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Abstract II 

Abstract 

Background: “The MAPT gene, encoding the microtubule-associated protein tau, is part of a 952 kb 

haplotype block on chromosome 17q21.31, which is subject to an inversion polymorphism, leading to 

two allelic variants, called H1 and H2 haplotypes. Homozygosity for the more common haplotype H1 

is associated with an increased risk for several tauopathies, but also for the synucleinopathy Parkinson’s 

disease (PD). The present study aimed to clarify whether the MAPT haplotype influences gene 

expression of tau on mRNA and protein levels in postmortem brains of PD patients and controls. We 

also investigated mRNA expression levels of several other MAPT haplotype-encoded genes. 

Additionally, we assessed the expression of SNCA on chromosome 4, endoding the protein a-synuclein 

(a-syn).  

Methods: Postmortem tissues from cortex of fusiform gyrus (ctx-fg) and of the cerebellar hemisphere 

(ctx-cbl) of neuropathologically confirmed PD patients (n = 14 ) and age- and sex-matched controls (n 

= 12) without neurodegenerative diseases were genotyped for the MAPT haplotype to identify cases 

homozygous for either H1 or H2. Relative expression of genes within the MAPT inversion region was 

quantified using real-time RT-qPCR. Soluble and insoluble protein levels of tau and a-syn were 

determined by Western blotting.  

Results: H1 homozygosity was associated with increased total MAPT mRNA expression in ctx-fg in both 

PD and controls. H2 homozygosity was associated with increased expression of MAPT-AS1 in the ctx-

cbl, as well as incresesd KANSL1 and KANSL1-AS1 mRNA in both brain regions. PD patients had higher 

levels of insoluble 0N3R and 1N4R tau isoforms and also of insoluble a-syn in the gyrus fusiformis, 

regardless of the MAPT genotype. 

Conclusion: The increased presence of insoluble a-syn protein in PD donors in gyrus fusiformis 

validated the selected postmortem brain tissue.  Our findings in this small, but well controlled cohort 

of PD and controls demonstrated that patients also had higher insoluble 0N3R and 1N4R tau levels in 

the ctx-fg, supporting a putatibe biological relevance of tau in PD. The total MAPT mRNA expression 

was increased in the disease-predisposing H1/H1 condition, regardless of the actual disease status. 

Associated with disease-protective H2/H2 condition, the long non-coding antisense MAPT-AS1 was 

increased, and thus, might to be an interesting candidate for future therapeutic or preventive 

concepts” [1].
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Introduction 

1.1 The sporadic Parkinson syndrome 
 

 Epidemiology 
 
Parkinson’s disease (PD) is the second most common neurodegenerative disease after Alzheimer’s 

disease (AD) [1, 2]. With an estimated prevalence rate from 100 to 200 per 100.000 inhabitants, PD 

affects worldwide more than 6 million people [3]. Due to population ageing and improved survival 

under therapy, the number of patients is expected to double over the next 30 years [4]. Regarding the 

increasing global burden of the disease and limited therapy options, PD is in the spotlight of present 

medical research.  

 

 Classification 
 
Parkinsonism is classified in four etiologies: sporadic, genetic, secondary and atypical Parkinson 

syndromes. The vast majority of cases occur sporadically without apparent family history primarily in 

elderly people with unknown etiology [5]. Monogenic mutations with autosomal dominant and 

recessive forms often lead to symptoms at a younger age and explain only 5-10% of all cases [6]. 

Culprits for secondary Parkinson syndromes are dopamine antagonizing medications (i.e. classic 

neuroleptics, lithium, antiemetics), toxins, or inflammatory pathologies. The term atypical Parkinson 

syndrome describes several neurodegenerative conditions which all have in common to present with a 

spectrum of Parkinsonism signs without responding well to standard dopamine drug treatment [7].  

 

 Clinical features and diagnosis 
 
For the clinical diagnosis of Parkinsonism, the presence of bradykinesia is required along with one of 

the cardinal signs rigidity, resting tremor or postural instability [8]. On examination, further signs may 

be present like a masked face, reduced arm swing, short stepped gait or pill-rolling tremor. Typically, 

symptoms start and progress asymmetrically with affecting gait and balance in later disease stages [9]. 

Based on the presented symptoms, different phenotypes of PD can be classified of which the tremor-

dominant form is beneficial for disease progression and survival rate [10]. In addition, a variety of non-

motor symptoms can occur which manifest as sensory disorder (pain, anosmia), autonomic dysfunction 

(bladder dysfunction, orthostatic hypotension), sleep disorder or neuropsychiatric symptoms. Especially 

depression, anosmia and rapid eye movement sleep behavior can precede the disease onset as 

prodromal symptoms by several years [11, 12]. In the long term, patients face severe disability, 

dementia in 80% of cases [13], and a decreased life expectancy compared to the general population 

[14, 15]. 
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Surrogate biomarkers will contribute to an early diagnosis, prediction of disease progress and 

differential diagnosis [16] So far, numerous candidate biomarkers were identified related to abnormal 

protein accumulation, oxidative stress or neuroinflammatory reaction [17-20]. However to date, a 

definite confirmation of Parkinsonism remains to be obtained postmortem through neuropathology 

assessment. Studies revealed that up to 20 percent of patients diagnosed with PD during their lifetime 

suffered from a Parkinson syndrome other than sporadic PD [21]. This highlights the importance of the 

neuropathology assessment for an accurate etiologic classification.  

 

 Neuropathology  
 
The major neuropathological hallmarks of PD are the loss of dopaminergic neurons in the pars 

compacta of substantia nigra (SN) and the accumulation of cytoplasmic inclusions, so-called Lewy 

Bodies (LB). LB are found diffusely throughout the brain in cell somata and are composed primarily of 

the protein a-synuclein (a-syn) [22]. Inclusion bodies located in neuronal cell processes are termed 

Lewy neurites [23, 24]. According to the systematic histopathological studies by Braak [25], PD can be 

divided into six stages. Each stage is defined by a characteristic distribution of structural and 

pathological changes: Before the appearance of clinically manifest motor symptoms (stages 1 and 2), 

the pathological changes are limited to the autonomic nervous system, the medulla oblongata and the 

bulbus olfactorius. In stages 3 and 4, the classic motor symptoms manifest themselves, whereby the 

substantia nigra and other core regions of the midbrain, and the basal forebrain, are now additionally 

affected. In stages 5 and 6, large parts of the telencephalon are pathologically altered and there are 

multiple impairments of higher brain functions. There is strong evidence that the disease may begin in 

the peripheral autonomic nervous system [26-29]. According to the gut-brain-axis hypothesis, an 

external trigger induces LB pathology which spreads through cell-to-cell-transmission via the vagus 

nerve and olfactory bulb to the upper central nervous system [30, 31].  

 

 Synucleinopathy and a-syn 
 
Neurodegenerative diseases associated with aggregation and deposition of the protein a-synuclein 

are termed synucleinopathies. PD is the synucleinopathy with the highest prevalence. [32] a-syn is an 

abundant protein expressed mainly in presynaptic terminals of neurons of most types. The 

physiological function of a-syn is not fully understood and appears to be very diverse. Described 

cellular functions of a-syn include for instance neurotransmitter release, dopamine homeostasis and 

vesicle transport [33]. The secondary structure of a-synuclein is variable. Under physiological conditions 

dissolved and membrane-bound a-syn is balanced in an equilibrium [34]. Under pathological 

conditions a-syn adopts a ß-sheet structure [35] forming aggregates that are classified into oligomers, 
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fibrils and LB based on their structure and size [36]. It is assumed that the neurotoxic properties of a-

syn are based on these structural changes. Due to its capacity of spreading from cell to cell, it has been 

hypothesized that PD pathology can propagate in a prion-like manner to surrounding cells in the form 

of a-syn seeds [37]. However, it is still under debate whether LB itself cause cell death or are the result 

of means of cell protection [9, 23, 38, 39]. Besides a-syn accumulation, various impairments in cell 

components have been detected in PD pathology such as mitochondrial dysfunction [37].  

 

 Pathophysiology 
 
The core pathophysiology of PD is explained by the dopaminergic neurotransmitter deficiency in the 

SN (pars compacta) and the subsequent dysfunction of the basal ganglia. At the time of clinical 

manifestation up to 30-70% of dopaminergic cells in the nigro-striatal system are estimated to be lost 

[40]. The basal ganglia contain several nuclei in the diencephalon (nucleus subthalamicus), 

telencephalon (corpus striatum) and mesencephalon (SN pars compacta and reticularis). As functional 

unit, the basal ganglia are decisive for the modulation of movement. In general, movement is initiated 

in the primary motor cortex with involvement of supplementary motor cortex areas. After several 

circuitry loops for fine adjustment by the basal ganglia, the executive neuronal output is projected to 

several spinal tracts to address muscle groups respectively [9]. Due to the loss of nigrostriatal 

projections the basal ganglia tend to inhibit cortically generated movements which explain the clinically 

observed motor symptoms [41]. Additionally, the loss of non-dopaminergic pathways leads to the 

development of non-motor symptoms [42, 43].  

 

 Therapy 
 
To this day, therapies are restricted to symptomatic treatment only and can not stop the disease 

progression. The basic principle is to compensate for the deficit of dopamine through substitution, 

dopamine receptor agonists and degradation inhibitors [44]. Standard therapy for the replacement of 

dopamine is the administration of its precursor Levodopa (L-Dopa) capable of passing the blood-brain-

barrier. After 5-10 years on average, severe side effects such as wearing off, on-off-phases or dyskinesia 

occur [2]. If the medical treatment failed, some patients benefit from invasive therapies [45]. With less 

dopaminergic neurons in the SN, other brain regions like the nucleus subthalamicus become relatively 

overactive. The procedure of deep brain stimulation corrects this imbalance through implanted 

pacemakers using high-frequency electrical currents. However, only 1% of PD patients are suitable for 

this treatment due to stimulus-based side effects [46]. Of great importance is also the treatment of non 

- motor symptoms as they can impair quality of life more than the motor symptoms itself in some 

patients [9]. 
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 Environmental and genetic risk factors 
 
It is assumed that a combination of environmental and genetic factors lead to the manifestation of 

sporadic PD [47]. The largest risk factors are age, followed by family history and sex. In a retrospective 

cohort study, having at least one first-degree relative with PD is associated with a 2.8-times higher risk 

for the disease [48]. A recent longitudinal twin study prompted a modest heritability for PD [49]. 

Prevalence in men is higher than in women with a ratio of 1.5 to 1.0 [2]. There is conflicting data about 

the prevalence of PD among different ethnicities, but PD seems to be less frequent in people of African 

or Asian descent [2, 50]. Considering environmental factors, exposure to toxins (pesticides, herbicides 

or metals) increase the risk for PD, while smoking and drinking coffee are associated with reduced risk 

[51].  

In the past two decades, genome-wide association studies (GWAS) have identifyed genetic 

susceptibility loci that confer the risk for sporadic PD [5]. In general, genes contain common variations 

which are defined as single-nucleotide-polymorphisms (SNPs), if their frequencies are > 1% in a 

population [52]. The effects of several risk variations in different gene loci with minor to moderate 

influence might combine leading to the development of sporadic PD. The strongest genetic 

associations are common variations at the SNCA gene, encoding a-syn -syn, followed by variations at 

MAPT, encoding for the microtubule-associated protein tau [53-58].  

 

1.2 The gene MAPT as risk factor for the sporadic Parkinson syndrome  
 

 The tau protein 
 

Tau is primarily expressed in the central nervous system stabilizing the neuronal cytoskeleton and 

regulating axonal transport processes [59-62]. Six tau isoforms are present in the human brain, which 

differ by expression of either 3 or 4 microtubule binding repeat domains (termed 3R or 4R isoforms) 

and the number of N-terminal inserts (termed 0N, 1N, 2N isoforms) (Fig 1) [1, 63]. Tau isoforms emerge 

either through cassette splicing of exon 2 and 3 (N-terminal) or alternative splicing of exon 10 (R-

terminal).  

Post-translational modifications such as hyperphosphorylation lower the binding affinity of tau to 

microtubule. The subsequently increased aggregation property leads to pathologic tau inclusions 

which are able to propagate throughout the brain trans-synaptically [64, 65]. Pathologic aggregates 

containing hyperphosphorylated tau protein do occur within the brain in a variety of neurodegenerative 

diseases, including AD, corticobasal degeneration (CBD) or progressive supranuclear palsy (PSP), which 

are therefore jointly referred to as tauopathies [1, 66]. The latter diseases CBD and PSP are clinically 
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referred to as atypical Parkinson syndromes [67]. Levels of 3R and 4R tau are regulated in the adult 

human brain with a ratio of 1:1. Whereas in many neurodegenerative conditions, tau appears insoluble 

and assembled with 3R and 4R tau levels out of balance [63, 68]. Through an excess of 4R tau PSP and 

CBD are labelled as 4R tauopathy, Pick´s disease as 3R tauopathy, whereas AD is characterized by a 

balanced ratio [69, 70].  

The N-terminal region of tau has been shown to be involved in solubility and folding by inhibiting tau 

polymerization [71], and stabilizing tau in a folded state [72]. It is fundamental to note that the number 

of microtubule-binding repeat domains in the carboxy-terminal of tau have distinct properties. 

Compared to 3R tau, 4R tau regulates microtubule dynamics more efficient, binds to microtubule with 

a greater affinity [73] and is more prone to aggregation [66]. Recently, it has been suggested that tau 

isoform imbalance itself might be detrimental regardless which R-isoform is overexpressed [74]. Still, 

the involvement of the N-terminus and R- terminus in tau function are complex and more studies will 

be required to understand the effect of differential expression of tau isoforms on tau- protein itself, 

microtubule stabilization and potential interaction with a-syn.  

 
Figure 1. The six tau isoforms after splicing of exon 2,3 and exon 10. Modified from Park,2016. 

 The gene MAPT and its haplotypes 
 

“The MAPT gene encoding tau is located within a 952 kb haplotype bloc on chromosome 17q21.31, 

which is subject to an inversion polymorphism, leading to two allelic variants, called H1 and H2 

haplotypes [75, 76] (Fig 2) “ [1]. The haplotypes differ through 14 SNPs which are specific for the H1 

clade, while the H2/H2 haplotype is mainly preserved [77]. Above that, a variety of SNPs mark specific 

subhaplotypes of H1/H1 [78]. The MAPT haplotypes have been associated with different 

neurodegenerative conditions. Inherited mutations in MAPT are linked to frontotemporal dementia and 

Parkinsonsim linked to chromosome 17 [79].  

“H1 homozygosity (H1/H1) is more common, with varying frequency across human populations [80], 

and associated with an increased risk for neurodegenerative tauopathies AD, PSP and CBD [81-85], but 
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surprisingly also for the synucleinopathy PD [55, 57, 77, 86-88]. In contrast, H2 homozygosity (H2/H2) 

is considered to be protective against tauopathies [26-30] as well as PD [31]“ [1]. The inversion 

haplotype H2/H2 is found with a frequency of 5 – 37.5% in Europeans, merely 6% in Africans and < 1% 

in Asians [76, 89]. Apart from that, certain mutations in H2/H2 are associated with the 17q21.31 

microdeletion syndrome, which is characterized by developmental delay and typical facial features [90]. 

 

 

 Involvement of MAPT and tau protein in the sporadic Parkinson syndrome 
 
At present, it is unclear how exactly the H1/H1 haplotype confers a higher risk for developing PD and 

other neurodegenerative diseases. Haplotype-specific properties may increase the risk for PD by 

affecting gene expression levels or splicing processes of the transcript [54, 91] or lead to an altered 

proportion of tau isoforms through mis-splicing [69, 92]. In recent years, a multitude of findings 

highlighted the involvement of MAPT in PD.  

“Studies on postmortem brain and human neural cells suggested that H1 homozygosity is associated 

with an increased MAPT expression and different expression patterns of MAPT transcripts on mRNA 

level [93, 94]. Increased mRNA levels of 4R MAPT [95], but lower levels of 2N MAPT transcripts, have 

been described for H1/H1 compared to H2/H2 in 10 different postmortem brain regions of 134 healthy 

subjects [96]. The mRNA ratio of 4R to 3R MAPT was found to be increased in cerebellum of PD cases 

not genotyped for MAPT haplotype [63]. These findings imply that haplotype- and disease-specific 

expression and splicing of MAPT may contribute to the association of H1-homozygosity with sporadic 

PD. Vice versa, It is hypothesized that the protective association of the H2/H2 haplotype towards PD 

Figure 2. Illustration of the polymorphism of the MAPT gene. The MAPT gene is located on 

chromosome 17 and marked by a large inversion region with two allelic variants: H1 and H2. The rare 

H2/H2 haplotype is inversely orientated. The allelic variants differ through several single-nucleotide 

polymorphisms. Adapted from Wade-Martins et al., 2012. kb, kilobase. 



 16 

might be explained by this haplotype-specific expression since the inclusion of exon 3 decreases the 

aggregation property of tau [95, 96]” [1].  

Regarding tau protein in human brain only few studies exist which have used different lysis buffers and 

examined different brain regions. Among five different brain regions, protein levels of total tau and 

0N3R were overall lower in the cerebellum of healthy donors (n = 12) stratified for MAPT H1/H1 and 

H2/H2 [96]. Another study, conducted in three brain regions, found a decrease of soluble levels of tau 

in the SN in PD compared to controls (Lei 2012). They also reported a higher ratio of 4R to 3R tau in 

PD cases in frontal cortex and cerebellum compared to controls. However, no MAPT haplotyping was 

performed [97]. 

In relation to the clinical manifestation of PD, some H1/H1 sub-haplotypes have been associated with 

distinct motor phenotypes [59]. Interestingly in PD, hyperphosphorylated tau can also be found 

colocalized in LB, the aggregates mainly composed of a-syn in postmortem brain [98-100]. The ability 

to mutually promote their aggregation of tau and a-syn was shown by in-vitro studies [101, 102]. It is 

of interest that the phosphorylation status of tau is highly modified in PD, similar to AD [103]. 

Nonetheless, the interaction between a-syn and tau and the mechanisms by which both contribute to 

onset, progression or neuronal cell death in PD are still under investigation.  

 

 Encoded genes in the MAPT polymorphism region  
 
“Noteworthy, the MAPT haplotype block comprised not only the MAPT gene, but 19 other nucleotide 

sequences (Table 1). Among these, a number of transcripts have been shown to be associated with PD, 

such as MAPT-AS1, KANSL1, KANSL1-AS1, NSF and STH which so far have only been partially explored 

in this context” [1]. 

 

The MAPT-Antisense 1 (MAPT-AS1) is a long non-coding RNA which partially overlaps with the 

promotor and 5´untranslated region of MAPT [64]. It generates various RNA molecules, termed natural 

antisense transcripts, of which some potently suppress tau translation both in vitro and  in vivo [104]. 

MAPT-AS1 impacts gene expression by direct interaction with key regulators of DNA methylation [105]. 

Overexpression of MAPT-AS1 had an inhibitory effect on MAPT promotor activity in human striatal 

progenitor cells [106]. In postmortem studies, MAPT-AS1 was lower expressed in PD compared to 

controls in SN and other brain regions [106].  

The gene KAT8 regulatory NSL Complex Subunit 1 (KANSL1) encodes a nuclear protein product 

affecting gene expression through histone acetylation. Certain mutations of this gene were found 

causative for the 17q21.1 microdeletion syndrome [107] and KANSL1 was also identified as risk loci for 

AD [108]. In terms of PD, KANSL1 was identified as a risk factor by GWAS studies [109] and found 

upregulated in substantia nigra [110]. In large-scale GWAS data in temporal cortex [111] and studies 
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conducted in prenatal human brain [112], the MAPT H1/H1 haplotype was associated with a decreased 

KANSL1 expression. At present, there is no data on the functional role of KANSL1 in PD. The regulation 

between KANSL1 and its corresponding non-coding antisense (KANSL1-AS1) is currently not known as 

long non-coding RNAs can act either activating or repressing gene expression of its counterpart [113].  

Saitohin (STH) is an intronless gene located in intron 9 of MAPT itself with unkown funkction, However, 

it has been demonstrated that STH may regulate splicing of 3R and 4R MAPT [114]. Further evidence 

proved a postmortem brain study in which not only a higher expression of STH was detected in PD 

patients, but also a strongly positive correlation with higher expression of both 3R and 4R MAPT 

transcripts [63].  

 

For other transcripts on the MAPT locus, like PLEKHM1 and NSF no association with PD has been found 

to date. The gene pleckstrin homology domain containing, family M (with RUN domain) member 1 

(PLEKHM1) is affecting vesicular transport, engaging in osteoblast-osteoclast interaction and thus 

osteopetrosis [115]. Expression of PLEKHM1 was found increased in the cerebellum of healthy MAPT 

H1/H1 carriers compared to H2/H2 carriers [93].  

The gene N-ethylmaleimide sensitive factor, vesicle fusing ATPase (NSF) is a widespread protein 

expressed from colon to brain. Its protein product contributes to intracellular membrane fusion in the 

SNARE complex which might be linked to a-syn [116]. In transcriptome studies NSF was identified as 

candidate risk gene for PD [117, 118]. Currently there is no functional data for the role of NSF in PD.  

 

Table 1. Genes encoded in the MAPT polymorphism region.   

Abbreviation	 Gene	

PLEKHM1	 Pleckstrin	homology	domain	containing,	family	M	(with	RUN	domain)	member	1	

CRHR1	 Corticotropin	releasing	hormone	receptor	1	

SPPL2C	 Signal	peptide	peptidase	like	2C	

MAPT-AS1	 MAPT	Antisense	RNA1	

MAPT-IT1	 MAPT	intronic	transcript	1	

MAPT	 Microtubule-associated	protein	tau	

SRP68	 Metazoan	signal	recognition	particle	RNA	

SRP68P1	 Metazoan	signal	recognition	particle	RNA	pseudogene	1	

SRP68P2	 Metazoan	signal	recognition	particle	RNA	pseudogene	2	

SRP68P3	 Metazoan	signal	recognition	particle	RNA	pseudogene	3	

STH	 Saitohin	

KANSL1	 KAT8	regulatorx	NSL	complex	subunit	1	

KANSL1-AS	 KAT8	regulatorx	NSL	complex	subunit	1-Antisense	

ARL17B	 ADP-ribosylation	factor-like	17B	

yRNA	 yRNA	
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LRRC37A	 Leucine	rich	repeat	containing	37A	

RN7SL656P	 RNA,	7SL,	cytoplasmic	656,	pseudogene	

RN7SL199P	 RN7SL199P	RNA,	7SL,	cytoplasmic	199,	pseudogene	

FAM215B	 FAM215B	family	with	sequence	similiarity	215,	member	B	(non-protein-coding)	

NSF1	 N-ethylmaleimide-sensitive-factor	

Highlighted genes were selected as genes of interest in this study. In addition, NRF2 and synuclein 

genes SNCA, SNCB, SNCG which are located on different chromosomes were included. Gene 

information derive from the NCBI gene database. 

 

 Other genes of interest in Parkinson´s disease - NRF2 and synuclein genes  
 
In addition, genes not located within the MAPT inversion region but of interest in the context of PD 

were examined in this study.  

The gene nuclear factor, erythroid 2 like 2 (NRF2) is located on chromosome 2q31.2 and encodes for 

a transcription factor belonging to the family of basic leucine zipper proteins. Main task of NRF2 is the 

regulation of over 250 genes which are involved in cell response to injury and inflammation by 

producing free radicals. Notably, oxidative stress is considered to play a major role in disease 

pathogenesis of PD [119]. NRF2 is a promising pharmalogical target in order to control cellular 

oxidative stress and inflammation [120].  

 

The synuclein genes are located on chr 4q22.1(SNCA), on chr 5q35.2 (SNCB) and on chr 10q32.2 

(SNCG). The genes SNCB and SNCG belong to the synuclein family together with SNCA, although 

both are no susceptibility genes for PD [121]. SNCB encodes b-synuclein which is of particular interest 

because of its ability to inhibit a-syn aggregation and toxicity in vitro and in vivo [122]. However, as 

fibrillation of b-syn itself was observed its interaction with a-syn remains controversial [123]. Regarding 

expression profiles in synucleinopathies, a decrease of b-syn was observed in postmortem brain tissue 

with diffuse LB pathology [124]. The proteins a- and b-Synuclein (b-syn) have a broad expression pattern 

throughout the brain. Meanwhile, g-synuclein encoded in SNCG is expressed mainly in the peripheral 

nervous system and some forms of breast carcinoma [125]. In contrast to a-syn, the related b-and g-syn 

possess no propensity for aggregation due to the lack of the hydrophobic NAC (non-amyloid 

component) region and are not found in LB [35]. With regard to synuclein protein, differences have 

been described in PD and LB Dementia compared to control subjects in different brain regions, but no 

consistent trend is available due to different methods [100, 126-129]. The expression of SNCB and 

SNCG on mRNA and protein level in postmortem tissue have so far not been examined in the context 

of PD.  
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 Aims of this study 
 
The underlying hypothesis of this work is that polymorphism in MAPT may be responsible for 

differences in gene expression and protein levels which might lead to the association of the H1/H1 

MAPT haplotype and PD. “Prior studies described differences in gene expression at the MAPT locus in 

human brains, but never in the context of PD and MAPT haplotype simultaneously. Some publications 

compared MAPT haplotypes of healthy donors [93-96], others only PD vs controls without haplotype 

differentiation [63]” [1].  The overall objective of this matched postmortem brain study of PD and control 

cases was to explore the effect of MAPT haplotype and disease on the following parameters:  

 

1) To examine the expression of MAPT and its transcripts 

2) To examine the expression of selected genes located in the MAPT inversion region 17q21.23 

3) To investigate the associated protein level of total tau and its isoforms in different solubilities 

4) To investigate the protein level of a-Syn in different solubilities 

 

“Therefore, this study investigated both the influence of both the MAPT haplotype and the PD disease 

status on mRNA expression levels of genes within the MAPT locus (MAPT, MAPT-AS1, KANSL1, 

KANSL1-AS1, STH, PLEKHM1, NSF) as well as NRF2, the alpha-, beta-, gamma-synuclein genes SNCA, 

SNCB, SNCG. In addition, protein levels of soluble and insoluble tau and a-syn were examined under 

the same paradigm. The analysis was performed in MAPT genotyped human postmortem samples of 

the cortex of fusiform gyrus (ctx-fg), a brain region affected typically by a-syn pathology in PD, and the 

cortex of cerebellum (ctx-cbl), a region whithout a-syn pathology in PD” [1].  

