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Abstract
Progressive supranuclear palsy (PSP) is the most common atypical parkinsonian disorder.
Abnormal tau inclusions, in selected regions of the brain, are a hallmark of the disease and the H1
haplotype of MAPT, the gene encoding tau, is the major risk factor in PSP. A 3-repeat and 4-
repeat tau isoform ratio imbalance has been strongly implicated as a cause of disease. Thus,
understanding tau isoform regional expression in disease and pathology-free states is crucial to
elucidating mechanisms involved in PSP and other tauopathies. We used a tau-isoform specific
fluorescent assay to investigate relative 4R-tau expression in 6 different brain regions in PSP cases
and healthy controls. We identified marked difference in 4R-tau relative expression, both across
brain regions and between MAPT haplotypes. Highest 4R-tau expression levels were identified in
the globus pallidus as compared to pons, cerebellum and frontal cortex. 4R-tau expression levels
were related to both the MAPT H1 and H1c haplotypes. Similar regional variation was seen in
both PSP cases and controls.

1. Introduction
Progressive supranuclear palsy (PSP) is an atypical parkinsonian disorder characterised by
the presence of abnormal hyperphosphorylated tau inclusions in selected regions of the brain
(Dickson et al., 2007). These inclusions, or neurofibrillary tangles (NFTs), are the hallmark
of a group of neurodegenerative disorders referred to as tauopathies. These include cortical

© 2013 Elsevier Inc. All rights reserved.
*Address for correspondence: Prof. Huw R Morris, Neurology (C4), University Hospital of Wales, Cardiff CF14 4XN, +44 (0) 2920
743660, morrishr@cf.ac.uk.

Disclosure statement
All authors declare that they have no conflicts of interest.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Neurobiol Aging. Author manuscript; available in PMC 2014 July 01.

Published in final edited form as:
Neurobiol Aging. 2013 July ; 34(7): 1922.e7–1922.e12. doi:10.1016/j.neurobiolaging.2013.01.017.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



basal degeneration (CBD), Pick’s Disease (PiD), Fronto-temporal dementia (FTD) and
Alzheimer’s disease (AD), each featuring a disease-specific composition of tau tangles.

The human microtubule-associated protein tau gene (MAPT) is located on chromosome
17q21; its protein tau is involved in microtubule stability and interaction with the
cytoskeleton. In the adult human brain, MAPT gives rise to 6 major isoforms through
alternative splicing of exons 2, 3 and 10 (Andreadis, 2005). Inclusion or exclusion of exon
10, which encodes for an additional microtubule-binding repeat in the C-terminal domain,
leads to a protein containing either three (3R, 10-) or four (4R, 10+) imperfect repeats. In the
normal adult brain, the 3R and 4R isoforms are found in equal amounts (Goedert et al.,
1989). In PSP, the NFTs contain an excess of 4R-tau and isoform ratio imbalance has been
implicated in disease (Chambers et al., 1999; Takanashi et al., 2002; Ezquerra et al., 2007;
Dickson et al., 2007).

Two major MAPT haplotypes, H1 and H2, have been described: H1 is significantly over-
represented in PSP cases whereas H2 acts as a protective haplotype in Europeans (Baker et
al., 1999; Hoglinger et al., 2011). Additionally, due to the presence of numerous common
variants on the H1 background, the H1 clade has been refined to a number of subhaplotypes
using 6 tagging SNPs, and association with PSP was further linked to the H1c subhaplotype
(Pittman et al., 2005; Rademakers et al., 2005). In AD, association with the H1c
subhaplotype and tagSNP rs7521 was reported by some (Myers et al., 2005) but not all
(Abraham et al., 2009) studies. Recently, genome-wide association studies have provided
striking evidence for an effect of MAPT and its H1 haplotype in Parkinson’s disease
(Simon-Sanchez et al., 2009; Nalls et al., 2011).

The mechanisms leading from risk alleles and haplotypes to disease are largely unknown;
for example, specific variants may affect total gene expression or alternative splicing. It has
been suggested that some or all of the genetic risk for disease associated with MAPT
variants is driven by differences in expression levels of the gene or its isoforms (Kwok et al.,
2004; Rademakers et al., 2005; Caffrey et al., 2006; Ezquerra et al., 2007; Myers et al.,
2007). Furthermore, the basis for regional susceptibility in neurodegeneration is unknown
but may relate to variation in gene expression and the effect of risk alleles in different brain
areas.

In this study we have addressed these issues by investigating a series of brain regions in PSP
and healthy individuals. We designed a fluorescent assay to target haplotype-specific 4R-tau
expression in these cohorts and identified marked regional variation, particularly in relative
4R-tau expression, in both cases and controls.

