif4e2
eukaryotic translation initiation factor 4E family 

member 2
down
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209403_at

LOC653380; 

LOC653498; 

LOC727735; 

LOC729837; 

LOC729873; 

LOC729877; 

TBC1D3; 

TBC1D3C

TBC1 domain family, member 3; TBC1 domain 

family, member 3C; similar to USP6 N-terminal 

like; similar to TBC1 domain family member 3 

(Rab GTPase-activating protein PRC17) (Prostate 

cancer gene 17 protein) (TRE17 alpha protein); 

similar to TBC1 domain family, member 3

down

209428_s_at ZfpL1 zinc finger protein-like 1 down

209437_s_at spon1 spondin 1, extracellular matrix protein down

209450_at OSGEP O-sialoglycoprotein endopeptidase down

209593_s_at tor1B torsin family 1, member B (torsin B) down

209623_at mccc2 methylcrotonoyl-Coenzyme A carboxylase 2 (beta) down

209708_at MOXD1 monooxygenase, DBH-like 1 down

209940_at PARP3 poly (ADP-ribose) polymerase family, member 3 down

209954_x_at ss18 synovial sarcoma translocation, chromosome 18 down

210101_x_at SH3GLB1 SH3-domain GRB2-like endophilin B1 down

210153_s_at me2
malic enzyme 2, NAD(+)-dependent, 

mitochondrial
down

210738_s_at sLc4a4
solute carrier family 4, sodium bicarbonate 

cotransporter, member 4
down

210775_x_at casp9 caspase 9, apoptosis-related cysteine peptidase down

210794_s_at MEG3 maternally expressed 3 down

210843_s_at MFAP3L microfibrillar-associated protein 3-like down

210896_s_at asph aspartate beta-hydroxylase down

211207_s_at acsL6 acyl-CoA synthetase long-chain family member 6 down

211276_at tceaL2 transcription elongation factor A (SII)-like 2 down

211569_s_at hadh hydroxyacyl-Coenzyme A dehydrogenase down

211574_s_at cd46 CD46 molecule, complement regulatory protein down

211715_s_at Bdh1 3-hydroxybutyrate dehydrogenase, type 1 down

211876_x_at

PCDHGA10; 

PCDHGA11; 

PCDHGA12; 

PCDHGA3; 

PCDHGA5; 

PCDHGA6

protocadherin gamma subfamily A, 12; 

protocadherin gamma subfamily A, 11; 

protocadherin gamma subfamily A, 10; 

protocadherin gamma subfamily A, 6; 

protocadherin gamma subfamily A, 5; 

protocadherin gamma subfamily A, 3

down

211890_x_at CAPN3 calpain 3, (p94) down

212087_s_at eraL1 Era G-protein-like 1 (E. coli) down

212228_s_at coQ9 coenzyme Q9 homolog (S. cerevisiae) down

212601_at ZZef1 zinc finger, ZZ-type with EF-hand domain 1 down

213143_at Loc257407 hypothetical protein LOC257407 down

213652_at PCSK5 Proprotein convertase subtilisin/kexin type 5 down
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213872_at c6orf62 chromosome 6 open reading frame 62 down

214035_x_at LOC399491 LOC399491 protein down

214121_x_at pdLim7 PDZ and LIM domain 7 (enigma) down

214205_x_at TXNL2 thioredoxin-like 2 down

214241_at ndufB8
NADH dehydrogenase (ubiquinone) 1 beta 

subcomplex, 8, 19kDa
down

214564_s_at PCDHGC3 protocadherin gamma subfamily C, 3 down

214882_s_at sfrs2 splicing factor, arginine/serine-rich 2 down

214929_s_at KIAA1109 KIAA1109 down

215253_s_at dscr1 Down syndrome critical region gene 1 down

215683_at --- Clone 24803 mRNA sequence down

215794_x_at GLUD2 glutamate dehydrogenase 2 down

215982_s_at DOM3Z dom-3 homolog Z (C. elegans) down

216080_s_at FADS3 fatty acid desaturase 3 down

216294_s_at KIAA1109 KIAA1109 down

216352_x_at PCDHGA3 protocadherin gamma subfamily A, 3 down

216532_x_at
LOC643450; 

LOC728344

similar to Thioredoxin-like protein 2 (PKC-

interacting cousin of thioredoxin) (PKC-theta-

interacting protein) (PKCq-interacting protein)

down

216958_s_at iVd isovaleryl Coenzyme A dehydrogenase down

217541_x_at
LOC731901; 

Znf816a

zinc finger protein 816A; similar to zinc finger 

protein 160
down

217889_s_at CYBRD1 cytochrome b reductase 1 down

218059_at Znf706 zinc finger protein 706 down

218253_s_at LGTN ligatin down

218358_at creLd2 cysteine-rich with EGF-like domains 2 down

218429_s_at fLj11286 hypothetical protein FLJ11286 down

218505_at WDR59 WD repeat domain 59 down

218803_at chfr checkpoint with forkhead and ring finger domains down

218958_at c19orf60 chromosome 19 open reading frame 60 down

219196_at SCG3 secretogranin iii down

219527_at mosc2
MOCO sulphurase C-terminal domain containing 

2
down

219577_s_at aBca7
ATP-binding cassette, sub-family A (ABC1), 

member 7
down

219627_at Znf767 zinc finger family member 767 down

219774_at CCDC93 coiled-coil domain containing 93 down

219807_x_at raB4B RAB4B, member RAS oncogene family down

220029_at eLoVL2
elongation of very long chain fatty acids (FEN1/

Elo2, SUR4/Elo3, yeast)-like 2
down

220642_x_at

GPR89A; 

LOC728932; 

unQ192

G protein-coupled receptor 89A; similar to G 

protein-coupled receptor 89
down
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220892_s_at psat1 phosphoserine aminotransferase 1 down

221036_s_at aph1B
anterior pharynx defective 1 homolog B  

(C. elegans)
down

221050_s_at GTPBP2 GTP binding protein 2 down

221307_at KCNIP1 Kv channel interacting protein 1 down

221501_x_at LOC339047 hypothetical protein LOC339047 down

221535_at LSG1 large subunit GTPase 1 homolog (S. cerevisiae) down

221636_s_at mosc2
MOCO sulphurase C-terminal domain  

containing 2
down

221739_at c19orf10 chromosome 19 open reading frame 10 down

221881_s_at cLic4 chloride intracellular channel 4 down

221972_s_at sdf4 stromal cell derived factor 4 down

222026_at RBM3 RNA binding motif (RNP1, RRM) protein 3 down

222150_s_at LOC54103 hypothetical protein LOC54103 down

222302_at --- --- down

222385_x_at sec61a1 Sec61 alpha 1 subunit (S. cerevisiae) down

222780_s_at BaaLc brain and acute leukemia, cytoplasmic down

223390_at C9orf37 chromosome 9 open reading frame 37 down

223528_s_at
LOC731602; 

mett11d1

methyltransferase 11 domain containing 1; similar 

to methyltransferase 11 domain containing 1 

isoform 2

down

223534_s_at RPS6KL1 ribosomal protein S6 kinase-like 1 down

223539_s_at

LOC728492; 

SERF1A; 

serf1B

small EDRK-rich factor 1A (telomeric); small 

EDRK-rich factor 1B (centromeric); similar to 

small EDRK-rich factor 1A, telomeric

down

224196_x_at dph5 DPH5 homolog (S. cerevisiae) down

224727_at LOC284361 hematopoietic signal peptide-containing down

224804_s_at c15orf17 chromosome 15 open reading frame 17 down

224904_at pdpr
pyruvate dehydrogenase phosphatase regulatory 

subunit
down

225035_x_at

CXYorf1; 

FAM39B; 

FAM39DP; 

FLJ00038; 

LOC376475; 

LOC653635

family with sequence similarity 39, member D 

pseudogene; family with sequence similarity 39, 

member B; CXYorf1-related protein; chromosomes 

X and Y open reading frame 1; similar to CXYorf1-

related protein

down

225298_at PNKD paroxysmal nonkinesiogenic dyskinesia down

225311_at iVd isovaleryl Coenzyme A dehydrogenase down

225529_at centB5 centaurin, beta 5 down

225758_s_at TUBGCP6 tubulin, gamma complex associated protein 6 down

225866_at BXDC1 brix domain containing 1 down

225973_at tap2
transporter 2, ATP-binding cassette, sub-family B 

(MDR/TAP)
down
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225995_x_at FAM39B family with sequence similarity 39, member B down

