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Abstract

The microtubule-associated protein tau gene (MAPT) codes for a protein that plays an integral role in stabilisation of
microtubules and axonal transport in neurons. As well as its role in susceptibility to neurodegeneration, previous studies
have found an association between the MAPT haplotype and intracranial volume and regional grey matter volumes in
healthy adults. The glycogen synthase kinase-33 gene (GSK3B) codes for a serine/threonine kinase that phosphorylates
various proteins, including tau, and has also been associated with risk for neurodegenerative disorders and schizophrenia.
We examined the effects of MAPT and two functional promoter polymorphisms in GSK3B (rs3755557 and rs334558) on total
grey matter and intracranial volume in three independent cohorts totaling 776 neurologically healthy individuals. In vitro
analyses revealed a significant effect of rs3755557 on gene expression, and altered binding of at least two transcription
factors, Octamer transcription factor 1 (Oct-1) and Pre-B-cell leukemia transcription factor 1 (Pbx-1), to the GSK3B promoter.
Meta-analysis across the three cohorts revealed a significant effect of rs3755557 on total grey matter volume (summary
B=0.082, 95% confidence interval=0.037-0.128) and intracranial volume (summary B=0.113, 95% confidence
interval =0.082-0.144). No significant effect was observed for MAPT H1/H2 diplotype or GSK3B rs334558 on total grey
matter or intracranial volume. Our genetic and biochemical analyses have identified a role for GSK3B in brain development,
which could have important aetiological implications for neurodegenerative and neurodevelopmental disorders.

Citation: Dobson-Stone C, Polly P, Korgaonkar MS, Williams LM, Gordon E, et al. (2013) GSK3B and MAPT Polymorphisms Are Associated with Grey Matter and
Intracranial Volume in Healthy Individuals. PLoS ONE 8(8): €71750. doi:10.1371/journal.pone.0071750

Editor: Koichi M. lijima, Thomas Jefferson University, United States of America
Received April 16, 2013; Accepted July 2, 2013; Published August 12, 2013

Copyright: © 2013 Dobson-Stone et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: Carol Dobson-Stone and John Kwok received grant funding from the National Health and Medical Research Council of Australia (NHMRC 630428 and
510218 respectively). Sydney MAS DNA was extracted by Genetic Repositories Australia, which is funded by NHMRC Enabling Grant 401184. The funders had no
role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: Leanne Williams is an employee of Brain Resource Ltd. Evian Gordon is the CEO of Brain Resource Ltd and has significant equity and stock
options in the company. Peter Schofield has held stock options (unexercised and now lapsed) in Brain Resource Ltd. There are no patents, products in
development or marketed products to declare. This does not alter the authors’ adherence to all the PLOS ONE policies on sharing data and materials.

* E-mail: j.kwok@neura.edu.au

Introduction Glycogen synthase kinase-38 (GSK-3p) is a serine/threonine
kinase that phosphorylates a variety of nuclear and cytoplasmic
proteins, including tau and B-catenin [15,16]. Polymorphisms in
highly expressed in brain, where it assists in stabilisation of the the gene encoding GSK-3B (GSK3B) have been associated with
cytoskeleton and axonal transport in neurons [1]. Neurofibrillary Alzheimer’s disease and frontotemporal dementia [17,18], and an

tangles of hyperphosphorylated tau are a pathological hallmark of epistatic interaction between GSK3B and MAPT has been
several neurodegenerative disorders, including Alzheimer’s disease

and frontotemporal dementia [2]. Mutations in the gene encoding
tau (MAPT) are found in 9-21% of cases of familial frontotemporal
dementia [3,4]. A large region of linkage disequilibrium covers the
gene and is denoted by two major haplotypes, termed H1 and H2 that a number of polymorphisms have a functional effect on

[5]. H1/H2 haplotypes have been shown to affect expression and/ GSE3B gene expression and/or splicing [20,22], including

or splicing of MAPT [6-10] and have been associated with risk of rs334558, which lies 18 bp upstream of GSK3B exon 1. The
several sporadic neurodegenerative disorders, including Alzhei-

Microtubule-associated protein tau is a phosphorylated protein

associated with Parkinson’s disease and Alzheimer’s disease
[9,19,20]. As well as neurodegeneration, GSK-3f plays a key role
in neurodevelopment [21] and GSK3B polymorphisms have been
associated with schizophrenia [22]. In vitro studies have indicated

minor allele of rs334558 (in European populations) [23] is

mer’s disease [11], progressive supranuclear palsy [12], cortico- predicted to abrogate binding of transcription factor AP4 and

basal degeneration [13] and Parkinson’s disease [14].
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was assoclated with a decrease in gene expression relative to the
major allele [20].

