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Abstract
The microtubule associated protein tau (MAPT) H1 haplotype shows a strong association to the
sporadic neurodegenerative diseases progressive supranuclear palsy and corticobasal degeneration.
The functional biological mechanisms behind the genetic association have started to emerge with
differences recently shown in haplotype splicing of the neuropathologically relevant exon 10. Here
we investigate the hypothesis that expression of the alternatively spliced N-terminal exons also
differs between the two MAPT haplotypes. We performed allele-specific gene expression analysis
on a H1/H2 heterozygous human neuronal cell line model and 14 H1/H2 heterozygous human
post-mortem brain tissues from two brain regions. In both cell culture and post-mortem brain
tissue, we show that the protective MAPT H2 haplotype significantly expresses two-fold more 2N
(exons 2+ 3+) MAPT transcripts than the disease-associated H1 haplotype. We suggest that
inclusion of exon 3 in MAPT transcripts may contribute to protecting H2 carries from
neurodegeneration.

1. Introduction
The microtubule associated protein tau (MAPT) gene locus is located on chromosome
17q21 and consists of 16 exons. In the adult human central nervous system, six protein
isoforms are generated by alternative splicing of exons 2, 3 and 10. Exons 2 and 3 exhibit
alternative splicing resulting in transcripts that contain 0, 1 or 2 N-terminal inserts (0N,
exons 2−3−; 1N, exons 2+3−; 2N, exons 2+3+) [12, 20]. In the adult brain, the relative
abundance of the N-terminal isoforms is 1N > 0N > 2N [3, 15].

The interaction of tau with microtubules is mediated by the microtubule binding domains
encoded by exons 9 – 12 [13, 14]. Exons 2 and 3 code for short amino terminal inserts that
form part of the acidic projection domain that may interact with the plasma membrane [4]
and regulate spacing between microtubules [8].
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Two major haplotypes have been defined spanning the MAPT genomic locus, H1 and H2, of
which the H1 haplotype is associated with progressive supranuclear palsy (PSP) and
corticobasal degeneration (CBD) [2, 17]. In addition, H1 variants have been found
associated with Alzheimer's disease (AD) [27, 28].

Consistent with strong association of the H1 haplotype with tauopathies several H1
polymorphisms which may confer susceptibility to neurodegenerative disease have been
proposed [22, 27, 28, 30-32]. Recent studies have started to look at the functional effects of
the H1 haplotype, focusing particularly on overall tau expression and the splicing of the
neuropathologically relevant exon 10 [7, 22, 28, 32]. These have yet to consider haplotype
effect on splicing of the MAPT N-terminal exons. In this study we analyze MAPT
haplotype-specific N-terminal exon expression in a heterozygous H1/H2 human neuronal
cell culture model and in post-mortem human brain tissue, where we can directly compare
the level of transcript expression from the H1 and H2 chromosomes.

2. Methods
2.1 Cell culture

SK-N-F1 cells were differentiated into neuronal cells following a two-stage protocol
developed for SH-SY5Y cells [9] and previously used to differentiate SK-N-F1 cells [7].
Total RNA was extracted from differentiated cells using Trizol reagent (Invitrogen)
followed by an additional purification step with the RNeasy Mini Kit (Qiagen).

2.2 Post-mortem brain material
Frontal cortex (BA 46) and globus pallidus brain tissue was obtained from 14 previously-
identified heterozygous H1/H2 individuals [7]. Genotyping of rs1467967, rs242557/
htSNP167, rs3785883, rs2471738 and rs7521 was done as previously described [30]. The
fresh-frozen brain tissues were obtained from control subjects with no evident pathological
signs of neurodegenerative disease from the brain banks of the Oxford Project to Investigate
Memory and Ageing (OPTIMA) and the Thomas Willis Oxford Brain Collection. Brain
tissue samples are collected with full consent of the patient and with the approval of the
local Ethics Committee (COREC approval number 1656). Expression analysis has been
approved by local Ethics Committee review (ref 06/Q1605/8). Total RNA was extracted
with an initial homogenization in Trizol Reagent (Invitrogen) followed by a column
purification using the RNeasy Mini Kit (Qiagen).