226179_at SLC25A37 solute carrier family 25, member 37 down

226354_at LactB lactamase, beta down

226620_x_at daZap1 daZ associated protein 1 down

226848_at --- CDNA FLJ39306 fis, clone OCBBF2013123 down

227168_at miat
myocardial infarction associated transcript (non-

protein coding)
down

227208_at ccdc84 coiled-coil domain containing 84 down

227286_at ccdc95 coiled-coil domain containing 95 down

227347_x_at hes4 hairy and enhancer of split 4 (Drosophila) down

227417_at mosc2
MOCO sulphurase C-terminal domain  

containing 2
down

227431_at --- CDNA clone IMAGE:4791585 down

227640_s_at
LOC441212; 

rp9

retinitis pigmentosa 9 (autosomal dominant); 

retinitis pigmentosa 9 pseudogene
down

227677_at JAK3
Janus kinase 3 (a protein tyrosine kinase, 

leukocyte)
down

229351_at --- CDNA FLJ13620 fis, clone PLACE1010947 down

229654_at Znf44 Zinc finger protein 44 down

230941_at
LOC728537; 

LOC730797

hypothetical protein LOC728537; hypothetical 

protein LOC730797
down

231116_at --- Transcribed locus down

231164_at LOC440331
hypothetical gene supported by AK095200; 

BC042853
down

231240_at dio2 deiodinase, iodothyronine, type II down

231828_at LOC253039 Hypothetical protein LOC253039 down

232392_at SFRS3 Splicing factor, arginine/serine-rich 3 down

232408_at ZFYVE28 zinc finger, FYVE domain containing 28 down

232663_s_at LOC390595
similar to ubiquitin-associated protein 1 

(predicted)
down

233168_s_at
RP3-

402G11.5
selenoprotein O down

233851_s_at TOR3A torsin family 3, member A down

235902_at --- CDNA FLJ42963 fis, clone BRSTN2012380 down

237108_x_at fLj42875 fLj42875 protein down

238743_at ---
Full-length cDNA clone CS0DK002YF13 of HeLa 

cells Cot 25-normalized of Homo sapiens (human)
down

239190_at VRK3 vaccinia related kinase 3 down

239856_at ---
Transcribed locus, strongly similar to XP_

001175123.1 hypothetical protein [Pan troglodytes]
down

244241_x_at --- Transcribed locus down

33132_at cpsf1
cleavage and polyadenylation specific factor 1, 

160kda
down
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36019_at STK19 serine/threonine kinase 19 down

36936_at TSTA3 tissue specific transplantation antigen P35B down

37278_at taZ
tafazzin (cardiomyopathy, dilated 3A (X-linked); 

endocardial fibroelastosis 2; Barth syndrome)
down

38157_at DOM3Z dom-3 homolog Z (C. elegans) down

39854_r_at pnpLa2 patatin-like phospholipase domain containing 2 down

46167_at
C1orf175; 

ttc4

tetratricopeptide repeat domain 4; chromosome 1 

open reading frame 175
down

90610_at Lrch4
leucine-rich repeats and calponin homology (CH) 

domain containing 4
down

1552536_at Vti1a
vesicle transport through interaction with t-

SNAREs homolog 1A (yeast)
up

1553407_at macf1 microtubule-actin crosslinking factor 1 up

1554963_at --- CDNA clone IMAGE:5310797 up

1555318_at HIF3A hypoxia inducible factor 3, alpha subunit up

1556000_s_at BtBd7 BTB (POZ) domain containing 7 up

1556606_at naV2 neuron navigator 2 up

1557803_at --- Full length insert cDNA clone YZ56G10 up

1559618_at --- CDNA FLJ30384 fis, clone BRACE2008114 up

1561167_at --- Full length insert cDNA clone YA75A09 up

1561195_at ---
MRNA; cDNA DKFZp686A22111 (from clone 

DKFZp686A22111)
up

1561362_at --- CDNA FLJ36285 fis, clone THYMU2003470 up

1565692_at --- CDNA FLJ40647 fis, clone THYMU2017522 up

1566551_at ---
MRNA; cDNA DKFZp586L2217 (from clone 

DKFZp586L2217)
up

1566887_x_at --- Multiple myeloma susceptibility mRNA sequence up

1568619_s_at LOC162073 hypothetical protein LOC162073 up

1569477_at --- Homo sapiens, clone IMAGE:4291396, mRNA up

1570511_at ARHGEF10L
Rho guanine nucleotide exchange factor (GEF) 

10-like
up

202040_s_at jarid1a jumonji, AT rich interactive domain 1A up

202935_s_at SOX9
SRY (sex determining region Y)-box 9 

(campomelic dysplasia, autosomal sex-reversal)
up

205435_s_at AAK1 ap2 associated kinase 1 up

206548_at FLJ23556 hypothetical protein FLJ23556 up

207660_at dmd
dystrophin (muscular dystrophy, Duchenne and 

Becker types)
up

210407_at ppm1a
protein phosphatase 1A (formerly 2C), 

magnesium-dependent, alpha isoform
up

212079_s_at mLL
myeloid/lymphoid or mixed-lineage leukemia 

(trithorax homolog, Drosophila)
up
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215600_x_at FBXW12 F-box and WD repeat domain containing 12 up

216189_at --- Homo sapiens, clone IMAGE:3344506 up

219975_x_at oLah oleoyl-ACP hydrolase up

220694_at ddef1it1 ddef1 intronic transcript 1 up

221191_at DKFZp434A0131 protein up

221829_s_at tnpo1 transportin 1 up

222282_at --- Transcribed locus up

222366_at --- Transcribed locus up

224771_at naV1 neuron navigator 1 up

225234_at cBL
Cas-Br-M (murine) ecotropic retroviral 

transforming sequence
up

227931_at ---
MRNA; cDNA DKFZp686D22106 (from clone 

DKFZp686D22106)
up

229467_at pcBp2 Poly(rC) binding protein 2 up

231109_at --- CDNA FLJ38468 fis, clone FEBRA2021864 up

231495_at --- Transcribed locus up

232541_at --- CDNA FLJ20099 fis, clone COL04544 up

232685_at --- CDNA: FLJ21564 fis, clone COL06452 up

232882_at --- CDNA FLJ12289 fis, clone MAMMA1001788 up

232935_at ---
Primary neuroblastoma cDNA, clone:Nbla03614, 

full insert sequence
up

233449_at --- CDNA FLJ11377 fis, clone HEMBA1000442 up

235084_x_at --- Transcribed locus up

235508_at pmL promyelocytic leukemia up

235538_at --- CDNA FLJ30718 fis, clone FCBBF2001675 up

235756_at --- CDNA FLJ26187 fis, clone ADG04782 up

236617_at --- Transcribed locus up

236946_at GPR75 G protein-coupled receptor 75 up

238884_at --- Transcribed locus up

239167_at --- Transcribed locus up

239661_at --- Transcribed locus up

240125_at --- Transcribed locus up

240665_at --- --- up

240971_x_at --- --- up

241797_at --- --- up

242106_at --- Transcribed locus up

242171_at --- --- up

242303_at --- Transcribed locus up

242320_at --- Homo sapiens, clone IMAGE:4769230, mRNA up

242736_at --- --- up

243158_at --- --- up
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243291_at --- Transcribed locus up

243431_at --- Transcribed locus up

244345_at cadm1 cell adhesion molecule 1 up

244358_at --- --- up

244535_at --- Transcribed locus up

244669_at

SNHG5; 