As well as a role in susceptibility to neurodegeneration, recent
studies have implicated polymorphisms in the MAPT region as
implicated in brain structure and development in healthy
individuals. A voxel-based morphometry (VBM) study found
reduced grey matter (GM) volumes in several brain regions in H1
carriers [24]. Subsequently, a genome-wide association study
found significant association between intracranial volume (ICV), a
measurement reflecting lifetime maximal brain size, and H1/H2
diplotype [25]. Given GSK-3f’s role in phosphorylation of B-
catenin, whose overexpression leads to grossly increased cerebral
cortical size [26,27], GSK3B is an excellent candidate gene for
influencing brain size parameters. Here we examined the effects of
two functional single nucleotide polymorphisms (SNPs) located in
the promoter region of GSA3B (rs3755557 and rs334558), and the
H1/H2 haplotype of MAPT on grey matter and intracranial
volume in three cohorts of neurologically healthy individuals.

Materials and Methods

Ethics Statements

The procedures in this study were approved by the Human
Research Ethics Committees of the University of New South
Wales, the South Eastern Sydney and Illawarra Area Health
Service, the Sydney West Area Health Service, the ethics
committee of the Australian Twin Registry, University of
Melbourne and Queensland Institute of Medical Research. All
participants gave written informed consent.

Subjects

Three groups of healthy individuals of European ancestry were
examined in this study, derived from the following cohorts: the
Brain Resource International Database (BRID); the Sydney
Memory and Aging Study (MAS); and the Older Australian Twin
Study (OATS). Demographic details for these cohorts are
provided in Table 1.

The BRID cohort is a cross-sectional database of healthy
individuals with extensive neuropsychological and brain imaging
data (http://www.brainresource.com) [28]. Caucasian volunteers
(n=363) were from the Brain Resource International Database,
governed for scientific purposes by the Brain Research And
Integrative Neuroscience Network (BRAINnet). Informed written
consent was provided in accordance with local human research
ethical requirements. Participants were excluded if they demon-
strated a family history of a genetic disorder or a personal history
of mental illness, drug or alcohol addiction, physical brain injury,

Table 1. Demographics of cohorts examined in this study.

GSK3B and MAPT Genes Affect Brain Volume Measures

neurological disorder or other serious medical condition. Addi-
tional inclusion criteria for this study were availability of DNA for
genotyping, availability of Magnetic Resonance Imaging (MRI)
data and age of 20 years or over. This age cutoff was used in this
relatively young cohort to avoid inclusion of participants who had
not yet reached maximal brain volume. MRI was performed on
1.5-T Siemens Vision Plus and Siemens Sonata systems (Siemens,
Erlangen, Germany). T1-weighted MRI acquisition and analysis
was performed as described previously [29].

The Sydney MAS cohort is a longitudinal study of non-
demented, community-dwelling individuals aged 70-90 years old
at baseline. MAS participants were recruited randomly from areas
of Eastern Sydney, Australia via the electoral roll, for which
registration is compulsory. Individuals were excluded if they had
an adjusted Mini-Mental State Examination score <24 [30], a
diagnosis of dementia, mental retardation, psychotic disorder
(including schizophrenia and bipolar disorder), multiple sclerosis,
motor neuron disease, progressive malignancy, or inadequate
English to complete assessments. Details of the sampling
methodology have been published previously [31]. All
1037 MAS participants were administered a comprehensive
neuropsychological test battery at baseline (for details see [31]).
Of these participants, 542 (52.3%) also had T'1-weighted structural
MRI scans as previously described [31]. Volumes for specific brain
regions were derived from atlas-based parcellation. [31].

For the OATS cohort, twins were recruited through the
Australian Twin Registry as well as by a new recruitment drive by
the authors. The inclusion criteria were age 65 years and older,
residence in New South Wales, Victoria or Queensland, ability to
consent, having a consenting co-twin, and having completed some
education in English to be able to complete the questionnaires and
neuropsychological testing in English. The exclusion criteria
included: current diagnosis of life-threatening medical illness,
intellectual handicap, or acute psychotic disorder. One twin per
pair was selected at random for association analyses. MRI data
were obtained on three 1.5 Tesla and one 3 Tesla scanners at
three imaging centres as described in Batouli et al. [32].

Intracranial volumes for all three cohorts were calculated by
summation of total grey matter, white matter and cerebrospinal
fluid volumes.

Luciferase Reporter Gene Assay

A 1795 bp DNA fragment comprising the promoter and
transcription start site of GSA3B was PCR amplified using the
primers GSKProm3F 5'-TCAAAGCAAGAGCCAGG-
TAATCTG -3’ and GSKProm2R from genomic DNAs of
individuals with representative genotypes for the two GSK3B

MAPT diplotype® GSK3B rs3755557°¢ GSK3B rs334558°<
Cohort N (M/F) Age (y)* H1H1 H1H2  H2H2 1T AT AA AA AG GG
BRID 87 (47/40) 416+17.0 58 (66.7) 26 (29.9) 3 (3.4) 59 (67.8) 28 (32.2) 0 (0.0) 35(40.2) 42 (483) 10 (11.5)
MAS 489 (217/272) 784+4.7 287 (58.7) 169 (34.6) 33 (6.7) 355 (72.6) 120 (24.5) 14 (2.9) 200 (40.9) 221 (45.2) 68 (13.9)
OATS 200 (81/119) 70.5+5.1 124 (62.0) 65(325) 11(55) 143 (715) 53 (26.5) 4 (2.0) 91 (455 80 (40.0) 29 (14.5)