 

Targeting these aspects might identify potential PD relevant gene transcripts within the MAPT loci and 

provide novel insights on the role of MAPT and tau in PD 
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2 Materials and Methods 

2.1 Materials 
 

 Consumables 
 
Standard Materials were purchased from Sigma Aldrich, Starlab or Sarstedt.  

 

Table 2. Consumables. 

Consumables	 Manufacturer	(City,	Country)	

DNA	LoBind	Tube	2	ml	 Eppendorf	(Hamburg,	Germany)	
Ethanol	liquid	≥	99.9%,	1	L	 Honeywell	Chemicals	(Charlotte,	USA)	
MaXtractTM	High	Density	Tubes	2	ml	 Qiagen	(Venlo,	The	Netherlands)	
Micro	tube,	2	ml	 Sarstedt	(Nuermbrecht,	Germany)	
MicroAmp	Fast	Optical	96-well	plate	 Applied	Biosystems	(Waltham,	USA)	
MicroAmpTM	Optical	Adhesive	Film	PCR	 Applied	Biosystems	
PCR	tube	0.2	ml	 Nerbe	plus	(Winsen,	Germany)	
Petri	Dish	140x20	 Thermo	Scientific	(Waltham,	USA)	
RNase	ZapTM	 Sigma	Aldrich	(St.	Louis,	USA)	
TPD	(One	Touch)	 Sorenson	BioScience	(Salt	Lake	City,	USA)	
TPD	(Ultra	Point	Graduate	Filter)	 Starlab	(Hamburg,	Germany)	
UltrapureTM	DEPC	Treated	Water	 Invitrogen	(Carlsbad,	USA)	

 
 Enzymes 

 
Table 3. Enzymes. 

Enzymes	(trade	name)		 Manufacturer	(City,	Country)	

Invitrogen	Taq	DNA	Polymerase,	recombinant	 Thermo	Scientific	
iScriptTM	cDNA	Synthesis	Kit	 Bio-Rad	Laboratories,	Inc.	(Hercules,	USA)	
Turbo	DNAse-freeTM	Kit		 Thermo	Scientific	

 
 Kits 

 
Table 4. Kits. 

Kit	(trade	name)	 Manufacturer	(City,	Country)	

Agilent	RNA	6000	Kit	 Agilent	Technologies	(Santa	Clara,	USA)	
BigDyeTM	Terminator	v3.1	Cycle	Sequencing	Kit		 Thermo	Scientific	
DNeasy	Blood	&	Tissue	Kit	 Qiagen	
Phire	Hot	Start	II	DNA	Polymerase		 Thermo	Scientific		
RNeasy	Plus	Universal		 Qiagen	
SYBRTMSelect	Master	Mix	for	CFX,	5	ml	 Applied	Biosystems	

 
 Solutions 
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Table 5. Solutions. 

Solution	(trade	name)	 Manufacturer	(City,	Country)	

DNA	Ladder	100	bp	250	ng/µl	 BioLabs	New	England	
Gel	Loading	Dye	6	x	Purple	 BioLabs	New	England	(Ipswich,	USA)	
SYBR	Safe	DNA	gel	stain	 Invitrogen	
Triethlyamine	(TEA)	>	99.5%	 Sigma	Aldrich	(St.	Louis,	USA)	
	 	

 Gene information 
 
Information like locus, base pairs (bp) and splice variants of all investigated genes was extracted from 

Nucleotide data bank (https://www.ncbi.nlm.nih.gov/gene/) of National Center for Biotechnology 

Information.  

 

 Oligonucleotides 
 
2.1.6.1 Primers for MAPT genotyping 
 
All primer pairs used derived from Sigma Aldrich. Amplicon sizes were determined with Primer-Blast 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi). 

 
Table 6. Primers for MAPT genotyping. 

Primer	 Primer	pair	sequence	(5’-3’)	forward/reverse	 Product	size	(bp)	

MAPT_rs807072	
Fwd	TAATAGCAAGCCCCAGTTGTC	

299	
Rev	CAGTGATGAACCCAAGCTCCT	

MAPT_rs17650901	
Fwd	CGGCCAACTGTTAGAGAGGG	

361	
Rev	CTGGATGCAAACTGTTCCCG	

MAPT _rs1052553	
Fwd	CTTCCACCTGCCTAACCCAG	

400	
Rev	CCAGCCACTCTCACCTTCCC	

MAPT _rs9468	
Fwd	AACCCACAAGCTGACCTTCC	

371	
Rev	GCCAAAGCCGAGTGACAAAAG	

Fwd, forward; Rev, reverse, bp, base pairs. Derived from Tauber et al., 2022 [1]. 

 

2.1.6.2 Primers for qPCR target genes 
 
Table 7. Primers for qPCR target genes.   

Gene	 Description	 Primer	pair	sequence	(5’-3’)	
Forward/Reverse	

Product	
size	(bp)	
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Total	MAPT	
Microtubule		

associated	protein	tau	

Fwd	GAGTCCAGTCGAAGATTGGGT	
223	

Rev	GGCGAGTCTACCATGTCGATG	

MAPT	3R	
Microtubule-associated		

protein	tau	3-repeat	

Fwd	AGGCGGGAAGGTGCAAATAG	
104	

Rev	CCTGGCCACCTCCTGGTTTATG	

MAPT	4R	
Microtubule-associated		

Protein	tau	4-repeat	

Fwd	GCCCATGCCAGACCTGAAGA	
165	

Rev	CCTCCCGGGACGTGTTTGAT	

MAPT	0N	
Microtubule-associated		

protein	tau	0	N-terminal	inserts	

Fwd	GCTGGCCTGAAAGCTGAAG	
120	

Rev	ATCGCTTCCAGTCCCGTCT	

MAPT	1N	
Microtubule-associated		

protein	tau	1	N-terminal	inserts	

Fwd	CAACAGCGGAAGCTGAAGAA	
68	

Rev	GTGACCAGCAGCTTCGTCTT	

MAPT	2N	
Microtubule-associated		

protein	tau	2	N-terminal	inserts	

Fwd	ACTCCAACAGCGGAAGATGT	
159	

Rev	GTGACCAGCAGCTTCGTCTT	

MAPT-AS1	
Microtubule-associated		

protein	tau	antisense	RNA	1	

Fwd	AGATGCACCTGCAGCCC	
121	

Rev	CCCGTCCTTGTTCTGACTCC	

NSF	
N-ethylmaleimide	sensitive	

factor,	vesicle	fusing	ATPase	

Fwd	GCTGGGCTTTCTATTGGGCAA	
100	

Rev	GCAGGAAATCAATCTCGATGGT	

NRF2	
Nuclear	Factor,	Erythroid	2	

Like	2	

Fwd	TCAGCGACGGAAAGAGTATGA	
174	

Rev	CCACTGGTTTCTGACTGGATGT	

PLEKHM1	
Pleckstrin	homology	and		

run	domaining	containing	M1	

Fwd	GGAGTCCCCCTGTAAGAAGC	
132	

Rev	GCTGGTAGTTTCCTCACCCA	

STH	 Saitohin	
Fwd	ACAGAACCCTCAGCTTAGCAT	

161	
Rev	GCCTTCAATGGAAAGTTGTCTTC	

SNCA	 Alpha-synuclein		
Fwd	AAGAGGGTGTTCTCTATGTAGGC	

106	
Rev	GCTCCTCCAACATTTGTCACTT	

SNCB	 Beta-synuclein	
Fwd	GGGCTCAATCAGTGGTTCTT	

91	
Rev	CACAGGACTGGTGAAGAGGG	

SNCG	 Gamma-synuclein	
Fwd	CACAGGACTGGTGAAGAGGG	

148	
Rev	GGAGAACATCGCGGTCAC	

KANSL1	
KAT8	regulatory	NSL		

complex	subunit	

Fwd	CTGAAGCACACCATATCCGGT	
85	

Rev	CTGAAGCACACCATATCCGGT	

KANSL1-	AS1	
KAT8	regulatory	NSL	complex	

subunit	antisense	RNA	

Fwd	AGGGCACCTCCACCATTTG	
109	

Rev	GACACTAACACGCCGAAGTCA	

Fwd,	forward;	Rev,	reverse;	bp,	base	pairs.	Adapted	from	Tauber	et	al.,	2022	[1].	

 
2.1.6.3 Primers for qPCR reference genes  
 
Table 8. Primers for qPCR reference genes.  

Gene	 Description	 Primer	pair	sequence	(5’-3’)	
Forward/Reverse	

Product	
size	(bp)	
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GAPDH	
Glyeraldehyde-3-Phosphate	
Dehydrogenase	

Fwd	TCGGAGTCAACGGATTTGGT	
195	Rev	CCTGGAAGATGGTGATGGGA	

ACTIN	 Actin	Beta			
Fwd	TCACCAACTGGGACGACATG	

208	Rev	GAGGCGTACAGGGATAGCAC	

TBP	 TATA-Box	Binding	Protein	
Fwd	AAAGAACGCTGTACTCAGTGTG	

155	Rev	CCCCGGTTGAGGGCTTTTA	

LUC7L2	
LUC7	Like	2,	Pre-MRNA	Splicing	
Factor	

Fwd	AGCAAAGGCAGAACGTGTTCA	
225	Rev	GCAGAGCAGACTTCACAGACT	

GPBP1	 GC-rich	Promotor	Binding	Protein	1	
Fwd	ATCATTCGGTCTTCAACCTTCC	

135	Rev	ATCCTCAGTTAAGGGAGCACA	

HMBS	 Hydroxymethylbilane	Synthase	
Fwd	ATTCGGGGAAACCTCAACACC	

248	Rev	ATGCAGCGAAGCAGAGTCTC	

PPIA	 Peptidylprolyl	Isomerase	A	
Fwd	CCCACCGTGTTCTTCGACATT	

432	Rev	GGACCCGTATGCTTTAGGATGA	

MRPS18S1	
Mitochondrial	Ribosomal	Protein	
S18	

Fwd	TAATTGAAGGCCGTATCACAGC	
123	Rev	GCAGCAGAACATCGTCATAGTT	

UBQLN1	 Ubiquilin	1	
Fwd	TGCAGGTCTGAGTAGCTTGG	

159	Rev	AACTGTCTCATCAGGTCAGGAT	

CTBP1	 C-Terminal	Binding	Protein	1	
Fwd	AAAGCCCTCCGCATCATCG	

85	Rev	AGACGGCAATGCCTAAATCCC	

POLR2A	 RNA	Polymerase	II	Subunit	A	
Fwd	GCGGAATGGAAGCACGTTAAT	

113	Rev	CCCAGCACAAAACACTCCTC	

RPL22	 Ribosomal	Protein	L22	
fwd	CACGAAGGAGGAGTGACTGG	

116	Rev	TGTGGCACACCACTGACAT	

PSMC1	 Proteasome	26S	Subunit,	ATPase	1	
Fwd	CACACTCAGTGCCGGTTAAAA	

212	Rev	GTAGACACGATGGCATGATTGT	

TRIM27	 Tripartite	Motif	Containing	27		
Fwd	AGCCCATGATGCTCGACTG	

88	Fwd	TCGGAGTCAACGGATTTGGT	

PAPOLA	 Poly(A)	Polymerase	Alpha	
Fwd	GGTGCTGATATTGATGCGTTGT	

236	Rev	AGACTGTCATCTCGTAGATCCAA	

Fwd,	forward;	Rev,	reverse;	bp,	base	pairs.	Adapted	from	Tauber	et	al.,	2022	[1].	

 
 Buffers 

 
Table 9. Buffers for immunoblotting. 

Buffer	 Components	

MES	stock	 213.2	g	MES	monohydrate,	121.14	g	Tris	base,	20	g	SDS,	5.85	g	EDTA	
Milk	 5%	w/v	nonfat	dry	milk,	1X	TBS,	0.1%	Tween-20	
Running	buffer	MES	 50	ml	20x	MES	stock,	1	L	dd	H2O	
Stripping	buffer	 25	ml	Stripping	buffer	stock,	200	µl	ß-mercaptoethanol	
Stripping	Buffer	stock	 100	ml	20%	SDS,	125	ml	0.5	M	Tris-HCl	pH	6.8,	filled	to	1	L	with	dd	H2O	
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	TBST	 500	ml	10x	TBS,	2.5	ml	Tween20,	filled	to	5	L	with	dd	H2O	
Transfer	buffer	 100	ml	10x	Transfer	buffer,	100	ml	methanol,	filled	to	1	L	with	dd	H2O	

 
 Antibodies 

 
Tabe 10. Antibodies used for immunoblotting. 

Antibody	 Incubation	
conditions	

Characteristic	
(host)	

Settings	for	
imaging	
(Channel	+	min)	

Manufacturer	
(City,	Country)	
(Reference	
number)	

Primary	antibodies	

Dako	total	tau	 1:3000 
(24 h, 4 °C) Polyclonal	(rb)	

600 - 1 min 
700 - 1min 
Chemi	-	15	min	

Agilent	
Technologies	
(A0024)	

3R	Tau	 1:1000 
(48 h, 4 °C) Monoclonal	(ms)	

700	-	5	min											
680	-	10	min	

Merck	Millipore	
(Burlington,	USA)	
(P10636)	

4R	Tau	 1:1000 
(48 h, 4 °C) Monoclonal	(rb)	

700	-	5	min																
800	-10	min	

Cosmo	Bio	Co.	
(Tokyo,	Japan)	
(TIP-4RT-P01)	

aSyn 1:500 
(48 h, 4 °C) Polyclonal	(rb)	

600 - 1 min 
700 - 1min 
Chemi	-	20	min	

Cell	Signaling	
Technology		
(2642S)	

GAPDH	 1:3000 
(24 h, 4 °C) Monoclonal	(rb)	

600 - 1 min, 
700 - 1min 
Chemi	-	8	min	

Merck	Millipore	
(CB1001)	

Secondary	antibodies	

Peroxidase	 1:5000 
(2h, RT) Anti-rb	(goat)	 -	 Merck	Millipore	

(PI1000)	

Fluorescent	680	 1: 15000 
(2h, RT) Anti-rb	(goat)	 -	 IRDye,	LI-COR	

(925-68071)	

Fluorescent	800	 1:15000 
(2h, RT) Anti-ms	(goat)	 -	 IRDye,	LI-COR	

(926-32210)	

Chemi,	chemiluminescence;	Rb,	rabbit;	RT,	room	temperature.	Adapted	from	Tauber	et	al.,	2022	[1].	

 
 Equipment 

 
Table 11. General and protein biochemical equipment.  

General	equipment	(trade	name/version)	 Manufacturer	(City,	Country)	

310	Genetic	Analyzer	 Thermo	Scientific	
Agilent	2100	Bioanalyzer	System	(Version	B.02.07.SI532)	 Agilent	Technologies	
Analytical	scale	(DV215CD)	 Ohaus	(Parsipanny,	USA)	
Centrifuge	(Fresco	Pico	17)	 Thermo	Scientific	
Centrifuge	(Heraeus	Pico	17)	 Thermo	Scientific	
ChemiDocTM	XRST	 Bio-Rad	Laboratories	
Fume	Hood	(Delta	30	System)	 Wesemann	(Syke,	Germany)	
Laminar	Flow	Biosafety	Cabinet	Class	II	 Nuaire	(Plymouth,	USA)	
Mini	PCR	plate	spinner	(MPS	1000)	 Labnet	International	(Edison,	NJ)	
Pipettes	 Gilson	(Middleton,	USA)	
PowerPac	Basic	 Bio-Rad	Laboratories	
Spectrophotometer	(NanodropTM2000c)	 Thermo	Scientific	
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StepOnePlus	Real	Time	PCR	System	
(Software	Version	2.2.2,	Serial	Number	272004772)	 Applied	Biosystems	

Thermocycler	(Labcycler)	 SensoQuest	GmbH	(Göttingen,	Germany)	
Thermomixer	(Thermomixer	comfort)	 Eppendorf	
Tissue	grinder,	Potter-Elvehjem	 VWR	(Radnor,	USA)	
Vortex	(Vortex-Genie	2)	 Scientific	Industries	(Pittsburgh,	USA)	

 

Equipment	for	protein	biochemistry	 Manufacturer	(City,	Country)	

IKA	Rocker	2D	 IKA	(Staufen	im	Breisgau,	Germany)	
Injection	needle	(Sterican)	 Braun	(Melsungen,	Germany)		
Low	Fluorescene	0.2	µm	PVDF	(Amersham	Hybond)	 GE	Healthcare	(St	Gilles,	UK)	
Microplate	reader	(CLARIOstar)	 BMG	Labtech	(Ortenberg,	Germany)	
Microtest	Plate	96	well	 Sarstedt	
Odyssey	Imaging	System	 LI-COR	Biosciences	(Lincoln,	USA)	
Pipet	filler	(Pipetboy)	 Integra	LifeSciences	(Princetion,	USA)	
Protran®	nitrocellulose	membrane	 Whatman	(Little	Chalfont,	UK)	
PVDF	Immun-Blot	membrane	 Bio-Rad	Laboratories	

Rocker	 Edmund	Bühler	(Bodelshausen,	Germany)	
Semi-dry	blotting	chamber	(Trans-Blot	Turbo)	 Bio-Rad	Laboratories	

Serological	pipette	(5-50	mL)	 Sarstedt	
Transfer	System	(Trans-Blot	Turbo)	 Bio-Rad	Laboratories	
Ultra-Clear	Centrifuge	Tubes		 Beckman	CoulterTM,	Brea,	USA	
XT	Criterion	Pre-Cast	gels	 Bio-Rad	Laboratories	

 
 Chemicals 

 
Table 12. Chemicals. 

Chemical	 Manufacturer	(City,	Country)	

l	protein	phosphatase		 New	England	Biolabs	(Ipswich,	USA)	
Acrylamide/bis	solution	(30%)	 Bio-Rad	Laboratories	
Agarose	NEEO	Ultraqualität	 Carl	Roth	(Karlsruhe,	Germany)	
Ammonium	persulfate	(APS)	 Sigma	Aldrich	
ClarityTM	Western	ECL	Substrate,	peroxide	and	enhancer	solution	 Bio-Rad	Laboratories	
Guanidine	hydrochloride	 Sigma	Aldrich	
M-PER	Mammalian	Protein	Extraction	Reagent	 Thermo	Scientific	
Methanol,	>	99.9%		 Carl	Roth	(Karlsruhe,	Germany)	
Pierce	BCA	Protein	Assay,	Reagent	A	and	B	 Thermo	Scientific	
Precision	Plus	Protein	Standard	Dual	Color	 Bio-Rad	Laboratories	
Protease	Inhibitor	(complete	tablets,	EDTA-free)	 Roche	(Rotkreuz,	Switzerland)	
QIAzol	Lysis	Reagent	 Qiagen	
RIPA	buffer	 Sigma	Aldrich	
Rotiblock	10	x	 Carl	Roth	(Karlsruhe,	Germany)	
SDS	Pellets,	>	99.9%	 Carl	Roth	(Karlsruhe,	Germany)	
Sodium	Fluoride	 Sigma	Aldrich	
ß-mercaptoethanol	 Appli-Chemicals	
Tau	Protein	Ladder,	6	isoforms,	human	 Sigma	
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Temed	 Bio-Rad	Laboratories	
Total	Protein	Stain	solution	 LI-COR	Biosciences		
Tween	20	 Sigma	Aldrich	
XT	Reducing	Agent	20	x	 Bio-Rad	Laboratories	

XT	Sampling	Buffer	4	x	 Bio-Rad	Laboratories	

 
 Software 

 
Table 13. Software. 

Software	(Version)		 Manufacturer	(City,	Country)	

Microsoft	Excel	(2016)	 Windows	(Redmond,	USA)	
ImageLabTM	(5.2.1)	 Bio-Rad	Laboratories	
qBase+	(3.2)	 Biogazelle	(Gent,	Belgium)	
Graphpad	Prism	(8.2)	 GraphPad	Software	Inc.	(San	Diego,	USA)	

 
2.2 Human postmortem brain tissue   
 

 Tissue collection 
 
The methodological description of the tissue collection is taken in parts from the submitted publication 

Tauber et al. 2022 [1]. Human postmortem brain tissue was obtained from the Neurobiobank of the 

Ludwig-Maximilians-University of Munich (n = 92) and the Parkinson’s UK Brain Bank (n = 84). A multi-

step selection process was used to identify the best cases for the study population (Fig 13). The 

specimen ultimately included derived from clinically well documented and neuropathologically 

confirmed cases of PD and healthy controls. Donors were collected in accordance with the 

requirements of the local Ethics committee. Either the donors had given their full consent to the use of 

their brains for research during lifetime or the relatives consented in accordance with the presumed 

patient wishes. The analyses have been approved by the Research Ethics committee of the Technical 

University Munich (Nr. 265/16 S) and Imperial College London (18/WA/0238). For exclusion of high tau 

burden AD Braak and Braak scores [130] was assessed by board-certified neuropathologists. Exclusion 

criteria for control and PD cases were either severe concomitant tau pathology (> AD Braak and Braak 

stage 3), clinical report of dementia or positive family history of PD, or a postmortem interval (PMI) from 

death to tissue fixation of more than 50 h. The postmortem interval is considered as tissue quality 

parameter and was taken from the neuropathologic records. Inclusion criteria for PD cases was Lewy 

Body Disease (LBD) Braak stage  >  3  [25]. Additionally, all cases were assessed according to The 

Consortium to Establish a Registry for Alzheimer's Disease (CERAD) score [131] and PD cases according 

to the McKeith classification [132]. Aged individuals without history or neuropathological diagnosis, or 

infectious meningitis or prior head-injuries were chosen for the group of healthy controls. Reported 

history of seizures, depression or hallucinations led to no exclusion (Table 14). 
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Table 14. Inclusion criteria for postmortem brain tissue collection. 

 

The CERAD score assesses the frequency of ß-amyloid neuritic plaques in the subjects´ brain. [131] The 

Mc Keith classification is embedded in the guidelines of Dementia with Lewy Bodies Consortium for 

clinical and pathologic diagnosis. By a semi-quantitative grading of Lewy-related pathology in five 

cortical regions, five LB pathology types are classified: Brainstem predominant, limbic, diffuse 

neocortical, amygdala predominant, olfactory bulb only. Overall this classification predicts the 

likelihood of the association between pathologic findings and clinical syndrome of dementia with Lewy 

bodies [132]. Presence of a-syn pathology was confirmed for PD donors by semi-quantitative evaluation 

in the target brain region ctx-fg through an experienced neuropathologist (Fig 3).  

 

Figure 3. Semi-quantitative evaluation of a-syn pathology in human postmortem brain tissue. 

Black arrows indicate exemplary Lewy bodies (LB) in the samples of PD cases of both haplotypes (H1/H1 

and H2/H2) in cortex of fusiform gyrus. As expected, no LB pathology was present in cortex of 

cerebellum of PD cases nor in both brain regions of control cases of both haplotypes. Besides Purkinje 

cells (p), the molecular layer (m) and granular layer (g) of cerebellar tissue architecture are displayed. 

Immunohistochemical staining was performed in lower cortical cell layers of fusiform gyrus and cortex 

SUPPL FIG 1

General	criteria	

Postmortem	interval	<	50h,	no	history	of	infectious	meningitis,	no	severe	head-injuries,	

AD	pathology:		Braak	stage	≤	3,	no	ß-amyloid	plaques	present,	no	clinical	report	of	dementia	

Parkinson’s	disease	cases	

Neuropathological diagnosis of sporadic PD 

Clinical diagnosis of sporadic PD 

Control	cases	

No	history	or	diagnosis	of	neurodegenerative	diseases	

Matched	for	age	and	gender	to	PD	cases	
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of cerebellum. Representative images derive from postmortem brain donors with H1/H1 (C2, PD9) and 

H2/H2 (C9, PD2). Scale bar: 50 µm. Derived from Tauber et al., 2022 [1]. 

 

Comprehensive neuropathological reports were available for all included cases, and clinical data from 

medical records were gathered, as far as available (Table 15). The causes of death were also reported 

(Table 15). Since sex-related differences in alterations of mRNA expression associated with PD have 

been described, sex matching was done for the final study population [133, 134].  

Two types of tissue were included: cortex of gyrus fusiformis, as pathologic region typically affected by 

LB pathology from LBD Braak stage 3 on [25], and cortex of cerebellum, as control region. The gyrus 

fusiformis is located in the anteromedial temporal mesocortex. It plays a role in the sensory association 

cortex enabling categorization of visual input and leading in the case of malfunction to prosopagnosia, 

a cognitive disorder of face perception [22, 135]. The cerebellum is considered to be preserved from 

PD related pathology, and therefore not embedded in the Braak PD staging model [136]. Tissue blocks 

were dissected in grey and white matter, fresh frozen and stored at -80 °C. To focus on neuronal 

enrichment only grey matter was used for mRNA expression and protein level analysis. In summary, 

115 donors with sufficient tissue available (PD n = 60, control n = 55) were available for the step-wise 

selection process. Samples were consecutively numbered and snap-frozen stored at - 80 °C.  

Clinical diagnosis of sporadic PD was made according to the UK brain bank criteria and all diagnosis 

were well documented in clinical notes with the exception of one case. For one brain donor (PD 11) no 

clinical signs of PD or review by a clinical neurologist were found in the sparse notes, but 

neuropathological diagnosis of sporadic PD was assessed. This made a missed PD diagnosis at lifetime 

for this case likely and justified its analysis in the PD cohort.   
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Table 15. Demographic, clinical and neuropathologic characteristics of individual postmortem brain donors. 