SNORD50A; 

snord50B

small nucleolar RNA, C/D box 50A; small 

nucleolar RNA host gene (non-protein coding) 5; 

small nucleolar RNA, C/D box 50B

up

244697_at --- --- up

Pick’s disease

probe set id Gene Symbol Gene Title expression

1552301_a_at coro6 coronin 6 down

1553565_s_at ddah1 dimethylarginine dimethylaminohydrolase 1 down

1553995_a_at nt5e 5�-nucleotidase, ecto (CD73) down

1555470_a_at ppm1f protein phosphatase 1F (PP2C domain containing) down

1557186_s_at tpcn1 two pore segment channel 1 down

1558009_at sLc1a2
solute carrier family 1 (glial high affinity glutamate 

transporter), member 2
down

1558010_s_at sLc1a2
solute carrier family 1 (glial high affinity glutamate 

transporter), member 2
down

1558041_a_at LOC653319 hypothetical protein LOC653319 down

1559965_at --- CDNA clone IMAGE:4811567 down

200644_at MARCKSL1 MARCKS-like 1 down

200778_s_at sept2 septin 2 down

201135_at echs1
enoyl Coenzyme A hydratase, short chain, 1, 

mitochondrial
down

201185_at htra1 htra serine peptidase 1 down

203179_at GALT galactose-1-phosphate uridylyltransferase down

203229_s_at CLK2 CDC-like kinase 2 down

203452_at B3GAT3
beta-1,3-glucuronyltransferase 3 

(glucuronosyltransferase I)
down

203668_at man2c1 mannosidase, alpha, class 2C, member 1 down

203802_x_at nsun5 NOL1/NOP2/Sun domain family, member 5 down

204193_at
CHKB; 

cpt1B

choline kinase beta; carnitine palmitoyltransferase 

1B (muscle)
down

204257_at FADS3 fatty acid desaturase 3 down

204538_x_at

LOC339047; 

LOC642778; 

LOC642799; 

npip

nuclear pore complex interacting protein; 

hypothetical protein LOC339047; similar to 

nuclear pore complex interacting protein

down

204650_s_at APBB3
amyloid beta (A4) precursor protein-binding, 

family B, member 3
down
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205130_at RAGE renal tumor antigen down

205318_at KIF5A kinesin family member 5A down

205344_at CSPG5 chondroitin sulfate proteoglycan 5 (neuroglycan C) down

205839_s_at BZrap1
benzodiazapine receptor (peripheral) associated 

protein 1
down

206527_at aBat 4-aminobutyrate aminotransferase down

206950_at scn9a
sodium channel, voltage-gated, type IX, alpha 

subunit
down

207122_x_at suLt1a2
sulfotransferase family, cytosolic, 1A, phenol-

preferring, member 2
down

208686_s_at Brd2 bromodomain containing 2 down

208829_at tapBp TAP binding protein (tapasin) down

208871_at atn1 atrophin 1 down

211876_x_at

PCDHGA10; 

PCDHGA11; 

PCDHGA12; 

PCDHGA3; 

PCDHGA5; 

PCDHGA6

protocadherin gamma subfamily A, 12; 

protocadherin gamma subfamily A, 11; 

protocadherin gamma subfamily A, 10; 

protocadherin gamma subfamily A, 6; 

protocadherin gamma subfamily A, 5; 

protocadherin gamma subfamily A, 3

down

212059_s_at trpc4ap
transient receptor potential cation channel, 

subfamily C, member 4 associated protein
down

212228_s_at coQ9 coenzyme Q9 homolog (S. cerevisiae) down

213143_at Loc257407 hypothetical protein LOC257407 down

213652_at PCSK5 Proprotein convertase subtilisin/kexin type 5 down

214427_at noL1 nucleolar protein 1, 120kDa down

214882_s_at sfrs2 splicing factor, arginine/serine-rich 2 down

215683_at --- Clone 24803 mRNA sequence down
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215836_s_at

PCDHGA1; 

PCDHGA10; 

PCDHGA11; 

PCDHGA12; 

PCDHGA2; 

PCDHGA3; 

PCDHGA4; 

PCDHGA5; 

PCDHGA6; 

PCDHGA7; 

PCDHGA8; 

PCDHGA9; 

PCDHGB1; 

PCDHGB2; 

PCDHGB3; 

PCDHGB4; 

PCDHGB5; 

PCDHGB6; 

PCDHGB7; 

PCDHGC3; 

PCDHGC4; 

PCDHGC5

protocadherin gamma subfamily C, 3; 

protocadherin gamma subfamily B, 4; 

protocadherin gamma subfamily A, 8; 

protocadherin gamma subfamily A, 12; 

protocadherin gamma subfamily C, 5; 

protocadherin gamma subfamily C, 4; 

protocadherin gamma subfamily B, 7; 

protocadherin gamma subfamily B, 6; 

protocadherin gamma subfamily B, 5; 

protocadherin gamma subfamily B, 3; 

protocadherin gamma subfamily B, 2; 

protocadherin gamma subfamily B, 1; 

protocadherin gamma subfamily A, 11; 

protocadherin gamma subfamily A, 10; 

protocadherin gamma subfamily A, 9; 

protocadherin gamma subfamily A, 7; 

protocadherin gamma subfamily A, 6; 

protocadherin gamma subfamily A, 5; 

protocadherin gamma subfamily A, 4; 

protocadherin gamma subfamily A, 3; 

protocadherin gamma subfamily A, 2; 

protocadherin gamma subfamily A, 1

down

215982_s_at DOM3Z dom-3 homolog Z (C. elegans) down

216532_x_at
LOC643450; 

LOC728344

similar to Thioredoxin-like protein 2 (PKC-

interacting cousin of thioredoxin) (PKC-theta-

interacting protein) (PKCq-interacting protein)

down

216958_s_at iVd isovaleryl Coenzyme A dehydrogenase down

218803_at chfr checkpoint with forkhead and ring finger domains down

218958_at c19orf60 chromosome 19 open reading frame 60 down

219333_s_at capn10 calpain 10 down

221307_at KCNIP1 Kv channel interacting protein 1 down

221501_x_at LOC339047 hypothetical protein LOC339047 down

221636_s_at mosc2
MOCO sulphurase C-terminal domain  

containing 2
down

222026_at RBM3 RNA binding motif (RNP1, RRM) protein 3 down

223528_s_at
LOC731602; 

mett11d1

methyltransferase 11 domain containing 1; similar 

to methyltransferase 11 domain containing 1 

isoform 2

down

223534_s_at RPS6KL1 ribosomal protein S6 kinase-like 1 down

223933_at KIF5A kinesin family member 5A down
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225035_x_at

CXYorf1; 

FAM39B; 

FAM39DP; 

FLJ00038; 

LOC376475; 

LOC653635

family with sequence similarity 39, member D 

pseudogene; family with sequence similarity 39, 

member B; CXYorf1-related protein; chromosomes 

X and Y open reading frame 1; similar to  

CXYorf1-related protein

down

225311_at iVd isovaleryl Coenzyme A dehydrogenase down

225529_at centB5 centaurin, beta 5 down

225995_x_at FAM39B family with sequence similarity 39, member B down

226200_at Vars2 valyl-tRNA synthetase 2, mitochondrial (putative) down

226620_x_at daZap1 daZ associated protein 1 down

228155_at c10orf58 chromosome 10 open reading frame 58 down

232663_s_at LOC390595
similar to ubiquitin-associated protein 1 

(predicted)
down

237108_x_at fLj42875 fLj42875 protein down

238743_at ---
Full-length cDNA clone CS0DK002YF13 of HeLa 

cells Cot 25-normalized of Homo sapiens (human)
down

242670_at LGI4 leucine-rich repeat LGI family, member 4 down

36936_at TSTA3 tissue specific transplantation antigen P35B down

37278_at taZ
tafazzin (cardiomyopathy, dilated 3A (X-linked); 

endocardial fibroelastosis 2; Barth syndrome)
down

52078_at c1orf160 chromosome 1 open reading frame 160 down

1552536_at Vti1a
vesicle transport through interaction with t-

SNAREs homolog 1A (yeast)
up

1554473_at SRGAP1 SLIT-ROBO Rho GTPase activating protein 1 up

1554703_at ARHGEF10 Rho guanine nucleotide exchange factor (GEF) 10 up

1555014_x_at --- OK/SW-cl.92 up

1555259_at ZAK
sterile alpha motif and leucine zipper containing 

kinase AZK
up

1555372_at BcL2L11 BCL2-like 11 (apoptosis facilitator) up

1556000_s_at BtBd7 BTB (POZ) domain containing 7 up

1556352_at --- CDNA FLJ30440 fis, clone BRACE2009185 up

1556606_at naV2 neuron navigator 2 up

1556650_at --- CDNA FLJ13011 fis, clone NT2RP3000561 up

1556658_a_at --- CDNA FLJ36459 fis, clone THYMU2014762 up

1556818_at --- Full length insert cDNA clone YB35F05 up

1556849_at --- CDNA FLJ11909 fis, clone HEMBB1000099 up

1557505_a_at --- Full length insert cDNA YQ11E04 up

1557690_x_at --- CDNA FLJ11951 fis, clone HEMBB1000827 up

1557706_at ZHX2 zinc fingers and homeoboxes 2 up

1557889_at --- CDNA clone IMAGE:4138742 up
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1558678_s_at maLat1
metastasis associated lung adenocarcinoma 