“Mean *+ standard deviation.
bGenotype counts (percentages in parentheses).

regression analyses.

regression analyses.
doi:10.1371/journal.pone.0071750.t001
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“Genotype counts for MAS and OATS cohorts derived from imputed allele dosage scores, rounded to the nearest whole number. Raw dosage scores were used for linear

dGenotype counts for OATS cohort derived from imputed allele dosage scores, rounded to the nearest whole number. Raw dosage scores were used for linear
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SNPs, and subcloned into the pGL3-Basic Luciferase vector
(Promega, Madison, WI, USA). Each promoter haplotype was
assayed for transcriptional efficiency. Each recombinant vector
was transfected as triplicate wells into human embryonic kidney
293 cells (ATCC CRL 1573) using Lipofectamine 2000 according
to manufacturer’s instructions (Invitrogen, Carlsbad, CA, USA).
Cells were harvested after 48 hours and cell lysates were assayed
for luciferase activity using the Bright-Glo Luciferase assay system
(Promega). The experiment was performed independently three
times.

Electrophoretic Mobility Shift Assay

32-mers were designed for each allele of 153755557 as follows:
the ‘A’ allele using the primers 5 -CCAGAAAGCACATG-
TAAAAGGACCTATATTTG-3' and 3’ -
GGTCTTTCGTGTACATTTTCCTGGATATAAAC-5"; and
the ‘A’ allele using the primers 5’ -CCAGAAAGCACATGT-
TAAAGGACCTATATTTG-3" and 3' -GGTCTTTCGTGTA-
CAATTTCCTGGATATAAAC-5". Octamer transcription fac-
tor-1 (Oct-1) and Pre-B-cell leukemia transcription factor 1 (Pbx-1)
proteins were generated by i vitro coupled transcription-transla-
tion reactions using the TNT T7 rabbit reticulocyte lysate system
(Promega). A double stranded oligonucleotide fragment from each
allele was end-labelled using T4 polynucleotide kinase and
[y-**P]ATP. DNA-protein binding reactions containing 20 ul of
10 mM HEPES (pH 7.9), 1 mM dithiothreitol, 1 ug/ul poly (dI-
dC), 10% glycerol, 2 ng of labelled DNA oligonucleotide
fragments and i vitro translated proteins were incubated for 20
minutes at room temperature. DNA-protein complexes were
electrophoresed through a 6% nondenaturing polyacrylamide gel
in 0.5x Tris-borate EDTA and visualised by autoradiography.

Direct Genotyping of Single Nucleotide Polymorphisms

A TagMan Probe Genotyping Assay (ABI Biosystems, Foster
City, CA) for SNP rs1052553 was used to determine the
corresponding H1/H2 MAPT diplotype in the BRID cohort.
The G allele of rs1052553 corresponds to the H2 haplotype.
1242559, previously genotyped as part of the Affymetrix SNP 6.0
array (Affymetrix Inc, Santa Clara, CA), was used to determine
the corresponding H1/H2 diplotype in the MAS cohort. The C
allele of rs242559 corresponds to the H2 haplotype. For the
OATS cohort, rs1052553, which was previously genotyped on the
Ilumina Express SNP chip (Illumina Inc, San Diego, CA), was
used.

The GSKR3B SNP rs334558 was genotyped in the MAS cohort
by means of a TagMan Probe Genotyping Assay. SNPs rs3755557
& 1rs334558 were genotyped in the BRID cohort by restriction
length fragment polymorphism analysis. Polymorphisms were
amplified using the following primers: 1s3755557 using
GSKPromlF 5'-GCCGCCATCCTGATTGTAATCCAGTGG-
3’ and GSKPromlR 5-GCTTACTTTGTTCTGTCC-
CAAGTCC-3"; 15334558 using GSKProm2F 5'-TTTATA-
GACGCCCTCCCTTCGCTT-3" and GSKProm2R  5'-
TTCCTTCCTTCCTTTGTCACTTGGC-3'. Each SNP was
detected by restriction length fragment polymorphism using the
following restriction enzymes: Mse I (New England Biolabs,
Beverly, MA, USA), which cleaves the T allele of rs3755557;
and Alu I (New England Biolabs), which cleaves the A allele of
rs334558.

Imputation of Additional Polymorphisms

rs3755557 was imputed for the MAS cohort and rs3755557 &
rs334558 were imputed for the OATS cohort using the 1000
Genome Project phased haplotype data Imputation for both
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cohorts was carried out using MaCH/minimac according to the
ENIGMA protocols (http://enigma.loni.ucla.edu) [33,34].