2.3 Haplotype-specific expression analysis
RNA was reverse transcribed into cDNA as previously described [7]. PCR primers to
amplify the genomic DNA were: forward 5′-CTCTCTTCACCCCCACTCTG-3′ and
reverse 5′-CGTGATCTTCCATCACTTCG-3′. Primers to amplify the expressed N-
terminal isoforms use the forward primer 5′-CTTCTCCTCCTCCGCTGTC-3′ and the
following reverse primers: 0N MAPT transcripts (exons 2− 3−) 5′-
CTGCTTCTTCAGCTTTCAGG-3′; 1N MAPT transcripts (exons 2+ 3−) 5′-
ATGCCTGCTTCTTCAGCTTC-3′; 2N MAPT transcripts (exons 2+ 3+) 5′-
GAGCTCCCTCATCCACTAAGG-3′.

2.4 Quantitation of haplotype-specific gene expression
PCR products were analyzed by MALDI-ToF MS using the MassArray system on the
Sequenom platform as previously described [7]. Each extension primer assay was repeated
eight times, comprising four independent RT-PCR reactions analyzed in duplicate for each
RNA sample. For the SK-N-F1 cells, expression data was obtained from the reverse assay
with 8 MALDI-ToF outputs. For each brain sample, SNP 1 was assayed in both the forward
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and reverse direction and expression data was obtained from 12 - 16 successful MALDI-ToF
outputs.

All results were normalized to genomic DNA which has a one to one ratio of SNP 1 alleles
in heterozygotes (mean genomic H2:H1 = 1.34, SD = 0.05, p = 0.0971 by one-way
ANOVA). SNP 1 is located at exon 1 +5 therefore the forward extension primer spans the
exon boundary in cDNA, a sequence that does not exist in genomic DNA. To normalize the
forward primer extension assay, 80-mer oligos containing both SNP 1 alleles in a one to one
ratio were cloned into pBluscript (Promega) and used as a PCR template.

Statistical analysis for normally distributed data was performed as previously described [7,
29] using a one sample t-test that calculates a P-value indicating the significance of the
observed allelic expression ratios from the expected ratio of one. The GP 1N data does not
fulfil the formal requirements for normality and significance has been tested using the
Wilcoxon signed rank test.

3. Results
3.1 Haplotype-specific expression assay design

Polymorphisms present in coding sequences can be used to tag the MAPT haplotypes and
distinguish between the H1 and H2 allelic transcripts. These tagging SNPs are required for
assaying MAPT allele-specific expression in heterozygous samples by measuring the ratio
of MAPT haplotype transcripts within any PCR product pool defined by the initial PCR
primers used. This methodology has advantages over quantitative PCR as it does not require
normalization to a housekeeping gene. In addition, assaying both haplotypes within one
sample controls for underlying genetic or environmental factors that vary between
individuals, as well as controlling for sample quality including RNA quality and post-
mortem interval.

We used a previously defined coding SNP in MAPT exon 1 (SNP 1; rs17650901) [2] as the
basis for the haplotype-specific, N-terminal exon expression assay (Fig. 1A). We designed
PCR primers to specifically amplify either the 0N, 1N or 2N MAPT transcripts by placing
the reverse primers spanning the exon 1 – 4 boundary, 2 – 4 boundary or within exon 3,
respectively (Fig. 1B).

3.2 Haplotype-specific expression in cell culture models
Previously, we identified two H1/H2 heterozygous human neuronal cell lines, SK-N-F1 and
SK-N-MC, from a panel of 14 genetically independent neuronal cell lines [7]. Upon
differentiation, SK-N-F1 cells develop the better neuronal morphology and phenotypic
expression of neuronal markers [7] and was thus chosen for further expression analysis.
cDNA prepared from the differentiated SK-N-F1 RNA was used as a template for PCR
amplification of the three N-terminal MAPT transcripts (0N, 1N, 2N) and analyzed using the
haplotype-specific coding SNP in exon 1.