transcript 1 (non-coding RNA)
up

1558783_at --- CDNA: FLJ21152 fis, clone CAS09594 up

1558831_x_at --- CDNA FLJ34403 fis, clone HCHON2001607 up

1558832_at FLJ32224 hypothetical gene supported by AK056786 up

1558877_at --- CDNA FLJ36355 fis, clone THYMU2007384 up

1559020_a_at --- CDNA FLJ14081 fis, clone HEMBB1002280 up

1559156_at ---
MRNA; cDNA DKFZp686B1142 (from clone 

DKFZp686B1142)
up

1559249_at ATXN1 ataxin 1 up

1559375_s_at --- Full length insert cDNA clone YI45C08 up

1559436_x_at ---
MRNA; cDNA DKFZp313M2114 (from clone 

DKFZp313M2114)
up

1559593_a_at crsp7
Cofactor required for Sp1 transcriptional 

activation, subunit 7, 70kDa
up

1559987_at --- Homo sapiens, clone IMAGE:5585678, mRNA up

1560798_at --- CDNA FLJ14121 fis, clone MAMMA1002009 up

1560926_at --- Full length insert cDNA clone YR43G06 up

1561166_a_at --- Full length insert cDNA clone YB22D01 up

1561180_at --- CDNA FLJ11745 fis, clone HEMBA1005526 up

1561346_at --- CDNA FLJ32691 fis, clone TESTI2000221 up

1561777_at --- (TL22) mRNA from LNCaP cell line up

1562062_at

KIAA1245; 

LOC728895; 

NBPF1; 

NBPF10; 

NBPF11; 

NBPF20; 

NBPF3; 

NBPF8; 

NBPF9; 

XXyac-

YX155B6.1

neuroblastoma breakpoint family, member 1; 

neuroblastoma breakpoint family, member 3; 

KIAA1245; neuroblastoma breakpoint family, 

member 11; neuroblastoma breakpoint family, 

member 20; neuroblastoma breakpoint family, 

member 9; neuroblastoma breakpoint family, 

member 10; neuroblastoma breakpoint family, 

member 8; hypothetical protein LOC728895; 

CLIP-190-like

up

1562063_x_at

KIAA1245; 

LOC728895; 

NBPF1; 

NBPF10; 

NBPF11; 

NBPF20; 

NBPF3; 

NBPF8; 

NBPF9; 

XXyac-

YX155B6.1

neuroblastoma breakpoint family, member 1; 

neuroblastoma breakpoint family, member 3; 

KIAA1245; neuroblastoma breakpoint family, 

member 11; neuroblastoma breakpoint family, 

member 20; neuroblastoma breakpoint family, 

member 9; neuroblastoma breakpoint family, 

member 10; neuroblastoma breakpoint family, 

member 8; hypothetical protein LOC728895; 

CLIP-190-like

up
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1562948_at --- Homo sapiens, clone IMAGE:5722724, mRNA up

1563321_s_at mLLt10

myeloid/lymphoid or mixed-lineage leukemia 

(trithorax homolog, Drosophila); translocated to, 

10

up

1563482_at --- CDNA FLJ26750 fis, clone PRS01773 up

1565743_at --- CDNA FLJ37648 fis, clone BRHIP2000532 up

1566482_at ---
MRNA; cDNA DKFZp313L2229 (from clone 

DKFZp313L2229)
up

1566539_at ---
MRNA; cDNA DKFZp586G081 (from clone 

DKFZp586G081)
up

1566887_x_at --- Multiple myeloma susceptibility mRNA sequence up

1568866_at --- CDNA clone IMAGE:5450715 up

1569323_at PTPRG protein tyrosine phosphatase, receptor type, G up

1569477_at --- Homo sapiens, clone IMAGE:4291396, mRNA up

1569661_at --- CDNA clone IMAGE:5260324 up

1569948_at --- CDNA clone IMAGE:5275301 up

1570414_x_at FLJ13197 hypothetical FLJ13197 up

201220_x_at ctBp2 C-terminal binding protein 2 up

201404_x_at psmB2
proteasome (prosome, macropain) subunit, beta 

type, 2
up

201667_at GJA1 gap junction protein, alpha 1, 43kDa up

201867_s_at TBL1X transducin (beta)-like 1X-linked up

201901_s_at YY1 YY1 transcription factor up

201996_s_at spen
spen homolog, transcriptional regulator 

(Drosophila)
up

202040_s_at jarid1a jumonji, AT rich interactive domain 1A up

202449_s_at RXRA retinoid X receptor, alpha up

202935_s_at SOX9
SRY (sex determining region Y)-box 9 

(campomelic dysplasia, autosomal sex-reversal)
up

202975_s_at RHOBTB3 Rho-related BTB domain containing 3 up

203007_x_at LYPLA1 lysophospholipase I up

203496_s_at pparBp ppar binding protein up

203628_at IGF1R insulin-like growth factor 1 receptor up

204461_x_at rad1 RAD1 homolog (S. pombe) up

204786_s_at ifnar2 interferon (alpha, beta and omega) receptor 2 up

205187_at smad5 SMAD family member 5 up

205255_x_at tcf7 transcription factor 7 (T-cell specific, HMG-box) up

205383_s_at ZBtB20 zinc finger and BTB domain containing 20 up

205887_x_at MSH3 mutS homolog 3 (E. coli) up

206056_x_at spn sialophorin (leukosialin, CD43) up

206565_x_at SMA3 SMA3 up
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206792_x_at pde4c

phosphodiesterase 4C, cAMP-specific 

(phosphodiesterase E1 dunce homolog, 

Drosophila)

up

207657_x_at tnpo1 transportin 1 up

207660_at dmd
dystrophin (muscular dystrophy, Duchenne and 

Becker types)
up

208054_at herc4 hect domain and rLd 4 up

208238_x_at --- --- up

209074_s_at fam107a family with sequence similarity 107, member A up

209225_x_at tnpo1 transportin 1 up

210407_at ppm1a
protein phosphatase 1A (formerly 2C), 

magnesium-dependent, alpha isoform
up

210528_at mr1 major histocompatibility complex, class I-related up

210556_at NFATC3
nuclear factor of activated T-cells, cytoplasmic, 

calcineurin-dependent 3
up

210778_s_at MXD4 MAX dimerization protein 4 up

210835_s_at ctBp2 C-terminal binding protein 2 up

211316_x_at cfLar CASP8 and FADD-like apoptosis regulator up

211713_x_at KIAA0101 KIAA0101 up

212079_s_at mLL
myeloid/lymphoid or mixed-lineage leukemia 

(trithorax homolog, Drosophila)
up

212291_at HIPK1 homeodomain interacting protein kinase 1 up

212492_s_at jmjd2B jumonji domain containing 2B up

212852_s_at troVe2 TROVE domain family, member 2 up

213002_at MARCKS
Myristoylated alanine-rich protein kinase C 

substrate
up

213236_at sash1 SAM and SH3 domain containing 1 up

213956_at CEP350 centrosomal protein 350kDa up

214004_s_at VGLL4 vestigial like 4 (Drosophila) up

214104_at GPR161 G protein-coupled receptor 161 up

214176_s_at PBXIP1
Pre-B-cell leukemia homeobox interacting protein 

1
up

214329_x_at tnfsf10
Tumor necrosis factor (ligand) superfamily, 

member 10
up

214405_at --- Clone 23705 mRNA sequence up

214707_x_at aLms1 Alstrom syndrome 1 up

214743_at cutL1
cut-like 1, CCAAT displacement protein 

(Drosophila)
up

214806_at Bicd1 bicaudal D homolog 1 (Drosophila) up

214902_x_at ---
MRNA; cDNA DKFZp586A061 (from clone 

DKFZp586A061)
up

215067_x_at PRDX2 peroxiredoxin 2 up

215310_at apc Adenomatosis polyposis coli up
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215350_at SYNE1 spectrin repeat containing, nuclear envelope 1 up