Statistical Analysis

Primary statistical analyses were performed using IBM SPSS
Statistics v20. Luciferase expression levels were compared by
Student’s ¢ test (two-tailed). For the electrophoretic mobility shift
assay, band intensities were compared using a paired two-tailed ¢
test. Differences were considered significant at p<<0.05. The effects
of polymorphisms on total grey matter volume, intracranial
volume and regional grey matter volumes were examined by
linear regression analysis. Age and sex were included as a priorn
predictor variables for total grey matter and intracranial volume
analysis; age, sex and intracranial volume were used for analysis of
regional grey matter volumes. Meta-analysis was performed by
conversion of grey matter and intracranial volumes to Z scores for
each cohort, followed by combining unstandardised coefficients
and standard errors according to the procedure described by
Neyeloff et al [35], using a random effects model. Meta-analyses
were considered significant at p<<0.0083, corresponding to p<<0.05
adjusted for six comparisons.

Results

Analysis of rs3755557 Effect on Promoter Function

For this study, we defined the minor alleles of rs3755557 and
rs334558 according to the nucleotide sequence on the plus strand
of chromosome 3 as to be consistent with the SNPs annotations in
public databases [23], i.e. the opposite orientation as the GSE5B
gene, so that the minor allele for rs3755557 = A and rs334558 = G.
We have previously shown that the rs334558 SNP modulates
transcriptional efficiency of the GSK3B promoter [20]. We
examined the promoter sequence of GSK3B for additional possible
binding sites for transcription factors using the MatInspector v2.2
software and the TRANSFAC 4.0 database [36], using a high
stringency of selection (maximal ‘Core similarity’ setting of 1 and
‘Matrix similarity’ of 0.85). The polymorphism rs3755557 is
located 1693 bp upstream of GSK3B exon 1, within putative
binding sites for developmentally important transcription factors
such as Oct-1 and Pbx-1.

The T allele was predicted to abrogate binding of transcription
factors to this site. We therefore examined the ability of rs3755557
to affect the expression of a luciferase reporter gene. As shown in
Figure 1A, mean expression from the T allele promoter constructs
were significantly lower than those from the A allele (0.4 fold
expression relative to the A allele, 410)=2.92, p=0.015). We also
performed a electrophoretic mobility shift assay using labelled
oligomers corresponding to the A or T alleles of rs3755557
(Figure 1B and C, Figure S1 in Information S1). The T allele was
associated with weaker binding to transcription factors Oct-1 and
Pbx-1 than the T allele (0.7 fold binding relative to the A allele,
li9)=6.12, p=0.026), consistent with its weaker promoter activity
in the luciferase assay.

Association Analysis with Total Grey Matter and
Intracranial Volume

We examined whether grey matter volume or intracranial
volume differed significantly by AMAPT H1/H2 diplotype or
GSKE3B genotypes in three MRI cohorts by linear regression
analysis (Table 2, Table S1 in Information S1 and Table S2 in
Information S1). Age and sex were included as a priori predictors.
MAPT diplotype was a significant predictor of total grey matter in
the MAS cohort only (p = 0.004), with the H1 haplotype predicting
lower grey matter volume. MAPT diplotype was not a significant
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Figure 1. Effect of GSK3B rs3755557 on transcription. a)
Comparison of expression levels from GSK3B promoter constructs by
luciferase reporter gene assay. Constructs contained either the A or T
allele of rs3755557 on a background of either the T or C allele of
rs334558. Error bars indicate standard error of the mean from 3
independent experiments. *, p<<0.05. b) Electrophoretic mobility shift
assay to show differential binding of either Oct-1 or Pbx-1 transcription
factors to labeled oligomers corresponding to either the A or T allele of
rs3755557. ¢) Quantification of gel shift assay. Error bars indicate
standard error of the mean density of bands corresponding to (Oct-1),
(Pbx-1) and (Oct-1+ Pbx-1) binding for each allele.
doi:10.1371/journal.pone.0071750.g001

predictor of intracranial volume in any individual cohort. We
detected a non-significant trend effect of GSA3B rs3755557
genotype on total grey matter in the OATS cohort (p=0.077),
and on intracranial volume in the BRID (p=0.098) and OATS
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cohorts (p=0.074). In each case, the A allele predicted lower grey
matter or intracranial volume. GSA3B rs334558 was not a
significant predictor of total grey matter or intracranial volume
in any individual cohort.

We performed meta-analyses to determine whether there was
an overall effect of MAPT diplotype or GSK3B SNPs on grey
matter or intracranial volume across the three cohorts. GSK3B
1s3755557 genotype was a significant predictor of both total grey
matter (summary B=0.082, 95% confidence interval =0.037-
0.128) and intracranial volume (summary B=0.113, 95%
confidence interval =0.082-0.144). Neither MAPT nor GSK3B
rs334558 were significant predictors of total grey matter or
intracranial volume by meta-analysis. Note that we have
calculated the I? value, which describes the percentage of
variability due to heterogeneity [35] for each meta-analysis
performed in this study. The I? values exceed the consensus
threshold of 50% for all meta-analyses with the exception of the
MAPT diplotype and grey matter volume (I?=6.2), and thus
warrant the use of the random effects form of meta-analysis. It
should be noted that the p value does reach signficance
(p<<0.0083) for MAPT diplotype and grey matter volume when
analysed using either the fix or random effects form of meta-
analyses. For consistency, we have presented only the data from
the conservative random-effects analyses.

