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Abstract

Objective—An inversion polymorphism of approximately 900kb on chromosome 17g21, which
includes the microtubule-associated protein tau (MAPT) gene defines two haplotype clades, H1 and
H2. Several small case—control studies have observed a marginally significant excess of the H1/H1
diplotype among patients with Parkinson’s disease (PD), and one reported refining the association
to a region spanning exons 1 to 4 of MAPT. We sought to replicate these findings.

Methods—We genotyped 1,762 PD patients and 2,010 control subjects for a single nucleotide
polymorphism (SNP) that differentiates the H1 and H2 clades. We also analyzed four SNPs that
define subhaplotypes within H1 previously reported to associate with PD or other neurodegenerative
disorders.

Results—After adjusting for age, sex, and site, we observed a robust association between the H1/
H1 diplotype and PD risk (odds ratio for H1/H1 vs H1/H2 and H2/H2, 1.46; 95% confidence interval,
1.25-1.69; p = 8 x 1077). The effect was evident in both familial and sporadic subgroups, men and
women, and early- and late-onset disease. Within H1/H1 individuals, there was no significant
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difference between cases and control subjects in the overall frequency distribution of H1
subhaplotypes.

Interpretation—Our data provide strong evidence that the H1 clade, which contains MAPT and
several other genes, is a risk factor for PD. However, attributing this finding to variants within a
specific region of MAPT is premature. Thorough fine-mapping of the H1 clade in large numbers of
individuals is now needed to identify the underlying functional variant(s) that alter susceptibility for
PD.

The microtubule-associated 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.1+2
Filamentous neuronal tau inclusions define a set of neurodegenerative diseases collectively
known as the tauopathies, which include Alzheimer’s disease (AD), progressive supranuclear
palsy (PSP), corticobasal degeneration (CBD), and frontotemporal dementia with
parkinsonism linked to chromosome 17.1:2 MAPT sequence variation was first linked to the
etiopathogenesis of tauopathies by the discovery of mutations resulting in frontotemporal
dementia with parkinsonism linked to chromosome 17, and subsequently an extended common
haplotype (H1) across the gene was shown to associate with disease risk in PSP and CBD.3~
7

Though Parkinson’s disease (PD) shares some clinical features with the tauopathies, it has been
assigned to a distinct subset of neurodegenerative diseases (the a-synucleinopathies) by
histopathology because it is characterized by intraneuronal accumulation of a-synuclein, rather
than tau.8 Thus, initial reports that the MAPT H1 haplotype was also associated with PD were
intriguing but met with some skepticism. Since then the association between MAPT variants
and PD has remained tenuous with a number of small case—control studies reporting either a
marginal or no significant overrepresentation of the H1/H1 diplotype among cases (Table 1).
9~23However, a recent meta-analysis of 10 such studies in white subjects supported the
hypothesis that the H1 haplotype might confer susceptibility for PD (pooled odds ratio [OR]
for H1/H1 vs H1/H2 and H2/H2, 1.49; confidence interval [CI], 1.28 -1.74).24

The H1 and H2 haplotypes actually represent two distinct clades or families of subhaplotypes
that arose from an inversion of 900kb on chromosome 17921 approximately 3 million years
ago.2° Since the event, the two inverted regions, which contain MAPT and several other genes,
have been recombinationally suppressed and have accumulated sequence variation
independently. As a result, any one of a large number of single nucleotide polymorphisms
(SNPs) can be genotyped to differentiate the two haplotype clades (referred to hereafter as H1-
H2 SNPs). However, because these SNPs are in perfect linkage disequilibrium (LD) with one
another (r2 =1) across the entire region, the association of a given H1-H2 SNP with disease

risk could be due to functional variation within any segment of MAPT or a neighboring gene.
26

To more precisely map the disease-associated region in PD, Skipper and colleagues?’ analyzed
14 SNPs specific to the H1 clade (ie, SNPs that were polymorphic on H1 chromosomes but
monomorphic on H2 chromosomes) in subjects of the H1/H1 diplotype. A subhaplotype
composed of two such “H1-SNPs” (rs242562 and rs2435207) spanning MAPT exons 1 to 4
was significantly overrepresented in cases versus control subjects refining the PD-associated
interval from approximately 900 to 90kb. More comprehensive analyses of H1-SNPs have
subsequently identified disease-associated H1 subhaplotypes overlapping the same MAPT
region in PSP, CBD, and AD.28-30 n this study, we sought to confirm whether the H1 clade
is associated with PD, and if so, whether the effect can be attributed to specific H1-SNPs or
subhaplotypes previously implicated in PD and the tauopathies.
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Subjects and Methods