Brain	
donor	 Sex	 Brain	

bank	
MAPT	

haplotype	

Age	at	
diagnosis	

(y)	

Age	at	
death	
(y)	

Disease	
duration	

(y)	
Cause	of	death	 PMI	

(h)	

LBD	
Braak	
stage	

Lewy	inclusion	
pathology	in	

ctx-fg	

LBD	
McKeith	
subtype	

AD	Braak	
and	Braak	
stage	

CERAD	
score	

PD1	 F	 LMU	 H1/H1	 68	 79	 11	 CRF	 17	 6	 ++	 neo	 II	 0	
PD2	 F	 LMU	 H1/H1	 58	 72	 14	 Ovarial	carcinoma	 12	 5	 +	 limb/neo	 I	 0	
PD3	 F	 LMU	 H1/H1	 n.i.	 76	 n.i.	 Pulmonary	embolism	 12	 6	 +++	 limb	 II	 0	
PD4	 M	 LMU	 H1/H1	 n.i.	 74	 n.i.	 CRF	 n.i.	 >=	5	 +	 n.a.	 I	 0	
PD5	 M	 LMU	 H1/H1	 69	 72	 3	 Cancer	bleeding	 28	 6	 ++	 neo	 I	 0	
PD6	 M	 LMU	 H1/H1	 73	 74	 2	 Pneumonia	 14	 6	 ++	 neo	 III	 0	
PD7	 F	 IMP	 H1/H1	 55	 79	 24	 Pneumonia	 9	 6	 +	 neo	 II	 B	
PD8	 M	 IMP	 H1/H1	 66	 72	 6	 Pneumonia	 19	 4	 n.i.	 	bst	 II	 0	
PD	9	 M	 IMP	 H1/H1	 61	 70	 7	 n.a.	 17	 6	 +	 neo	 I	 0	
PD10	 F	 LMU	 H2/H2	 67	 82	 15	 GI	bleeding	 n.i.	 6	 +	 neo	 I	 0	
PD11	 F	 LMU	 H2/H2	 78	 85	 7	 Lung	cancer	 29	 6	 +++	 neo	 I	 0	
PD12	 M	 IMP	 H2/H2	 68	 78	 10	 Pneumonia	 11	 6	 n.i.	 neo	 I	 A	
PD13	 M	 IMP	 H2/H2	 59	 66	 7	 Metastatic	CUP	 14	 6	 +	 bst	 I	 0	
PD14	 F	 LMU	 H2/H2	 n.i.	 77	 n.i.	 Aneurysm	rupture	 9	 >=	5	 +		 neo	 II	 A	
C1	 F	 LMU	 H1/H1	 n.a.	 77	 n.a.	 CRF	 8	 *	 0	 *	 II	 0	
C2	 F	 LMU	 H1/H1	 n.a.	 73	 n.a.	 Sepsis	 14	 0	 0	 0	 II	 0	
C3	 F	 LMU	 H1/H1	 n.a.	 66	 n.a.	 Pneumonia	 n.i.	 0	 0	 0	 II	 0	
C4	 M	 LMU	 H1/H1	 n.a.	 74	 n.a.	 Cardiac	arrest	 28	 0	 0	 0	 I	 0	
C5	 M	 IMP	 H1/H1	 n.a.	 65	 n.a.	 SCLC	 12	 0	 0	 0	 I	 0	
C6	 F	 IMP	 H1/H1	 n.a.	 84	 n.a.	 Pancreatic	cancer	 11	 0	 0	 0	 II	 0	
C7	 M	 IMP	 H1/H1	 n.a.	 79	 n.a.	 Pneumonia	 21	 0	 0	 0	 I	 0	
C8	 F	 LMU	 H2/H2	 n.a.	 60	 n.a.	 Exacerbated	COPD	 15	 0	 0	 0	 I	 0	
C9	 M	 LMU	 H2/H2	 n.a.	 70	 n.a.	 n.a.	 40	 0	 0	 0	 I	 0	
C10	 F	 LMU	 H2/H2	 n.a.	 89	 n.a.	 n.a.	 22	 0	 0	 0	 I	 0	
C11	 F	 IMP	 H2/H2	 n.a.	 95	 n.a.	 Pneumonia,	CKD	 28	 0	 0	 0	 III	 0	
C12	 F	 IMP	 H2/H2	 n.a.	 91	 n.a.	 Pneumonia	 22	 0	 0	 0	 I	 0	

The	LBD	Braak	stage	and	AD	Braak	and	Braak	stage	each	consist	of	six	stages.	The	CERAD	score	describes	neuritic	Amyloid-ß	plaques	in	levels	of	0,	A,	B,	C.	Lewy	inclusion	pathology	assessed	
semi-quantitatively	the	burden	of	Lewy	neurites	and	Lewy	Bodies	in	the	target	brain	region	cortex	of	fusiform	gyrus	(+	few,	++	moderate,	+++	many	inclusions).	*	Since	brain	stem	of	this	
specimen	was	not	available	for	neuropathological	assessment,	exclusion	of	LBD	of	stage	3	or	lower	was	not	possible.	Abbreviations:	AD,	Alzheimer´s	disease;	bst,	brain	stem	predominant;	
CERAD,	The	Consortium	to	Establish	a	Registry	for	Alzheimer´s	Disease;	C,	Control;	F,	female;	CRF,	cardiac-respiratory	failure;	ctx-fg,	cortex	of	fusiform	gyrus;	CUP,	cancer	of	unknown	
primary;	GI,	gastrointestinal;	IMP,	Imperial	College	London	Brain	Bank,	LBD,	Lewy	body	disease;	limb,	limbical;	LMU,	Neurobiobank	of	the	Ludwig-Maximilians-University	of	Munich;	M,	
male;	n.a.	data	not	available;	neo,	neocortical;	PD,	Parkinson´s	disease;	PMI,	postmortem	 interval;	SCLC,	 small	 squamous	cell	 lung	cancer;.CKD,	chronic	kidney	disease;	COPD,	chronic	
obstructive	pulmonary	disease;	n.a.,	not	applicable;	n.i.	no	information.	Derived	from	Tauber	et	al.,	2022	[1].	
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 Genotypying for MAPT Haplotype 
 
2.2.2.1 DNA Extraction 
 
In general, sterile, nuclease-free working conditions were required for all work in order to prevent 

degradation process during the experimental workflow. Therefore, all working surfaces were prepared 

with RNAse-Zap and UV-C-Light for 20min and styrofoam thermos boxes full of dry ice were used for 

transportation.  

For MAPT genotyping DNA deriving from grey matter of ctx-fg of each brain donor was analyzed. For 

tissue preparation under a Laminar Flow Biosafety Cabinet Class II (Nuaire) the unfixed, snap-frozen 

samples of approximately 2 cm3 size were placed on sterile petri dishes filled with dry ice preventing 

severe thawing. A small section was cut with sterile forceps and a disposable scalpel. Tissue samples 

were scaled with Analytical Scale (Ohaus) and as recommended only further processed with a maximum 

weight of 25 mg.  

Deoxyribonucleic acid (DNA) extraction was performed using Blood & Tissue DNA Extraction kit 

(Qiagen, Venlo, The Netherlands) according to the recommended protocol. Hereby, the tissue is first 

lysed and afterwards the DNA bound to silica-membranes. Through repeated steps of washing kations, 

proteins and other interfering substances get removed [137]. After dissolving from the membrane with 

diethyl pyrocarbonate (DEPC) treated water (H2O), concentration of DNA extracts were measured 

photometrically with NanodropTM (Thermo Scientific).  

 
 Protocol for DNA extraction 

1. Adding of 180 µl ATL Buffer and 20 µl Proteinase K to the tissue block, vortexing, and 
shaking in Thermomixer at 56 °C until complete lysis. 

2. Vortexing for 35 seconds (s). 
3. Adding of 200 µl AL Buffer, vortexing for 35 s. 
4. Adding of 200 µl 100% ethanol (Honeywell Chemicals) and vortexing for 35 s. 
5. Transfer of the solution into a DNeasy Mini spin column placed in a collection tube. 
6. Centrifuging for 1 minute (min) at 6000 gravity (g)), discarding flowthrough by exchanging 

collection tube. 
7. Adding of 500 µl Buffer AW1, centrifuging for 1 min at 6000 g, exchanging collection tube. 
8. Adding of 500 µl Buffer AW2, followed by centrifuging for 3 min at 20.000 g in order to dry 

out the membrane. 
9. Elution with 50 µl AE Buffer directly onto the membrane in new column.  
10. Incubation at room temperature for 1 min, afterwards centrifugation for 1 min at 6000 g  
11. Second elution with 20 µl in another tube.  
12. Measurement of concentration and purity with NanoDrop, calibration with 1 µl RNAse free 

water. 
 
2.2.2.2 Genotyping for MAPT haplotype  
 
The MAPT haplotype is defined through 21 SNPs which exist in a linkage desequilibirum [138]. Linkage 
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desequilibirum refers to the non-random association of alleles at two loci and the prediction about one 

adjacent allele on the basis of the other allele. This allows to detect only for a subset of haplotype 

tagging SNPs in order to genotype the MAPT haplotype [139]. The MAPT H1 and H2 allele are 

characterized by one certain nucleic acid at the specific gene loci, respectively.  

Four haplotype-tagging single-nucleotide-polymorphisms (SNP) were determined (SNP rs17650901, 

rs1052553, rs9468, rs8070723) in cooperation with the Institute of Human Genetics, Friedrich-

Alexander University of Erlangen-Nürnberg (Erlangen, Germany) (Table 16). The SNP rs8070723 is 

associated with an increased risk for PD and also for PSP independent of the MAPT H1/H2 status [53, 

81].  

 

Table 16. Analyzed single nucleotide polymorphisms defining the MAPT polymorphism. 

Gene	loci	 SNP	Name	 MAPT	H1	Allele	 MAPT	H2	Allele	

chr17:44039691	 rs17650901	 A	 G	

chr17:44073889	 rs1052553	 A	 G	

chr17:44101563	 rs9468	 T	 C	

chr17:44081064	 rs	8070723	 A	 G	

Three	SNPs	were	used	for	MAPT	genotyping	of	the	postmortem	brains.	In	addition,	the	risk	SNP	rs8070723	was	
evaluated.		The	MAPT	alleles	H1	and	H2	are	each	defined	by	one	certain	nucleic	acid	at	the	specifc	gene	locus.	SNP,	
single	nucleotide	polypmorphism;	A,	Adenosine;	G,	Guanine;	C,	Cytosine;	T,	Thymine.	GGCG	

 
The DNA extracts (300 ng DNA with a minimum concentration of 60 ng/µl) of 115 cases were anazlyed 

using Taq DNA polymerase followed by BigDye Terminator v.3.1 Cycle Sequencing Kit with 310 

Genetic Analyzer (all from Thermo Scientific, Waltham, USA). Principal steps are amplification of the 

template DNA by polymerase chain reaction (PCR), PCR clean-up for digesting of unincorporated PCR 

primers, cycle sequencing, sample purification and finally electrophoresis. Reaction mixes for PCR and 

cycle sequencing are listed in Table 17.  

 

Table 17. Reaction mix for genotyping. 

PCR	mix	 Cycle	sequencing	mix		

Reagent	 Volume	(µl)	 Reagent	 Volume	(µl)	

Buffer	 2	 RNAse	free	water	 5,5	

Magnesium	chloride		 1	 BigDye	reagent	 0,2	

RNAse	free	water	 6,9	 Primer	 0,3	

Dimethyl	sulfoxide	 1	 Product	 2	

Betain	 4	 	 	

Polymerase	 0,1	 	 	

Primer	reverse	(3.2	µM)	 1	 	 	

Primer	forward	(3.2	µM)	 1	 	 	
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DNA	(10	ng)	 2	 	 	

Total		 20		 Total		 10		

 
 Tissue dissection 

 
Under the same RNAse-free conditions as described above, brain tissues of both regions were 

macroscopically dissected in white and grey matter. The tissue pieces of approximately 100 mg were 

separately given into 1.5 ml microtubes resulting in three tubes with grey matter, and three tubes with 

white matter of each sample respectively. To focus on neuronal enrichment only grey matter was used 

for gene expression and protein level analysis. Dissected samples and stock tissue were stored fresh 

frozen and stored at -80 °C.  

 
 Selection for final analysis 

 
The premise for reliable experiments is high quality postmortem tissue. Due to that fact the most 

suitable tissue samples were selected of the postmortem brain tissue collection consisting of 95 PD 

and 81 healthy control donors (total n = 176).  

In our study we concentrated on the difference in gene expression between MAPT haplotypes H1/H1 

and H2/H2 with the focus of neuronal enrichment (grey matter). First, care was taken to match subject 

groups as closely as possible for age and gender. Second, RNA extraction was performed for 45 

postmortem brain donors in triplicates of both brain regions. Five donors were excluded due to 

insufficient quality of RNA extracts. Of all RNA quality criteria RNA intregrity number (RIN) was 

evaluated of highest relevance for the success of down-stream applications like quantitative 

polymerase chain reaction (qPCR). RIN was measured for 40 brain donors (for thresholds of RNA quality 

marker and results see chapter 2.3.1). The stepwise selection procedure is illustrated in Fig 13.    

 

2.3 RNA extraction and analysis 
 

 Evaluation of an optimal protocol for RNA extraction 
 
Gene expression analysis in postmortem tissue is premised on high quality of ribonucleic acid (RNA) 

and due to its vulnerability RNA isolation can be challenging. Given the fact that many factors 

promoting RNA degradation, such as pre- and postmortem factors, are outside of control, finding an 

optimal RNA extraction method of postmortem brain tissue was an essential point. The key steps of 

total RNA isolation are the following: 

 

• Lysis of brain tissue 

• Homogenization  
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• Phase separation  

• Removal of genomic DNA (gDNA) 

• Binding of total RNA and washing 

• Elution  

 

In terms of performance of the protocols, criteria such as RNA quantity, purity and integrity were 

assessed. Four main questions were addressed in the preliminary experiments: 

 

1) Which is the best lysis reagent and homogenization for postmortem human brain tissue? 

2) How to remove genomic DNA from RNA extracts? 

3) How to accomplish a clear phase separation?  

4) Does an additional clean-up step of impure RNA extracts impair qPCR performance? 

 

Therefore, different commercially available kits and established protocols for total RNA extraction were 

tested in prior to the main experiments (Table 18). Tested protocols were 1) protocol after Chomczynski 

with lysis in Trizol (QIAzol Lysis Reagent, Qiagen) and RNA precipitation as pellet [140]; 2) RNEasy+ 

Mini kit with lysis in RLT buffer and two forms of homogenization; 3) Hybrid protocol after Rodriguez-

Lanetty with lysis in Trizol with subsequent RNA isolation using RNEasy+ Mini kit spin columns [141]; 4) 

RNEasy+ Mini Universal kit with lysis in Trizol.  

 

Table 18. Evaluated methods for RNA extraction. 

Maximal	tissue	
amount	 70-100	mg	 30	mg	 30	mg	 100	mg	

Lysis	reagent	 Trizol	+	
Chloroform	 RLT	 Trizol	+	Chloroform	 Trizol	+	

Chloroform	

Homogenization	 TissueRuptor	
Tissue	

Ruptor	

Liquid	
nitrogen,	

QiaShredder	
TissueRuptor	 TissueRuptor	

Phase	separation	 Centrifugation	 Spin	column	 MaXtract	tube	 MaXtract	tube	

gDNA	elimination	 TurboDNAse	 Spin	column	 Spin	column	 Elimination	
solution	

RNA	binding	and	
washing	

Pellet	
(Isopropanol,	
linear	acrylamide)	

RNEasy	spin	column	 RNEasy	spin	column	 RNEasy	spin	
column	

Tested	sample	(n)	

Luhmes	(2)	

Mouse	brain	(3)	

Human	brain	(3)	

Human	brain	(3)	 Human	brain	(3)	 Human	brain	(3)	

 

Step	

Tested	Sample	
1)	Protocol	after	
Chomczynski	 2)	RNEasy+	Mini	Kit	 3)	Hybrid	after	

Rodriguez-Lanetty	
4)	RNeasy+	Mini	
Universal	Kit	
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All RNA extractions with commercially available kits were performed according to the manufacturers´ 

instructions. Protocol 1) and 3) are described in detail below, protocol 4) in chapter 2.3.2. Protocol 2) 

was performed according to the manufacturers´ instructions. 

 

Protocol 1 after Chomczynski 

1. Homogenizing tissue samples in 1 ml of Trizol reagent per 100 mg of tissue using a tissue 
grinder. Incubation at room temperature (RT) for 5 min. Centrifuging to remove cell 
debris at 12 min at 10.000 g. 

2. Adding of 0.2 ml of chloroform per 1 ml of Trizol reagent. Vortexing for 15 s and 
incubation at RT for 3 min. Centrifuging at 12.000 g for 15 min at 4 °C. Transfering the 
upper aqueous phase carefully into a fresh tube.  

3. Precipitation of the RNA by adding 10 µg of 5 µg/µl linear acrylamide and 0.5 ml 
isopropyl alcohol per 1 ml of Trizol reagent used for the initial homogenization. 
Incubation at RT for 10 min and centrifugation at 12.000 g for 10 min at 4 °C.  

4. Removing the supernatant and washing the pellet in 75% ethanol, at least 1 ml of 75% 
ethanol per 1 ml of Trizol reagent. Vortexing and centrifugation at 7500 g for 5 min at 4 
°C. Repeating washing once. Removing residual ethanol.  

5. Air-drying the RNA pellet for 5-10 min. Resuspending the RNA in 30-50 µl of DEPC-
treated water. Storage at -20 °C or below. 

 
Protocol 3 Hybrid after Rodriguez-Lanetty 

1. Homogenizing tissue samples in 1 ml of Trizol reagent per 100 mg of tissue using a tissue 
grinder. Maximum amount of 30 mg brain tissue was used. Incubation at RT for 5 min. 
Centrifuging to remove cell debris for 10 min at 12.000 g at 4 °C.  

2. Adding of 0.2 ml of chloroform per 1 ml of Trizol reagent. Vortexing for 20 s and 
incubation at RT for 3 min. Centrifuging at 10.000 g for 18 min at 4 °C. Transfering the 
upper aqueous phase carefully into a fresh tube.  

3. Slowly adding an equal volume of 100% ethanol.  
4. Loading the sample (700 ml) into a RNeasy column (Qiagen kit) seated in a collection 

tube and spinning for 30 s at 8000 g. Discarding flow-through. 
5. Transfering the column into a new collection tube, adding of 500 µl buffer RPE and 

spinning for 30 s at 8000 g. Discarding flow-through. 
6. Adding 500 µl buffer RPE and spinning 2 min at 8000 g. Discarding flow-through. 
7. Spinning the column for 1 min at 8000 g to get rid of remaining buffer. Transfering the 

column to a new 1.5 µl collection tube and pipetting 30-50 µl of DEPC-treated water 
directly onto the new column membrane.  

8. RT for 2 min, spinning at 8000 g for 1 min to elute RNA. Storage at -20°C or below. 
 

Protocol 1) was not suitable for RNA isolation 

Initially protocol 1), well established in our laboratory, was tested. In order to evaluate the quality of 

extraction process samples a positive control was included. Lund human mesencephalic cells (Luhmes) 

and postmortem mouse (ms) brain were used as positive control. Both materials derived from other 

projects within our work group and were kindly placed at the disposal. RNA of Luhmes cells were 

extracted by standard procedure. Disadvantage of this protocol is the lack genomic DNA removal 

which makes an additional treatment necessary. Consequently, all samples extracted with protocol 1 
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were treated with the enzyme-based kit TurboDNAse (ThermoFisher). This will be explained in the 

section “Removal of genomic DNA”. For this experiment isolated RNA of Luhmes cells (n = 2), 

postmortem human (n = 3) and mouse brain tissue (n = 3) were used. An aliquot treated with 

TurboDNAse was compared to untreated aliquot of the same RNA extraction.  

Eventually, the protocol 1) after Chomczynski was considered to be not suitable for the RNA extraction 

in postmortem human brain tissue and therefore further protocols were tested. The experiment 

comparing method 2), 3) and 4) was performed with a setup of postmortem human brain tissue (n = 3).  

 
Optimal lysis buffer and homogenization of brain tissue  

Tested lysis buffers were the RLT buffer, included in the RNEasy+ Mini kit (protocol 3a, 3b) and Trizol, 

part of the RNEasy+ Mini Universal kit (protocol 1, 3, 4). Tested ways of homogenization of tissue 

samples were mechanical disruption by a TissueRuptor, a mortar-style pestle, (protocol 1, 2a, 3, 4) and 

grinding of liquid nitrogen frozen samples followed by the QIAShredder (Qiagen). The QIAShredder is 

a spin-column shredding system which homogenizes lysates further after complete initial disruption. As 

suggested by the RNeasy+ Mini protocol (protocol 2b) the tissue powder plus appropriate volume of 

RLT lysis buffer were centrifuged in a QIAShredder spin column for 2 min at full speed.  

 

Removal of genomic DNA  

The above-mentioned setup of brain samples was extracted similarly with the RNeasy Universal Kit. 

Three methods for gDNA elimination were tested (a, b, c).  

 
a) Column-based removal 

With the gDNA Elimination spin column (Qiagen) gDNA removal is incorporated into the protocol of 

RNEasy+ Mini kit. The reaction is performed by spinning the homogenized lysate for 30 s at 8000 g.  

 

b) Solution-based removal 

The gDNA elimination solution (Qiagen) provided with the RNEasy+ Mini Universal Kit removes 

genomic DNA contamination, making additional DNase treatment obsolete. After homogenization, 

100 µl of solution were added to the lysate and shaken vigorously for 15 s at RT, followed by the rest 

of the standard protocol.  

 

c) Enzyme treatment  

Total RNA was treated with Turbo DNAse (ThermoFisher) according to the manufacturer´s instructions. 

The samples are incubated for a period of 20-30 min at 37°C which is required for inactivation of the 

DNase enzyme. In a second modified approach, 100 µl ethylendiamintetraacetat (EDTA) and 1 µl 

RNAse inhibitor (Sigma) were also added to the RNA extract of 3 samples (Luhmes n = 1, mouse n = 
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1, human n = 1) before the incubation period. 

 

Phase separation 

Apart from the RNEasy+ Mini Kit with specialized spin columns, the separation of cell components is 

achieved through centrifugation. Due to that the lysate is split up in three phases: on the upper side 

an aqueous colorless phase, a white interphase and a red organic phase on the bottom. RNA is located 

only within the aqueous phase, DNA, proteins and organic solvents (such as Trizol lysis reagent) are 

trapped within the other parts. This results in the difficulty of transferring the RNA purely from the other 

phases which contain DNA- and RNAses. In the case of the MaXtract High Density tube, the gel within 

the tubes migrates below the aqueous phase during centrifugation, building a solid barrier between 

the phase of interest and organic phases. This allows to simply decant the upper RNA containing phase 

in a new tube without potential contamination. This facilitated the handling when working with methods 

based on Trizol lysis reagent and improved purity of nucleid acids compared to the method after 

Chomczynski where the nucleic acid containing phase is transferred by pipetting from a standard tube. 

 

Influence of clean-up of RNA extracts on qPCR performance 

If RNA extracts are impure indicated by a low A260/A230 ratio, a clean-up step can be performed. 

Contaminating substances detected with the A260/A230 ratio are salts, free nucleotides or residual 

phenol. For purification, the chloroform extraction followed by ethanol precipitation is the preferred 

method. The used protocol derived from New England BioLabs (E2040). In a preliminary experiment 

the influence of the clean-up step on qPCR performance was evaluated using postmortem human brain 

tissue (n = 3, PD cases, grey matter). Complementary DNA (cDNA) of cleaned up RNA aliquots was 

used in comparison to untreated aliquots of the same sample. qPCR was performed for the reference 

genes PPIA, huUBQLN1 and TRIM in two repeats according to the same qPCR protocol described 

below.  

 
Protocol for purification of extracted RNA 

1. Adjusting the reaction volume to 180 µl by adding 160 µl nuclease-free water. Adding of 
20 µl of 3 M sodium acetate, pH 5.2 or 20 µl of 5 M ammonium acetate, mixing 
thoroughly. 

2. Extraction with an equal volume of 1:1 phenol/chloroform mixture, followed by two 
extractions with chloroform. Collecting the aqueous phase and transfering to a new tube. 

3. Precipitation of the RNA by adding 2 volumes of ethanol. Incubation at -20°C for at least 
30 min and collection of the pellet by centrifugation. 

4. Removing the supernatant and rinsing the pellet with 500 µl of cold 70 % ethanol. 
5. Resuspending the RNA in 50 µl of 0.1 mM EDTA. Storage at -20°C or below. 

 

 RNA extraction 
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In conclusion to the results of the preliminary experiments for an optimal total RNA isolation method 

(see 3.1), the RNEasy+ Universal Mini Kit (Qiagen) was used (modified version of the recommended 

protocol, see below). All tissue samples were scaled and as recommended only further processed with 

a maximum weight of 100 mg. A minimum of three extractions with two elutions were performed for 

each tissue sample. The best RNA sample among each triplet was taken into account for the 

experiments. 

 

Protocol 4 for RNA isolation with RNEasy+ Universal Mini Kit 

1. Preparation: RNA Isolation performed under a fume hood (Wesemann). Scaling of tissue 
samples (maximum weight 100mg). Potter-Elvehjem-Tissue-Grinder placed in an inced 
bucket. 

2. Homogenizing tissue samples (maximum weight 100mg) in 1 ml of Trizol reagent per 100 
mg of tissue using a Potter-Elvehjem-Tissue-Grinder. To avoid loss of lysate, split amount 
of lysis reagent in three times. Giving the frozen sample and 333 ml Trizol into the mortar 
for mechanical disruption. Transfering the homogenized lysate into a cooled 2 ml tube. 
Washing of the mortar with another 333 ml Trizol for another two times. Isolation of only 6 
samples at a time to avoid unnecessary thawing.  

3. Washing of mortar and pestle after each homogenization with 70% ethanol and air-drying 
before next use. 

4. Incubation at RT for 5 min.  Adding of 100 µl gDNA Eliminator solution and vortexing for 
30s. Adding of 180 µl of chloroform per 1 ml of Trizol reagent and vortexing for 1 min and 
incubation at RT for 3 min.  

5. Preparing 2 ml MaXtract High Density Tubes (Qiagen) by centrifugation for 1 min at full 
speed (12000 g). Transfering samples and centrifuging at 12.000 g for 15 min at 4 °C.  

6. Transfering the upper aqueous phase carefully into a fresh tube. Adding of one volume 
(approximately 600 µl) of 70% ethanol and mixing thoroughly.  

7. Transfering 700 µl of the sample to a RNeasy Mini spin column (Qiagen) placed in a 
collection tube and centrifuging for 25 s at 8000 g at RT. Discarding flow-trough and 
repeating step 7 once.  

8. Adding of 700 µl RWT Buffer and centrifuging for 25 s at 8000 g at RT. Transfering of the 
RNeasy spin column in a new collection tube and centrifuging at full speed for 1min to 
eliminate left-over buffers. 

9. Washing of the membrane with 500 µl RPE Buffer and centrifuging for 2 min at 8000 g at 
RT. 

10. Eluting RNA with 30 µl DEPC-H2O. Repeating step 10 twice with 20 µl DEPC-H2O. Storage 
at -20 °C or below. 

11. This protocol was also used and described in the submitted publication Tauber et al, 
2022 [1]. 

 

 RNA quantification and quality 
 
As stated in the Minimum Information for Publication of Quantitative Real-Time PCR Experiments 

(MIQE) it is imperative that a reliable protocol for analysis of sample quality and quantity is defined 

[142]. RNA quality is a factor of both the purity of the sample and the degradation status of the RNA 

molecules. Purity and concentration were determined through photometric quantification and 
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degradation through RNA integrity measurement.  