Analysis of MAPT H1/H2 Diplotype and Regional Grey
Matter Volumes

Regional grey matter volumetric data was available for the
MAS cohort. We examined whether MAPT diplotype was
assoclated with grey matter volume differences in candidate brain
regions (right orbital frontal cortex, left insula, right caudate, right
inferior temporal gyrus, right inferior lobe of cerebellum (Crus II))
previously identified by Canu etal [24] (Table 3). Linear
regression analysis using age, sex and intracranial volume as a
priort predictors revealed that MAPT diplotype was a predictor of
left insula and right cerebellar Crus II lobar volumes at a
nominally significant level (p=0.039 and p=0.033, respectively),
with the HI haplotype predicting lower grey matter volumes.
However, these findings were not significant when corrected for
multiple comparisons for five regions (i.e., p>0.01).

Discussion

This study has demonstrated that rs3755557, a SNP in the
promoter region of GSA3B, modulates gene expression by altered
binding of transcription factors and is significantly associated with
intracranial volume across three cohorts of healthy adults (total
n=776). Our luciferase reporter assay demonstrated that the
minor A allele of rs3755557 supported twice the level of the
expression levels compared to the major T allele. The electro-
phoretic mobility shift assay gave a plausible explanation for this
enhanced expression, namely the increased binding of transcrip-
tion factors to the A allele. This increased expression of the A allele
and altered binding of transcription machinery is consistent with
the findings of an earlier study reported last year [22] who also
reported increased transcriptional activity associated with the
minor allele of rs3755557. Moreover, we were able to identify two
transcription factors with altered binding, namely Oct-1 and Pbx-
1.

Both Oct-1 and Pbx-1 have important roles in organ
development. Oct-1 (also known as POU2F1) is found in all
tissue types [37], and throughout mouse embryogenesis and
regulates a large group of target genes [38,39]. Amongst multiple
other roles, Oct-1 has been found to play a role in the
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development of the central nervous system [40]. Similarly, Pbx-1
regulates developmental gene expression in a variety of tissues,
including the central nervous system, and has been implicated in
axonal pathfinding [41]. It is possible that part of the role played
by Oct-1 and Pbx-1 in brain development is via altering
expression of GSK3B.

Consistent with this hypothesis, we found a significant effect of
GSE3B SNP rs3755557 on intracranial volume, a measurement
that is largely determined by the maximal brain size reached in
development. Carriers of the A allele of rs3755557 are
hypothesised to have higher expression of GSK3B, which leads
to over-phosphorylation of its target proteins, possibly including
tau and/or B-catenin, which in turn leads to reduced prolifer-
ation of neuronal precursors and thus a smaller brain size.
Interestingly, smaller intracranial volume is associated with an
increased susceptibility to senile dementia [42], and a recent
meta-analysis of over 9000 patients demonstrated a significant
association of schizophrenia with reduced intracranial volume
[43]. Given that GSK3B is implicated in development of both
Alzheimer’s disease and schizophrenia [9,17-19,22], this suggests
that at least part of the relationship of these disorders with
reduced intracranial volume may reflect the impact of GSK3B on
brain development.

Table 3. Linear regression analyses to assess effect of MAPT
diplotype on regional brain volumes®.

Region MAPT H1/H2P

B t P
Right orbital frontal cortex 0.040 1.15 0.250
Left insula 0.074 2.07 0.039
Right caudate —0.025 —0.65 0.519
Right inferior temporal gyrus 0.048 1.20 0.231
Right cerebellum, Crus Il 0.089 213 0.033

“Models included age, sex and intracranial volume as a priori predictors.
PCoded as follows: HIH1=0, HIH2=1, H2H2=2.
doi:10.1371/journal.pone.0071750.t003
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Table 2. Linear regression analyses to assess effect of MAPT diplotype and GSK3B genotypes on total grey matter and intracranial
volume?,
Predictor
Phenotype variable® Cohort Meta-analysis B (95% CI)°
BRID MAS OATS
B t p B t p B t P
Total grey matter MAPT H1/H2 0.010 0.13 0898 0.111 292 0.004 0.025 044 0.657 0.121 (0.022-0.221)
GSK3B rs3755557 0.095 124 0218 0036 094 0348 0.100 1.78 0.077 0.082 (0.037-0.128)
GSK3B rs334558 0.112 150 0.138 0.033 087 0387 0060 1.05 0.294  0.041 (—105.0-105.0)
Intracranial volume MAPT H1/H2 0.018 022 0828 0062 157 0.118 0025 045 0.653 0.015 (—0.057-0.087)
GSK3B rs3755557 0.136 167 0098 0056 141 0.158 0.097 179 0.074 0.113 (0.082-0.144)
GSK3B rs334558 0.102 1.27 0207 0.020 049 0.622 0.056 1.030 0.304 0.029 (—658.2-658.2)
?Genotypes were tested separately in models including age and sex as a priori predictors. Values for all predictors in each model are given in Tables S1 and S2 in
Information S1.
PCoded as follows: MAPT, H1H1 =0, H1H2 =1, H2H2 = 2; rs3755557, AA=0, AT=1, TT=2; rs334558, GG=0, AG=1, AA=2.
“Meta-analyses with a significant effect after correction for multiple comparisons are in bold.
doi:10.1371/journal.pone.0071750.t002