2. Methods
2.1 Cohort

We studied tau expression in post-mortem brain tissue from PSP cases and controls
unaffected by neurological disease (Table 1). Samples were obtained from the Sara Koe PSP
Brain Research Centre, UCL, London, UK and the Newcastle Brain Tissue Resource,
University of Newcastle, UK. PSP was defined using standard pathological criteria.
Additional controls (frontal cortex, temporal cortex, cerebellum and pons) were obtained
from the Neuropathology department, John Hopkins Hospital and the University of
Maryland Brain Bank, as previously described (Gibbs et al., 2010). The samples had
previously been genotyped using the Infinium HumanHap550 beadchip (Illumina, Inc., San
Diego, CA; Gibbs et al., 2010) and detailed haplotypes were determined using the PLINK
software tool (Purcell et al., 2007). Phenotypic data for the samples are summarized in
Tables 1 and 2.
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RNA was extracted using TriReagent (Ambion/Applied Biosystems Inc, Foster City, CA)
and treated with DNase before conversion to cDNA with random decamers using the
RETROscript kit (Ambion/Applied Biosystems Inc, Foster City, CA). Each sample was
subjected to two parallel reverse transcriptase reactions. DNase-treated RNA was quantified
and checked for integrity using an Agilent bioanalyser (Agilent Technologies, Santa Clara,
CA). DNA was extracted using standard phenol chloroform method.

2.2 Haplotype-specific mRNA isoform quantification
We used two forward primers, each specific to an allele of the H1/H2-defining SNP
rs1052553 located in exon 9 of MAPT. The reverse primer was placed in exon 11 to capture
both the 4R- and 3R-tau isoforms, expressed by the MAPT H1 and H2 haplotypes. The
forward primers were designed with a locked nucleic acid (LNA) base at the 3′ end, for
stringency of binding to rs1052553, and a fluorescent label at the 5′ end (Hex/Fam). The
primer sequences were checked for common variants using the 1000 Genomes Project
(www.1000genomes.org/) and the Exome Variant Server, NHLBI Exome Sequencing
Project (http://evs.gs.washington.edu/EVS/, accessed July 2012). The rare variants identified
(rs114900761, rs63749855 and rs63751231) are unlikely to contribute to assay variability.
The accuracy of the assay for relative quantitation was confirmed by a control curve analysis
performed with each PCR, using a sequential dilution of pure clonal 4R-tau and a constant
dilution of pure clonal 3R-tau. The PCR products were analysed on an ABI 3100 genotyper
(Applied Biosystems Inc, Foster City, CA) and quantified using the peak height ratios of 4R/
(3R+4R), where a 1:1 4R:3R ratio is 0.5. Variations in expression were confirmed using a
two-sample t-test for pairwise comparison.

3. Results
3.1 Relative 4R-tau expression patterns in multiple brain regions

We observed marked difference in tau splicing between brain regions. The highest relative
4R-tau expression was seen in globus pallidus, with intermediate expression in pons and
cerebellum and lowest expression in the motor/frontal cortex. These patterns of expression
were consistent, irrespective of haplotype or disease state (Figure 1 and 2). In both the H1/
H1 and H1/H2 controls, the regional variations showed robust statistical significance (Figure
1). In PSP cases, the difference in relative 4R-tau expression was particularly striking
between frontal cortex and globus pallidus (p=6.8E-14, equal variance two sample t-test;
Figure 2). Pair-wise comparison of the H1/H1 frontal cortex control group (n=91) and PSP
frontal cortex group (n=58) did not show differences in 4R-tau expression between PSP
cases and controls. Consequently, general patterns of expression support regional, rather
than disease-related, differences in expression in post-mortem tissue.

3.2 Effect of H1-tau and H1c-tau haplotype on 4R-tau expression
We observed a trend for higher expression of 4R-tau from the neurodegeneration risk
haplotype H1 as compared to H2 haplotype, in all control brain regions (Figure 3). The
difference in 4R-tau expression between H1 and H2 reached statistical significance in the
temporal cortex (p=0.02; equal variance two sample t-test) and cerebellum (p=0.03; equal
variance two sample t-test; Figure 4). Overall, relative expression of 4R-tau was
significantly increased on the H1 background (p=0.016, one-way ANOVA) and across brain
regions (p=0.004, two-way ANOVA).