 

2.3.1.1 Concentration and purity 
 
Yield and purity values such as ratios A260/A280 and A260/A230 of each sample were photometrically 

quantified using NanoDrop. After calibration with 1 µl RNA free H2O, 1µl of each RNA sample was 

pipetted onto the sensor. The A260/A280 ratio consists of the absorbance of nucleic acid at wavelength 

260 nm and protein at 280 nm. A ratio of 2.0 proves the absence of protein contamination. In addition 

with an equal A260/A230 ratio, a high purity is estimated [143]. Contaminants such as guanidium 

thiocyanate, part of lysis reagent Trizol, are detected at 260 nm. To guarantee a sufficient quality of 

the starting material, a cut-off for purity was set. For A260/A280 ratio, a threshold of > 1.8 was applied 

[144]. With no existing consensus in literature, a minimum threshold A260/A230 ratio > 1.5 was applied. 

Only RNA extracts with higher purity were included to the experiments making a clean-up step as 

described above obsolete.  

 
2.3.1.2 RNA Integrity 
 
Besides to case screening and quantification of purity, we ascertained the tissue quality by determining 

total RNA Integrity Number. The RNA integrity number is a score between 0-10 which displays the 

grade of degradation of the RNA sample with 0 fully degraded and 10 fully intact. The integrity 

categories are automatically calculated by the distribution of sizes of RNA molecules within each 

sample. Using microfluid technology and electrophoretic separation an electropherogram is created 

which shows the number of ribosomal bands of specific size. Of special interest are the ribosomal RNA 

units 28S and 18S, as a ratio of 2.0 characterizes intact RNA. While RNA degradation presents with 

increased shorter fragments and at the same time a decreased signal for the 18S and 28S species [145] 

(Fig 4). These shorter fragments of RNA potentially interfere with downstream applications. 

Measurements were performed using the RNA 6000 Nano chip technology and Bioanalyzer 2100 

(Agilent Technologies) together with the provided software (Version B.02.07.SI532).  
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Figure 4. Examples of RNA integrity of postmortem brain samples. Electropherograms of extracted 

RNA of different postmortem brain samples are displayed. With degradation and lower RIN values 

shorter fragments become present, while the signal intensities for 18S and 28S units decrease. RIN, 

RNA integrity number, FU, Fluorescence unit; s, seconds 

Protocol for determination of RNA integrity number 

1. Preparing the Bioanalyzer by decontaminating electrodes with chPD, one filled with 350 
µl RNAseZap followed by one with 350 µl DEPC-H2O. 

2. Preparing the ladder by denaturating it for 2 min at 70 °C. 
3. Preparing the gel by spinning RNA 6000 Nano gel matrix in a spin column at 1500 g for 10 

min. Stored aliquots of 65 µl at 4 °C can be used within one month. 
4. Preparing the Gel-Dye-Mix by giving 1µl RNA 6000 Nano dye in 65 µl aliquot of gel. 

Vortexing and centrifuging for 10 min at 13000 g. 
5. Minimum concentration of RNA samples 200 ng/µl. Diluting of samples with higher 

concentration if necessary. 
6. Transfering 3 µl of each sample into cooled tubes and heating it up with an Eppendorf 

cycler for 2 min at 70 °C. Cooling of samples at 4 °C until usage. 
7. Setting up the chip priming station (Fig. 5). Insert the base plate in position C, adjust the 

syringe clip to the upper position and place the syringe on the 1ml position. 
8. For loading the chip, pipetting 9 µl of gel into the black marked well “G”. Closing the 

chip station and pulling down the plunger of the syringe until it is hold by the clip (gel is 
equally pressed into the capillaries of the chip). Release the clip after 30s and slowly 
pulling the syringe back to its top position. 

9. Appling 9 µl gel to each of the other two wells marked with “G”. 
10. Pipetting 5 µl RNA 6000 Nano Marker into all left 13 wells. The fluorescent marker serves 

for the assignment of samples through the algorithm. 
11. Pipetting 1 µl of ladder into the corresponding well which serves as running control. 
12. 12 samples can be measured at the same time, 1 µl each. 
13. Avoiding air bubbles, vortexing the chip with the included IKA mixer for 1 min at 2400 

rpm. Placing the chip within 5 min into the Bioanalyzer. 
14. Measuring RIN with the “Eukaryot Total RNA” assay. 
15. This protocol was also used and described in the submitted publication Tauber et al, 

2022 [1].  
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Measurement was performed according to the described protocol in 40 preselected tissue donors in 

grey matter of both brain regions. In each case a duplicate was obtained to establish mean RIN values. 

For postmortem brain tissue cut-off values of RIN ≥ 6 or even ≥ 3.95 are suggested in literature [146, 

147]. In order to secure sufficient results in down-stream applications samples with the best RIN values 

were selected for the study population. This led to the exclusion of 14 donors (Table 19). RIN values 

included in the study population are listed in Table 32, chapter 3.3.2. The approach and selection of 

the RIN is taken from the publication Tauber et al., 2022 [1]. 

 
Table 19. RNA integrity values measured in exlcuded postmortem samples.  

Brain	region	 Participant	
number	

PD	 Controls	

H1/H1	
(n	=	6)	

H2/H2	
(n	=	0)	

H1/H1	
(n	=	8)	

H2/H2	
(n	=	0)	

Fusiform	gyrus	
		

1	 -	 -	 2.5	 -	
2	 -	 -	 5.5	 	
3	 5.4	 -	 3.8	 -	
4	 2.7	 -	 1.9	 -	
5	 3.3	 -	 2.4	 -	
6	 2.2	 -	 2.4	 -	
7	 3.3	 -	 2.5	 -	
8	 2.2	 -	 2.4	 -	

Cerebellum	

1	 -	 -	 2.7	 -	
2	 -	 -	 5.0	 	
2	 6.1	 -	 4.4	 -	
3	 2.2	 -	 2.4	 -	
4	 2.5	 -	 2.5	 -	
5	 2.3	 -	 2.5	 -	
6	 2.3	 -	 3.3	 -	
7	 2.6	 -	 2.9	 -	

RIN	values	from	brain	samples	of	gyrus	fusiformis	and	cerebellum	from	initially	evaluated	postmortem	brain	donors	
with	MAPT	haplotype	H1/H1.	Due	to	low	RIN	values	these	samples	were	excluded	from	further	experiments	in	the	
context	of	quality	control.		

 

Figure 5: Illustration of the chip priming station. Attached syringe (left) and Agilent RNA Nano Chip 

(right) are displayed. Adapted from RNA 6000 Kit Handbook. 
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 Realtime-qPCR 
 
Gene expression levels were quantified by quantitative real time Polymerase Chain Reaction (qPCR). 

PCR is a molecular biological tool to amplify enzymatically specific nucleic acid sequences. Standard 

PCR reaction takes place in three phases: Heating, annealing and amplification. DNA is denatured 

through heating and designed short sequences of nucleotides, termed primers, anneal to the one-

strand target sequence. Next complementary DNA strands are synthesized by heat-stable Taq DNA 

Polymerases. This enzyme adds deoxyribonucleosides triphosphates (dNTPs) to the end of primers and 

extends the sequence. These steps are repeated in cycles leading to an exponential increase of DNA 

copies. Thereby, qPCR allows the determination of quantity of the sequence of interest within the 

sample. 

 

2.3.2.1 cDNA synthesis 
 

Template for qPCR is first strand complementary DNA (cDNA), which is synthesized from RNA with 

reverse transcriptase enzymes. cDNA was generated from total RNA of postmortem brain tissue using 

the iScriptTM cDNA Synthesis kit (Bio-Rad Laboratories, Inc., Hercules, USA). According to the 

manufacturers´ instructions the mastermix for the reverse transcription was prepared as the following: 

To the volume of exactly 1 µg of RNA, 4 µl iScript Reaction Mix, 1 µl iScript Reverse Transcriptase and 

DEPC water filling up to the total volume of 20 µl were added. The temperature protocol of the 

Thermocycler (Sensoquest) was the following: 5 min at 25 °C, 20 min at 46 °C, 1 min at 95 °C, 4 °C 

hold. cDNAs were stored afterwards at -20 °C until use. This protocol was also used and described in 

the submitted publication Tauber et al, 2022 [1].  

 

2.3.2.2 Reaction assay for qPCR 
 
The expression profile of one gene was determined within the study population in one qPCR run. All 

assays were performed using three technical replicates, an intercalibrated standard curve mix, and a 

non-template control as negative control. Each real-time qPCR was carried out with SYBRTM Select 

Master Mix for CFX (Applied Biosystems). This ready-made mix contained dye, AmpliTaq™ DNA 

Polymerase, dNTPs (2 mM), deoxyuridine triphosphate (dUTPs) (4 mM), heat-labile Uracil-DNA 

Glycosylase and buffer components. The reaction mix was thoroughly vortexed and filled in a 96-well 

plate with the final volume of 20 µl per well (Table 21). The plate was sealed with MicroAmpTM Optical 

Adhesive Film PCR (Applied Biosystems), centrifuged with Mini PCR plate spinner (Labnet International) 

at 500 g for 30 s, and processed with the StepOnePlus system (Applied Biosystems, Software Version 

2.2.2). qPCR amplifications were performed with a standard cycling profile (Table 20). The sequences 
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of the human primers used for qPCR, listed from 5’ to 3’ end, are listed in Table 7 and 8. This protocol 

was also used and described in the submitted publication Tauber et al, 2022 [1].  

 

Table 20. qPCR reaction mix and cycling profile for SYBR Green assay. 

 
2.3.2.3 Primer specificity 
 
Primer specificity was previously confirmed with 3% agarose gel electrophoresis (Fig 6). PCR reactions 

were performed in a 19 µl volume, containing 1 µl cDNA, 1 µL forward primer, 1 µL reverse primer, 10 

µl Phire Hot Start II DNA Polymerase (Thermo Scientific), and 7 µl DEPC water. The cycling profile for 

amplification was the following: 98°C for 30 s, 40 cycles at 98°C for 10 s each, 72°C for 1 min, one cycle 

of 72°C for 2 min. Primers for 0N, 1N and 2N MAPT were designed based on the publication of 

Spicakova et al. [148].  

 
Protocol for 3% agarose gel electrophoresis 

1. Mixing of 1.5 g agarose in 200 ml TEA Buffer (Sigma Aldrich, 20 ml TEA solution in 100 ml 
ddH20). 

2. Boiling for dissolution in a microwave for 3 min. 
3. Adding of 1 µl SYBR Safe DNA gel stain (Invitrogen). 
4. Pouring the mix into a gel tray with the well comb in place. 
5. Preparing samples by adding 2 µl Gel Loading Dye 6x Purple (BioLabs News England) to 

each PCR product. 
6. Loading the gel with 2 µl of 100 bp DNA Ladder (250 ng/µl), and if necessary 5 µg of 1 kbp 

DNA Ladder (100 ng/µl) and 10 µl of each sample. 
7. Running the gel at 110 V for 45 min with PowerPac Basic (Biorad). 
8. Imaging with ChemiDocTM XRST and Ima.  
 

qPCR	Mastermix	per	well		
(96	wells	in	total)	

qPCR	reaction	volume	per	well				
for	three	technical	repeats	

qPCR	cycling	profile	
	

10	µl	SYBR	Green	Mastermix	
	
6.8	µl	DEPC	water	
	
1	µl	Forward	primer	
	
1	µl	Reverse	primer	
	
+	20	%	Error	bonus	

57	µl	Mastermix	
	
3.75	µl	Template	
	
+	15	%	Error	bonus	
	
	

95	°C	–	10	min	
	
95	°C	–	15	sec	(40	cycles)	
	
60	°C	–	1	min	(40	cycles)	
	
95	°C	–	15	sec	
	
60	°C	–	1	min	
	
4	°C			-	∞	
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Figure 6. Example of gel electrophoresis for primer specificity. Primer specifity was confirmed 

previously by separation of PCR products by size and comparison to the DNA ladder. PCR products 

were consistent with the expected molecular size (0N MAPT, 120 bp; 1N MAPT, 68 bp; 2N MAPT, 159 
bp; NRF2, 174 bp). Bp, base pairs.  

2.4 Protein extraction and immunoblotting 
 

 Evaluation of an optimal protocol for protein extraction and immunoblotting 
 
In order to establish a reliable protocol for protein extraction from postmortem brains, several 

preliminary experiments were conducted. At first, an attempt was made to reuse the lysates obtained 

during RNA extraction in Trizol. As described above, the organice phase contains proteins and organic 

solvents such as Trizol. This method would have had the advantage of obtaining RNA and protein from 

the exact same cell lysates for a direct comparison of the two. For this purpose, different protocols of 

protein extraction were tested aiming for high protein yield (> 1.5 µg/µl). Lysates obtained in Trizol 

from both brain regions and disease states were used. After establishing a suitable extraction protocol 

with the lysates in Trizol, preliminary tests for immunoblotting were carried out to find the best type of 

sample preparation, gel and blocking buffer, as well as selection and concentration of antibodies for 

tau. In summary, the proteins obtained from Trizol lysates were not optimally suited for a reliable semi-

quantitative evaluation. Due to this, the method of sequential protein extraction from native brain tissue 

was used for the protein analysis of the main experiment. This protocol was adapted from the 

publication of Strauß et al. [149] and was also used and described in the submitted publication Tauber 

et al, 2022 [1]. Its main advantages were a constant quality of bands in Western blotting and the 

examination of different solubility forms of proteins. 
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Transfer of Trizol lysate out of Maxtract Tube 

First, the transfer of lysate was carried out by pipetting through the wax layer of the Maxtraxt Tube, as 

suggested by some protocols. This turned out to be not ideal as wax was partly visible in the 

subsequent steps and impeded the elution of the protein pellet. Instead the maxtract tube was 

punctured with a needle at the bottom and the content was drawn out with a syringe resulting in a 

clear trizol phase.  

 

Protein extraction from Trizol lysed brains 

The residual solution of RNA extraction is Trizol lysed brain tissue and was starting material for the 

following protein extraction. Thus, mRNA and protein extraction were performed from the very same 

tissue sample. The protein extraction was modified from the publication by Hummon et al. [150] and 

initially proved to be a a suitable method.  

 

Protocol for protein extraction from Trizol lysed brains 

1. Transferring 300 µl Trizol reagent of thawed samples (residual of RNA extraction) to a new 
tube by punching a hole with a syringe into the Maxtract tube.  

2. Adding of 90 µl 100% ethanol and mixing, incubation at RT for 3 min. 
3. Centrifugation at 2000 g for 5 min.  
4. Transfering of supernatant to a fresh 2 ml tube 
5. Adding of 450 µl isopropanol and mix, incubation at RT for 10 min. 
6. Centrifugation at 12000 g for 10 min at 4°C. 
7. Discarding the supernatant, resuspending the protein pellet in 1ml wash buffer (0.3 M 

Guanidine hydrochloride (Sigma) in 95% ethanol) with mortar pestle tissue disruptor 
initially. Incubation at RT for 20 min.  

8. Centrifugation at 7500 g for 5 min at 4°C.  
9. Repeating step 7 twice. 
10. Vortexing of the protein pellet in 2 ml of ethanol and incubation at RT for 20 min. 
11. Centrifugation at 7500 g for 5 min at 4°C. 
12. Removing the supernatant, air-drying the pellet for no more than 10 min. Pipetting the 

pellet up and down for resuspension in an appropriate volume (ca. 40 µl) of 1% SDS with 
4x proteinase inhibitor (Roche). Incubation at RT for 5-10 min for complete dissolution. 

13. Centrifugation at 17000 g for 10 min at 4°C prior to aliquoting and storage at -20°C.  
 
 
Resuspension of protein pellet with RIPA Buffer and SDS 

An important step of this protocol is the resuspension of the pellet after treatment with guanidine 

hydochloride (see protocol step 12). Two detergents were tested for this step. The protein extraction 

was performed with Radioimmunoprecipitation Assay (RIPA) . RIPA buffer is a commonly used cell lysis 

buffer which solubilizes proteins and contains amongst others 0.1% Sodium dodecyl sulfate (SDS) [151]. 

SDS is an anionic detergent which disrupts non-covalent bonds in proteins and denatures protein 

kinases and phosphatases [152, 153]. After three times washing with 0.3 M guanidine hydrochloride, 
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the pellet was eluted in RIPA Buffer with Protease inhibitor 1:1 (Roche). In a second run, sonification 

was tested as possible way of facilitating pellet elution. For this, pellets in elution buffer were 

sonificated for 6 x 30 s at 50% and shortly put in ice in between to avoid overheating. For resuspension 

with SDS a protocol with a higher concentration of SDS was tested. After three times washing with 

guanidine hydrochloride, another washing with ethanol and elution with 1% SDS in ddH2O were carried 

out. To reach complete dissolution of the protein pellet, samples were homogenized with a mortar 

pestle tissue disruptor and incubated for 5-10 min at 50 °C.  

 

Phosphatase Treatment with aPP and lPP  

Two phosphatase enzymes were tested in advance. Phosphatase treatment with alkaline phosphatase 

(aPP) was evaluated on test samples. The protocol is based on the methods described in the study of 

Iovino et al. [154] with some modified steps. 20 µg protein was resuspended with four times amount of 

proteinase inhibitors and filled up to a volume of 30 µl. Followed by adding of 3 times aPP solution (0.3 

U/µl) and a tenth volume of MgCl2. Tubes were sealed with parafilm and phosphatase treatment was 

carried out overnight at 65°C. Lambda phosphatase (lPP) was tested on the very same protein samples. 

Main difference of this protocol is the gentle incubation period of 3h at 30°C. lPP revealed to be the 

best approach and all protein samples were dephosphorylated with lPP protocol.  

 

Testing of Bis-Tris Gels 

SDS-Polyacrylamide-Gel electrophoresis was applied for the separation of proteins according to 

molecular weight and charges [155]. Initially self-made gels were produced with the indicated 

components below (Table 21). The mixture for the resolving gel was applied to a gel caster system and 

isopropanol was added in order to smoothen the surface. After 30 min of hardening, isopropanol was 

discarded, the prepared 4% stacking gel was added, and a comb was inserted for 1 mm gel pockets. 

Ready gels were either immediately used for gel electrophoresis or stored in paper soaked with MPS 

Buffer at 4 °C for a period of maximum 2 weeks. Bis-Tris gels with 10% and 12% resolving gel were 

tested preliminary with an equal running time described below.  

 

Table 21. Components of self-casted 12% Bis-Tris gel  

Component	 Resolving	gel	(12%)		 Stacking	gel	(4%)	

ddH2O	 2.67	ml	 5.33	ml	
1	M	Bis-Tris	pH	6.5	 3.33	ml	 3.33	ml	
30%	Acrylamide/bis	solution	 4.0	ml	 1.33	ml	
10%	APS	 50	µl	 50	µl	
Temed	 5µl	 10	µl	
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Testing of fluoresencet 3R and 4R tau antibodies 

Testing Western blots were performed to ascertain the optimal concentration of antibodies, incubation 

and imaging parameters. In order to be able to analyse the individual tau forms separately, the idea 

was to use 3R and 4R tau antibodies with fluorescent secondary antibodies in addition to Dako total 

tau, which covers all 6 isoforms. For detection of 4R tau two antibodies were compared: 4R tau ms 

(Millipore, species type mouse) and 4R tau rb (Cosmobio, rabbit). In several blots with varying 

parameters (concentration of primary antibody 1:2000 or 1:333, increased incubation period, blocking 

buffer milk or rotiblock) 4R tau ms did not perform as sufficient as 4R tau rb antibody. In comparison to 

milk, best blocking conditions for both were reached with an incubation with 3x Rotiblock (Sigma) 

overnight. Despite many preliminary tests, the fluorescent antibodies did not work sufficiently 

consistently across all samples. Due to high background signal and high detection threshold of band 

signal the fluorescent antibodies were ultimately not used for data analysis (Fig 12, chapter 3.2.4).  

 

Validation of housekeeping protein 

Preliminary test blots were run to evaluate if the commonly used GAPDH is a suitable housekeeping 

protein in postmortem brain tissue. It proved to be equally stable detected among all kinds of protein 

extracts in all conditions and was therefore chosen as ideal reference for quantification.  

 
 Immunoblotting from Trizol lysed brains 

 

Measurement of protein concentration 

Protein concentration was determined by Bicinchoninic acid assay (BCA), in which the resulting protein-

copper-complexes are photometrically measured and hereby the amount of protein can be quantified 

[156]. To establish a standard curve a MPER dilution series from 0-2000 µg/ml and a blank row of SDS 

were made. 5 µl of the respective diluted protein sample (1:5 with SDS) were loaded in triplicates on a 

96-well cell culture plate. 100 µl of BCA assay were added to each well. The BCA assay dye stock 

solution (ThermoScientific) was mixed with one-part A reagent (Sodium carbonate, sodium 

bicarbonate, bicinchoninic acid and sodium tartrate in 0.1M sodium hydroxide) and 50-parts B reagent 

(4% cupric sulphate). After an incubation at 37°C for 30 min, the absorption was measured in a 

microplate reader at 562 nm. Concentration was analyzed by linear regression fit of the blank and 

standard curve. Measurement was performed in triplicates and the average of each triplicate was used. 

 
Sample preparation and electrophoresis 

Protein extracts were dephosphorylated using l protein phosphatase (BioLabs) as pretreatment. Equal 

amounts of protein in SDS were incubated with 3 µl PMA Buffer (BioLabs), 3 µl MnCl2 and 2 µl l protein 
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phosphatase (0,3 U/µl) for 3 h at 30°C. For sample preparation, 20 µg of protein samples together with 

4 x XT loading buffer (BioRad) with 1:20 20x XT Reducing Agent (BioRad) were heated at 75°C and 400 

rpm on a thermo shaker for 10 min for denaturation. For preparation of Tau Ladder, 3 µl tau ladder 

(Sigma) was mixed with 27 µl 1% SDS and 10 µl Tx. On each gel, all four subgroups (PD H1/H1, H2/H2; 

control H1/H1, H2/H2) were represented. Besides the protein extracts (40 µl), each gel contained the 

recombinant tau protein ladder (40 µl), protein standard ladder (5 µl) and a pool of all samples for 

intermembrane calibration. All western blots were run in a triplette.  The gel was run on ice with cold 

MES Buffer at 75 V for 10 min, followed by 160 V for 125 min until the 25 kDA ladder reached the 

bottom of the gel.  

 

Protocol for immunoblotting with Western Blot 

1. Transferring of proteins from the SDS gel to membrane by the semi-dry blotting 
technique. Blotting paper (Wardman) and PVDF (BioRad) or fluorescence membrane (GE 
Healthcare) were cut and soaked in transfer buffer. Activation of membranes in methanol 
(Carl Roth) for 10 min. Transferring of SDS gel on membrane placed in a semi-dry blotting 
transfer chamber (BioRad). Placing of second blotting paper on top. Avoiding potential air 
bubbles. Electroblotting 1 A and 25 V for 40 min pulls negatively charged proteins from 
the gel onto the membrane. 

2. Blocking of membranes 3 x Rotiblock (300 ml 10 x Rotiblock Stock in 1L dd H2O) in order 
to prevent unspecific antibody binding. Incubation at RT for 1h under agitation.  

3. Diluting of primary antibodies in 1x Rotiblock (100 ml 10 x Rotiblock Stock in 1L dd H2O) 
and 20µl 10% NaN3 in dd H2O.  

4. Incubation of membranes with primary antibodies at 4°C for 48h on a rocker (Edmund 
Bühler).  

5. Washing of membranes three times in TBST (500ml 10x TBST stock solution with 2.5 ml 
TWEET in 4.5 L dd H2O) to eliminate unbound antibody residuals.  

6. Incubation of membranes with corresponding species-specific secondary antibody diluted 
in 1x Rotiblock for 2h at RT on a rocker (IKA). Secondary antibodies were either fluorescent 
marker (3R tau, 4R tau) or linked to the reporter enzyme peroxidase (DAKO total tau, 
GAPDH). 

7. Washing of membranes three times in TBST.  
8. For peroxidase-linked antibodies, covering of membranes in ECL solution (BioRad 

ClarityTM Western ECL Substrate 5 ml of each peroxide and luminol solution) and 
incubation for 10 min at RT. 

9. Imaging of membranes with Odyssey Imaging System (LI-COR).  
10. Stripping: Incubation of membranes in stripping buffer for 20 min at 50 °C. Washing 

intensively with TBST.  
11. All concentrations, incubations of primary and secondary antibodies and imaging settings 

are listed under Table 10, chapter 2.1.8. 
 
 

 Sequential extraction and immunoblotting of the soluble and insoluble protein 
fraction 

 
In conclusion to the preliminary experiments the sequential protein extraction was tested and chosen 
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to be the most suitable and informative extraction method. It was performed from the very same snap-

frozen tissue blocks used for mRNA expression. Two different protein fractions (soluble, high salt-buffer 

soluble; insoluble, sarkosyl soluble) were obtained. The protocol for sequential protein extraction and 

immunoblotting was adapted from the publication of Strauß et al. [149] and was also used and 

described in the submitted publication Tauber et al, 2022 [1]. 

 

Protocol for sequential protein extraction from postmortem brain tissue  

1. Preparation: Protein extraction performed under a fume hood (Wesemann). Scaling of 
tissue samples (maximum weight 100 mg). Potter-Elvehjem-Tissue-Grinder placed in an 
inced bucket. 

2. Homogenizing of tissue samples in 4 volumes of high salt-buffer (50 mM Tris-HCl pH 7.4, 
750 mM Sodium Chloride, 10 mM Sodium Fluoride, 5 mM EDTA, Sigma-Aldrich) 
supplemented with protease inhibitors (cOmplete, Roche Basel, Switzerland) and 
phosphatase inhibitors (PhoSTOPTM, Roche). Incubation on ice for 20 min.  

3. Ultracentrifugation at 100,000 g for 30 min at 4 °C in Ultra-Clear Centrifuge Tubes 
(Beckman CoulterTM, Brea, USA). Reserving the supernatant as the high salt buffer soluble 
protein fraction. 

4. Washing of the remaining pellet with 400 µl high salt-buffer and centrifugation at 100,000 
g for 30 min at 4 °C.  

5. Incubation of pellets overnight in 2 volumes of sarkosyl-buffer (High Salt Buffer 
supplemented with 1% sarkosyl (Sigma-Aldrich) in an end-over-end rotator. 

6. Ultracentrifugation at 100,000 g for 30 min at 4 °C in Ultra-Clear Centrifuge Tubes. 
Collection of the supernatant as insoluble protein fraction (sarkosyl soluble fraction). 