We did not detect a significant effect of MAPT HI1/H2
diplotype on total grey matter by meta-analysis, although we did
observe a nominally significant effect in our largest cohort. We also
did not observe the previously reported association of the MAPT
linkage disequilibrium region with intracranial volume [25].
Lastly, we were not able to replicate the previously observed
regional grey matter volume differences between MAPT diplotype
groups after correction for multiple comparisons. This may reflect
the fact that our analysis was based on comparison of previously
parcellated regional grey matter volumes, rather than the voxel-
based morphometry analysis in the original study [24]. We note,
however, that one of the two regions in our study with a nominally
significant effect of MAPT was the left insula. This region showed
the largest cluster difference in HIHI1 versus H2 carriers and the
second largest cluster size difference in H2H2 versus H1 carriers in
the Canu et al [24] study.

A potential limitation of our study is the size of the individual
cohorts used, especially the BRID cohort (n=87). Although they
are relatively large cohorts for imaging studies, individually they
lack power to detect genetic effects of small size. We addressed this
limitation by performing meta-analysis on genotype-phenotype
comparisons that had shown preliminary evidence for association
in the primary analyses. The combined cohort (n=776) had
>80% power to detect an effect size corresponding to 1.6% of the
variance [44]. Another limitation is that not all SNPs analysed
were genotyped directly: rs3755557 and rs334558 were imputed in
the MAS cohort, and rs3755557 in the OATS cohort, although
the correlation value (r%) for these imputed SNPs were all between
0.94 and 0.99. All imputation techniques introduce a margin of
error to the genotype calls compared to genotyping the SNPs
directly. We did use raw imputed allele dosage scores for each
individual to account for the uncertainty in the imputation process
but it is possible that the added error in genotype calls may have
obscured true effects of genotype on brain size measures. Thirdly,
given that the GSE3B rs3755557-1s334558 T-G haplotype showed
the most marked decrease in gene expression relative to other
haplotypes (Fig. 1B), we may have observed a stronger effect on
brain size measures had we analysed GSK3B 2-SNP haplotypes
rather than examining the SNPs separately. Given that at least one
of the GSK3B SNPs had not been directly genotyped for the two
larger cohorts, we felt that estimating haplotypes for these cohorts
would introduce an unacceptable level of error to the data that
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would further obscure any association with phenotypes. In
addition, examination of European ancestry populations in the
1000 Genomes project [23] reveals a high degree of linkage
disequilibrium between the two SNPs (D’ =0.96) (Table S3 in
Information S1), and the T allele of rs3755557 effectively defines
the low-activity T-G haplotype. This may explain why we
observed a significant effect of rs3755557 but not rs334558 on
intracranial volume.

Conclusions

In conclusion, we have determined that the minor A allele of
rs3755557 leads to increased activity of the GSK3B promoter,
probably by greater binding of transcription factors such as Oct-1
and Pbx-1, and is associated with reduced intracranial volume and
grey matter in healthy adults. This implies a role for GSE3B in
brain development as well as neurodegeneration, which may have
important implications for the treatment of disorders such as
Alzheimer’s disease, frontotemporal dementia, Parkinson’s disease
and schizophrenia, that have been associated with GSA3B.

References

1. Shahani N, Brandt R (2002) Functions and malfunctions of the tau proteins. Cell
Mol Life Sci 59: 1668-1680.

2. Goedert M (2004) Tau protein and neurodegeneration. Semin Cell Dev Biol 15:
45-49.

3. Cohn-Hokke PE, Elting MW, Pijnenburg YA, van Swieten JC (2012) Genetics of
dementia: update and guidelines for the clinician. Am J Med
Genet B Neuropsychiatr Genet 159B: 628-643.

4. Hutton M, Lendon CL, Rizzu P, Baker M, Froelich S et al. (1998) Association of
missense and 5’-splice-site mutations in tau with the inherited dementia FTDP-
17. Nature 393: 702-705.

5. Pittman AM, Myers AJ, Abou-Sleiman P, Fung HC, Kaleem M et al. (2005)
Linkage disequilibrium fine mapping and haplotype association analysis of the
tau gene in progressive supranuclear palsy and corticobasal degeneration. J Med
Genet 42: 837-846.