215372_x_at --- CDNA FLJ12002 fis, clone HEMBB1001536 up

215383_x_at SPG21
spastic paraplegia 21 (autosomal recessive, Mast 

syndrome)
up

215385_at --- CDNA FLJ12411 fis, clone MAMMA1002964 up

215390_at --- CDNA FLJ12102 fis, clone HEMBB1002684 up

215435_at --- CDNA FLJ11921 fis, clone HEMBB1000318 up

215439_x_at --- CDNA FLJ11924 fis, clone HEMBB1000343 up

215507_x_at --- Transcribed locus up

215588_x_at RIOK3 RIO kinase 3 (yeast) up

215589_at --- CDNA: FLJ21284 fis, clone COL01911 up

215595_x_at --- CDNA FLJ13856 fis, clone THYRO1000988 up

215600_x_at FBXW12 F-box and WD repeat domain containing 12 up

215615_x_at --- CDNA FLJ14152 fis, clone MAMMA1003089 up

215653_at --- Clone IMAGE:248602, mRNA sequence up

215698_at jarid1a jumonji, AT rich interactive domain 1A up

216101_at --- Full length insert cDNA clone YR67C11 up

216123_x_at --- CDNA FLJ14096 fis, clone MAMMA1000752 up

216187_x_at --- Alu repeat (LNX1) mRNA sequence up

216189_at --- Homo sapiens, clone IMAGE:3344506 up

217536_x_at --- Transcribed locus up

217550_at atf6 activating transcription factor 6 up

217643_x_at --- --- up

217662_x_at --- Transcribed locus up

217679_x_at --- --- up

217713_x_at --- --- up

217715_x_at --- --- up

217810_x_at Lars leucyl-tRNA synthetase up

219392_x_at prr11 proline rich 11 up

219426_at EIF2C3 eukaryotic translation initiation factor 2C, 3 up

219975_x_at oLah oleoyl-ACP hydrolase up

220071_x_at cep27 centrosomal protein 27kDa up

220113_x_at poLr1B polymerase (RNA) I polypeptide B, 128kDa up

220694_at ddef1it1 ddef1 intronic transcript 1 up

220791_x_at scn11a
sodium channel, voltage-gated, type XI, alpha 

subunit
up

221176_x_at WBSCR23
Williams-Beuren syndrome chromosome  

region 23
up

221829_s_at tnpo1 transportin 1 up

221963_x_at --- Transcribed locus up

222024_s_at AKAP13 A kinase (PRKA) anchor protein 13 up

222104_x_at GTF2H3
general transcription factor IIH, polypeptide 3, 

34kDa
up
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222158_s_at c1orf121 chromosome 1 open reading frame 121 up

222284_at --- Transcribed locus up

222319_at --- --- up

222320_at --- Transcribed locus up

222366_at --- Transcribed locus up

222540_s_at rsf1 remodeling and spacing factor 1 up

222762_x_at Limd1 Lim domains containing 1 up

223134_at BBX bobby sox homolog (Drosophila) up

223519_at ZAK
sterile alpha motif and leucine zipper containing 

kinase AZK
up

224105_x_at --- Clone FLB8034 PRO2158 up

224567_x_at maLat1
metastasis associated lung adenocarcinoma 

transcript 1 (non-coding RNA)
up

224569_s_at irf2Bp2 interferon regulatory factor 2 binding protein 2 up

224667_x_at c10orf104 chromosome 10 open reading frame 104 up

224712_x_at c19orf42 chromosome 19 open reading frame 42 up

224771_at naV1 neuron navigator 1 up

224970_at nfia nuclear factor I/A up

225234_at cBL
Cas-Br-M (murine) ecotropic retroviral 

transforming sequence
up

225269_s_at rBms1
RNA binding motif, single stranded interacting 

protein 1
up

226153_s_at cnot6L CCR4-NOT transcription complex, subunit 6-like up

226252_at --- CDNA FLJ34585 fis, clone KIDNE2008758 up

226876_at fam101B family with sequence similarity 101, member B up

227039_at AKAP13 A kinase (PRKA) anchor protein 13 up

227082_at ---
MRNA; cDNA DKFZp586K1922 (from clone 

DKFZp586K1922)
up

227484_at --- CDNA FLJ41690 fis, clone HCASM2009405 up

227948_at FGD4 FYVE, RhoGEF and PH domain containing 4 up

229272_at fnBp4 formin binding protein 4 up

229467_at pcBp2 Poly(rC) binding protein 2 up

229574_at tra2a transformer-2 alpha up

229686_at P2RY8 purinergic receptor P2Y, G-protein coupled, 8 up

229851_s_at c11orf54 chromosome 11 open reading frame 54 up

229858_at --- CDNA FLJ12024 fis, clone HEMBB1001797 up

229943_at TRIM13 tripartite motif-containing 13 up

230014_at --- Transcribed locus up

230200_at nsun6 NOL1/NOP2/Sun domain family, member 6 up

230599_at --- Transcribed locus up

230630_at --- Transcribed locus up

230733_at --- Transcribed locus up
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230820_at --- Transcribed locus up

231109_at --- CDNA FLJ38468 fis, clone FEBRA2021864 up

231212_x_at --- --- up

231238_at --- Transcribed locus up

231696_x_at --- Transcribed locus up

231829_at Visa virus-induced signaling adapter up

232096_x_at --- CDNA: FLJ22140 fis, clone HEP20977 up

232125_at --- CDNA FLJ34585 fis, clone KIDNE2008758 up

232175_at arf1 ADP-ribosylation factor 1 up

232215_x_at prr11 proline rich 11 up

232216_at YME1L1 YME1-like 1 (S. cerevisiae) up

232264_at --- CDNA FLJ12142 fis, clone MAMMA1000356 up

232347_x_at --- CDNA FLJ11379 fis, clone HEMBA1000469 up

232420_x_at Loc286260 hypothetical protein LOC286260 up

232472_at --- CDNA FLJ12399 fis, clone MAMMA1002780 up

232516_x_at YY1AP1 YY1 associated protein 1 up

232537_x_at MARK3 MAP/microtubule affinity-regulating kinase 3 up

232541_at --- CDNA FLJ20099 fis, clone COL04544 up

232614_at --- CDNA FLJ12049 fis, clone HEMBB1001996 up

232615_at --- CDNA: FLJ22765 fis, clone KAIA1180 up

232665_x_at --- --- up

232691_at SFXN5 Sideroflexin 5 up

232693_s_at
FBXO16; 

ZNF395
zinc finger protein 395; F-box protein 16 up

232935_at ---
Primary neuroblastoma cDNA, clone:Nbla03614, 

full insert sequence
up

232940_s_at MLL3 myeloid/lymphoid or mixed-lineage leukemia 3 up

232957_x_at --- CDNA FLJ13017 fis, clone NT2RP3000628 up

233014_at --- CDNA FLJ12918 fis, clone NT2RP2004580 up

233017_x_at --- CDNA FLJ12326 fis, clone MAMMA1002132 up

233226_at ptpn9 Protein tyrosine phosphatase, non-receptor type 9 up

233265_at --- CDNA FLJ12203 fis, clone MAMMA1000914 up

233315_at --- CDNA: FLJ21294 fis, clone COL01981 up

233319_x_at --- CDNA FLJ13845 fis, clone THYRO1000815 up

233321_x_at LOC90834 hypothetical protein BC001742 up

233427_x_at --- CDNA FLJ13808 fis, clone THYRO1000253 up

233449_at --- CDNA FLJ11377 fis, clone HEMBA1000442 up

233608_at --- CDNA FLJ11929 fis, clone HEMBB1000434 up

233622_x_at ---
MRNA; cDNA DKFZp761A219 (from clone 

DKFZp761A219)
up

233702_x_at --- CDNA: FLJ20946 fis, clone ADSE01819 up

233877_at --- CDNA FLJ20770 fis, clone COL06509 up
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234135_x_at --- CDNA FLJ11590 fis, clone HEMBA1003758 up