7. Protein concentrations were measured by PierceTM Bicinchoninic Acid Assay Kit (Thermo 
Scientific) assay. 

 
Sample preparation 

As preliminary tested, the protein samples were stable after treatment with lPP (Fig 13). “For analysis 

of tau, equal amounts of protein were dephosphorylated using l protein phosphatase (New England 

Biolabs, Ipswich, USA) at a final concentration of 0.3 U/µL for 3 h at 30 °C. 20 µg of protein were 

denatured with XT-Buffer (75 °C for 10 min) and loaded on (a-syn: 10%; tau: 12%) pre-made Bis-Tris 

Criterion polyacrylamide gels (Bio-Rad) and electrophoresis was run with MES running buffer (a-syn: 

140 V for 70 min; tau: 160 V for 125 min)” [1].  

 

Immunoblotting 

“Proteins were blotted on a 0.2 µm PVDF membrane for 40 min at 1 A and 25 V with transfer buffer 

containing 20% methanol. Following the transfer, the membrane was fixed in 0.4% paraformaldehyde 

in PBS for 20 min. After washing 3x with PBS, the membrane was blocked with 5% skimmed milk (Sigma-

Aldrich) in TBS supplemented with 0.05% Tween-20 (TBS-T, Sigma-Aldrich) for a-syn immunoblotting, 

and with 3x ROTI®Block  (Carl Roth, Karlsruhe, Germany) for tau immunoblotting, for at least 1 h and 

then incubated overnight at 4° C with the primary antibodies. After washing, the membrane was 
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incubated with secondary peroxidase-linked antibodies for 2 h at room temperature. The blots were 

developed with Clarity Western ECL Substrate (Bio-Rad Laboratories) and the signal was detected with 

Odyssey Fc imaging system (LI-COR Biotechnology, Lincols, Netherlands). After imaging, the blots 

were analyzed with the Empiria StudioTM Software from LI-COR. Applied antibodies were diluted in 

1x ROTI®Block in TBS-T (Carl Roth) (Table 10, chapter 2.1.8). For stripping, the membrane was rinsed 

with TBS-T after imaging and then incubated in stripping buffer for 20 min at 50°C. Thereafter, the 

membrane was washed thoroughly first with deionized water and then with TBS-T before blocking 

again with milk and 3x ROTI®Block respectively. The incubation with primary and secondary antibodies 

as well as the imaging was performed as described above. For each protein fraction a protein standard 

was generated by pooling some µl of all high salt buffer soluble or sarkosyl soluble samples. On every 

SDS gel, 20 μg of protein standard was loaded together with the samples of interest. All blots were run 

in triplets“ [1]. 

 

2.5 Data analysis 
 

 Normalization strategy and data analysis of gene expression 
 

For obtaining reliable results, a suitable normalization strategy in data analysis of qPCR is pivotal. This 

was guaranteed by two steps, an interrun-calibration and the determination of optimal reference genes.   

 

Interrun-calibration  

Data was referred to an inter-run calibrator represented on every qPCR plate which allows to compare 

data deriving from different qPCR plates. This calibrates for potential technical variances between 

different runs (i.e. variable efficiency of reagents). It consisted of a pool of all used cDNA samples (grey 

matter from cerebellum and gyrus fusiformis of all 26 donors) which was diluted to obtain a standard 

curve (dilution in steps of 5: Pool 50 ng, 10 ng, 2 ng, 0,4 ng, 0,08 ng).  

 

Determination of optimal reference genes 

To normalize the variability in expression levels, reference genes (RG) are used as internal control. RG 

are required to be stably expressed across all tested samples in any condition. For accurate 

normalization at least three control genes are generally suggested. Expression stability and optimal 

number of reference genes required for normalization of the respective setup were estimated using 

the geNorm algorithm (Biogazelle). The tested genes are ranked to their gene stability measure (M) 

which represents the mean pairwise variation of a gene with all the other reference genes tested within 

the samples [157]. The second indicator is the coefficient of variation (CV) of normalized reference gene 

relative quantities. A low M value and CV value is characterizing a stably expressed gene making it a 
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suitable RG. Proposed threshold values for appropriate gene stability in a heterogeneous setup, such 

as clinical biopsies or postmortem tissue, are means of the gene stability measure (M) < 1 and the 

coefficient of variation (CV) < 0.5 [158]. 17 candidate reference genes were evaluated previously in 

postmortem brain tissue (PD n = 6, control n = 6, Gf and Cbl). In this test 6 out of 15 genes passed 

(PPIA, MRPS18S1, huUBQLN1, CTBP1, POLR2A, RPL22). However, these 6 genes did not prove to be 

stable expressed in the study population. In a second evaluation, genes which slightly missed the 

threshold value in first instance (TBP, LUC7L2, GPBP1, HMBS) and ACTIN and GAPDH were tested in 

the study population. The most stable reference genes were TBP, ACTIN, GAPDH) characterized by M 

= 1.037 and CV = 0.427 in both brain regions (Table 22) [1]. 

 
Table 22. Reference target stability assessed by geNorm analysis.

Brain	region	 Average	gene	stability	measure	 Average	coefficient	of	variation	

Cerebellum	 0.782	 0.331	

Gyrus	fusiformis	 1.173	 0.478	

Both	areas	 1.037	 0.427	

Average	gene	stability	measure	and	coefficient	of	variation	for	genes	ACTIN,	GAPDH	and	TBP	in	both	brain	regions	
were	below	the	proposed	thresholds	for	heterogeneous	samples	such	as	postmortem	brain	tissue.		

 

Analysis of gene expression  

The RT-qPCR data were analyzed using the qBase+ 3.2 (Biogazelle). Cycle threshold values different > 

0.5 among triplicates were removed from the analysis. Gene expression of target genes was normalized 

to the three most reliable reference genes (ACTIN, GAPDH, TBP) assessed by geNorm.  

 
 Normalization strategy and data analysis of protein expression 

 
“Signals from every western blot were normalized, to the signal of the protein standard and to the 

signal from the reference protein of the same sample (soluble protein: GAPDH; insoluble protein: 

RevertTM 700 Total Protein Stain). Total tau was determined as the sum of the individual isoforms. 

Specific tau isoforms were identified by comparison to the recombinant tau ladder. Full length Western 
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Blots used for representative figures are displayed in Fig 7 and 8” [1]. 

 

SUPPL FIG 3

SUPPL FIG 3
SUPPL FIG 3

SUPPL FIG 3

SUPPL FIG 3
SUPPL FIG 3

Figure 7. Full length Western blot from Figure 16 and 18. Western Blots probed with soluble tau protein 

fraction is displayed on the left side (Fig 16), insoluble tau on the right side (Fig 18). A) Lower exposed image 

of the Western Blots after staining with an antibody against tau (A0024, DAKO). (B) Higher exposed image 

of the Western blot after staining with an antibody against tau. (C) Image of the Western blot after staining 

with GAPDH (CB1001, Millipore) and Total Protein Stain (RevertTM 700, LI-COR) respectively. Representative 

images derive from postmortem brain donors with MAPT H1/H1 (C1, PD5) and H2/H2 (C9, PD14). Derived 

from Tauber et al., 2022 [1]. 



 52 

 

SUPPL FIG 4SUPPL FIG 4

SUPPL FIG 4

Figure 8. Full length Western blot from Figure 17. Western Blots probed with soluble "-Syn protein fraction 

is displayed on the left side, insoluble "-Syn on the right side. (A) Lower exposed image of the Western Blot 

probed with soluble protein fraction after staining with an antibody against "-Syn (2642S, Cell Signaling 

Technology). (B) Higher exposed image of the Western blot after staining with an antibody against "-Syn. ((C) 

Image of the Western blot after staining with GAPDH (CB1001, Millipore) and Total Protein Stain (RevertTM 700, 

LI-COR) respectively. Representative images derive from postmortem brain donors with MAPT H1/H1 (C1, PD5) 

and H2/H2 (C9, PD14) on the left side and MAPT H1/H1 (C6, PD4) and H2/H2 (C12, PD10) on the right side. 
Derived from Tauber et al., 2022 [1]. 
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 Statistics 
 
“Statistical analysis was performed using Graphpad Prism 9.2.0 for Mac (GraphPad Software Inc., San 

Diego, CA, USA). For characterization of the study cohort, one-way ANOVA for quality markers such as 

age at death, mean RIN and mean postmortem interval was performed. For the prevalence of MAPT 

haplotypes within the study cohort a chi-squared test was conducted. For mRNA expression and 

protein level data, two-way ANOVA was conducted investigating the effect of disease (PD vs. control), 

of the MAPT haplotype (H1/H1 vs. H2/H2), and their interaction on the dependent variables. Correction 

for multiple testing was performed with Tukey´s post hoc test. Normality was assessed using Shapiro-

Wilk test and homogeneity of variances was evaluated with Levene’s test. Data was analyzed separately 

in gyrus fusiformis and cerebellum, as ratio of gyrus fusiformis to cerebellum, and ratio of MAPT 

isoform/total MAPT, tau isoform/total tau respectively. All pairwise comparisons were run with reported 

95% confidence intervals and P-values were Bonferroni-adjusted. For all statistical tests the significance 

level was set to P < 0.05. Specifications are given in each figure and table legend. Data are presented 

as mean ± standard error, unless indicated otherwise” [1]. 
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3 Results  

3.1 Preliminary experiments regarding RNA 
 

 RNA degradation in postmortem human brain tissue due to treatment with 
TurboDNAse 

 
The enzymatic elimination of genomic DNA using TurboDNAse was evaluated in RNA extracts of 

Luhmes cells, postmortem brain tissue of human donors and mice. Treatment of RNA extracts with 

TurboDNAse led to a 91.4% decrease of concentration (unpaired students’ t-test, P = 0.001) in Luhmes 

cells compared to untreated RNA aliquots (Fig 7, Table 23). The same effect was observed in 

postmortem brain tissue of mice and human, but did not reach significane. Treatment with TurbDNAse 

did not influence purity (A260/230) significantly in all samples.  

Regarding RNA integrity, treated RNA samples of postmortem human brain tissue showed a significant 

decrease compared to untreated RNA extracts (unpaired students’ t-test P = 0.039). This reflects a 

higher degradation of RNA in the treated extracts. However, no significant difference between treated 

and untreated RNA aliquots in RIN values was observed in Luhmes cells or postmortem brain of mice 

(Fig 7, Table 23).  

 

Figure 9. Influence of gDNA elimination with TurboDNase on RNA transcripts of Luhmes cells 
and postmortem brain tissue of mice and humans. The quality parameter concentration (A), purity 
A260/A230 ratio (B) and RIN (C) were assessed. All RNA extractions were performed with the method 

after Chomczynski. Luhmes cells were used as positive control. Data are shown as mean ± SEM of 

Luhmes (n = 2), mouse (n = 3), human specimen (n = 3). P-values were calculated using unpaired 

students’ t-test. Abbreviation: RIN, RNA Integrity Number; w/o, without TurboDNAse; ***P < 0.001, *P < 

0.05. 

Table 23. Influence of gDNA elimination with TurboDNAse on RNA quality parameter. 

Parameter	 Sample	
w/o	TurboDNAse	

Mean	±	SEM	

with	TurboDNase	

Mean	±	SEM	

P-Value	

w/o	vs	with	
TurboDNase	

Concentration	µg/µl	 Luhmes	(n	=	2)	 1760.3	±	10.7	 152.1	±	8.3	 <0.0001	

	 Mouse	(n	=	3)	 693.8	±	452.8	 124.1	±	44.7	 0.278	
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	 Human	(n	=	3)	 681.2	±	336.5	 92.5	±	55.3	 0.159	

A	260/230	 Luhmes	(n	=	2)	 2.05	±	0.05	 1.80	±	0.05	 0.074	

	 Mouse	(n	=	3)	 1.47	±	0.35	 1.21	±	0.29	 0.597	

	 Human	(n	=	3)	 1.84	±	0.14	 1.47	±	0.18	 0.180	

RIN	 Luhmes	(n	=	2)	 9.95	±	0.05	 9.3	±	0.20	 0.054	

	 Mouse	(n	=	3)	 6.50	±	1.91	 3.3	±	1.80	 0.294	

	 Human	(n	=	3)	 4.26	±	0.18	 2.9	±	0.40	 0.036	

P-values	were	calculated	using	unpaired	students’	t-test.	Abbreviation:	w/o,	without	TurboDNAse.	

 

In a second approach, EDTA and RNAse inhibitor were added to prevent any residual RNAse activity 

prior to the treatment with Turbo DNAse with no relevant improvement (Table 24).  

 

Table 24. Influence on RNA integrity by additional EDTA and RNAse inhibitor in Turbo DNAse 
treated RNA extracts. 

 
 Higher RNA yield with Trizol compared to RLT Lysis Buffer 

 
Three methods of RNA extraction were compared in terms of RNA concentration, purity and integrity 

to evaluate the the most suitable one for postmortem brain tissue, Regarding RNA concentration, 

method 3) produced the highest RNA yield, followed by method 2) and method 1), but without a 

significant difference. Regarding RNA purity, all methods led to an equal sufficient A260/A280 ratio 

demonstrating absence of protein in the lysates. However, the A260/A230 was significantly decreased in 

method 2) compared to the other methods (one-way ANOVA, P = 0.025) showing contaminated RNA 

lysates. RIN did not differ between RNA extracted with different protocols (Table 25). The different 

ways of gDNA elimination spin column [method 1) and 2)] or solution [method 3)] did not influence the 

parameters of interest for RNA quality (Table 25).  

 

Table 25. Influence of different RNA extraction methods on RNA quality and integrity.  

Method	
Postmortem	
human	brain	
sample	(n	=	3)		

RNA	concentration	[ng/µl]	 A260/A280	 A260/A230	 RIN	

Tissue	samples	

RNA	integrity	

Treatment	with	Turbo	
DNAse	w/o	EDTA	and	RNAi	

Treatment	with	Turbo	
DNAse	with	EDTA	and	
RNAi	

Luhmes	cells	[n	=	1]	 9.5	 10.0	

Mouse	postmortem	brain	[n	=1]	 2.3	 2.1	

Human	postmortem	brain	[n	=	1]	 2.4	 2.2	

RNA	integrity	values	are	displayed	for	RNA	extracts	in	groups	without	(w/o)	and	with	additional	treatment	with	
EDTA	and	RNAi	before	the	incubation	period	of	TurboDNAse	enzyme.	Abbreviation:	RNAi,	RNAse	inhibitor.	w/o,	
without;	RNAi,	RNAse	inhibitor.		
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1)	

RNEasy+	Mini	Kit	

1	 206.2	 2.1	 1.1	 8.4	

2	 60.8	 2.0	 1.5	 7.3	

3	 142.5	 2.0	 1.6	 6.8	

Mean	±	SEM	 136.5	±	42.1	 2.0	±	0.03	 1.4	±	0.2	 7.5	±	0.5		

2)		

Method	after	
Rodriguez-Lanetty	

1	 270.9	 2.0	 0.8	 8.5	

2	 120.9	 2.1	 0.9	 7.7	

3	 137.6		 2.1	 0.7	 6.8	

Mean	±	SEM	 176.5	±	47.5	 2.1	±	0.03	 0.8	±	0.6	 7.7	±	0.5	

3)		

RNeasy+	Mini	
Universal	Kit	

1	 274.0	 2.0	 1.9	 8.3	

2	 160.5	 2.0	 1.2	 7.6	

3	 195.7	 2.0	 1.9	 6.9	

Mean	±	SEM	 210.1	±	33.5	 2	±	0.0		 1.7	±	0.2		 7.6	±	0.4		

Groupwise	comparison		

P-values	
0.495	 0.296	 0.025	 0.967	

Parameters	of	interest	were	RNA	intregrity	and	concentration,	purity	ratios	A260/A280	and	A260/A230	for	RNA	quality	
which	were	assessed	in	RNA	extracted	from	postmortem	human	brain	samples	(n	=3)	with	three	different	RNA	
extraction	methods.	For	groupwise	comparison	between	methods	one-way	ANOVA	was	used.	A	A260/A280	ratio	of	>	
2.0	proves	the	absence	of	protein	contamination.	A	high	A260/A230	ratio	reflects	the	purity	of	substances	like	Trizol.	
P-values	were	not	significant	for	all	parameters	(P	>	0.05).	

 
 Investigation of the effect of the clean-up step of RNA extracts  

 
Decontaminated RNA extracts with insufficient A260/A230 ratio can be treated with an additional clean-

up after extraction. Next, it was investigated wether the clean-up impairs RNA quality or qPCR 

performance. With the clean-up, RNA extracts showed less RNA yield (mean 39%), ean qual A260/A280 

ratio and signfiicantly improved A260/A230 ratio (mean 1,13%, P = 0.005).  There was no difference in 

qPCR performance of three reference genes between human brain RNA extracts with and without a 

clean-up step after RNA extraction (Table 26).   

 

Table 26. Comparison of qPCR performance between RNA extracts with and without clean-up 
step in human postmortem brain samples. 

Parameter	
Treatment		

w/o	clean-up	

Treatment		

with	clean-up	

Groupwise	comparison	

P	–	Value	

Concentration	[ng/µl]	 694.5	±	204	 463.4	±	303	 0.438	

A260/A230		 2.0	±	0.03	 2.0	±	0.03	 0.778	

A260/A280	 1.0	±	0.3	 2.1	±	0.03	 0.005	

PPIA	[ct-value]	 23.7	±	0.66	 22.9	±	0.67	 0.444	

Human	UBQLN1	[ct-value]	 26.4	±	0.53	 26.1	±	0.65	 0.753	

TRIM	[ct-value]	 31.6	±	0.76	 31.6	±	0.77	 0.980	
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Quality	parameters	are	displayed	of	RNA	extracts	treatetd	without	and	with	clean-up	step	after	RNA	extraction	of	
three	tissue	samples	(n	=	3).	Parameters	were	measured	using	NanoDrop.	Below	Cycle	threshold	values	are	
displayed	for	qPCR	runs	of	the	very	same	RNA	extracts	treated	without	(w/o)	and	with	clean-up	step.	The	gene	
expression	of	reference	genes	PPIA,	human	UBQLN1	and	TRIM	were	evaluated	in	triplets.	P-values	were	calculated	
using	unpaired	student’s-test.	Data	are	presented	as	mean	±	SEM.	Abbreviation:	Ct-value,	cycle	threshold	value;	
w/o,	without.	

3.2 Preliminary experiments regarding protein 
 

 Comparison of detergents for resuspension of protein pellet after Trizol lysis  
 

Following protein extraction with Trizol two detergents, SDS and RIPA buffer, were tested for 

resuspension of the protein pellet (human ctx-fg, MAPT H1/H1, n = 3). With RIPA, the pellet was hardly 

resuspendable and in a crumbly consistence despite intensive up and down pipetting. Protein 

concentration within a triplet measurement was not consistent and protein yield was often too low for 

immunoblotting. Additional sonification did not improvement protein concentration consistently (n = 

2) (Table 27).  

 

Table 27. Protein concentration after extraction with RIPA. 

Sample	 
(ctx-fg)	

Without	sonification	(µg/µl)	 With	sonification	(µg/µl)	

Repeat	measurement	
concentration		 Mean	±	SEM	 Repeat	measurement	

concentration	 Mean	±	SEM	

PD1 2.08	 0.97	 0.90	 1.32	±	0.38	 0.63	 0.66	 0.67	 0.65	±	0.01	
PD2	 0.45	 0.45	 0.94	 0.61	±	0.34	 0.26	 0.26	 0.24	 0.25	±	0.13	
PD3	 2.45	 1.41	 0.41	 1.42	±	0.46	 -	 -	 -	 -	
Control	1	 0.50	 0.54	 0.49	 0.51	±	0.10	 0.44	 0.29	 0.37	 0.37	±	0.05	
Control	2	 0.20	 0.21	 0.19	 0.20	±	0.10	 0.19	 0.27	 0.22	 0.23	±	0.05	
Control	3	 0.38	 0.38	 0.33	 0.36	±	0.05	 -	 -	 -	 -	
RNA extraction using RIPA Buffer with and without following sonification was compared in postmortem human 
brain samples. Concentration measurement was performed three times. Abbreviations: PD, Parkinson´s 
disease; RIPA, Radioimmunoprecipitation Assay.  

 

In comparison to RIPA Buffer, SDS led to no differences in resuspending of the pellet, but a significantly 

higher yield of protein concentration (one-way ANOVA RIPA buffer without sonification vs. SDS Buffer, 

0.7 ± 0.2 vs. 2.4 ± 0.2, P = 0.0004). SDS buffer was chosen for protein extraction from Trizol lysed 

brains because of the sufficient protein yield (Table 28).  

 

Table 28. Protein concentration after extraction with SDS Buffer.  

Sample	(ctx-fg)	 Repeat	measurement	concentration	(µg/µl)	 Mean	±	SEM	

PD1 2.22	 2.14	 1.92	 2.15	±	0.98	
PD2	 3.73	 3.22	 3.26	 3.42	±	0.17	
PD3	 2.47	 3.01	 2.68	 2.72	±	0.16	
Control	1	 1.98	 1.82	 1.85	 1.88	±	0.28	
Control	2	 1.82	 1.79	 1.89	 1.83	±	0.04	
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Control	3	 2.02	 2.19	 2.74	 2.32	±	0.21	
RNA extraction using SDS Buffer was performed in the very same postmortem human brain samples used for 
the RIPA test. Concentration measurement was performed three times. Abbreviations: PD, Parkinson´s 
disease; SDS, Sodiumdodecyl sulfate.  

 

 Comparison of different phosphatase treatments 
 
Two different phosphatase treatments of Trizol protein lysates were tested (human ctx-fg, MAPT 

H1/H1, n = 4). Repeated Western Blots of aPP treated samples revealed multiple bands with lower 

molecular weights or smears which indicated degraded protein samples not suitable for quantification. 

Samples treated with lPP performed better with clearly separated protein bands compared to aPP. 

This was confirmed later on for lysates of the sequential protein extraction (human ctx-fg, MAPT H1/H1, 

n = 6). Basing on these findings, all protein samples were dephosphorylated with lPP protocol (Fig 10).  

 

Figure 10. Exemplary total tau immunoblotting of postmortem brain samples treated with 
different protein phosphatases. Trizol lysed proteins were treated with (A) aPP and (B) lPP prior to 

immunoblotting with an antibody against total tau. (C) LPP was also tested on extracts from insoluble 

(sarkosyl soluble) and soluble (high salt buffer soluble) protein fraction for total tau blots. The very same 

trizol lysed proteins of postmortem brain samples (ctx-fg, MAPT H1/H1) were used for blots (A) and (B). 

For (C), samples from the same postmortem brain donors were sequentially extracted once again. aPP, 

alkaline phosphastase; lPP, lambda phosphatase; PD, Parkinson´s disease; kDa, kilo Dalton. 

 Comparison of different self-casted Bis-Tris gels 
 
Two different concentrations of Bis-Tris in self-casted gelese were tested with regard to the question 

of how good the separation of the individual tau isoforms is. Gels containing 12% Bis-Tris showed a 

clearer separation for individual tau isoforms compared to 10% Bis-Tris gels, with no difference for the 

housekeeping protein GAPDH (Fig 11). Therefore, 12% Bis-Tris Gels were used for total tau protein 

levels.
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Figure X. Exemplary total tau immunoblotting of postmortem brain samples treated with different protein phosphatases. 
Trizol lysed proteins were treated with (A) aPP and (B) lPP prior to immunoblotting with an antibody against total tau. (C) LPP was also tested on 
extracts from insoluble (sarkosyl soluble) and soluble (high salt buffer soluble) protein fraction for total tau blots. The very same trizol lysed proteins 
of postmortem brain samples (Gyrus fusiformis, MAPT H1/H1) were used for blots (A) and (B). For (C), samples from the same postmortem brain 
donors were sequentially extracted once again. aPP, alkaline phosphastase; lPP, lambda phosphatase; PD, Parkinson´s disease; kDa, kilo Dalton. 
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Figure 11. Comparison of 10% and 12% Bis-Tris gels probed with postmortem brain samples and 
total tau. Immunoblotting with an antibody against total tau in Trizol lysed proteins was tested with (A) 

10% and (B) 12% Bis-Tris self-cast gels. The very same trizol lysed proteins of postmortem brain 

samples (human ctx-fg, MAPT H1/H1, n = 3) were used for blots (A) and (B). PD, Parkinson´s disease; 

kDa, kilo Dalton. 

 Poor performance of Trizol lysed proteins in tau immunoblotting 
 
Tau immunoblotting with the Trizol extracted proteins showed poor performance (Fig 12). Firstly, the 

bands were smeared and made the identification of the tau isoforms by comparison with the 

recombinant tau ladder much more difficult. Secondly, bands of the housekeeping protein were visibly 

inhomogeneous between samples, which made normalisation of the protein values difficult. Third, 

fluorescent antibodies for 3R and 4R tau did not work sufficiently. Due to the inferior quality of the 

immunoblotting, the Trizol-based protein extraction protocol and simultaneous fluorescent antibodies 

were discarded. Instead sequential protein extraction was used for the main experiments. 

Figure X. Comparison of 10% and 12% Bis-Tris gels probed with postmortem brain 
samples and DAKO total tau. Immunoblotting with an antibody against total tau in Trizol 
lysed proteins was tested with (A) 10% and (B) 12% Bis-Tris self-cast gels. The very same 
trizol lysed proteins of postmortem brain samples (Gyrus fusiformis, MAPT H1/H1) were used 
for blots (A) and (B). PD, Parkinson´s disease; kDa, kilo Dalton. 
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Figure 12. Exemplary Western Blot of Trizol soluble protein from postmortem brain of PD and 
controls. (A) Proteins extracted from gyrus fusiformis and cerebellum of donors representing subgroups 

according to MAPT haplotype (H1/H1 and H2/H2) and disease (PD, control) are represented. 

Fluorescent antibodies did not perform sufficiently with high background signal and weak signal from 

the individual tau isoforms. (B) Schematic overview of immunoblotting. After simultaneous detection of 
4R and 3R tau isoforms with fluorescent secondary antibodies, Dako total tau was was applied followed 

by GAPDH as reference protein. For the latter, peroxidase-linked secondary antibodies were used. 

Fluorescent antibodies did not perform sufficiently and were not used for data analysis. Abbreviation: 

PD, Parkinson´s disease; kDa, kilo Dalton.  