6. Caffrey TM, Joachim C, Paracchini S, Esiri MM, Wade-Martins R (2006)
Haplotype-specific expression of exon 10 at the human MAPT locus. Hum Mol
Genet 15: 3529-3537.

7. Caffrey TM, Joachim C, Wade-Martins R (2008) Haplotype-specific expression
of the N-terminal exons 2 and 3 at the human MAPT locus. Neurobiol Aging
29: 1923-1929.

8. Kwok JB, Teber ET, Loy C, Hallupp M, Nicholson G et al. (2004) Tau
haplotypes regulate transcription and are associated with Parkinson’s disease.
Ann Neurol 55: 329-334.

9. Kwok JB, Loy CT, Hamilton G, Lau E, Hallupp M et al. (2008) Glycogen
synthase kinase-3beta and tau genes interact in Alzheimer’s disease. Ann Neurol
64: 446-454.

10. Trabzuni D, Wray S, Vandrovcova J, Ramasamy A, Walker R et al. (2012)
MAPT expression and splicing is differentially regulated by brain region:
relation to genotype and implication for tauopathies. Hum Mol Genet 21: 4094—
4103.

11. Bertram L. McQueen MB, Mullin K, Blacker D, Tanzi RE (2007) Systematic
meta-analyses of Alzheimer disease genetic association studies: the AlzGene
database. Nat Genet 39: 17-23.

12. Kaat DL, Chiu WZ, Boon AJ, van Swieten JC (2011) Recent advances in
progressive supranuclear palsy: a review. Curr Alzheimer Res 8: 295-302.

13. Vandrovcova J, Anaya I, Kay V, Lees A, Hardy J ey al. (2010) Disentangling the
role of the tau gene locus in sporadic tauopathies. Curr Alzheimer Res 7: 726~
734.

14. Healy DG, Abou-Sleiman PM, Lees AJ, Casas JP, Quinn N et al. (2004) Tau
gene and Parkinson’s disease: a case-control study and meta-analysis. ] Neurol
Neurosurg Psychiatry 75: 962-965.

15. Lovestone S, Reynolds CH, Latimer D, Davis DR, Anderton BH et al. (1994)
Alzheimer’s disease-like phosphorylation of the microtubule-associated protein
tau by glycogen synthase kinase-3 in transfected mammalian cells. Curr Biol 4:
1077-1086.

16. Wu D, Pan W (2010) GSK3: a multifaceted kinase in Wnt signaling. Trends
Biochem Sci 35: 161-168.

17. Schaffer BA, Bertram L, Miller BL, Mullin K, Weintraub S et al. (2008)
Association of GSK3B with Alzheimer disease and frontotemporal dementia.
Arch Neurol 65: 1368-1374.

18. Zhang N, Yu JT, Yang Y, Yang J, Zhang W et al. (2011) Association analysis of
GSK3B and MAPT polymorphisms with Alzheimer’s disease in Han Chinese.
Brain Res 1391: 147-153.

19. Garcia-Gorostiaga I, Sanchez-Juan P, Mateo I, Rodriguez-Rodriguez E,
Sanchez-Quintana C et al. (2009) Glycogen synthase kinase-3 beta and tau

PLOS ONE | www.plosone.org

GSK3B and MAPT Genes Affect Brain Volume Measures

Supporting Information

Information S1.

(PDF)

Acknowledgments

We thank all patients and family members who participated in this study,
and Dr Nanthakumar Subramaniam (Westmead Millennium Institute,
NSW, Australia) for providing Oct-1 and Pbx-1 mammalian expression
constructs. We would like to thank the participants of the Sydney Memory
and Ageing Study and the Australian Older Twin Study. We acknowledge
the support of the BRAINnet (http://www.BRAINnet.net), the network of
researchers governed by the non-profit BRAINnet Foundation to provide
access to the Brain Resource International Database.

Author Contributions

Conceived and designed the experiments: CDS PRS JBK. Performed the
experiments: JBK PP KM. Analyzed the data: CDS JBK NJA. Contributed
reagents/materials/analysis tools: WW PSS EG MSK LMW. Wrote the
paper: CDS JBK.

genes interact in Parkinson’s and Alzheimer’s diseases. Ann Neurol 65: 759-761;
author reply 761-752.

20. Kwok JB, Hallupp M, Loy CT, Chan DK, Woo J et al. (2005) GSK3B
polymorphisms alter transcription and splicing in Parkinson’s disease. Ann
Neurol 58: 829-839.

21. Hur EM, Zhou FQ (2010) GSK3 signalling in ncural development. Nat Rev
Neurosci 11: 539-551.

22. Li M, Mo Y, Luo X]J, Xiao X, Shi L et al. (2011) Genetic association and
identification of a functional SNP at GSK3beta for schizophrenia susceptibility.
Schizophr Res 13: 165-171.