To further analyse H1 subhaplotypes and SNPs previously implicated in neurodegeneration,
we stratified the H1/H1 control and PSP data by SNPs rs242557 and rs7521, both of which
distinguish the PSP risk haplotype H1c from the other common H1 haplotypes. Data
stratification by SNP rs242557 only showed inconsistent effects on relative 4R-tau
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expression (data not shown). This suggests that additional SNPs on the same background
may affect tau splicing and a larger sample set will be required to accurately dissect these
effects. Stratification of the data by H1c-tagging SNP rs7521 showed a moderate (frontal
cortex, cerebellum) to strong (temporal cortex, pons) genotypic effect on 4R-tau expression
(Figure 4). Although the cohort numbers were small, there was more relative 4R-tau
expression from the G/G genotype. The G allele of rs7521 is found primarily on the H1c
subhaplotype, on the H1 background (Pittman et al., 2005). Of note, 5/7 control brains that
carried the G/G genotype were heterozygotes for H1c and a rare H1 subhaplotype. A similar
trend for 4R-tau overexpression from the G/G haplotype was observed in the PSP frontal
cortex cases (data not shown).

4. Discussion
Regional disease gene expression is likely to be important in the pathogenesis of regionally
selective neurodegenerative diseases. It is important that disease gene expression studies are
considered in the light of normal regional variations that occur within a pathology-free
brain. We investigated multiple brain regions for their relevance to PSP and further studied
the expression of 4R-tau from the tau H1 and H2 backgrounds. The fluorescent PCR method
described here allows simultaneous analysis of the 3R- and 4R-tau isoform populations
across MAPT haplotypes. By design, the assay is thus not susceptible to quantification
artefacts that have been seen in probe arrays (Trabzuni et al., 2012).

Both the common MAPT H1 haplotype and the H1c defining SNP rs7521 are associated
with higher 4R-tau expression. In agreement with previous reports (Caffrey et al., 2006),
there was a trend for higher expression of 4R-tau from the H1 haplotype compared to H2 in
all our samples. In PSP, the presence of one or multiple trans-acting variants acting in
concert may promote enough additional expression of 4R-tau to tip the balance of the 4R/3R
tau ratio into becoming pathogenic, in critical brain regions already exhibiting a high level
of 4R-tau (compared to 3R-tau). The effect of H1c-SNP rs7521 genotype on 4R-tau
expression appeared to vary between brain regions. These differences may also be
compounded, in each brain region, by the effect of additional risk variants which were not
analyzed here. Incidently, a recent genome-wide association study in PSP identified two
distincts signals at the MAPT locus, rs242557 and H1-tagging SNPs (Hoglinger et al.,
2012). While H1-tagging SNPs have been implicated as MAPT expression modifiers in the
Hoglinger study, the mechanism underlying rs242557 association as a risk factor for PSP is
currently unknown. It has been hypothesized that rs242557 could exert an effect on MAPT
splicing (Caffrey et al., 2006; Hoglinger et al., 2012), but we could not confirm such a role
in the present study.

Importantly, we also observed strong regional variations in 4R-tau expression in our series.
Genome-wide expression studies have previously uncovered striking regional variations in
gene expression in the same control samples (Gibbs et al., 2010) and this study provides
further evidence that mRNA isoform expression is region-specific. This is of particular
interest in neurodegeneration, as discrete brain regions are targeted in disease. For example,
we observed a strong relative expression of 4R-tau in the globus pallidus compared to all
other brain regions. This is in line with some (Caffrey et al., 2006), but not all (Ezquerra et
al., 2007) observations of 4R-tau over-expression in the globus pallidus compared to frontal
cortex in pathology-free brains. The globus pallidus is particularly affected by PSP
pathology and conceivably this may relate to the background variation in normal tau
expression. Secondly, in control cases, we observed a trend for higher 4R-tau expression
from the temporal compared to the frontal cortex. The temporal cortex is known to develop
neurofibrillary tangles in the early stages of AD and others have described similar
expression patterns (Glatz et al., 2006).
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We did not identify differences between PSP cases and controls. Generally, inter-regional
variations in the control series showed a robust expression pattern that was mirrored in
cases. This study was likely underpowered to detect significant differences between cases
and controls. It should also be noted that lack of difference between cases and controls
might be in part attributed to cell death in PSP cases. Nevertheless, it is tempting to
speculate that brain regions most affected in disease may in fact be more susceptible to
damage because the expression level of key genes (or, in the case of MAPT, the shift from
an equimolar 4R/3R-tau ratio) is closer to a “threshold” required for disease. Furthermore,
RNA extraction in this study is based on frozen tissue chips which will contain neurons, glia
and inflammatory cells. Potentially, methods which assess gene expression in defined cell
types using laser capture microdissection may provide more more evidence of case-control
differences. It has been suggested that an imbalance in the 4R/3R-tau isoforms, rather than
overexpression of total tau is pivotal to PSP pathology (Takanashi et al., 2002) and recent in
vitro studies suggested that even subtle variations in 4R/3R-tau ratio can affect tau
aggregation (Adams et al., 2010).