234159_at --- CDNA: FLJ21529 fis, clone COL05981 up

234382_x_at --- --- up

234491_s_at saV1 salvador homolog 1 (Drosophila) up

234762_x_at nLn Neurolysin (metallopeptidase M3 family) up

234981_x_at cmBL
carboxymethylenebutenolidase homolog 

(Pseudomonas)
up

234989_at tncrna trophoblast-derived noncoding RNA up

235041_at GOSR2 golgi SNAP receptor complex member 2 up

235081_x_at trim65 tripartite motif-containing 65 up

235084_x_at --- Transcribed locus up

235308_at ZBtB20 zinc finger and BTB domain containing 20 up

235652_at --- CDNA FLJ37623 fis, clone BRCOC2014013 up

235660_at ---
MRNA; cDNA DKFZp667E0114 (from clone 

DKFZp667E0114)
up

235847_at --- Transcribed locus up

235999_at --- Transcribed locus up

236041_at --- CDNA FLJ33236 fis, clone ASTRO2002571 up

236060_at --- Transcribed locus up

236327_at --- --- up

236558_at --- --- up

236617_at --- Transcribed locus up

236766_at C8orf38 Chromosome 8 open reading frame 38 up

236841_at FAM39DP
Family with sequence similarity 39, member D 

pseudogene
up

236923_x_at --- --- up

236966_at armc8 armadillo repeat containing 8 up

237035_at --- Transcribed locus up

237118_at --- --- up

237383_at --- Transcribed locus up

237475_x_at sepp1 Selenoprotein P, plasma, 1 up

237586_at --- --- up

237733_at --- --- up

237864_at --- CDNA FLJ26101 fis, clone SLV05922 up

238058_at --- --- up

238447_at RBMS3
RNA binding motif, single stranded interacting 

protein
up

238642_at --- --- up

238672_at --- Transcribed locus up

238761_at --- Transcribed locus up

238863_x_at --- Transcribed locus up

238884_at --- Transcribed locus up
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238964_at --- Transcribed locus up

239167_at --- Transcribed locus up

239171_at --- --- up

239296_at --- Transcribed locus up

239385_at TFG TRK-fused gene up

239448_at --- Transcribed locus up

239629_at cfLar CASP8 and FADD-like apoptosis regulator up

239661_at --- Transcribed locus up

239748_x_at ociad1 ocia domain containing 1 up

239753_at LOC441383
hypothetical gene supported by AF086559; 

BC065734
up

239804_at --- Transcribed locus up

239851_at --- --- up

239956_at --- Transcribed locus up

240139_at --- Transcribed locus up

240146_at --- --- up

240168_at --- --- up

240174_at --- Transcribed locus up

240544_at --- Transcribed locus up

240665_at --- --- up

240773_at --- Transcribed locus up

241223_x_at ---
Transcribed locus, weakly similar to NP_

001013658.1 protein LOC387873 [Homo sapiens]
up

241303_x_at --- --- up

241336_at --- --- up

241347_at KIAA1618 KIAA1618 up

241445_at --- Transcribed locus up

241464_s_at --- Transcribed locus up

241542_at --- --- up

241790_at --- Transcribed locus up

241797_at --- --- up

241818_at --- Transcribed locus up

241843_at snora28 small nucleolar RNA, H/ACA box 28 up

241987_x_at MGC39715 hypothetical protein MGC39715 up

242077_x_at c6orf150 chromosome 6 open reading frame 150 up

242099_at --- --- up

242106_at --- Transcribed locus up

242167_at --- --- up

242232_at --- --- up

242235_x_at nrd1 Nardilysin (N-arginine dibasic convertase) up

242261_at --- --- up
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242280_x_at cpeB4
cytoplasmic polyadenylation element binding 

protein 4
up

242320_at --- Homo sapiens, clone IMAGE:4769230, mRNA up

242364_x_at --- CDNA clone IMAGE:5286005 up

242377_x_at THUMPD3 THUMP domain containing 3 up

242405_at --- Transcribed locus up

242416_at --- --- up

242431_at --- --- up

242461_at --- --- up

242472_x_at fnBp4 formin binding protein 4 up

242480_at --- Transcribed locus up

242558_at --- CDNA FLJ45490 fis, clone BRTHA2005831 up

242579_at --- Transcribed locus up

242622_x_at pten
Phosphatase and tensin homolog (mutated in 

multiple advanced cancers 1)
up

242645_at --- Full length insert cDNA clone YR92A01 up

242664_at --- --- up

242671_at --- --- up

242859_at --- --- up

242889_x_at LOC645431 hypothetical protein LOC645431 up

242903_at IFNGR1 interferon gamma receptor 1 up

243006_at --- CDNA FLJ30333 fis, clone BRACE2007262 up

243169_at --- --- up

243291_at --- Transcribed locus up

243295_at rBm27 rna binding motif protein 27 up

243365_s_at auts2 autism susceptibility candidate 2 up

243431_at --- Transcribed locus up

243442_x_at --- Transcribed locus up

243546_at --- Transcribed locus up

243612_at nsd1 Nuclear receptor binding SET domain protein 1 up

243640_x_at --- --- up

243648_at --- --- up

243826_at --- Transcribed locus up

243963_at SDCCAG8 Serologically defined colon cancer antigen 8 up

243964_at --- Transcribed locus up

243997_x_at --- Transcribed locus up

244062_at daam1
dishevelled associated activator of morpho-

genesis 1
up

244093_at --- --- up

244197_x_at --- --- up

244345_at cadm1 cell adhesion molecule 1 up

244358_at --- --- up
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244457_at --- Transcribed locus up

244459_at --- Transcribed locus up

244480_at --- Transcribed locus up

244535_at --- Transcribed locus up

244579_at --- Transcribed locus up

244697_at --- --- up

244753_at --- Transcribed locus up

244826_at --- Transcribed locus up

244868_at --- --- up

34697_at Lrp6 low density lipoprotein receptor-related protein 6 up

41512_at --- Transcribed locus up

Progressive Supranuclear Palsy

probe set id Gene Symbol Gene Title expression

1553613_s_at FOXC1 forkhead box c1 up

1553703_at Znf791 zinc finger protein 791 up

1553704_x_at Znf791 zinc finger protein 791 up

1554595_at SYMPK symplekin up

1555014_x_at --- OK/SW-cl.92 up

1555192_at Znf277p zinc finger protein 277 pseudogene up

1555653_at HNRPA3 heterogeneous nuclear ribonucleoprotein A3 up

1555922_at c10orf114 chromosome 10 open reading frame 114 up

1556331_a_at --- CDNA clone IMAGE:5259142 up

1556442_x_at --- CDNA FLJ13882 fis, clone THYRO1001480 up

1556762_a_at --- CDNA FLJ30197 fis, clone BRACE2001423 up

1557394_at DLGAP4
discs, large (Drosophila) homolog-associated 

protein 4
up

1557477_at --- CDNA FLJ33037 fis, clone THYMU2000317 up

1557585_at atp6V1h
ATPase, H+ transporting, lysosomal 50/57kDa, V1 

subunit H
up

1557586_s_at atp6V1h
ATPase, H+ transporting, lysosomal 50/57kDa, V1 

subunit H
up

1557745_at --- CDNA FLJ25178 fis, clone CBR09176 up

1558569_at ---
MRNA; cDNA DKFZp667K1619 (from clone 

DKFZp667K1619)
up

1558621_at caBLes1 Cdk5 and Abl enzyme substrate 1 up

1558783_at --- CDNA: FLJ21152 fis, clone CAS09594 up

1558822_at --- Full length insert cDNA clone YP59C02 up

1559156_at ---
MRNA; cDNA DKFZp686B1142 (from clone 

DKFZp686B1142)
up

1559375_s_at --- Full length insert cDNA clone YI45C08 up

1559410_at --- CDNA FLJ34677 fis, clone LIVER2002660 up
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1559436_x_at ---
MRNA; cDNA DKFZp313M2114 (from clone 

DKFZp313M2114)
up

1559820_at ATG10
ATG10 autophagy related 10 homolog (S. 

cerevisiae)
up

1560018_at ARPP-21 cyclic AMP-regulated phosphoprotein, 21 kD up

1560445_x_at ARHGEF1 Rho guanine nucleotide exchange factor (GEF) 1 up

1560512_at --- CDNA FLJ30409 fis, clone BRACE2008615 up

1561139_at --- Full length insert cDNA clone ZD67D12 up

1561167_at --- Full length insert cDNA clone YA75A09 up

1561195_at ---
MRNA; cDNA DKFZp686A22111 (from clone 

DKFZp686A22111)
up

1561346_at --- CDNA FLJ32691 fis, clone TESTI2000221 up

1561657_at --- Full length insert cDNA clone YZ55H04 up

1562063_x_at

KIAA1245; 