23. Meyer LR, Zweig AS, Hinrichs AS, Karolchik D, Kuhn RM et al. (2013) The
UCSC Genome Browser database: extensions and updates 2013. Nucleic Acids
Res 41: D64-69.

24. Canu E, Boccardi M, Ghidoni R, Benussi L, Testa C et al. (2009) H1 haplotype
of the MAPT gene is associated with lower regional gray matter volume in
healthy carriers. Eur ] Hum Genet 17: 287-294.

25. Ikram MA, Fornage M, Smith AV, Seshadri S, Schmidt R et al. (2012) Common
variants at 6q22 and 17q21 are associated with intracranial volume. Nat Genet
44: 539-544.

26. Chenn A, Walsh CA (2002) Regulation of cerebral cortical size by control of cell
cycle exit in neural precursors. Science 297: 365-369.

27. Chenn A, Walsh CA (2003) Increased neuronal production, enlarged forebrains
and cytoarchitectural distortions in beta-catenin overexpressing transgenic mice.
Cereb Cortex 13: 599-606.

28. Gordon E, Cooper N, Rennie C, Hermens D, Williams LM (2005) Integrative
neuroscience: the role of a standardized database. Clin EEG Neurosci 36: 64—
75.

29. Dobson-Stone C, Gatt JM, Kuan SA, Grieve SM, Gordon E et al. (2007)
Investigation of MCPHI1 G37995C and ASPM A44871G polymorphisms and
brain size in a healthy cohort. Neuroimage 37: 394-400.

30. Anderson TM, Sachdev PS, Brodaty H, Trollor JN, Andrews G (2007) Effects of
sociodemographic and health variables on Mini-Mental State Exam scores in
older Australians. Am J Geriatr Psychiatry 15: 467-476.

31. Sachdev PS, Brodaty H, Reppermund S, Kochan NA, Trollor JN et al. (2010)
The Sydney Memory and Ageing Study (MAS): methodology and baseline
medical and neuropsychiatric characteristics of an elderly epidemiological non-
demented cohort of Australians aged 70-90 years. Int Psychogeriatr 22: 1248
1264.

32. Batouli SA, Sachdev PS, Wen W, Wright MJ, Suo C et al. (2012) The
heritability of brain metabolites on proton magnetic resonance spectroscopy in
older individuals. Neuroimage 62: 281-289.

33. Stephens M, Scheet P (2005) Accounting for decay of linkage disequilibrium in
haplotype inference and missing-data imputation. Am J Hum Genet 76: 449
462.

34. Howie B, Fuchsberger C, Stephens M, Marchini J, Abecasis GR (2012) Fast and
accurate genotype imputation in genome-wide association studies through pre-
phasing. Nat Genet 44: 955-959.

35. Neyeloff JL, Fuchs SC, Moreira LB (2012) Meta-analyses and Forest plots using
a microsoft excel spreadsheet: step-by-step guide focusing on descriptive data
analysis. BMC Res Notes 5: 52.

36. Quandt K, Frech K, Karas H, Wingender E, Werner T (1995) MatInd and
MatInspector: new fast and versatile tools for detection of consensus matches in
nucleotide sequence data. Nucleic Acids Res 23: 4878-4884.

37. Phillips K, Luisi B (2000) The virtuoso of versatility: POU proteins that flex to
fit. J] Mol Biol 302: 1023-1039.

August 2013 | Volume 8 | Issue 8 | 71750



38.

39.

40.

41.

Gray PA, Fu H, Luo P, Zhao Q, Yu J et al. (2004) Mouse brain organization
revealed through direct genome-scale TF expression analysis. Science 306:
2255-2257.

Ryan AK, Rosenfeld MG (1997) POU domain family values: flexibility,
partnerships, and developmental codes. Genes Dev 11: 1207-1225.

Kiyota T, Kato A, Altmann CR, Kato Y (2008) The POU homeobox protein
Oct-1 regulates radial glia formation downstream of Notch signaling. Dev Biol
315: 579-592.

Sgado P, Ferretti E, Grbec D, Bozzi Y, Simon HH (2012) The atypical
homeoprotein Pbxla participates in the axonal pathfinding of mesencephalic
dopaminergic neurons. Neural Dev 7: 24.

PLOS ONE | www.plosone.org

42.

44.

GSK3B and MAPT Genes Affect Brain Volume Measures

Mortimer JA, Snowdon DA, Markesbery WR (2003) Head circumference,
education and risk of dementia: findings from the Nun Study. J Clin Exp
Neuropsychol 25: 671-679.

. Haijma SV, Van Haren N, Cahn W, Koolschijn PC, Hulshoff Pol HE et al.

(2012) Brain Volumes in Schizophrenia: A Meta-Analysis in Over 18 000
Subjects. Schizophr. Bull [Epub ahead of print].

Purcell S, Cherny SS, Sham PC (2003) Genetic Power Calculator: design of
linkage and association genetic mapping studies of complex traits. Bioinformatics
19: 149-150.

August 2013 | Volume 8 | Issue 8 | 71750