The greatest difference in expression from the two chromosomes is seen in the 2N MAPT
transcript expression (exons 2+ 3+) where there is more than a two-fold greater expression
of transcripts containing exon 3 from the H2 chromosome (Fig. 2A). The 1N transcript
isoform (exons 2+ 3−) also has a significantly greater expression from the H2 chromosome,
although to a much lesser extent than the 2N transcripts. The 0N MAPT transcript isoform
shows an expression ratio much closer to one with only a 12% greater expression from the
H1 chromosome. This deviation is less than the 1.2-fold level of change generally regarded
as biologically significant [5, 36].
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3.3 Haplotype-specific expression in post-mortem brain tissue
RNA was extracted from the frontal cortex (FC) and globus pallidus (GP) of 14 H1/H2
heterozygous post-mortem brains samples. Haplotype-specific isoform expression analysis
was performed on these two regions, selected as regions severely affected by tau pathology
in the sporadic tauopathies CBD and PSP, respectively.

Again, the most striking allelic difference in expression occurs in the haplotype-expression
ratio of the 2N MAPT transcripts consistent with the results from the SK-N-F1 cell culture
model. In both the frontal cortex and globus pallidus, there is a two-fold greater expression
of 2N MAPT transcripts from the protective H2 haplotype (FC mean H2:H1 2N MAPT
transcript ratio = 1.96, SD = 0.22, p < 0.0001; GP mean H2:H1 2N MAPT transcript ratio =
1.99, SD = 0.44, p < 0.0001).

For the 1N isoform, the mean MAPT H2:H1 transcript ratio of the 14 brains showed no
allelic difference in the frontal cortex (FC mean H2:H1 1N MAPT transcript ratio = 1.03,
SD = 0.10, p = 0.3167). The remaining isoforms show less than the 20% difference in
expression considered to be the accepted threshold value for detecting differences in allelic
expression [5, 36] (GP mean H2:H1 1N MAPT transcript ratio = 1.17, SD = 0.16, p =
0.0001; FC mean H2:H1 0N MAPT transcript ratio = 1.19, SD = 0.08, p < 0.0001; GP mean
0N MAPT H2:H1 transcript ratio = 1.16, SD = 0.10, p <0.0001). As such, the modest
variation in allelic expression of the 0N and 1N isoforms seen in post-mortem brain tissue is
unlikely to be of biological significance.

Recent work has uncovered sequence variation within the H1 haplotype and identified H1
sub-haplotypes associated with PSP [30-32], AD [27, 28] and PD [33]. Previously, we
genotyped the H1/H2 brain tissue for SNPs rs1467967, rs242557/htSNP167, rs3785883,
rs2471738 and rs7521 to determine the H1 sub-haplotype present [7]. We subdivided the
brain samples into two H1-haplotype sub-groups based on rs242557, the marker that shows
the greatest association with PSP [30, 32]. We found no significant difference in the
haplotype-specific expression ratios of alternatively-spliced N-terminal exons between
samples with the H1c “A” allele and the “G” allele in the frontal cortex or globus pallidus
(all data sets p > 0.05).

4. Discussion
This is the first study to investigate haplotype-specific differences in expression of the N-
terminal alternatively spliced exons at the MAPT locus. The data presented show that there
are significant haplotype differences in expression of the MAPT N-terminal alternatively
spliced exons most notably in the 2N MAPT transcripts, where there is a two-fold greater
expression from the H2 chromosome in both a neuronal cell line model and in two regions
of post-mortem human brain tissue. A two-fold difference in expression between alleles has
been observed at other loci [23] and is likely to have the biological significance expected for
a susceptibility loci in a complex disease. The haplotype-specific difference we observe in
the low abundance 2N MAPT transcript isoform is greater than the difference observed
when total MAPT transcripts or those containing the alternatively spliced exon 10 were
considered [7, 28]. Importantly, we show the effect of haplotype variation on N-terminal
MAPT exon expression and splicing to be conveyed by the underlying genetic sequence in
control brain samples and is therefore independent of disease status.

Recently, it has been shown that there are significant differences in the haplotype expression
of MAPT exon 10+ transcripts [7, 28]. Our previous work shows H1 expressing up to 43%
more exon 10+ 4R MAPT than H2 [7]. Exon 10 is strongly implicated in the
neurodegenerative process, as 4R isoforms are the predominant component of insoluble tau
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aggregates in PSP, CBD, and FTDP-17 [1, 6]. In addition, the FTDP-17 splice site mutations
within MAPT that increase the inclusion of exon 10 in transcripts show that altering the ratio
of 3R and 4R tau isoforms is sufficient to cause disease [18, 34]. It has been suggested that
the altered tau isoform ratios seen in PSP may also be due in part to a decrease in isoforms
lacking both N-terminal inserts [11]. In CBD, some studies have shown the 64 and 69 kDa
bands do not contain exon 3 [10, 21, 35].