Subjects

We recruited 1,762 PD patients (mean age at onset [AAOQ], 58.7 £ 11.6 years; range, 24-93
years; mean age at enrollment, 68.0 £+ 10.6 years; male sex, 67.7%) and 2,010 control subjects
(mean age at enrollment, 67.4 + 18.3 years; male sex, 37.3%) through the NeuroGenetics
Research Consortium, which includes movement disorder clinics in Albany, New York,
Atlanta, Georgia, Portland, Oregon, and Seattle, Washington. All patients met UK PD Society
Brain Bank clinical diagnostic criteria3! for PD as determined by a movement disorder
specialist and were consecutively recruited except that patients who had an AAO less than 20
years, whose race was not solely classified as “white” (by self-report), or who carried
pathogenic mutations in LRRK2 or PARK2 (homozygotes/compound heterozygotes) were
excluded from the study population. Patients with an AAO < 50 years were defined as early-
onset PD and comprised 25.4% of all cases. Among patients, 22.9% reported a family history
of PD in at least one first- or second-degree relative and were classified as “familial” PD for
this analysis. In such instances, only one affected individual from each family was included in
the study.

Control subjects had no history of parkinsonism and were either spouses of PD patients (31.2%)
or healthy volunteers from the local community (68.8%). The institutional review boards at
each participating site approved the study, and all subjects gave informed consent.

Marker Selection and Genotyping

Our primary objective was to select MAPT variants previously reported to modify PD
susceptibility. To do this, we chose a single H1-H2 SNP (rs1800547) to differentiate the H1
and H2 haplotype clades,3:14:25 and three H1-SNPs (rs242562, rs3785883, and rs2435207)
that defined the two and three locus H1 subhaplotypes that Skipper and colleagues27 observed
to associate with PD.

We sought additional MAPT variants for analysis based on published data from case—control
studies on tauopathies. Three H1-SNPs (rs242557, rs3785883, and rs2471738), either
individually or together as a three-locus subhaplotype, have been shown to associate with
disease risk in PSP, CBD, and AD.28730 One of these (rs3785883) was already selected for
analysis. To avoid unnecessary genotyping, we assessed LD between the remaining two SNPs
(rs242557 and rs2471738) and the three PD-associated H1-SNPs described earlier using data
on 60 unrelated individuals of European ancestry from the International HapMap Project CEU
population (http://www.hapmap.org).32 We used the LD-select algorithm33 as implemented
on the SeattleSNPs Genome Variation Server (http://gvs.gs.washington.edu/GVS/) to estimate
LD (measured as r2) among these markers. Of the two nonoverlapping tauopathy-linked SNPs,
one (rs242557) was discarded because it was highly correlated with rs242562 (r2 = 0.96). The
other (rs2471738) was selected for analysis because it was imperfectly correlated to all SNPs
in the group (r? = 0.03-0.71).

Genotyping was performed by TagMan assay using an ABI 7900HT Sequence Detection
System (Applied Biosystems, Foster City, CA). To assess accuracy, we also genotyped each
SNP by resequencing in 94 DNA samples.

Data Analysis

We assessed each SNP for Hardy—Weinberg equilibrium in cases and control subjects using
an exact test. For all markers, we first tested for association between allele frequencies and PD
using a Pearson’s 2 test. We examined the H1-H2 SNP using a recessive model (H1/H1 vs
H1/H2 and H2/H2). For H1-SNPs, we examined the association between genotype and PD
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using logistic regression, with homozygotes for the more common allele as the reference. Tests
of H1-SNPs were restricted to H1/H1 individuals. To account for differences in important
variables between cases and control subjects, we then used logistic regression to test for
genotypic associations, adjusting for sex, site, and age at enrollment (by three age strata: <50,
50-80, and >80 years). The Breslow—Day test was used to test the homogeneity of the ORs for
the H1-H2 SNP across sites. We assessed the effect of the H1-H2 SNP on AAO by comparing
the mean AAQ in the H1/H1 versus the combined H1/H2 and H2/H2 groups by Student’s t
test. These analyses were performed using STATA version 8.