Recent work by Trabzuni and colleagues has identified variation in MAPT exon 3
expression realted to the MAPT H2 haploptype. Due to the differences in tissues,
approaches and techniques employed, direct comparisons of our study with this work is
difficult. Nevertheless, in their only overlapping dataset (222 H1/H1 individuals interrogated
for H1c eQTL using the Illumina HumanHT-12 v3 Expression BeadChips in the Trabzuni
study), both studies failed to detect an effect for SNP rs242557 on tau expression. Certainly,
our results provide an additional piece to the MAPT puzzle and complement recent studies
of overall MAPT expression and N-terminal isoform splicing (Trabzuni et al., 2012).

In conclusion, our data touched on different facets of an extremely complex mechanism
where cis-acting elements and region-specific (and very likely cell-specific) events influence
subtle tau isoform expression. Understanding how this mechanism is regulated, both in
control and disease states, might open the way to new therapeutic approaches that correct the
abnormal tau isoform imbalance seen in PSP.
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Figure 1. Regional variation in relative 4R-tau expression in controls
Regional patterns in H1/H1 homozygotes (A) and H1/H2 heterozygotes (B) show the lowest
expression in frontal cortex and the highest expression in globus pallidus. Significant
differences in relative 4R-tau expression are indicated as p values (equal variance two-
sample t-test). FC, frontal cortex; TC, temporal cortex; CB, cerebellum; OL, occipital lobe;
GP, globus pallidus, n, number of samples available for each group.
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Figure 2. Regional variation in relative 4R-tau expression in PSP cases
Relative 4R-tau expression shows significant regional variation in the PSP cohort, with the
highest expression in globus pallidus (A., equal variance two-sample t-test). These
observations held true in a small subset of PSP patients (B.) and controls (C.) where all 3
brain regions were available from a single donor. This suggest that the regional variations
identified in the larger cohorts are not due to sample heterogeneity. FC, frontal cortex; OL,
occipital lobe; GP, globus pallidus, n, number of samples available for each group.
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Figure 3. Variation in relative 4R-tau expression by haplotype in controls
There was a trend for higher expression of 4R-tau from the H1 haplotype compared to the
H2 haplotype. The variation reached statistical significance in the temporal cortex and
cerebellum (p <0.05; equal variance two-sample t-test). FC, frontal cortex; TC, temporal
cortex; CB, cerebellum; OL, occipital lobe; GP, globus pallidus, n, number of samples
available for each group.
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Figure 4. Effect of SNP rs7521 on 4R-tau expression in H1/H1 controls
The G allele, on the risk haplotype H1c background, is particularly associated with higher
relative 4R-tau expression in the temporal cortex and pons.

Majounie et al. Page 10

Neurobiol Aging. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Majounie et al. Page 11

Ta
bl

e 
1

M
ul

tip
le

 b
ra

in
 r

eg
io

ns
 a

ss
ay

ed
 in

 c
as

e 
an

d 
co

nt
ro

l s
am

pl
es

.

C
oh

or
t

H
ap

lo
ty

pe
B

ra
in

 r
eg

io
ns

F
ro

nt
al

/M
ot

or
 c

or
te

x
G

lo
bu

s 
pa

lli
du

s
O

cc
ip

it
al

 lo
be

T
em

po
ra

l
P

on
s

C
er

eb
el

lu
m

PS
P 

ca
se

s
H

1/
H

1
58

14
9

–
–

–

C
on

tr
ol

s
H

1/
H

1
88

3
3

38
32

38

H
1/

H
2

59
4

4
24

21
21

Neurobiol Aging. Author manuscript; available in PMC 2014 July 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Majounie et al. Page 12

Ta
bl

e 
2

Ph
en

ot
yp

ic
 d

at
a 

in
 c

as
es

 a
nd

 c
on

tr
ol

s.

C
oh

or
t

P
he

no
ty

pe

F
em

al
es

M
al

es
M

ea
n 

ag
e 

at
 d

ea
th

R
an

ge

PS
P 

ca
se

s
26

41
73

 y
ea

rs
 o

ld
61

–8
6 

ye
ar

s 
ol

d

C
on

tr
ol

s
53

99
77

 y
ea

rs
 o

ld
15

–1
01

 y
ea

rs
 o

ld

Neurobiol Aging. Author manuscript; available in PMC 2014 July 01.