 
 

3.3  Selection of postmortem brain tissue and characteristics of study population 
 

 Selection of postmortem brain tissue and genotyping for MAPT haplotype 
 
“A stepwise identification process of suitable donors and tissue samples was performed (Fig 13). A 

sample of postmortem brains, including 95 PD cases and 81 controls without neurodegenerative 

diseases, has been genotyped for the MAPT haplotype. The H1/H1 haplotype constellation was most 

frequent (70%), followed by H1/H2 (24%), and the rare H2/H2 haplotype (6%) (Table 29). In our sample, 

the PD disease status and the MAPT haplotype were not significantly associated. After exclusion of 

donors without sufficient brain tissue 115 donors were available. Next, brains with MAPT H1/H1 

genotypes were matched for age and sex to the H2/H2 brains and RNA quality criteria were applied 

(RNA purity, concentration and integrity number). At the end of selection process 15% of the samples 

were included into the study” [1]. 

Figure 10. Exemplary Western Blot of Trizol soluble protein from postmortem brain.
(A) Proteins extracted from gyrus fusiformis and cerebellum of donors representing subgroups according to MAPT haplotype (H1/H1 and H2/H2) 
and disease (PD, control) are represented. Fluorescent antibodies did not perform sufficiently with high background signal and weak signal from 
the individual tau isoforms. (B) Schematic overview of immunoblotting. After simultaneous detection of 4R and 3R tau isoforms with fluorescent 
secondary antibodies, Dako total tau was was applied followed by GAPDH as reference protein. For the latter peroxidase-linked secondary 
antibodies were used. Fluorescent antibodies did not perform sufficiently and were not used for data analysis. PD, Parkinson´s disease; kDa, kilo 
Dalton. 
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Figure 13. Schematic overview of processing and selection of human postmortem brain samples. 
Postmortem brain tissue of two brain regions were obtained from sporadic PD patients and healthy 

controls. After genotyping for MAPT haplotype and matching of donors, a tissue quality assessment was 
performed to select the most suitable tissue for the study population. Derived from Tauber et al., 2022 

[1]. 
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Table 29. Frequency of MAPT haplotypes determined in postmortem brain donors. 

MAPT haplotype Controls 
(n = 81) 

PD	
(n = 95) 

PD vs. Controls 
P – Value 

H1/H1 [n (%)] 55  (67.9) 68  (71.6) 0.596 
H1/H2 [n (%)] 21  (25.9) 21  (22.1) 0.553 
H2/H2 [n (%)] 5  (6.2) 6  (6.3) 0.968 

P-values	were	calculated	using	Chi-squared	test.	Derived	from	Tauber	et	al.,	2022	[1].	

 Characteristics of study population 
 

The study population comprised 14 PD donors [n = 9 (64%) with MAPT H1/H1, n = 5 (36%) with H2/H2] 

and 12 controls (Con) [n = 7 (58%) with MAPT H1/H1, n = 5 (42%) with H2/H2) (Fig 14).   

In terms of RNA quality, the RNA extracts of the study population showed a high purity (mean A260/280 

1.98; mean A260/230 1.93) and sufficient concentration (mean 1.02 µg/µl). Regarding RNA integrity (RIN), 

values ranged from 2.8 – 8.1 in the study population. With respect to the limited sample size, especially 

within the MAPT H2/H2 cohort, four samples with slightly lower RIN values (PD 11 ctx-fg 3.1; PD 13 

ctx-cbl 2.8; C8 ctx-cbl 3.2; C10 ctx-fg 2.8) were taken into account. Apart from that, all samples passed 

the RIN threshold proposed for brain tissue of 3.95 [147]. Subgroups did not differ in RIN values neither 

in fusiform gyrus (P = 0.704) nor in cerebellum (P = 0.107) with nearly equal RIN values (Table 30). Brain 

samples with insufficient high RIN values were excluded (Table 19, chapter 2.3.1.2). 

 

Table 30. RNA integrity values measured in the study population. 

Brain	region	 Participant	
number	

PD	 Controls	 Groupwise	
comparison	

P–Value	
H1/H1	
(n	=	9)	

H2/H2	
(n	=	5)	

H1/H1	
(n	=	7)	

H2/H2	
(n	=	5)	

Cortex	of	fusiform	
gyrus	
	

1	 5.1	 5.8	 8.8	 6.1	

	

2	 6.4	 3.1	 6.4	 6.5	
3	 5.5	 4.8	 5.7	 2.8	
4	 5.0	 6.7	 5.5	 5.6	
5	 6.1	 6.4	 5.9	 6.5	
6	 4.5	 -	 4.4	 -	
7	 8.5	 -	 6.2	 -	
8	 6.6	 -	 -	 -	
9	 6.5	 -	 -	 -	

Mean	±	SEM	 6.0	±	0.4	 5.4	±	0.7	 6.1	±	0.5	 5.5	±	0.7	 0.704	

Cortex	of	
cerebellum	

1	 7.0	 5.6	 8.3	 3.2	

	

2	 7.0	 2.8	 7.4	 7.0	
3	 7.0	 5.1	 5.5	 4.6	
4	 6.5	 2.8	 5.0	 4.6	
5	 3.3	 6.1	 4.9	 5.5	
6	 5.4	 -	 4.4	 -	
7	 8.1	 -	 6.8	 -	
8	 6.3	 -	 -	 -	
9	 6.2	 -	 -	 -	
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Mean	±	SEM	 6.3	±	0.4	 4.5	±	0.7	 6.1	±	0.6	 5.0	±	0.6	 0.107	

For	groupwise	comparison	of	the	four	subgroups	according	to	MAPT	haplotype	and	disease	P-values	were	calculated	
using	one-way	ANOVA.	Derived	from	Tauber	et	al.,	2022	[1].	

 

“The sex distribution was 15:11 female to male in the total study population and did not differ between 

the PD and control subgroups. There were no significant differences in demographic, clinical or 

neuropathologic characteristics between groups (Table 31). The severity of a-syn pathology in the PD 

cases was overall high with a median LBD Braak stage of 6 (of max. 6) in both H1/H1 and H2/H2 PD 

brains, with no difference between both groups. Presence of a-syn pathology was confirmed in the 

target brain region, i.e. ctx-fg, of most PD donors (86%) by semi-quantitative evaluation of Lewy 

inclusion pathology (Lewy neurites and LB) with no difference between H1/H1 and H2/H2 PD cases 

(Table 31, Fig 3). The pattern of LB pathology according to the McKeith classification [46] were 

distributed among PD cases as neocortical (n = 9), brain stem predominant (n = 2), limbical (n = 1) and 

limbical / neocortical (n = 1). Controls had neither clinical Parkinsonism during lifetime, nor any LB 

pathology. The burden of tau pathology was equally low with only two cases of AD Braak score III 

(H1/H1 PD n = 1; H2/H2 Con n = 1). Neither did subgroups of PD and controls differ significantly 

regarding concomitant AD pathology in terms of ß-amyloid neuritic plaques (CERAD score, Table 31). 

The cause of death was different with cluster of cardiovascular, pulmonary to cancer diseases (Table 

15, chapter 2.2.1)” [1]. 

 

Table 31. Demographic, clinical and neuropathologic characteristics of postmortem brain 
donors. 

	
Controls	 PD	 Groupwise 

comparison 
P–value	

H1/H1	
(n	=	7)	

H2/H2	
(n	=	5)	

H1/H1	
(n	=	9)	

H2/H2	
(n	=	5)	

Sex	(female)		 [n	(%)]	 4	 (57.1)	 4	 (80.0)	 4	 (44.4)	 3	 (60.0)	 0.380†	
Age	at	death	(y)		 [mean	(SD)]	 74.0	 (6.8)	 81.0	 (15.2)	 74.2	 (3.2)	 77.6	 (7.2)	 0.433#	
PMI	(h)		 [mean	(SD)]	 15.7	 (7.5)	 25.3	 (9.2)	 15.9	 (5.9)	 15.7	 (9.1)	 0.145#	
Age	at	diagnosis	(y)	 	[mean	(SD)]	 -	 -	 64.3	 (6.5)	 68.0	 (7.8)	 0.415‡	

Disease	duration	(y)		[mean	(SD)]	 -	 -	 9.0	 (7.4)	 10.25	 (3.4)	 0.760‡	
Lewy	inclusion	pathology	in	ctx-fg	 	 	 	 	 	 	 		0.536*	

None	 [n	(%)]	 -	 -	 1	 (11.1	 1	 (20.0)	 	
Few	 [n	(%)]	 -	 -	 4	 (44.4)	 3	 (60.0)	 	
Moderate	 [n	(%)]	 -	 -	 3	 (33.3)	 -	 	 	
Many	 [n	(%)]	 -	 -	 1	 (11.1)	 1	 (20.0)	 	
LBD	Braak	stage										 	 	 	 	 	 	 0.504*	
1	 [n	(%)]	 -	 -	 -	 -	 	
2	 [n	(%)]	 -	 -	 -	 -	 	
3	 [n	(%)]	 -	 -	 -	 -	 	

4	 [n	(%)]	 -	 -	 1	 (11.1)	 1	 (16.7)	 	
5	 [n	(%)]	 -	 -	 2	 (22.2)	 -	 	
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6	 [n	(%)]	 -	 -	 6	 (66.7)	 4	 (83.3)	 	

LBD	McKeith	stage		 	 	 	 	 	 	 0.472*	
Neocortical		 [n	(%)]	 -	 -	 5	 (55.6)	 4	 (80.0)	 	
Limbical		 [n	(%)]	 -	 -	 2	 (22.2)	 -	 	
Brain	stem	predominant		[n	(%)]	 -	 -	 1	 (11.1)	 1	 (20.0)	 	
AD	Braak	and	Braak	stage		 	 	 	 	 	 	 	 	 0.363*	
I	 [n	(%)]	 3	 (42.9)	 3	 (75.0)	 4	 (44.4)	 4	 (80.0)	 	
II	 [n	(%)]	 4	 (57.1)	 -	 	 4	 (44.4)	 1	 (20.0)	 	
III	 [n	(%)]	 -	 1	 (25.0)	 1	 (11.1)	 -	 	

IV	 [n	(%)]	 -	 -	 -	 -	 	
V	 [n	(%)]	 -	 -	 -	 -	 	
VI	 [n	(%)]	 -	 -	 -	 -	 	
CERAD	score	 	 	 	 	 	 	 	 	 0.280*	
0	 [n	(%)]	 7	 (100.0)	 5	 (100.0)	 8	 (88.9)	 3	 (60.0)	 	
A	 [n	(%)]	 -	 -	 -	 2	 (40.0)	 	
B	 [n	(%)]	 -	 -	 1	 (11.1)	 -	 	
C	 [n	(%)]	 -	 -	 	 -	 -	 	
The	LBD	Braak	stage	and	AD	Braak	and	Braak	stage	each	consist	of	six	stages.	The	CERAD	score	describes	neuritic	
Amyloid-ß	plaques	in	levels	of	0,	A,	B,	C.	Lewy	inclusion	pathology	assessed	semi-quantitatively	the	burden	of	Lewy	
neurites	and	Lewy	Bodies	in	the	target	brain	region	cortex	of	fusiform	gyrus.	For	groupwise	comparison	of	the	
indicated	subgroups	according	to	MAPT	haplotype	and	disease	P-values	were	calculated	by:	*,	Chi-squared	test;	#,	one-
way	ANOVA;	‡,	unpaired	Student’s	t-test;	†,	Fisher’s	exact	test.	Abbreviation:	AD,	Alzheimer’s	disease;	CERAD,	The	
Consortium	to	Establish	a	Registry	for	Alzheimer's	Disease;	ctx-fg,	cortex	of	fusiform	gyrus;	LBD,	Lewy	body	disease;	
PD,	Parkinson’s	disease;	PMI,	postmortem	interval.	Derived	from	Tauber	et	al.,	2022	[1].		

 
3.4 Analysis of the influence of the PD disease status and MAPT haplotype on mRNA 

expression 
 

 mRNA expression analysis of genes encoded in the MAPT locus 
 
The influence of MAPT haplotype or disease on mRNA expression was investigated in a groupwise 

comparison according to haplotype and disease status in the study sample. Expression levels of 18 

genes encoded in the MAPT inversion region were investigated (total MAPT, MAPT transcripts, MAPT-

AS1, KANSL1, KANSL1-AS1, NSF, PLEKHM1, STH). Additionally, genes were looked at which are of 

interest in PD such as the synuclein genes SNCA, SNCB, SNCG and NRF2. 

 

“As shown by qPCR, the PD disease status had no effect on the expression of total MAPT, MAPT splice 

variant transcripts 0N, 1N, 2N, 3R and 4R MAPT, MAPT-AS1 and the synuclein genes SNCA, SNCB and 

SNCG, neither in ctx-fg nor in ctx-cbl (Fig 14, Table 32).  

However, the MAPT haplotype did influence mRNA expression of total MAPT, with significantly higher 

expression in H1/H1 (~2-fold) compared to H2/H2 in ctx-fg (F (1.22) = 4.41, P = 0.047), but not in ctx-

cbl (Fig 14, Table 32). For the MAPT splice variant transcripts, no significant differences were found 

between both haplotypes in both brain regions (Table 32).  

The MAPT haplotype affected mRNA expression of several genes within the MAPT locus with no 
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observed influence of the PD disease. The transcription profile of MAPT-antisense 1 (MAPT-AS1) was 

significantly lowered in H1/H1 (-2.6 fold) compared to H2/H2 (F (1.22) = 14.21, P = 0.001) in ctx-cbl, 

but not in ctx-fg (Fig 14, Table 32)” [1]. 

The mRNA expression of KANSL1 was significantly altered by MAPT haplotypes with lower levels in in 

H1/H1 compared to H2/H2 carriers in both brain regions (ctx-fg: -2.29-fold, F (1.22) = 7.46, P = 0.012; 

ctx-cbl: -2.71-fold, F (1.22) = 17.88, P = 0.0003; Fig 15, Table 32). Likewise, a significant effect of 

haplotype on the corresponding antisense KANSL1-AS1 was found with lower expression levels in 

H1/H1 compared to H2/H2 carriers (ctx-fg: -2.97-fold, F (1.22) = 7.94, P = 0.010; ctx-cbl: -3.61-fold, F 

(1.22) = 20.19, P = 0.0003). Expression of KANSL1 and KANSL1-AS1 were not found to be affected by 

disease or interaction haplotype × disease (Fig 15, Table 32).  

The mRNA expression of PLEKHM1, NSF and STH within the MAPT inversion region were not 

statistically significant different neither between H1/H1 and H2/H2 carriers nor between control and 

PD cases in both brain regions (Table 32). The expression levels of all examined transcripts were not 

affected by an interaction haplotype × disease (two-way ANOVA, Table 32).  

 

Figure 14. Influence of MAPT haplotype and disease status on MAPT and MAPT-AS1 mRNA 
expression.Bar graphs showing the effect of MAPT haplotype (H1/H1, H2/H2) and diseases status (PD, 

controls) on the mRNA expression of total MAPT (A) and MAPT-AS1 (B) measured by qPCR in human 

brain samples of the cortex of fusiform gyrus and the cortex of cerebellum. For analysis of the MAPT 

haplotype effects, PD cases and controls were combined, and vice versa for analysis of the disease 
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status. Data are fold change (log2, mean ± SEM) relative to H2/H2 controls (H2/H2 C). Two-way ANOVA 

(haplotype × disease status), followed by Tukey´s post-hoc test: *P < 0.05; **P < 0.01. Derived from 

Tauber et al., 2022 [1]. 

 

Figure 15. Influence of MAPT haplotype and disease status on KANSL1 and KANSL1-AS1 mRNA 
expression. Bar graphs showing the effect of MAPT haplotype (H1/H1, H2/H2) and diseases status 

(PD, controls) on the mRNA expression of KANSL1 (A) and KANSL1-AS1 (B) measured by qPCR in 

human brain samples of the cortex of fusiform gyrus and the cortex of cerebellum. For analysis of the 

MAPT haplotype effects, PD cases and controls were combined, and vice versa for analysis of the 

disease status. Data are fold change (log2, mean ± SEM) relative to H2/H2 controls (H2/H2 C). Two-

way ANOVA (haplotype × disease status), followed by Tukey´s post-hoc test: *P < 0.05; **P < 0.01. 

Derived from Tauber et al., 2022 [1]. 
 

 mRNA expression analysis of NRF2 and synuclein genes  
 
Expectedly, the MAPT haplotype did not affect synuclein (SNCA, SNCB, SNCG) mRNA expression in 

both brain regions (Table 32). Also no difference was observed for mRNA expression of NRF2 in both 

brain regions separately (Table 32). The expression levels of all examined transcripts were not affected 

by an interaction haplotype × disease (two-way ANOVA, Table 32).  
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Table 32. Effects of MAPT haplotype and disease status on expression of candidate mRNAs in 
human samples of fusiform gyrus and cerebellum.   

mRNA	 Brain	
region	

Two-way	
ANOVA	
P-Value	

Main	effect	of	
haplotype	
P-Value	

Main	effect	of	
disease	
P-Value	

Haplotype	×	
disease	
P-Value	

Direction	of	
significant		
effect	

Total	MAPT	
ctx-fg	 0.182	 0.047	 0.741	 0.404	 H1/H1	>	H2/H2	
ctx-cbl	 0.365	 0.147	 0.698	 0.725	 -	

0N	MAPT	
ctx-fg	 0.367	 0.546	 0.331	 0.123	 -	
ctx-cbl	 0.614	 0.228	 0.672	 0.710	 -	

1N	MAPT	
ctx-fg	 0.162	 0.229	 0.538	 0.062	 -	
ctx-cbl	 0.534	 0.151	 0.988	 0.910	 -	

2N	MAPT	
ctx-fg	 0.540	 0.781	 0.651	 0.671	 -	
ctx-cbl	 0.155	 0.703	 0.196	 0.130	 -	

3R	MAPT	
ctx-fg	 0.290	 0.752	 0.541	 0.300	 -	
ctx-cbl	 0.614	 0.938	 0.244	 0.743	 -	

4R	MAPT	
ctx-fg	 0.338	 0.896	 0.809	 0.369	 -	
ctx-cbl	 0.652	 0.796	 0.149	 0.316	 -	

MAPT-AS1	
ctx-fg	 0.617	 0.822	 0.201	 0.600	 -	
ctx-cbl	 0.007	 0.011	 0.272	 0.647	 H2/H2	>	H1/H1	

KANSL1	
ctx-fg	 0.058	 0.012	 0.793	 0.250	 H2/H2	>	H1/H1	
ctx-cbl	 0.002	 <	0.001	 0.380	 0.224	 H2/H2	>	H1/H1	

KANSL-AS1	
ctx-fg	 0.040	 0.010	 0.304	 0.298	 H2/H2	>	H1/H1	
ctx-cbl	 0.003	 <	0.001	 0.586	 0.797	 H2/H2	>	H1/H1	

STH	
ctx-fg	 0.594	 0.728	 0.813	 0.568	 -	
ctx-cbl	 0.458	 0.170	 0.646	 0.432	 -	

NSF	
ctx-fg	 0.745	 0.285	 0.615	 0.953	 -	
ctx-cbl	 0.822	 0.442	 0.618	 0.915	 -	

PLEKHM1	
ctx-fg	 0.487	 0.544	 0.162	 0.535	 -	
ctx-cbl	 0.497	 0.467	 0.519	 0.101	 -	

NRF2	
ctx-fg	 0.325	 0.734	 0.297	 0.1033	 -	
ctx-cbl	 0.577	 0.754	 0.428	 0.212	 -	

SNCA	
ctx-fg	 0.640	 0.777	 0.214	 0.661	 -	
ctx-cbl	 0.730	 0.533	 0.679	 0.438	 -	

SNCB	
ctx-fg	 0.325	 0.242	 0.159	 0.874	 -	
ctx-cbl	 0.388	 0.488	 0.915	 0.143	 -	

SNCG	
ctx-fg	 0.839	 0.768	 0.407	 0.753	 -	
ctx-cbl	 0.916	 0.556	 0.923	 0.626	 -	

Main	effect	of	haplotype	was	analyzed	by	comparison	of	H1/H1	(Controls	+	PD)	vs.	H2/H2	(Controls	+	PD).	Main	

effect	of	disease	was	analyzed	by	comparison	of	PD	(H1/H1+H2/H2)	vs	Controls	(H1/H1+H2/H2).	The	interaction	

haplotype	×	disease	examined	the	relationship	between	the	independent	variables	(haplotype	+	disease)	on	the	

dependent	variable	of	mRNA	expression.	P-values	were	calculated	using	two-way	ANOVA	followed	by	Tukey´s	

multiple	comparisons	test.	Abbreviation:	ctx-fg,	cortex	of	fusiform	gyrus;	ctx-cbl,	cerebellum.	Derived	from	Tauber	

et	al.,	2022	[1].	

 

 Proportion of N- and R-terminal variants of MAPT transcripts relative to total MAPT 
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Next, we aimed to explore whether MAPT haplotype or disease influence the expression of MAPT 

splice variant transcripts relative to total MAPT. In this analysis, only trends in the proportions of MAPT 

transcripts were apparent between groups in both analyzed brain regions, which did not reach 

significance in all comparisons (Table 33) [1]. 

 
Table 33. Proportion of MAPT splice variant mRNA transcripts relative to total MAPT in 
conditions defined by MAPT haplotype and disease status. 

MAPT	transcript	

Controls	 PD	 Two-way	ANOVA	

H1/H1	 H2/H2	 H1/H1	 H2/H2	
Main	effect	of	
haplotype	
P-Value	

Main	effect	
of	disease	
P-Value	

Haplotype		
×	disease	
	P-Value	

ctx-fg	
0N	/	total	MAPT	(%)	 35	±	18	 42	±	18	 35	±	17	 50	±	42	 0.664	 0.865	 0.865	

1N	/	total	MAPT	(%)	 32	±	20	 24	±	14	 40	±	17	 4	±	3	 0.230	 0.743	 0.427	

2N	/	total	MAPT	(%)	 33	±	32	 34	±	33	 25	±	22	 46	±	43	 0.721	 0.954	 0.754	

ctx-cbl	
0N	/	total	MAPT	(%)	 31	±	7	 29	±	8	 34	±	2	 29	±	5	 0.592	 0.794	 0.729	

1N	/	total	MAPT	(%)	 28	±	4	 29	±	8	 36	±	2	 28	±	7	 0.536	 0.538	 0.447	

2N	/	total	MAPT	(%)	 41	±	10	 42	±	11	 30	±	3	 43	±	4	 0.426	 0.553	 0.453	

ctx-fg	
3R	/	total	MAPT	(%)	 35	±	31	 42	±	19	 34	±	29	 34	±	31	 0.910	 0.902	 0.921	

4R	/	total	MAPT	(%)	 65	±	50	 58	±	20	 66	±	18	 66	±	31	 0.907	 0.898	 0.919	

ctx-cbl	
3R	/	total	MAPT	(%)	 45	±	18	 90	±	34	 54	±	14	 47	±	22	 0.823	 0.870	 0.829	

4R	/	total	MAPT	(%)	 55	±	47	 10	±	9	 46	±	12	 53	±	28	 0.610	 0.496	 0.473	

For	groupwise	comparison	results	were	combined	according	to	MAPT	haplotype	and	disease	status.	P-values	were	
calculated	using	two-way	ANOVA	followed	by	Tukey´s	multiple	comparisons	test.	Main	effect	of	haplotype	was	
analyzed	by	comparison	of	H1/H1	(Controls	+	PD)	vs.	H2/H2	(Controls	+	PD).	Main	effect	of	disease	was	analyzed	
by	comparison	of	PD	(H1/H1+H2/H2)	vs	Controls	(H1/H1+H2/H2).	The	interaction	haplotype	×	disease	examined	
the	relationship	between	the	independent	variables	(haplotype	+	disease)	on	the	dependent	variable	of	
proportions	of	MAPT	transcripts.	Data	are	mean	±	SEM.	Statistic	analysis	were	not	significant	for	all	parameters	(P	
>	0.05).	Derived	from	Tauber	et	al.,	2022	[1].	

 
 

 Comparison of gene expression between brain regions 
 
Further, the regional gene expression was evaluated by relating expression levels in ctx-fg to ctx-fg in 

each specimen. Altogether, no significant differences were observed in all comparisons (Table 34) [1]. 

 

Table 34. Expression of candidate mRNAs in human samples of fusiformis gyrus compared to 
cerebellum.  

Transcript	

mRNA	levels	ctx-fg	vs.	ctx-cbl	
Mean	±	SEM	 Two-way	ANOVA	

Controls	 PD	

H1/H1	 H2/H2	 H1/H1	 H2/H2	
Main	effect	
of	haplotype	
P-Value	

Main	
effect	of	
disease	
P-Value	

Haplotype	
×	disease	
P-Value	
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Total	MAPT	 -0.04	±	0.16	 0.15	±	0.32	 0.17	±	0.14	 -0.40	±	0.18	 0.342	 0.415	 0.067	

0N	MAPT	 -0.33	±	0.35	 0.48	±	0.25		 -0.02	±	0.11	 0.01	±	0.09	 0.296	 0.748	 0.112	
1N	MAPT	 -0.14	±	0.22	 0.25	±	0.32	 0.06	±	0.13	 -0.15	±	0.20	 0.667	 0.643	 0.172	
2N	MAPT	 -0.62	±	0.52	 0.42	±	0.53	 0.44	±	0.20	 0.34	±	0.18	 0.245	 0.220	 0.162	
3R	MAPT	 -0.09	±	0.44	 0.21	±	0.25	 0.36	±	0.09	 0.13	±	0.11	 0.895	 0.512	 0.349	
4R	MAPT	 0.14	±	0.41	 0.43	±	0.37	 0.43	±	0.37	 0.24	±	0.28	 0.823	 0.593	 0.264	
MAPT-AS1	 0.29	±	0.35	 -0.39	±	0.30	 0.25	±	0.12	 -0.47	±	0.21	 0.182	 0.876	 0.953	
KANSL1	 0.12	±	0.19	 -0.05	±	0.22	 0.03	±	0.15	 -0.18	±	0.24	 0.346	 0.592	 0.907	
KANSL1-AS1	 0.09	±	0.22	 -0.06	±	0.36	 0.16	±	0.09	 -0.36	±	0.25	 0.128	 0.597	 0.340	
STH	 0.13	±	0.15	 0.01	±	0.32	 -0.02	±	0.11	 -0.15	±	0.23	 0.438	 0.513	 0.978	
PLEKHM1	 0.27	±	0.21	 -0.08	±	0.27	 -0.06	±	0.17	 -0.19	±	0.22	 0.285	 0.336	 0.616	
NSF	 0.07	±	0.18	 -0.05	±	0.21	 0.06	±	0.13	 -0.15	±	0.2	 0.343	 0.763	 0.789	
NRF2	 0.02	±	0.17	 -0.01	±	0.24	 0.06	±	0.12	 -0.13	±	0.21	 0.522	 0.798	 0.655	
SNCA	 0.15	±	0.16	 0..06	±	0.21	 -0.06	±	0.10	 -0.16	±	0.23		 0.589	 0.208	 0.998	
SNCB	 0.24	±	0.31	 0.41	±	0.35	 -0.56	±	0.38	 0.27	±	0.10	 0.177	 0.204	 0.372	
SNCG	 0.03	±	0.18	 0.18	±	0.36	 -0.14	±	0.20	 0.03	±	0.30	 0.541	 0.530	 0.946	

For	the	comparison	of	gene	expression	between	the	brain	regions,	the	difference	in	mRNA	levels	between	gyrus	
fusiformis	and	cerebellum	were	calculated.	For	groupwise	comparison	of	these	differences	results	were	combined	
according	to	MAPT	haplotype	and	disease	status.	P-values	were	calculated	using	two-way	ANOVA	followed	by	
Tukey´s	multiple	comparisons	test	and	were	not	significant	for	all	parameters	(P	>	0.05).	Abbreviation:	ctx-fg,	cortex	
of	fusiform	gyrus;	ctx-cbl,	cortex	of	cerebellum.	Derived	from	Tauber	et	al.,	2022	[1].	