We used HAPSTAT?34 to reconstruct H1 subhaplotypes from unphased genotype data and to
test subhaplotype—disease associations without adjustment and after adjustment for sex, site,
and age. We excluded subhaplotypes with an estimated frequency of <0.01 in cases and control
subjects. For a given set of H1-SNPs, we first performed a global likelihood ratio test to assess
whether the overall subhaplotype frequency distribution differed between cases and control
subjects. In instances in which the overall distribution significantly differed or where the effects
of a specific subhaplotype had been reported in the literature, we then examined the effects of
each individual subhaplotype compared with all others. We used coefficient estimates and
standard errors given by the program to construct ORs and 95% Cls. We calculated pairwise
LD (measured as D) between H1-SNPs in cases and control subjects, and created graphic
representations of the data using Haploview.3®

There were no discordant calls between genotypes determined by TagMan assay or
resequencing. No significant deviation from Hardy—Weinberg equilibrium was observed for
any of the SNPs except rs2471738, for which a marginally significant deviation was seen in
cases ( p = 0.02) but not control subjects (p = 0.27).

We observed a significantly greater frequency of the H1 haplotype in cases compared with
control subjects (81.8 vs 77.4%; y2 = 22.6; OR, 1.31; 95% Cl, 1.17- 1.47; p = 2 x 1075). The
H1/H1 diplotype was strongly associated with PD and remained so after adjustment for age,
sex, and site (Table 2; OR, 1.46; 95% Cl, 1.25-1.69; p = 8 x 10~ 7). The effect was seen in both
familial and sporadic subgroups, in early-and late-onset disease, and in both sexes (Table 2
and Table 3). The ORs for the H1/H1 diplotype were not significantly different across sites
(xc = 3.95; p = 0.27), and the direction of the effect was the same at each site (Georgia: OR,
1.39; 95% CI, 0.79 —2.46; New York: OR, 1.76; 95% ClI, 1.27-2.44; Oregon: OR, 1.24; 95%
Cl, 1.01-1.53; Washington: OR, 1.58; 95% CI, 1.25-2.01). We did not observe a significant
effect of the H1/H1 diplotype on AAO (mean AAO H1/H1, 58.4 + 11.7 years; H1/H2 and H2/
H2,59.3 + 11.5 years; p = 0.10).

To determine whether the observed effects on PD risk were attributable to variation within the
H1 clade, we then examined four H1-SNPs in all subjects of the H1/H1 diplotype (n = 1,187
cases and 1,191 control subjects). These four markers spanned a distance of approximately
49kb across MAPT (Fig), and only two (rs2435207 and rs2471738) of the four were in strong
LD with one another (cases: D’ = 0.98; control subjects: D’ = 0.97; see Fig). The pattern of LD
among H1-SNPs was similar in cases versus control subjects (see Fig).

To test the relation between H1-SNPs and PD risk, we first assessed each marker individually
and found no significant difference in genotype frequencies between cases and control subjects
after Bonferroni correction for multiple testing ( p corrected > 0.07, data not shown). We then
reconstructed H1 subhaplotypes and tested for association with PD using the full marker set
or subsets of SNPs.
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For the full marker set, 11 of the 16 possible subhaplotypes were observed at a frequency >
1% (data not shown). The frequency distribution of these subhaplotypes was not significantly
different between cases and control subjects (x2 = 10.57; degrees of freedom, 10; global p =
0.39). Next, we considered a subset of two H1-SNPs (rs242562 and rs2435207) that defined
the “AA” and “AG” subhaplotypes previously reported to associate with PD.2” There was no
significant difference in the overall distribution of subhaplotypes (2 = 4.78; degrees of
freedom, 3; global p = 0.19) or in the frequencies of the AA and AG subhaplotypes in cases
versus control subjects (see Supplementary Table S1). Of the remaining subhaplotypes, one
(GA) was underrepresented among cases at a marginally significant level (OR, 0.83; 95% Cl,
0.69-0.99).