LOC728895; 

NBPF1; 

NBPF10; 

NBPF11; 

NBPF20; 

NBPF3; 

NBPF8; 

NBPF9; 

XXyac-

YX155B6.1

neuroblastoma breakpoint family, member 1; 

neuroblastoma breakpoint family, member 3; 

KIAA1245; neuroblastoma breakpoint family, 

member 11; neuroblastoma breakpoint family, 

member 20; neuroblastoma breakpoint family, 

member 9; neuroblastoma breakpoint family, 

member 10; neuroblastoma breakpoint family, 

member 8; hypothetical protein LOC728895; 

CLIP-190-like

up

1562235_s_at --- Transcribed locus up

1562905_at --- CDNA clone IMAGE:5311591 up

1562955_at --- Homo sapiens, clone IMAGE:5396455, mRNA up

1566491_at ---
MRNA; cDNA DKFZp547C018 (from clone 

DKFZp547C018)
up

1566887_x_at --- Multiple myeloma susceptibility mRNA sequence up

1568986_x_at PIGT
phosphatidylinositol glycan anchor biosynthesis, 

class T
up

1569519_at

KIAA1245; 

LOC728895; 

NBPF1; 

NBPF10; 

NBPF11; 

NBPF20; 

NBPF8; 

NBPF9; 

XXyac-

YX155B6.1

neuroblastoma breakpoint family, member 1; 

KIAA1245; neuroblastoma breakpoint family, 

member 11; neuroblastoma breakpoint family, 

member 20; neuroblastoma breakpoint family, 

member 9; neuroblastoma breakpoint family, 

member 10; neuroblastoma breakpoint family, 

member 8; hypothetical protein LOC728895; 

CLIP-190-like

up

1569578_at --- Homo sapiens, clone IMAGE:4516734, mRNA up
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1570414_x_at FLJ13197 hypothetical FLJ13197 up

201429_s_at
PLK1; 

RPL37A

polo-like kinase 1 (Drosophila); ribosomal protein 

L37a
up

201904_s_at ctdspL
CTD (carboxy-terminal domain, RNA polymerase 

II, polypeptide A) small phosphatase-like
up

202481_at DHRS3 dehydrogenase/reductase (SDR family) member 3 up

202734_at trip10 thyroid hormone receptor interactor 10 up

202796_at SYNPO synaptopodin up

203408_s_at satB1 satB homeobox 1 up

203488_at Lphn1 latrophilin 1 up

203628_at IGF1R insulin-like growth factor 1 receptor up

204223_at preLp
proline/arginine-rich end leucine-rich repeat 

protein
up

204621_s_at nr4a2 nuclear receptor subfamily 4, group A, member 2 up

205887_x_at MSH3 mutS homolog 3 (E. coli) up

205902_at KCNN3
potassium intermediate/small conductance 

calcium-activated channel, subfamily N, member 3
up

206056_x_at spn sialophorin (leukosialin, CD43) up

206278_at ptafr platelet-activating factor receptor up

206374_at dusp8 dual specificity phosphatase 8 up

206531_at dpf1 D4, zinc and double PHD fingers family 1 up

206548_at FLJ23556 hypothetical protein FLJ23556 up

206565_x_at SMA3 SMA3 up

206792_x_at pde4c

phosphodiesterase 4C, cAMP-specific 

(phosphodiesterase E1 dunce homolog, 

Drosophila)

up

207499_x_at unc45a unc-45 homolog A (C. elegans) up

208475_at frmd4a ferm domain containing 4a up

209121_x_at nr2f2 nuclear receptor subfamily 2, group F, member 2 up

209651_at TGFB1I1
transforming growth factor beta 1 induced 

transcript 1
up

209866_s_at LPHN3 latrophilin 3 up

209982_s_at NRXN2 neurexin 2 up

210210_at mpZL1 myelin protein zero-like 1 up

210528_at mr1 major histocompatibility complex, class I-related up

211775_x_at MGC13053 hypothetical MGC13053 up

212303_x_at --- --- up

212512_s_at carm1
coactivator-associated arginine methyltransferase 

1
up

212520_s_at smarca4

SWI/SNF related, matrix associated, actin 

dependent regulator of chromatin, subfamily a, 

member 4

up

212553_at KIAA0460 KIAA0460 up
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212762_s_at tcf7L2
transcription factor 7-like 2 (T-cell specific, HMG-

box)
up

213531_s_at RAB3GAP1
RAB3 GTPase activating protein subunit 1 

(catalytic)
up

213675_at --- CDNA FLJ25106 fis, clone CBR01467 up

214004_s_at VGLL4 vestigial like 4 (Drosophila) up

214707_x_at aLms1 Alstrom syndrome 1 up

214989_x_at --- CDNA FLJ11875 fis, clone HEMBA1007078 up

215067_x_at PRDX2 peroxiredoxin 2 up

215147_at --- Clone 23712 mRNA sequence up

215200_x_at --- UG0651E06 up

215372_x_at --- CDNA FLJ12002 fis, clone HEMBB1001536 up

215383_x_at SPG21
spastic paraplegia 21 (autosomal recessive, Mast 

syndrome)
up

215386_at --- CDNA FLJ12396 fis, clone MAMMA1002758 up

215418_at parVa parvin, alpha up

215435_at --- CDNA FLJ11921 fis, clone HEMBB1000318 up

215455_at timeLess timeless homolog (Drosophila) up

215600_x_at FBXW12 F-box and WD repeat domain containing 12 up

215615_x_at --- CDNA FLJ14152 fis, clone MAMMA1003089 up

215810_x_at d6s1101
Dystonia musculorum of mouse, human homolog 

of
up

216176_at hcrp1 hepatocellular carcinoma-related HCRP1 up

216187_x_at --- Alu repeat (LNX1) mRNA sequence up

216259_at --- Clone IMAGE:35527 unknown protein up

216509_x_at mLLt10

myeloid/lymphoid or mixed-lineage leukemia 

(trithorax homolog, Drosophila); translocated to, 

10

up

216524_x_at ---
MRNA; cDNA DKFZp564E233 (from clone 

DKFZp564E233)
up

217446_x_at ---
MRNA; cDNA DKFZp434M054 (from clone 

DKFZp434M054)
up

217550_at atf6 activating transcription factor 6 up

217643_x_at --- --- up

217679_x_at --- --- up

217713_x_at --- --- up

217715_x_at --- --- up

217810_x_at Lars leucyl-tRNA synthetase up

218131_s_at GATAD2A GATA zinc finger domain containing 2A up

218418_s_at ANKRD25 ankyrin repeat domain 25 up

219045_at rhof ras homolog gene family, member F (in filopodia) up

219290_x_at dapp1
dual adaptor of phosphotyrosine and 3-

phosphoinositides
up
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219392_x_at prr11 proline rich 11 up

219975_x_at oLah oleoyl-ACP hydrolase up

220071_x_at cep27 centrosomal protein 27kDa up

220612_at --- Clone HQ0641 PRO0641 up

220791_x_at scn11a
sodium channel, voltage-gated, type XI, alpha 

subunit
up

221141_x_at epn1 epsin 1 up

222104_x_at GTF2H3
general transcription factor IIH, polypeptide 3, 

34kDa
up

222159_at --- CDNA FLJ12996 fis, clone NT2RP3000235 up

222282_at --- Transcribed locus up

222762_x_at Limd1 Lim domains containing 1 up

224105_x_at --- Clone FLB8034 PRO2158 up

224259_at WNT8A
wingless-type MMTV integration site family, 

member 8a
up

224372_at
IQWD1; 

unc5B

IQ motif and WD repeats 1; unc-5 homolog B (C. 