The N-terminal exons form part of the acidic projection domain of tau which has been
shown to interact with the plasma membrane [4]. In addition, this domain is thought to
regulate spacing between microtubules by perhaps acting as a polymer brush or spring
between microtubules [8, 24-26]. It has been suggested that tau aggregation might occur if
the polymer brush failed [25]. Recent work has focussed on the N-terminal region of the tau
protein in studies investigating tau protein folding and aggregation. FRET analysis suggests
that tau adopts a paperclip-like conformation in solution, in which the N-terminus comes
near the C-terminus as the C-terminus associates with the microtubule-binding repeats [19].
It has been suggested that stabilization of this folded state may have pathological
consequences as the proposed confirmation fits well with the epitope reactivities of
antibodies that detect abnormal tau in the early stages of AD [19]. The N-terminal has also
been suggested to play a role in the regulation of tau solubility, in that N-terminal fragments
inhibit tau polymerization [16]. The involvement of the N-terminus in tau aggregation is
complex and further experimentation is required to understand what effect differential
expression of N-terminal tau isoforms may have on tau conformation and aggregation.

We suggest that it is possible that a two-fold greater expression of the 2N isoform transcripts
from H2 chromosomes may contribute to the mechanism of protection against H1-associated
tauopathies. Though the haplotype-expression differences are observed in the minor protein
isoform (2N MAPT represents 10–15 % of total MAPT expression) we should expect, like
in other complex diseases, that the functional influences of common genetic polymorphisms
at the MAPT locus to be subtle and cumulative over many years.
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Figure 1.
Primer design for the MALDI-ToF MS assays for expression of MAPT N-terminal exons.
The methodology requires a reverse transcription PCR (RT-PCR) reaction, followed by a
primer extension reaction and analysis by MALDI-ToF mass spectrometry. (A) The
haplotype tagging variant SNP 1, used to assay expression of the alternatively splice N-
terminal exons, is in complete linkage disequilibrium with the haplotype defined 238 bp
deletion located in intron 9. The SNP 1 alleles are indicated in the white box, with the H1
shown above the H2 allele. (B). The RT-PCR primers used to amplify fragments containing
SNP 1 are shown on the left, and the locations of the extension primers used for the single
base extension reaction extending to the SNP are shown on the right. Reverse RT-PCR
primers were strategically placed to amplify either the 0N, 1N or 2N MAPT transcripts. On
the right, the forward and reverse base-extension primers are indicated by short bars. (C)
Structure of the artificial construct built for the forward base-extension assay at SNP 1 to
normalize the MALDI-ToF data to the expected 1:1 ratio. The SNP 1 forward assay uses an
extension primer that spans the exon −1/exon 1 boundary, a sequence that does not exist in
genomic DNA.
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Figure 2.
Allele-specific MAPT expression of N-terminal exons in a neuronal cell culture model and
human post-mortem brain tissue. The expression data is normalised to the equivalent of each
SNP 1 allele being present in one copy on genomic DNA to produce a standardized
transcript ratio. A ratio of > 1 at SNP 1 indicates more MAPT transcript isoform from H2
than H1. (A) Allele-specific expression of N-terminal MAPT exons in differentiated SK-N-
F1 cells. Mean values and standard deviations from eight measurements using the reverse
primer are shown. 0N H2:H1 MAPT transcript ratio = 0.88, S.D. = 0.02, p = 0.0002. 1N
H2:H1 MAPT transcript ratio = 1.33, S.D. = 0.04, p < 0.0001. 2N H2:H1 MAPT transcript
ratio = 2.30, S.D. = 0.28, p = 0.0007. (B) Allele-specific expression of N-terminal MAPT
exons in each of the fourteen H1/H2 heterozygotes measured using SNP 1. Mean values and
standard deviations from up to sixteen measurements (eight measurements using the forward
primer and eight measurements using the reverse primer) are shown. (C) Mean values and
standard deviations of relative H2:H1 expression averaged from all fourteen H1/H2
heterozygotes.
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