
Introduction

Parkinson disease (PD) is a progressive

neurodegenerative disorder, with a prevalence of

approximately 1% at the age of 65, increasing to

4–5% by the age of 85. For most people with PD,

the cause remains unknown. The microtubule -as-

sociated protein tau, encoded by the MAPT gene,

is primarily expressed in neurons and plays a key

role in the organization and integrity of the

cytoskeleton (Lee et al. 2001; Pittman et al. 2006).

Within the MAPT gene, several polymorphisms

and overrepresentation of MAPT H1/H1 geno-

types have been reported to be associated with id-

iopathic PD. However, the findings related to the

role of the MAPT gene in PD have been inconsis-

tent (Golbe et al. 2001; Maraganore et al. 2001;

Martin et al. 2001; Farrer et al. 2002; Kwok et al.

2005; Maraganore et al. 2005; Fung et al. 2006;

Goris et al. 2007; Winkler et al. 2007; Zabetian

et al. 2007; Tobin et al. 2008; Das et al. 2009;

Klein et al. 2009; Sutherland et al. 2009;

Vandrovcova et al. 2009). Recently, two ge-

nome-wide association studies reported a strong

association of MAPT with PD (Pankratz et al.

2009; Simón-Sánchez et al. 2009), while it was not

confirmed in a Greek population (Refenes et al.

2009) and a Japanese study (Satake et al. 2009),

revealing population differences.

Lifetime risk is only one mode of genetic ex-

pression; age at onset (AAO) of PD is also geneti-

cally controlled (DeStefano et al. 2002; Li et al.

2002). Identifying genes that control AAO would

contribute to the understanding of disease devel-

opment and progression, provide new targets for

therapy, and might allow therapeutic interventions

that would delay disease onset. It has been shown

that MAPT may contribute to AAO of PD
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(Kobayashi et al. 2006; Golub et al. 2007). How-

ever, the association of MAPT with this trait has

not been confirmed by a family-based association

study. In the present study, we used a family-based

association design to investigate the association of

MAPT with both the overall risk and AAO of PD.

Materials and methods

Sample

Publicly available SNP genotype data were ac-
cessed from dbGaP for the genome-wide associa-
tion study Mayo-Perlegen LEAPS (Linked Efforts
to Accelerate Parkinson’s Solutions) Collabora-
tion (http://www.ncbi.nlm.nih.gov/sites/entrez?
db=gap; accession no. phs000048.v1.p1)
(Maraganore et al. 2005). For tier 1 of this dataset,
AAO was available for 443 patients and ranged
from 31 to 94 years. It was used as a quantitative
trait in this study. The age at entry into the study
ranged from 29 to 90 years in healthy siblings (Ta-
ble 1). Ten single-nucleotide polymorphisms
(SNPs) within the MAPT gene were genotyped in
the 443 sibling pairs discordant for PD (Table 2).

Statistical analysis

A normality test for AAO and the independent

sample t-test for the gender difference in AAO

were conducted using PASW Statistics 17.0. De-

parture from the Hardy-Weinberg equilibrium of

each locus and pairwise linkage disequilibrium

statistic (r2) were assessed for healthy siblings by

using HAPLOVIEW (Barrett et al. 2005). In this

study, family-based association tests (FBATs) for

PD were performed using PBAT version 36.1

(Van Steen et al. 2005), which can handle nuclear

families with missing parental genotypes, ex-

tended pedigrees with missing genotypic informa-

tion, analysis of SNPs, haplotype analysis,

quantitative traits, and time-to-onset phenotypes.

For the affection status of PD, the multivariate

FBAT using generalized estimating equations

(FBAT-GEE) was used, while for testing the

time-to-onset trait (AAO), the FBAT-logrank sta-

tistic was employed. The AAO values for healthy

siblings were censored, so age at entry into the

study was used instead of AAO for them.

Haplotype analysis was conducted in 2-SNP slid-

ing windows.
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Table 1. Descriptive characteristics of Parkinson disease patients and their siblings.

Variable Total patients Female patients Male patients Siblings

Number 443 172 271 443

Mean age at onset (years, ±SD) 60.9 (±11.2) 61.7 (±11.3) 60.4 (±11.1) NA

Median age at onset (years) 61 63 60 NA

Mean age at entry (years, ±SD) 66.1 (±10.6) 66.8 (±10.4) 65.6 (±10.8) 65.7 (±11.0)

Median age at entry (years) 68 68 67 66

NA = not applicable

Table 2. Single-nucleotide polymorphism (SNP) analysis based on the multivariate family-based association test

using generalized estimating equations (FBAT-GEE) and FBAT-logrank in Parkinson disease patients.