 

3.5 Analysis of the influence of the PD disease status and MAPT haplotype on soluble 
and insoluble protein levels of tau and a-syn  

 

 Soluble protein levels of tau and a-syn in postmortem brain 
 
Having investigated the mRNA expression, we were interested on how different MAPT haplotypes and 

disease influence the protein level of tau, tau isoforms and a-syn in the very same tissue samples (Table 

35). Protein levels of total tau, its isoforms, or a-syn in the sarkosyl-soluble protein fraction did not differ 

when analyzed in terms of disease, MAPT haplotypes or interaction  in both analyzed brain regions (Fig 

16, Fig 17 A, Table 35) [1]. 

 

Table 35. Effects of MAPT haplotype and disease status on levels of tau isoforms and a-syn in 
the soluble protein fraction in human samples of fusiform gyrus and cerebellum. 

Protein	
fraction	

Brain	
region	

Two-way	
ANOVA	
P-Value	

Main	effect	
of	haplotype	
P-Value	

Main	effect	
of	disease	
P-Value	

Haplotype	×	
disease	
P-Value	

Direction	of	
significant		
effect	

a-syn	
ctx-fg	 0.830	 0.595	 0.511	 0.899	 -	
ctx-cbl	 0.926	 0.563	 0.946	 0.790	 -	

Total	tau	
ctx-fg	 0.737	 0.279	 0.877	 0.908	 -	
ctx-cbl	 0.285	 0.415	 0.875	 0.077	 -	

0N3R	tau	
ctx-fg	 0.312	 0.101	 0.406	 0.734	 -	
ctx-cbl	 0.207	 0.207	 0.150	 0.205	 -	

0N4R	tau	
ctx-fg	 0.341	 0.103	 0.479	 0.724	 -	
ctx-cbl	 0.301	 0.176	 0.332	 0.251	 -	
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1N3R	tau	
ctx-fg	 0.308	 0.093	 0.455	 0.721	 -	

ctx-cbl	 0.412	 0.223	 0.519	 0.263	 -	

1N4R	tau	
ctx-fg	 0.446	 0.145	 0.552	 0.700	 -	
ctx-cbl	 0.480	 0.898	 0.919	 0.132	 -	

2N3R	tau	
ctx-fg	 0.538	 0.653	 0.184	 0.551	 -	
ctx-cbl	 0.581	 0.251	 0.574	 0.610	 -	

2N4R	tau	
ctx-fg	 0.709	 0.316	 0.607	 0.749	 -	
ctx-cbl	 0.072	 0.569	 0.482	 0.052	 -	

Main	effect	of	haplotype	was	analyzed	by	comparison	of	H1/H1	(Controls	+	PD)	vs.	H2/H2	(Controls	+	PD).	Main	
effect	of	disease	was	analyzed	by	comparison	of	PD	(H1/H1+H2/H2)	vs	Controls	(H1/H1+H2/H2).	The	interaction	
haplotype	×	disease	examined	the	relationship	between	the	independent	variables	(haplotype	+	disease)	on	the	
dependent	variable	of	protein	levels.	P-values	were	calculated	using	two-way	ANOVA	followed	by	Tukey´s	multiple	
comparisons	test.	Abbreviation:	ctx-fg,	cortex	of	fusiform	gyrus;	ctx-cbl,	cerebellum.	Derived	from	Tauber	et	al.,	
2022	[1].	

 

 

Figure 16. Effect of MAPT haplotype and disease status on soluble tau protein levels. (A) Bar 

graphs showing the effect of MAPT haplotypes (H1/H1, H2/H2) and diseases status (PD, control) on 

soluble total tau protein levels in human brain samples of cortex of fusiform gyrus and the cortex of 

cerebellum. For analysis of the MAPT haplotype effects, PD cases and controls were combined, and 

vice versa for analysis of the disease status.  Data are protein quantity (mean ± SEM) relative to GAPDH 
and normalized to an inter-run calibration consisting of pooled protein samples. Two-way ANOVA 

(haplotype × disease status) showed no significant group differences. (B) Representative Western blots 

for soluble total tau with GAPDH as reference protein. The six tau isoforms were identified by 

FIG 3
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comparison to a recombinant tau ladder. Full length Western blots are shown in Fig 7. Derived from 

Tauber et al., 2022 [1]. 

 

Figure 17. Influence of MAPT haplotype and disease status on soluble and insoluble "-synuclein 
protein levels. Bar graphs showing the effect of MAPT haplotypes (H1/H1, H2/H2) and diseases status 

(PD, control) on protein levels of soluble (A) and insoluble (B) "-synuclein ("-Syn) in human brain 

samples of the cortex of fusiform gyrus and the cortex of cerebellum. For analysis of the MAPT haplotype 

effects, PD cases and controls were combined, and vice versa for analysis of the disease status.  Data 

are protein quantity (mean ± SEM) relative to GAPDH and normalized to an inter-run calibration 

consisting of pooled protein samples. Two-way ANOVA (haplotype × disease status), followed by 

Tukey´s post-hoc test: *P < 0.05.  (C, D) Representative Western blot for soluble (C) and insoluble (D) 
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"-Syn with GAPDH (C) and Total Protein Stain (D) as reference. Full length Western blots are shown in 

Fig 8. Derived from Tauber et al., 2022 [1]. 

 

 Insoluble protein levels of tau and a-syn in postmortem brain 
 
“In the insoluble protein levels of a-syn were significantly elevated in PD compared to controls in ctx-

fg (PD vs. Con 3.4 ± 0.3 vs. 2.3 ± 0.2, F (1.22) = 5.69, P = 0.026, Fig 17B, Table 36). This effect was 

independent of the MAPT haplotype and not present in the reference region cerebellum. 

The PD also significantly increased insoluble levels of 0N3R and 1N4R tau isoforms compared to 

controls in ctx-fg (0N3R tau: 4.2 ± 0.4  vs. 2.6 ± 0.5, F (1.22) = 4.99, P = 0.036); 1N4R tau: 3.6 ± 0.9 vs 

2.3 ± 0.3, F (1.22) = 4.60, P = 0.043), but not in the ctx-cbl (Fig 18, Table 36). Other tau isoforms (0N4R, 

1N3R, 2N3R, 2N4R) did not differ significantly PD and controls in both brain regions (Table 36). There 

was a trend towards increased total tau levels in PD in the ctx-fg, without reaching the statistical 

significance. There was no effect of the MAPT haplotype or haplotype × disease interaction on 

insoluble levels of total tau, tau isoforms, or a-syn (Table 36)“ [1]. 

 
Table 36. Effects of MAPT haplotype and disease status on levels of tau isoforms and a-syn in 
the insoluble protein fraction in human samples of fusiform gyrus and cerebellum. 

Protein	
fraction	

Brain	
region	

Two-way	
ANOVA	
P-Value	

Main	effect	
of	haplotype	
P-Value	

Main	effect	
of	disease	
P-Value	

Haplotype	×	
disease	
P-Value	

Direction	of	
significant		
effect	

a-syn	
ctx-fg	 0.134	 0.781	 0.026	 0.995	 PD	>	Control		
ctx-cbl	 0.953	 0.628	 0.767	 0.875	 -	

Total	tau	
ctx-fg	 0.150	 0.243	 0.099	 0.587	 -	
ctx-cbl	 0.576	 0.580	 0.590	 0.229	 -	

0N3R	tau	
ctx-fg	 0.108	 0.252	 0.036	 0.881	 PD	>	Control	
ctx-cbl	 0.226	 0.301	 0.080	 0.669	 -	

0N4R	tau	
ctx-fg	 0.215	 0.453	 0.098	 0.554	 -	
ctx-cbl	 0.371	 0.380	 0.145	 0.469	 -	

1N3R	tau	
ctx-fg	 0.362	 0.491	 0.130	 0.889	 -	

ctx-cbl	 0.385	 0.226	 0.298	 0.375	 -	

1N4R	tau	
ctx-fg	 0.031	 0.062	 0.043	 0.289	 PD	>	Control	

ctx-fg	 0.616	 0.779	 0.199	 0.643	 -	

2N3R	tau	
ctx-cbl	 0.596	 0.790	 0.303	 0.535	 -	
ctx-fg	 0.966	 0.626	 0.939	 0.992	 -	

2N4R	tau	
ctx-cbl	 0.564	 0.395	 0.605	 0.287	 -	
ctx-fg	 0.299	 0.079	 0.803	 0.651	 -	

Main	effect	of	haplotype	was	analyzed	by	comparison	of	H1/H1	(Controls	+	PD)	vs.	H2/H2	(Controls	+	PD).	Main	
effect	of	disease	was	analyzed	by	comparison	of	PD	(H1/H1+H2/H2)	vs	Controls	(H1/H1+H2/H2).	The	interaction	
haplotype	×	disease	examined	the	relationship	between	the	independent	variables	(haplotype	+	disease)	on	the	
dependent	variable	of	protein	levels.	P-values	were	calculated	using	two-way	ANOVA	followed	by	Tukey´s	multiple	
comparisons	test.	Abbreviation:	ctx-fg,	cortex	of	fusiform	gyrus;	ctx-cbl,	cerebellum.	Derived	from	Tauber	et	al.,	
2022	[1].	
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Figure 18. Influence of MAPT haplotype and disease status on insoluble tau protein levels. Bar 
graphs showing the effect of MAPT haplotypes (H1/H1, H2/H2) and disease status (PD, control) on 

insoluble protein levels of total tau (A), 0N3R tau (B) and 1N4R tau (C) in human brain samples of the 

cortex of fusiform gyrus and the cortex of cerebellum. For analysis of the MAPT haplotype effects, PD 

cases and controls were combined, and vice versa for analysis of the disease status. Data are protein 

quantity (mean ± SEM) relative to Total Protein Stain and normalized to an inter-run calibration 

consisting of pooled protein samples. Two-way ANOVA (haplotype × disease status), followed by 

Tukey´s post-hoc test: *P < 0.05. (D) Representative Western blot for soluble total tau with Total Protein 

Stain as reference. The six tau isoforms were identified by comparison to a recombinant tau ladder. Full 
length Western blots are shown in Fig 7. Derived from Tauber et al., 2022 [1].  

FIG 5
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 Proportion of N- and R-terminal variants of tau protein isoforms relative to total tau  
 
The proportion of N- and R-terminal variants of tau protein isoforms relative to total tau were not 

affected by MAPT haplotype nor disease status (Table 37) [1]. 

 

Table 37. N-and R-terminal variants of tau protein isoforms relative to total tau in conditions 
defined by MAPT haplotype and disease status. 

Tau	isoform		

Controls	 PD	 Two-way	ANOVA	

H1/H1	 H2/H2	 H1/H1	 H2/H2	
Main	effect		
of	haplotype	
P-Value	

Main	effect	
of	disease	
P-Value	

Haplotype		
×	disease	
	P-Value	

Soluble	tau	
ctx-fg	 	 	 	 	 	 	 	

0N	/	total	tau	(%)	 33	±	12	 23	±	6	 37	±	8	 35	±	4	 0.553	 0.413	 0.653	

1N	/	total	tau	(%)	 34	±	14	 22	±	9	 37	±	7	 35	±	7	 0.519	 0.487	 0.641	

2N/	total	tau	(%)	 33	±	15	 55	±	26	 26	±	8	 30	±	5	 0.375	 0.293	 0.522	

ctx-cbl	 	 	 	 	 	 	 	

0N/	total	tau	(%)	 43	±	8	 32	±	8	 25	±	3	 32	±	8	 0.977	 0.291	 0.127	

1N/	total	tau	(%)	 42	±	8	 33	±	9	 36	±	11	 34	±	7	 0.599	 0.800	 0.779	

2N/	total	tau	(%)	 15	±	13	 35	±	18	 39	±	11	 34	±	16	 0.556	 0.419	 0.383	

ctx-fg	 	 	 	 	 	 	 	

3R/	total	Tau	(%)	 48	±	19	 64	±	19	 45	±	11	 45	±	4	 0.669	 0.556	 0.686	

4R/	total	Tau	(%)	 52	±	22	 36	±	12	 55	±	12	 55	±	10	 0.626	 0.502	 0.645	

ctx-cbl	 	 	 	 	 	 	 	

3R/	total	Tau	(%)	 64	±	13	 48	±	13	 41	±	9	 31	±	22	 0.368	 0.158	 0.847	

4R/	total	Tau	(%)	 36	±	12	 52	±	11	 59	±	16	 75	±	12	 0.286	 0.137	 0.957	

Insoluble	tau	
ctx-fg	 	 	 	 	 	 	 	

0N	/	total	tau	(%)	 40	±	9	 38	±7	 42	±	4	 45	±	11	 0.951	 0.647	 0.766	

1N	/	total	tau	(%)	 42	±	8	 38	±	7	 42	±	5	 40	±	10	 0.893	 0.692	 0.841	

2N/	total	tau	(%)	 18	±	4	 24	±	5	 16	±	3	 15	±	4	 0.563	 0.198	 0.393	

ctx-cbl	 	 	 	 	 	 	 	

0N/	total	tau	(%)	 34	±	5	 39	±	16	 28	±	5	 36	±	11	 0.423	 0.589	 0.860	

1N/	total	tau	(%)	 39	±	9	 45	±	16	 38	±	9	 39	±	10	 0.745	 0.707	 0.846	

2N/	total	tau	(%)	 27	±	4	 16	±	5	 34	±	7	 25	±	9	 0.169	 0.295	 0.830	

ctx-fg	
3R/	total	Tau	(%)	 52	±	10	 51	±	9	 50	±	7	 58	±	11	 0.713	 0.763	 0.671	

4R/	total	Tau	(%)	 48	±	9	 49	±	10	 50	±	8	 42	±	7	 0.694	 0.748	 0.650	

ctx-cbl	 	 	 	 	 	 	 	

3R/	total	Tau	(%)	 48	±	6	 55	±	16	 48	±	10	 59	±	13	 0.445	 0.864	 0.845	

4R/	total	Tau	(%)	 52	±	11	 45	±	14	 52	±	10	 41	±	13	 0.518	 0.885	 0.869	

For	groupwise	comparison	results	were	combined	according	to	MAPT	haplotype	and	disesase	status.	Statistic	
analysis	for	groupwise	differences	with	two-way	ANOVA	were	not	significant	(P	>	0.05)	for	all	parameters.	
Abbreviation:	ctx-fg,	cortex	of	fusiform	gyrus;	ctx-cbl,	cortex	of	cerebellum.	Derived	from	Tauber	et	al.,	2022	[1].	
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 Differences in protein levels between brain regions 
 

“Despite comparable mRNA expression levels, there was a differential protein ratio with higher 

insoluble a-syn protein levels in ctx-fg relative to ctx-cbl of PD brains compared to controls (PD vs. 

Control 2.7 ± 0.3 vs. 1.6 ± 0.2, F (1.22) = 5.72, P = 0.025; Fig. 16-18). The same trend for increased 

insoluble protein ratios was also observed for insoluble total tau but did not reach statistical significance 

for the effect of disease (P = 0.067). However, the ratios of insoluble tau isoform 0N3R (PD vs. Control 

3.9 ± 0.4 vs. 2.2 ± 0.5, F (1.22) = 6.58, P = 0.018) was significantly higher in PD, independent of the 

MAPT haplotype. For insoluble 1N4R tau protein, a significant increase in H1/H1 PD brains was also 

found with significant effect of both MAPT haplotype (H1/H1 vs. H2/H2 3.2 ± 0.9 vs. 1.9 ± 0.5, F (1,22) 

= 4.54, P = 0.045) and disease (PD vs. Control 3.2 ± 0.8 vs 1.8 ± 0.4, F (1.22) = 5.12, P = 0.034) (Table 

38)“ [1]. 

 

Table 38. Regional distribution of different protein levels in human samples of fusiform gyrus 
related to cerebellum. 

Protein	
	

Protein	levels	ctx-fg	vs	ctx-cbl	
Mean	±	SEM	 Two-way	ANOVA	

Controls	 PD	

H1/H1	 H2/H2	 H1/H1	 H2/H2	
Main	effect	
of	haplotype	
P-Value	

Main	effect	
of	disease	
P-Value	

Haplotype		
×	disease	
	P-Value	

Soluble	
a-syn		 0.92	±	0.29	 1.02	±	0.18	 1.29	±	0.34	 1.28	±	0.30	 0.894	 0.350	 0.861	

Insoluble	
a-syn		 1.72	±	0.38	 1.52	±	0.20	 2.82	±	0.48	 2.54	±	0.40	 0.601	 0.025	 0.936	

Soluble	tau	
Total	tau	 11.7	±	5.12	 5.08	±	4.17	 10.6	±	3.08	 7.93	±	1.51	 0.255	 0.827	 0.613	
0N3R	tau	 1.98	±	0.79	 0.59	±	0.30	 2.29	±	0.54	 1.47	±	0.22	 0.082	 0.334	 0.646	
0N4R	tau	 1.68	±	0.78	 0.33	±	0.29	 1.88±	0.48	 1.10	±	0.16	 0.076	 0.410	 0.620	
1N3R	tau	 1.61	±	0.70	 0.35	±	0.29	 1.78	±	0.43	 1.06	±	0.16	 0.068	 0.407	 0.608	
1N4R	tau	 2.21	±	1.04		 0.46	±	0.41	 2.15	±	0.69	 1.35	±	0.31	 0.122	 0.607	 0.557	
2N3R	tau	 1.90	±	0.87	 2.73	±	2.51	 0.77	±	0.80	 0.54	±	0.86	 0.812	 0.194	 0.673	
2N4R	tau	 2.34	±	0.97	 0.59	±	0.70	 1.79	±	0.50	 1.7	±	0.75	 0.239	 0.714	 0.287	
Insoluble	tau	
Total	tau	 11.6	±	2.72	 8.54	±	2.86	 17.8	±	2.76	 13.2	±	1.95	 0.190	 0.067	 0.791	
0N3R	tau	 2.67	±	0.76	 1.61	±	0.57	 4.23	±	0.50	 3.47	±	0.75	 0.186	 0.018	 0.824	
0N4R	tau	 1.96	±	0.42	 1.64	±	0.78	 3.66	±	0.66	 2.70	±	0.79	 0.362	 0.057	 0.644	
1N3R	tau	 2.37	±	0.59	 1.57	±	0.72	 3.68	±	0.61	 3.00	±	1.01	 0.322	 0.075	 0.935	
1N4R	tau	 2.27	±	0.48	 1.39	±	0.54	 4.04	±	0.66	 2.34	±	0.32	 0.045	 0.034	 0.500	
2N3R	tau	 0.73	±	0.19	 1.07	±	0.17	 1.27	±	0.33	 1.20	±	0.47	 0.693	 0.310	 0.536	
2N4R	tau	 1.02	±	0.34	 1.26	±	0.35	 1.20	±	0.49	 0.56	±	0.39	 0.661	 0.572	 0.341	

For	the	comparison	of	protein	levels	between	the	brain	regions,	the	differences	in	protein	levels	between	gyrus	
fusiformis	and	cerebellum	were	calculated.	For	groupwise	comparison	of	these	differences	results	were	combined	
according	to	MAPT	haplotype	and	disease	status.	P-values	were	calculated	using	two-way	ANOVA	followed	by	
Tukey´s	multiple	comparisons	test.	Abbreviation:	ctx-fg,	cortex	of	fusiform	gyrus;	ctx-cbl,	cortex	of	cerebellum.	
Derived	from	Tauber	et	al.,	2022	[1].	
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 No differences between insoluble and soluble protein levels 
 

The differences between the insoluble to the soluble protein fraction of tau and a-syn was not affected 

by neither disease status, the MAPT haplotype, nor their interaction for haplotype x disease (Table 39).  

[1]. 

 

Table 39. Investigation of differences between insoluble and soluble protein levels in human 
samples of fusiform gyrus and cerebellum. 

Protein	
(Brain	
region)	

Insolube	vs.	soluble	protein	levels	
Mean	±	SEM	 Two-way	ANOVA	

Controls	 PD	

H1/H1	 H2/H2	 H1/H1	 H2/H2	
Main	effect	
of	haplotype	
P-Value	

Main	effect	
of	disease	
P-Value	

Haplotype		
×	disease	
	P-Value	

a-syn		
(ctx-fg)	 -0.87	±	0.44	 0.59	±	0.46	 1.67	±	0.46	 1.44	±	0.51	 0.610	 0.112	 0.970	

a-syn	
(ctx-cbl)	 0.07	±	0.18	 0.10	±	0.42	 0.15	±	0.17	 0.17	±	0.35	 0.932	 0.787	 0.990	

Total	tau	
(ctx-fg)	 0.72	±	5.54	 3.68	±	2.77	 7.29	±	4.21	 6.13	±	2.56	 0.846	 0.337	 0.658	

Total	tau	
(ctx-cbl)	 0.82	±	0.63	 0.22	±	1.03	 0.06	±	0.64	 0.79	±	0.70	 0.935	 0.900	 0.309	

0N3R	tau	
(ctx-fg)	 0.84	±	1.11	 1.17	±	0.52	 1.95	±	0.80	 2.08	±	0.85	 0.808	 0.293	 0.912	

0N3R	tau	
(ctx-cbl)	 0.15	±	0.04	 0.16	±	0.20	 0.01	±	0.04	 0.08	±	0.07	 0.698	 0.244	 0.722	

0N4R	tau	
(ctx-fg)	 0.39	±	0.81	 1.44	±	0.66	 1.79	±	0.79	 1.61	±	0.87	 0.610	 0.365	 0.474	

0N4R	tau	
(ctx-cbl)	 0.11	±	0.06	 0.13	±	0.18	 0.00	±	0.07	 0.01	±	0.11	 0.905	 0.270	 0.937	

1N3R	tau	
(ctx-fg)	 0.87	±	0.71	 1.53	±	0.54	 1.94	±	0.68	 2.04	±	1.15	 0.641	 0.333	 0.728	

1N3R	tau	
(ctx-cbl)	 0.11	±	0.05	 0.31	±	0.29	 0.05	±	0.11	 0.10	±	0.14	 0.418	 0.372	 0.634	

1N4R	tau	
(ctx-fg)	 0.36	±	1.13	 1.05	±	0.40	 1.82	±	1.02	 0.89	±	0.42	 0.906	 0.526	 0.427	

1N4R	tau	
(ctx-cbl)	 0.31	±	0.14	 0.12	±	0.31	 -0.07	±	0.25	 -0.11	±	0.19	 0.647	 0.219	 0.749	

2N3R	tau	
(ctx-fg)	 -0.90	±	0.95	 -1.83	±	2.35	 0.53	±	0.76	 0.59	±	0.79	 0.724	 0.130	 0.691	

2N3R	tau	
(ctx-cbl)	 0.27	±	0.10	 -0.16	±	0.31	 0.03	±	0.17	 -0.07	±	0.32	 0.237	 0.724	 0.459	

2N4R	tau	
(ctx-fg)	 -0.84	±	1.08	 0.30	±	0.58	 -0.74	±	0.74	 -1.08	±	0.74	 0.649	 0.478	 0.413	

2N4R	
(ctx-cbl)	 0.48	±	0.11	 -0.37	±	0.25	 -0.15	±	0.14	 0.07	±	0.21	 0.089	 0.557	 0.946	

For	the	comparison	of	protein	levels	between	the	protein	fractions,	the	differences	in	protein	levels	between	the	
insoluble	and	soluble	protein	fraction	were	calculated.	P-values	were	calculated	using	two-way	ANOVA	followed	by	
Tukey´s	multiple	comparisons	test.	Statistic	analysis	were	not	significant	for	all	parameters	(P	>	0.05).	Abbreviation:	
ctx-fg,	cortex	of	fusiform	gyrus;	ctx-cbl,	cortex	of	cerebellum.	Derived	from	Tauber	et	al.,	2022	[1].	
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4 Discussion 

 

4.1 Methodical preliminary experiments 
 
This study aimed to create the best possible conditions for the quality and reproducibility of the analysis 

by evaluating different technical methods of RNA and protein extraction for down-stream applications. 

As quantification results rely on optimal PCR efficiency conditions, removal of gDNA is strongly 

required. Otherwise compromising side effects occur, such as false high RNA concentrations or co- 

amplification of genomic DNA during RT-qPCR. If this takes place, PCR efficiency of the target 

sequence is reduced [159, 160]. Therefore, three different gDNA elimination methods were tested. 

While the column-based and solution-based gDNA elimination were part of established RNA protocols, 

the protocol after Chomczynski without gDNA elimination step required a subsequent enzymatic 

treatment with TurboDNAse. A strong decrease in RNA yield was evident in all samples treated with 

TurboDNAse, however significancy was only met in cells. Even more, a significantly higher RNA 

degradation in treated RNA from postmortem human brain compared to untreated RNA extracts 

occurred. RNA Purity was not affected by treatment with TurboDNAse in all samples. The increased 

RNA degradation with TurboDNase might be explained by residual endogenous RNAse activity. The 

severe decrease in RNA yield might be due to the obligatory high temperature at incubation. However, 

the treatment with EDTA and RNAse inhibitors prior to TurboDNAse achieved no consistent 

improvement.  