elegans)
up

224991_at cmip c-Maf-inducing protein up

225117_at KIAA1267 KIAA1267 up

225570_at sLc41a1 solute carrier family 41, member 1 up

225906_at --- CDNA FLJ38264 fis, clone FCBBF3001657 up

226144_at REXO1 REX1, RNA exonuclease 1 homolog (S. cerevisiae) up

226372_at chst11 Carbohydrate (chondroitin 4) sulfotransferase 11 up

226554_at ZBtB7a zinc finger and BTB domain containing 7A up

227651_at BtBd14B BTB (POZ) domain containing 14B up

227727_at MRGPRF MAS-related GPR, member F up

227923_at SHANK3 SH3 and multiple ankyrin repeat domains 3 up

228070_at --- CDNA FLJ34250 fis, clone FCBBF4000529 up

228224_at preLp
proline/arginine-rich end leucine-rich repeat 

protein
up

229220_x_at nom1 nucleolar protein with MIF4G domain 1 up

229265_at atn1 atrophin 1 up

229943_at TRIM13 tripartite motif-containing 13 up

230440_at Znf469 zinc finger protein 469 up

230528_s_at MGC2752 hypothetical protein MGC2752 up

230779_at tnrc6B trinucleotide repeat containing 6B up

230843_at --- Transcribed locus up

231109_at --- CDNA FLJ38468 fis, clone FEBRA2021864 up

231992_x_at --- CDNA clone IMAGE:4722553 up

232015_at fam59B family with sequence similarity 59, member B up

232096_x_at --- CDNA: FLJ22140 fis, clone HEP20977 up

232169_x_at ndufs8
NADH dehydrogenase (ubiquinone) Fe-S protein 

8, 23kDa (NADH-coenzyme Q reductase)
up
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232215_x_at prr11 proline rich 11 up

232225_at --- CDNA FLJ11764 fis, clone HEMBA1005685 up

232347_x_at --- CDNA FLJ11379 fis, clone HEMBA1000469 up

232396_at ---
MRNA full length insert cDNA clone EUROIMAGE 

113222
up

232416_at BrunoL5 bruno-like 5, RNA binding protein (Drosophila) up

232420_x_at Loc286260 hypothetical protein LOC286260 up

232455_x_at LOC340085 hypothetical protein LOC340085 up

232554_at Lrrc56 leucine rich repeat containing 56 up

232653_at --- CDNA FLJ14044 fis, clone HEMBA1006124 up

232665_x_at --- --- up

232753_at ZNF346 Zinc finger protein 346 up

232882_at --- CDNA FLJ12289 fis, clone MAMMA1001788 up

232935_at ---
Primary neuroblastoma cDNA, clone:Nbla03614, 

full insert sequence
up

232957_x_at --- CDNA FLJ13017 fis, clone NT2RP3000628 up

233017_x_at --- CDNA FLJ12326 fis, clone MAMMA1002132 up

233025_at pdZd2 pdZ domain containing 2 up

233041_x_at --- CDNA: FLJ21356 fis, clone COL02831 up

233130_at --- CDNA FLJ12202 fis, clone MAMMA1000908 up

233306_at --- CDNA FLJ11447 fis, clone HEMBA1001383 up

233313_at --- CDNA FLJ14302 fis, clone PLACE2000003 up

233319_x_at --- CDNA FLJ13845 fis, clone THYRO1000815 up

233321_x_at LOC90834 hypothetical protein BC001742 up

233417_at --- CDNA FLJ11625 fis, clone HEMBA1004200 up

233442_at --- CDNA FLJ12196 fis, clone MAMMA1000867 up

233596_at --- Clone FLB2543 up

233605_x_at hnrpm heterogeneous nuclear ribonucleoprotein M up

233622_x_at ---
MRNA; cDNA DKFZp761A219 (from clone 

DKFZp761A219)
up

233664_at --- CDNA: FLJ22803 fis, clone KAIA2685 up

233702_x_at --- CDNA: FLJ20946 fis, clone ADSE01819 up

233873_x_at papd1 pap associated domain containing 1 up

234033_at --- Clone IMAGE:110218 mRNA sequence up

234126_at ---
MRNA; cDNA DKFZp761M1112 (from clone 

DKFZp761M1112)
up

234127_at --- CDNA FLJ13320 fis, clone OVARC1001611 up

234294_x_at GATAD2A GATA zinc finger domain containing 2A up

234307_s_at KIF26A kinesin family member 26A up

234314_at c20orf74 chromosome 20 open reading frame 74 up

234382_x_at --- --- up

234501_x_at ---
MRNA; cDNA DKFZp586M151 (from clone 

DKFZp586M151)
up
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234981_x_at cmBL
carboxymethylenebutenolidase homolog 

(Pseudomonas)
up

235081_x_at trim65 tripartite motif-containing 65 up

235084_x_at --- Transcribed locus up

235538_at --- CDNA FLJ30718 fis, clone FCBBF2001675 up

235803_at --- Transcribed locus up

235875_at --- Transcribed locus up

235985_at --- Transcribed locus up

235990_at ---

CDNA FLJ38836 fis, clone MESAN2002519, 

weakly similar to Mus musculus cell cycle 

checkpoint control protein Mrad9 gene

up

236229_at --- Transcribed locus up

236593_at ---

Transcribed locus, weakly similar to XP_341471.3 

similar to WD repeat domain 17 [Rattus 

norvegicus]

up

236679_x_at --- --- up

236923_x_at --- --- up

237398_at --- Transcribed locus up

237475_x_at sepp1 Selenoprotein P, plasma, 1 up

237491_at --- --- up

238152_at MGC3032 hypothetical protein MGC3032 up

238430_x_at sLfn5 schlafen family member 5 up

238712_at --- Transcribed locus up

239058_at --- Transcribed locus up

239091_at --- Transcribed locus up

239361_at --- Transcribed locus up

239748_x_at ociad1 ocia domain containing 1 up

240125_at --- Transcribed locus up

240138_at --- Transcribed locus up

240165_at --- Transcribed locus up

240174_at --- Transcribed locus up

240205_x_at --- --- up

240279_at --- --- up

240651_at --- Transcribed locus up

240665_at --- --- up

240666_at --- Transcribed locus up

240798_at --- --- up

240870_at --- --- up

241303_x_at --- --- up

241585_at Lrrc4c leucine rich repeat containing 4C up

241818_at --- Transcribed locus up

242022_at --- --- up
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242077_x_at c6orf150 chromosome 6 open reading frame 150 up

242121_at rnf12 Ring finger protein 12 up

242188_at --- --- up

242235_x_at nrd1 Nardilysin (N-arginine dibasic convertase) up

242268_at CUGBP2 CUG triplet repeat, RNA binding protein 2 up

242280_x_at cpeB4
cytoplasmic polyadenylation element binding 

protein 4
up

242320_at --- Homo sapiens, clone IMAGE:4769230, mRNA up

242364_x_at --- CDNA clone IMAGE:5286005 up

242377_x_at THUMPD3 THUMP domain containing 3 up

242405_at --- Transcribed locus up

242407_at --- --- up

242443_at emL5 Echinoderm microtubule associated protein like 5 up

242471_at --- Clone HLS_IMAGE_238756 mRNA sequence up

242551_at --- --- up

242578_x_at SLC22A3
Solute carrier family 22 (extraneuronal 

monoamine transporter), member 3
up

242611_at --- Transcribed locus up

242664_at --- --- up

242846_at --- Transcribed locus up

242865_at --- --- up

242872_at cit
citron (rho-interacting, serine/threonine kinase 

21)
up

242889_x_at LOC645431 hypothetical protein LOC645431 up

243158_at --- --- up

243218_at --- Transcribed locus up

243365_s_at auts2 autism susceptibility candidate 2 up

243442_x_at --- Transcribed locus up

243586_at --- Transcribed locus up

243618_s_at Loc152485 Hypothetical protein LOC152485 up

243640_x_at --- --- up

243929_at --- --- up

244217_at --- Transcribed locus up

244310_at --- Full length insert cDNA clone YU07D01 up

244345_at cadm1 cell adhesion molecule 1 up

244358_at --- --- up

244373_at --- --- up

244433_at --- --- up

244457_at --- Transcribed locus up

244535_at --- Transcribed locus up

244605_at --- --- up

244646_at --- Transcribed locus up
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244697_at --- --- up

244726_at --- Transcribed locus up

40016_g_at mast4
microtubule associated serine/threonine kinase 

family member 4
up

40562_at GNA11
guanine nucleotide binding protein (G protein), 

alpha 11 (GQ class)
up

41160_at MBD3 methyl-CpG binding domain protein 3 up

41644_at sash1 SAM and SH3 domain containing 1 up
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