SNP Position (bp)* MAF FAM PFBAT-GEE for affection status** PFBAT-logrank for age at onset**

rs17691610 41326456 0.17 105 0.082(a) 0.039(d,r) 0.080(a) 0.032(d,r)

rs17563965 41346747 0.17 111 0.041(a) 0.021(d,r) 0.032(a) 0.026(d,r)

rs17649641 41353200 0.17 110 0.033(a) 0.015(d,r) 0.027(a) 0.021(d,r)

rs17564829 41362429 0.18 99 0.109(a) 0.044(d,r) 0.074(a) 0.043(d,r)

rs17650417 41368932 0.17 95 0.030(a) 0.016(d,r) 0.023(a) 0.021(d,r)

rs17571857 41391544 0.17 111 0.041(a) 0.021(d,r) 0.032(a) 0.026(d,r)

rs754593 41410532 0.36 167 0.539(a) 0.357(d,r) 0.362(a) 0.280(d,r)

rs17651549 41417115 0.17 108 0.071(a) 0.041(d,r) 0.055(a) 0.051(d,r)

rs17573266 41428718 0.17 111 0.035(a) 0.021(d,r) 0.028(a) 0.026(d,r)

rs1991556 41439239 0.18 114 0.056(a) 0.043(d,r) 0.050(a) 0.049(d,r)

MAF = minor allele frequency; FAM = number of informative families used in the additive model

* Physical position based on NCBI Genome Build 36.3

** Letters in parentheses indicate the genetic models used: a = additive; d = dominant; r = recessive.



Results

Descriptive statistics and t-test for AAO

Participant characteristics are shown in Table 1. In

total, 443 AAO values were used. The mean AAO

for PD patients was 60.9 years and the mean age at

entry into the study for patients and siblings were

66.1 and 65.7 years, respectively. The AAO for

the whole sample was normally distributed

(Kolmogorov-Smirnov Z = 1.21, P = 0.11). The

mean AAO in male (60.4±11.1) and female sub-

jects (61.7±11.3) did not differ significantly (inde-

pendent samples test t = 1.16, P = 0.25).

Genotype quality control

Genotype frequencies for each SNP were within

the Hardy-Weinberg equilibrium. The linkage dis-

equilibrium structure (r2) is illustrated in Figure 1.

All the SNPs have strong linkage disequilibrium

with each other, and most r
2 values are > 90%.

Single-marker analysis

The results of single-marker analysis are summa-

rized in Table 2. Interestingly, of the 10 SNPs,

5 were significantly associated with PD (P < 0.05)

in the additive model, while 9 were associated

with PD (P < 0.05) in dominant and recessive

models. Moreover, 8 PD-associated SNPs were

also associated with AAO in dominant and reces-

sive models. The dominant and recessive models

yielded slightly stronger association than the addi-

tive model. The SNP most significantly associated

with PD and its AAO is rs17649641 (P = 0.015

and 0.021, respectively, in the two models).

Haplotype analysis

Because these 10 SNPs showed strong linkage dis-

equilibrium with respect to one another, we con-

structed haplotypes by using flanking SNPs:

rs17563965 (A/G) with rs17649641(C/T), and

rs17650417 (A/G) with rs17571857 (A/G). The

major haplotype based on rs17563965 and

rs17649641 (A-T, frequency = 0.56) demonstrated

the most significant association with PD (P =

0.018) and AAO (P = 0.026), while the major

haplotype based on rs17650417 (A/G) and

rs17571857 (G-A, frequency = 0.56) also revealed

an association with PD (P = 0.018) and AAO (P =

0.027) in the additive model.

Discussion

This study provides evidence that the MAPT re-

gion is associated with PD by using a family-based

association analysis of the publicly available ge-

nome-wide association data from the

Mayo-Perlegen LEAPS Collaboration (dbGaP

study accession no. phs000048.v1.p1). Fam-

ily-based association studies, such as the transmis-

sion disequilibrium test (TDT), are preferable to

case-control studies in allelic association studies

when there is population admixture, because the

TDT detects preferential transmission of alleles

from heterozygous parents to probands and is ro-

bust with respect to population stratification. Es-

pecially, the FBAT-GEE approach in the PBAT

software can be easily adapted to scenarios with

multiple offspring per family and missing parental

information, and testing for linkage disequilib-

rium under the assumption of linkage (Lange et al.

2003).

Two previous studies used population-based

design to analyze the association of MAPT with

AAO of PD (Kobayashi et al. 2006; Golub et al.