Based on these two major disadvantages, the enzymatic gDNA elimination and hence the protocol 

after Chomczynski were considered unsuitable for postmortem brain tissue. In contrast, the column-

based (RNEasy+ Mini Kit, method after Rodriguez-Lanetty) and solution-based removal (RNEasy+ Mini 

Kit and method after Rodriguez-Lanetty) have the advantage that no leftovers of gDNA or DNase 

enzyme activity remain, and no high-temperature incubation is necessary. Both performed similar in 

RNA quality parameters. 

In reaction to resported differences of commercially available RNA kits, three protocols for RNA 

extraction were tested in terms of RNA concentration, purity and integrity in human brain samples 

[161]. The method after Rodriguez-Lanetty delivered the second-highest RNA yield, but at the same 

time the significantly lowest purity which was considered not acceptable for down-stream applications. 

The RNEasy+ Mini Kit using RLT buffer instead of Trizol led to the lowest RNA yield in all samples with 

sufficient purity. There was no significant influence on RIN by all protocols. Of note, a recent study 

described no impact on yield and RIN by preanalytical procedures in brain samples [162]. Altogether, 

the RNEasy+ Mini Universal kit showed the best performance regarding RNA quantity, purity and 

integrity. In addition to the excellent RNA quality, this method offered more advantages. A greater 

amount of starting tissue of 100 mg can be used compared to the RNEasy+ Mini Kit and method after 



 78 

Rodriguez-Lanetty which allow only 30 mg tissue. The handling of the TissueRuptor for homogenization 

was easier and facilitated quick tissue processing without unnecessary thawing compared to the 

grinding with liquid nitrogen and subsequent QIAShredder. The gDNA elimination solution provided 

an easy and gentle treatment of RNA without a high-temperature incubation compared to the 

TurboDNAse treatment. Regarding phase separation, the use of MaXtract High Density tube facilitated 

the handling of Trizol as lysis reagent without compromising the RNA purity.  

In general, phenol-based RNA extraction using Trizol bears the risk of phenol-based contamination and 

less pure RNA extracts. There are diverse views on the minimum level of purity which is acceptable for 

down-stream applications. In a work conducted by the manufacturer Qiagen, no compromising effect 

of RNA extracts with low A260/A230 ratios down to 0.5 on qPCR performance was observed [163]. A 

clean-up step can purify contaminated RNA samples which was observed in the preliminary experiment 

with a significantly increased A260/A230 ratio. Yet, the loss of RNA yield needs to be taken into account 

especially in study objects with limited availability such as postmortem brain tissue. A possible influence 

of the clean-up step on qPCR performance was not observed. In the context of quality control, only 

RNA extracts with sufficient purity were ulitmately included in the experiments making a clean-up step 

obsolete. 

 

A common protocol of protein extraction was tested reusing the organic phase containing protein of 

the Trizol lysates obtained during RNA extraction [150]. Simultaneous extraction of DNA, RNA and 

protein from the exact same cell lysates is crucial for accurate correlations between genetic changes 

and their potential effects on the transcriptome and proteome [164, 165]. Although Trizol is not 

common for protein extraction, several studies demonstrated that efficient extraction from different 

tissue types including brain tissue and evaluation by immunoblotting of a wide range of proteins is 

feasible [166-169].  

For the important step of resuspension of the pellet, high concenctrated SDS also failed to completely 

dissolve the pellet, but was significantly superior to RIPA buffer with low SDS concentration in terms of 

the achieved protein concentration. This result is consistent with results from a study conducted in brain 

tissue [169]. Phosphorylation of proteins can lead to retardation in gel mobility and shifts of protein 

bands in SDS-page [170], like in the case of pathogenic hyperphosphorylated tau [171]. For a correct 

identification of the isoform composition of tau an efficient dephosphorylation reaction is required 

because otherwise electrophoresis of untreated tau does not separate the individual tau isoforms [172]. 

Samples treated with lPP specifically targeting phosphate groups from threonine, serine, and tyrosine 

amino acids for dephosphorylation [173] performed better with clearly separated protein bands 

compared to aPP indicating a more efficient dephosphorylation [172]. This is in agreement with a 

previous study that suggests that the frequently described aPP has the problem of incomplete 
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dephosphorylation of tau and low yield, possibly due to the lacking coverage of thyrosine sites [173]  

and incubation at elevated temperature [172]. For identification of individual tau isoforms 12% Bis-Tris 

gels outperformed 10% Bis-Tris gels following the finer separation range [174].  

Multiple tests were carried out to find the best type of sample preparation, gel and blocking buffer, as 

well as selection and concentration of tau antibodies. Despite this, did the preliminary tau 

immunoblotting with Trizol lysates fail to deliver adequate quality for a reliable semi-quantitative 

evaluation with regard to signal and background quality and homogenous signal from the 

housekeeping protein. Difficulties in immunoblotting from Trizol lysates have been described before 

[175]. Also worth considering is that there is no reference in the literature to rank the solubility of Trizol 

soluble proteins compared to other lysis buffers. Due to this, the method of sequential protein 

extraction from native brain tissue was used for the protein analysis of the main experiment. Its main 

advantages were a constant quality of bands in Western blotting and the examination of different 

solubility forms of proteins.  

In conclusion, preliminary experiments were indispensable because there is no uniform methodology 

for postmortem brain tissue [176, 177].  Due to its particular susceptibility to preanalytical factors special 

caution is necessary to make maximum use of the brain tissue. In part, considerable differences in 

methods were found that could have prevented the main analyses from being carried out (too low RNA 

or protein yield) or could have had a negative impact on performance (RNA contamination or 

degradation, selection of incorrect reference genes, incomplete dephosphorylation, inhomogenous 

housekeeping protein). One major limitation in the preliminary experiments is the small sample size (n 

= 3-6) which was purposely restriced with regard to the limited brain tissue.  

 

4.2 Expression of mRNA and protein under the paradigm of MAPT haplotype and 
disease status  

 
“Several prior studies have tried to understand the mechanisms underlying the association of the MAPT 

haplotype H1/H1 as a major risk factor for several neurodegenerative diseases, including sporadic PD. 

So far, studies evaluating the MAPT expression in the human brain focused on either healthy controls 

with regard to MAPT haplotypes [34-37] or investigated Parkinson's disease and control cases without 

consideration of haplotypes [14]. To our knowledge, the present study is the first investigation of MAPT 

regional involvement on gene and protein expression in sporadic PD under the paradigm of different 

homozygous MAPT haplotypes in the human brain. Since sporadic PD is classified as synucleinopathy 

according to its main pathology, we investigated the mRNA and protein levels of the synucleins in the 

same context. The region ctx-fg as pathological region and ctx-cbl as reference from control brains and 

PD was used. Due to the strict selection process, the studie group size was rather small, but the 

included brains were well qualified by their tissue integrity, the severity of PD pathology, and absence 
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of significant concomitant AD pathology” [1]. H1 homozygosity was associated with increased total 

MAPT mRNA expression in ctx-fg in both PD and controls. H2 homozygosity was associated with 

increased expression of MAPT-AS1 in the ctx-cbl, as well as incresesd KANSL1 and KANSL1-AS1 mRNA 

in both brain regions. PD patients had higher levels of insoluble 0N3R and 1N4R tau isoforms and also 

of insoluble a-syn in the ctx-fg, regardless of the MAPT genotype. 

 

“In line with literature, we found a statistically significant increase of mRNA expression of total MAPT 

in donors with the H1/H1 haplotype [64]. Albeit the trend towards higher MAPT expression in the 

cerebellum of H1/H1 MAPT haplotype, statistically significant elevated total MAPT mRNA levels were 

detected in the ctx-fg only, a brain region affected by a-syn pathology. Our results are in accordance 

with previous studies describing the same association between homozygous MAPT haplotypes in 

frontal cortex and cerebellum of healthy donors [34]. This result was also described in prefrontal cortex 

of PD cases [65] not stratified for MAPT haplotype. However, there are studies which could not detect 

differences in haplotype-specific total MAPT expression in healthy human brains. These controverse 

findings could result from analysis of heterozygous MAPT haplotype [35] or from different brain regions 

being examined since MAPT was found to be differently expressed across brain regions [37]. 

Some studies suggest that the influence of the MAPT haplotype is more on differential splicing and 

thus MAPT transcript expression rather than overall elevated gene expression [35, 37]. Evidence for 

this has been provided by postmortem studies of healthy individuals with elevated levels of 4R MAPT 

[36], but lower levels of 2N MAPT transcripts for H1/H1 compared to H2/H2 [37]. We, however, did not 

observe a haplotype- or disease-specific influence on the expression of MAPT transcripts [35, 66, 67]. 

The absence of a clear relationship between MAPT mRNA and tau isoforms has already been observed 

in healthy controls by the large-scale work of Trabzuni et al. but remains difficult to interpret at first 

glance [37] given that only few studies exist regarding tau protein stability and half-life in postmortem 

brain. A possible explanation could be the lower stability of RNA than protein in postmortem tissue 

[68]“ [1]. 

Interestingly, a potential epigenetic regulator of MAPT expression exists in the MAPT inversion locus. 

“In contrast to increased total MAPT expression in H1/H1 haplotype, we found MAPT-AS1 mRNA to 

be markedly decreased in H1/H1 in the ctx-cbl. This effect was not observed in ctx-fg. The expression 

of MAPT-AS1 has also been studied in postmortem brain tissue with similar sample size, but only in a 

comparison of PD versus control. In these studies, a PD-specific decrease in MAPT-AS1 was found 

across brain regions with different levels of PD pathology, including SN and cerebellum [106, 113]. 

Overexpression of the promotor-associated long non-coding RNA MAPT-AS1 was shown to inhibit 

MAPT promotor activity and MAPT expression in human striatal progenitor cells [106]. These findings 

suggest that haplotype-specific regulation of MAPT may not be restricted to a specific brain region 
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and could be independent of disease status” [1]. It is hypothesized that the H1/H1 haplotype 

associated decrease of MAPT-AS1 might contribute to the likewise increase of MAPT in PD. Yet, no 

influence of disease on MAPT-AS1 mRNA levels and no inverse relationship between the expression of 

MAPT-AS1 and MAPT was evident, which is consistent with previous studies [113]. Further studies are 

required to to clarify the role of MAPT-AS1 in PD.  

 

Most importantly, this study further confirms that the MAPT haplotype regulates genes encoded in the 

inversion region besides MAPT. KANSL1 and KANSL1-AS1 expression was found to be MAPT-

haplotype specific with a similar strong decrease in H1/H1 donors compared to H2/H2 in ctx-fg and 

ctx-cbl. These findings are in agreement with studies conducted in prenatal human brain [112] and in 

temporal cortex [111]. The correlation between KANSL1 and KANSL1-AS1 is currently unclear as the 

long non-coding RNA KANSL1-AS1 can act either activating or repressing on gene expression [178]. 

The similar haplotype association might indicate an activating regulation. KANSL1 encodes a nuclear 

protein product affecting gene expression [107]. In terms of PD, a GWAS identified KANSL1 as a risk 

gene [109] and certain variants were identified to be strongly linked with the risk haplotypte H1/H1 

[179]. KANSL1 expression was also found upregulated in the SN in PD compared to controls [110]. Still, 

its functional role remains unclear. Our findings provide further evidence for the MAPT haplotype-

specific expression of KANSL1 and KANSL1-AS1. However, whether these differences in mRNA 

expression play a crucial role in pathologic changes mediated by the MAPT haplotypes might be 

addressed in future experiments. 

 

“Unfortunately, the impact of MAPT haplotype on the MAPT inversion locus remains enigmatic. For 

the other investigated genes neither an effect of the MAPT haplotype nor disease was detectable. This 

is in contrast to previous studies, in which expression of PLEKHM1 was found increased in the 

cerebellum of healthy H1/H1 compared to H2/H2 carriers [93] and increased expression of STH was 

observed in cerebellum of PD patients compared to controls [63]” [1]. There is no previous data about 

expression levels of NSF in the context of PD or MAPT haplotype. “However, the remaining genes of 

interest might be addressed in future experiments since differences in mRNA expression play a crucial 

role in pathologic changes mediated by the MAPT haplotypes. 

Besides mRNA expression and protein levels itself, the proportion of MAPT transcripts to total MAPT, 

respectively tau isoforms to total tau, might also be of relevance. For mRNA, this has already been 

studied in a few cases in adult frontal cortex only (AD n = 3, Con n = 3). There the ratio of 3R to 4R 

MAPT was about one, while 1N, 0N, and 2N MAPT accounted for 54%, 37% and 9% of total MAPT [66, 

180]. Despite the lack of significant differences, these data contribute to the understanding of MAPT 

splicing, and the distribution of tau isoforms respectively, in the human postmortem brain. Studies with 
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a larger sample size could further investigate and verify the trends observed here “[1]. 

 

“The presented findings support the concept that a-syn pathology in PD does not show up at the 

transcriptional level or in the soluble protein compartment but is discernible primarily in the insoluble 

protein compartment. Similar to the study of Quinn et al. [181] differences on the protein level despite 

unchanged a-syn mRNA levels were demonstrated. Levels of insoluble a-syn were increased in PD 

compared to controls independent of the MAPT haplotype. This result was observed only in the ctx-

fg, but not in ctx-cbl which supports the value of the former as a relevant region of interest for PD. Our 

findings confirm results of prior postmortem brain studies in which higher levels of insoluble a-syn 

protein fractions were found in PD compared to controls, while soluble levels of a-syn did not differ, as 

observed in the amygadala and anterior cingulate gyrus [127], putamen and frontal cortex [128] and in 

striatum and inferior frontal gyrus [100]. It is worth noting that some prior studies reported a decrease 

of soluble a-syn levels in PD in cerebellum and occipital cortex [126, 129], yet, no prior data exist on 

the a-syn protein level in the same protein fractions and brain regions as studied here, making a direct 

comparison difficult” [1]. 

 

“Similarly to a-syn, tau pathology in PD was also not detectable at the transcriptional level or in the 

soluble proteome. In the insoluble protein compartment, 0N3R and 1N4R tau isoforms were 

significantly increased in the fusiform gyrus of PD cases. These isoform-specific findings need to be 

independently reproduced and understood pathophysiologically. The N-terminal region of tau has 

been shown to be involved in solubility and folding by inhibiting tau polymerization [71], and stabilizing 

tau in a folded state [72]. Yet, despite various functions, interactions and the potentially crucial role in 

tau pathology, little is known about the effect of each single exon within the N-terminal domain [71, 

72, 182]. While for the number of repeats in the C-terminal domain, it is known that compared to 3R 

tau, 4R tau regulates microtubule dynamics more efficiently, binds with greater affinity to microtubule 

[73] and is more prone to aggregation [66]  

For insoluble total tau, a tendeny towards higher levels in PD and H1/H1 was apparent, which did not 

reach statistical significance due to the small group size. In contrast to the study of Lei et al., which 

reported a 44% decrease of soluble levels of tau (phosphate-buffered-saline-soluble) in the substantia 

nigra in PD compared to controls [97], we did not find significant differences for soluble tau protein. 

This difference in result is probably owing to the fact that the SN in PD is strongly degenerated in 

contrast to the cortex of fusiform gyrus. Very few studies exist regarding tau quantity in postmortem 

human PD brain, however, differences in methodology might explain variable results. In our study 

design which allowed a simultanous mRNA and protein extraction from the very same tissue sample, 

haplotype-specific differences observed at MAPT mRNA level were not reflected in total tau protein 
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expression. Only 1N4R tau isoform of insoluble tau showed a trend towards increased expression in 

the H1/H1 haplotype, but this did not reach the level of statistical significance” [1]. 

 

“As expected, the MAPT haplotype, located on chromosome 17, did not influence mRNA expression 

of SNCA, encoded on chromosome 4. The predisposition to PD by the MAPT haplotype did not seem 

to manifest itself at the transcriptional level of the synuclein genes. The absent influence of disease on 

expression levels of synuclein genes SNCA, SNCB and SNCG is in good agreement with other 

postmortem studies. SNCA mRNA levels were increased only in substantia nigra in PD, [113, 183, 184] 

but did not differ in cerebellum or temporal cortex [113, 181] in comparison to controls. The expression 

of SNCB and SNCG in postmortem tissue had so far not been examined in the context of PD“ [1]. 

Furthermore, mRNA expression of NRF2 presented no significant differences. 

 

“Taken together, these results show that the MAPT haplotype influences overall MAPT expression and 

disease leads to increased insoluble tau protein in parallel with insoluble a-syn aggregates. This may 

predispose as a risk factor for PD at the biochemical level according to the principle of mutual catalysis 

of aggregation of tau and a-syn, demonstrated in-vitro [101, 102] and in-vivo [185]. In all performed 

analysis, there was no interaction between disease status and MAPT haplotype on MAPT and SNCA 

gene expression and protein level. All the above observations were detected only in the vulnerable 

brain region ctx-fg, but not in the control region ctx-cbl, which supports the preferential vulnerability 

of certain brain regions in PD” [1]. 

 

“In addition, further data on the regional distribution of tau and a-syn protein across the human brain 

was provided. In comparison, tau protein levels of both protein fractions were visibly overall higher in 

ctx-fg compared to ctx-cbl, which has also been demonstrated by other studies [96]. In line with the 

main analysis, this regional difference was significantly altered in PD cases for insoluble tau isoforms 

0N3R and 1N4R tau. Above that, the H1/H1 haplotype was associated with increased insoluble 1N4R 

tau in ctx-fg. This finding might be linked to the association of MAPT haplotype H1/H1 with increased 

risk of sporadic PD which primarly affects regions besides cerebellum. Still, it is difficult to explain these 

differences to its full extent, since other insoluble and soluble tau isoforms also showed differences 

between brain regions but without reaching level of significance. A disease-specific increase was also 

found for insoluble a-syn levels highlighting the relevance of ctx-fg as a target of study in PD” [1].   

 

4.3 Limitations and strengths of this study 
 
“The present study is subject to several limitations related to the use of postmortem tissue. First, the 

limited availability of high-quality brain tissue prevented us from working with larger sample sizes. In 
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addition, it turned out to be challenging to find a sufficient number of donors with H2/H2 MAPT 

haplotype which is less frequent in Europe (5 – 37.5%) [76, 89]. Secondly, ante- (agony phase, cause of 

death) and postmortem factors (PMI, tissue handling) are suspected to influence postmortem brain 

tissue quality. For this reason, donors with the shortest PMI and tissue samples with the highest RIN 

were selected. However, studies showed that the potential detrimental influence of PMI on mRNA is 

estimated low [186] and that mRNA of the central nervous system is most stable compared to mRNA 

of other tissues [187] “ [1]. For protein, a Western blot study reported that proteins like phosphorylated 

tau and GAPDH remain intact in samples with a PMI up until 48h [188]. The PMI of the analyzed study 

population was well below this value.  

Despite the need for appropriate evaluation of RNA integrity, no standardized recommendation of 

quality threshold is to be found in literature. Principally accepted as good RNA quality is RIN ≥ 5, while 

RIN ≥ 8 is estimated as optimal [189]. For postmortem brain tissue cut-off values of RIN ≥ 6 or ≥ 3.95 

are suggested. [146, 147]. The presented RIN results were consistent to former studies in which brain 

tissue showed the lowest RIN values with a huge variation compared to other tissue types [177, 190]. 

With respect to the limited sample size, especially within the MAPT H2/H2 cohort, four samples with 

slightly lower RIN values (PD 11 ctx-fg 3.1; PD 13 ctx-cbl 2.8; C8 ctx-cbl 3.2; C10 ctx-fg 2.8) were taken 

into account. Apart from that, all samples passed the RIN threshold proposed for brain tissue of 3.95 

[147].  

Yet, the value of RIN as tissue quality marker is very controversial [144, 146, 159, 177, 189, 191]. It is 

hypothesized that RIN represents more the decrease in full-length mRNA quantity than integrity itself, 

since high-quality output was generated from postmortem samples with both high and low RIN values 

[146, 189]. At this stage of understanding, the impact of low RIN on RNA quality is not fully known 

which justified to some extent the inclusion of tissue samples with lower RIN in this study. Following 

the recommendation of previous studies [177], RIN values between the analyzed subgroups were 

similar. Of note, no differences in the performance in down-stream applications were observed 

between samples with lower and higher RIN values of the same subgroup. There is conflicting data 

regarding the potential influence of the cause of death on RNA quality, too. Studies have shown that 

near-death physiological stress in the agony phase altered the gene expression pattern [192]. Especially 

antemortem events with tissue hypoxia, such as coma, multiple organ failure or respiratory distress 

might be of relevance [193]. However, when working with postmortem tissue the parameter 

antemortem events can hardly be controlled or avoided. Most importantly, cause of death was 

demonstrated to have no influence on RIN in brain tissue [177].  

Third, since previous studies revealed a huge variety of the most common reference genes among 

tissues, a project-specific search for adequate control genes is recommended [194-196]. In an extensive 

search for suitable reference genes, only three genes presented overall high expression stability. 
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Consistent with other studies GAPDH was also found to be the most stable gene in cerebellum in PD, 

AD and LBD [196] and in SN in PD cases [197]. Nevertheless, the gene stability measure M was slightly 

above the reference value in ctx-fg. The difficulty in finding suitable reference genes is consistent with 

other gene expression profiling studies in postmortem tissue. By using an inter-run calibration and 

optimal reference genes, the gene expression data was adequately normalized. 

Fourth, critical consideration must be given to which brain region to examine. In contrast to other 

studies, the SN was not selected as target region for various reasons. The SN is known as key region in 

PD and an inhomogeneous tissue containing multiple cell types such as dopaminergic and non-

dopaminergic cells [198]. At the point of clinical manifestations of PD, a large proportion of 

neurodegeneration has already occurred in the SN [199]. In general, postmortem brain studies face the 

difficulty of interpreting the significance of results. The question is raised whether changes in mRNA or 

protein levels are the primary cause of cell death or result of the ongoing pathology [133, 200]. Since 

PD pathology is a global process spreading in a distinct pattern throughout the brain it is a justified 

approach to study extrastriatal brain regions [200]. The fusiform gyrus merits the fact that the amount 

of neuronal cell loss is less extreme compared to SN, but there is still considerable Lewy body 

pathology present [25]. Another advantage is the greater availability of the fusiform gyrus in brain 

banks. This is relevant for MAPT genotyping, as a sufficiently large number of postmortem brain donors 

with available tissue was required to identify cases with the rarer MAPT H2/H2 haplotype.  

“The ctx-cbl was chosen as reference region in accordance with former post mortem brain studies [93, 

201, 202]. Even though LB pathology is typically not present in ctx-cbl, PD related changes have been 

reported previously indicating a possible involvement of the cerebellum in PD [203]. In turn, the 

disease-specific findings regarding a-syn in the target brain region confirmed the selection of brain 

tissue as a validated source for the analysis of MAPT haplotype-specific expression differences and the 

questionable association to PD” [1]. 

Fifth, only grey matter of the tissue samples was used in order to focus on neuronal enrichment. 

However, PD-related changes also occur in the white matter. It is assumed that astrocytes, for example, 

the most populous cell type of the glia, contribute to PD pathogenesis [204]. Differences in MAPT 

expression with MAPT mRNA and protein levels in white matter compared to neocortex have been 

revealed by a postmortem study conducted in healthy donors [96]. Hence, the investigation of white 

matter in this context is of interest in further studies. Sixth, gender related differences in alterations of 

gene expression associated with PD have been described. Therefore, gender matching was considered 

indispensable [133, 134], which was properly addressed in the selection of brain donors.  

“With the stringent tissue quality process, we made the best efforts to identify a well-balanced study 

population in terms of demographic, clinical and neuropathologic parameters. The most important 

strength of our analysis lies in the fact that mRNA and protein extraction were performed 
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simultaneously from the very same tissue sample. Noteworthy, differences in methods (e.g. method of 

extraction or quantification) and in material (e.g. sample size, brain regions, types of pathologies) across 

postmortem brain studies limit the possibility of comparisons among them and with the presented 

study” [1]. 
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5 Conclusion and outlook  

 
In consistence with previous literature, the presented data suggests that haplotype-specific expression 

of genes within the MAPT haplotype block and the protein tau may play a role in sporadic PD. “These 

findings support the hypothesis that homozygosity for the H1/H1 MAPT haplotype predisposes to PD 

through increased mRNA expression of the MAPT gene. This in turn predisposes to increased 

aggregation of the tau protein, which catalyses the aggregation of a-syn. Regulation by long non-

coding antisenses like MAPT-AS1 and KANSL1-AS1 on disease relevant genes like MAPT and KANSL1 

may be crucial in disease involvement or progression. This study demonstrated also the effect of the 

MAPT haplotype on gene expression within the MAPT locus. More data about function and possible 

implications in human brain in healthy and pathologic status of the differentially regulated genes is 

warranted. Future research should address the distinct functions of N- and C-terminal tau domains, the 

role of transcriptome regulating anti-senses and the remaining genes located at the 17q21.3 inversion 

locus in terms of expression, function and potential role in sporadic PD and tauopathies” [1]. 

To date, there is no approved disease-modifying or preventive therapy for synucleinopathies such as 

PD. A variety of strategies are being explored targeting different forms and conformational states of a-

syn. Therapeutic approaches include blocking the misfolding or aggregation of a-syn or 

immunotherapies that lower the level of a-syn either by passive or active immunization [205, 206]. For 

instance, the antibody Prasenezumab directed against aggregated a-syn missed the primary efficacy 

outcome on clinical scores in the PASADENA study [207]. With positive signals on secondary endpoints, 

it is currently being evaluated in early PD patients in the PADOVA study (clinicaltrials.gov; No. 

NCT04777331). For tauopathies, disease modifying therapies targeting tau and ß-amyloid are being 

examined [208-210]. As example, the anti-tau antibody Semorinemab did not slow disease progression 

in patients with mild AD in a recent clinical trial [211]. With repeated findings of limited or no clinical 

benefit of immunotherapies, it is widely discussed if antibody-mediated reduction of extracellular 

protein pathology is a promising approach [212]. In contrast, so called oligonucleotide therapies 

including antisense oligonucleotides, small interfering RNA and microRNA can modify gene translation 

by binding  with selected cellular RNA [213]. Antisense oligonucleotides have been shown to inhibit 

the production of all forms of a-syn by targeting SNCA RNA intracellulary [214] and to decrease human 

tau mRNA and protein in mice brain [215]. There are several ongoing trials for intrathecal applied 

antisense oligonucleotide therapy targeting SNCA in the synucleinopathy multiple system atrophy 

(NCT04165486) or MAPT in AD (NCT03186989), for instance. In conlusion, this study highlights the 

concept of MAPT haplotype- and disease-specific gene and protein expression in PD which potentially 

provides new directions for thinking about therapeutic strategies.   
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