2007). In this study, we used not only a fam-

ily-based design but also a survival model applied

in the FBAT-logrank statistic to provide evidence

of an influence of MAPT on AAO. The

FBAT-logrank approach can be identical to the

proportional hazard approach (Mokliatchouk et al.

2001). Tests using the information in the onset and

censoring times are of particularly practical rele-

vance. In many late-onset diseases those appar-
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Figure 1. Linkage disequilibrium structure of

10 single-nucleotide polymorphisms (SNPs) within the

MAPT gene (one haplotype block). The numbers indicate

r
2 values (in %) between the corresponding two SNPs

(dark area shows r
2=100%).



ently unaffected are still at risk. Ignoring

information on censoring means that the power of

the test statistics may be reduced (Lange et al.

2004).

The SNPs analyzed in this study have not

been examined in other association studies of PD.

Consequently, the results presented here are

novel. In most genetic association studies, the sig-

nificantly associated SNPs are not themselves

causal for the studied condition but are, instead, in

linkage disequilibrium with the actual causative

DNA variant. We have examined the sequence

context for each of the significantly associated

SNPs in our study to evaluate the possibility of

their acting as causal variants. SNP rs17691610 is

in a region upstream of the proposed transcription

start sites of the MAPT gene. However, it is up-

stream of the sequences that have been found ex-

perimentally to have the greatest influence on the

basal transcription of this gene (Andreadis et al.

1996). This casts doubt on its impact but does not

rule out a causal role. The remainder of the signifi-

cant SNPs, with the exception of rs17651549, are

intronic. Because they do not lie within any of the

canonical splice junction or branch point se-

quences, their potential role in influencing splic-

ing is hard to determine without experimental

evaluation. SNP rs17651549 is most promising as

a causal SNP. In the more common (C) allele of

this SNP, it provides the first base of a CGG

arginine codon in amino acid residue 246 near the

3’ end of MAPT exon 4A. The less common (T) al-

lele results in a change in this codon to a TGG

tryptophan codon. Another arginine to tryptophan

mutation in tau, R406W, has been found to be

hyperphosphorylated, to bind microtubules

poorly, and to be associated with frontotemporal

dementia (Krishnamurthy et al. 2004). This serves

to underscore the potentially deleterious effect of

this nonconservative mutation. The arginine

codon altered by SNP rs 17651549 and its sur-

rounding protein sequence are conserved in pri-

mates (Holzer et al. 2004). In fact, exon 4A of

MAPT and the adjacent intron sequences are quite

highly conserved between mice and humans at the

nucleotide level (Poorkaj et al. 2001). This degree

of conservation probably reflects the sequence

constraints that are required for the alternative

splicing of this exon. Exon 4A is normally in-

cluded in mature transcripts, mainly in the periph-

eral nervous system and retina (reviewed in

Andreadis 2005). In addition to its impact on tau

protein sequence, SNP rs 17651549 might influ-

ence MAPT splicing in at least two different ways.

First, its location close to the 3’ end of exon 4A

places it in a region where exonic splicing regula-

tory proteins often bind and influence splicing re-

actions. In fact, Nembaware et al. (2008) detected

SNP rs17651549 as a candidate variant to examine

for evidence of allele-specific splicing. They

based its selection on its location close to a splice

junction and the presence of a predicted binding

sequence for the exonic splicing enhancer protein

SRp55 (Nembaware et al. 2008). Several disorders

resulting from MAPT mutations, as well as other

neurologic diseases, can be traced to problems

with aberrant splicing, many of which arise from

exonic mutations (Andreadis 2005; Licatalosi

et al. 2006; Caffrey et al. 2007; Liu et al. 2008;

Wolfe 2009; Karambataki et al. 2010). The second

possible mechanism by which this SNP might

modulate splicing is through loss of a methylation

site, since CG (a typical site for methylation)

would be replaced with TG in the less common al-

lele. Some alterations in CpG-associated

methylation have been implicated in cancer and

neurodegenerative diseases through changes in

splicing of key transcripts (Kouidou et al. 2009;

Karambataki et al. 2010). SNP rs17651549 might

be acting via one or more of the above mecha-

nisms, so further evaluation will be needed.
In conclusion, our results, obtained with the

help of haplotype analysis, confirm the previous
report of a significant association between MAPT

gene polymorphisms and PD by using a fam-
ily-based study. In addition, both single-marker
and haplotype analyses suggest that variations in
MAPT may be associated with AAO of PD. Larger
cohorts and more variants need to be investigated
in the future, and functional studies need to be con-
ducted to further evaluate the role of sequence
variants of MAPT in the pathogenesis of PD.
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