Finally, we examined a subset of three H1-SNPs (rs242562, rs3785883, and rs2471738) that
best captured the variation within the “H1c” subhaplotype28 reported to associate with the
tauopathies.28730 There was no significant difference in the overall subhaplotype distribution
(% = 5.85; degrees of freedom, 7; global p = 0.56) or in the frequencies of any of the eight
individual subhaplotypes observed between cases and control subjects (see Supplementary
Table S2). Subhaplotype frequencies from a previous study on PSP and CBD29 are provided
for reference. The frequencies of the “AGT” and “GGC” subhaplotypes, which are equivalent
to the two subhaplotypes reported to associate with PSP,2° were nearly identical in PD patients
and control subjects (AGT: OR, 1.04; 95% Cl, 0.89 -1.22; GGC: OR, 1.04; 95% ClI, 0.92—
1.18).

Discussion

Nearly all of the genes nominated as risk factors for typical late-onset PD have either not yet
undergone or failed appropriate replication, 36739 with a few notable exceptions (eg, SNCA
REP1 polymorphism).? Two previous meta-analyses concluded that the MAPT H1 haplotype
might confer susceptibility for PD,20:24 but these conclusions must be interpreted with caution
for two reasons: (1) individual-level data were not available to account for important covariates,
and (2) substantial differences in study design likely existed among the publications selected
for analysis (eg, method of PD diagnosis). We believe that our study, which replicates this
finding in a large case—control sample in which standardized diagnostic criteria and data
collection procedures were used, constitutes a major step toward establishing the MAPT H1
clade asarisk factor in PD. Although the association we observed between the H1/H1 diplotype
and PD was highly significant (p = 8 x 1077), the effect size was rather modest (OR, 1.46;
95% ClI, 1.25-1.69) but fell within the range thought typical for genetic determinants in
complex diseases.*! This underscores the need for investigators to conduct future PD genetic
association studies in large samples and might explain, in part, the lack of reproducibility
among previous case—control studies on MAPT variants in PD (see Table 1).

Given that the H1 clade represents a risk factor for PD, the true (functional) risk allele(s) could,
in theory, reside at any position within an approximately 900kb region that includes genes other
than MAPT such as CRHR1 and IMP5. Thus, Skipper and colleagues’ report?’ that a
subhaplotype within the H1 clade was overrepresented in PD was potentially important
because, if validated, it would narrow the location of the risk variant(s) to the 5’ half of
MAPT itself. Among H1/H1 subjects, the authors observed a twofold greater frequency of the
“AA” subhaplotype, defined by rs242562 and rs2435207, in a subset of 81 “probable” PD
patients in comparison with 81 matched control subjects from an isolated population in Norway
(see Supplementary Table S1). They also noted substantially greater LD among these and
nearby H1-SNPs in cases versus control subjects. In contrast, we found nearly identical
frequencies of the AA subhaplotype and similar patterns of LD in cases (n = 1,187) and control
subjects (n = 1,191) of the H1/H1 diplotype (see Supplementary Table S1 and the Fig).
Assuming that our data are representative of the outbred “white” population of North America,
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there are two plausible explanations for this discrepancy. First, population isolates often have
greater overall levels of LD than do outbred populations.*2 Thus, it is possible that an untyped
risk variant exists that is present in both populations but is in LD with rs242562 and rs2435207
only in the Norwegian isolate. Second, the association between the AA subhaplotype and PD
in the Norwegian sample might simply represent a false-positive finding. Notably, when the
authors of that study included all available H1/H1 cases (possible and probable PD, n = 201)
and control subjects (n = 278) in the analysis, the association of the AA subhaplotype with PD
was of only marginal significance ( p < 0.02), particularly because multiple testing was not
accounted for.

There is increasing evidence that risk variants within the H1 clade overlap among the
tauopathies2830; thus, it is possible that these same variants alter susceptibility to PD. We
addressed this by genotyping three H1-SNPs that have been reported to either directly associate
with the tauopathies (rs3785883 and rs2471738) or are highly correlated with a SNP that does
(rs242562). However, we found no significant association between these SNPs and PD
individually or together as three-locus subhaplotypes (see Supplementary Table S2). Though
a slight deviation from Hardy—Weinberg equilibrium was observed for one of these SNPs
(rs2471738) in cases ( p = 0.02), we believe that this probably resulted from random chance
and was unlikely to mask a true disease association.

Taken together, these data suggest that although the H1 clade conveys susceptibility for PD,
there is currently insufficient evidence to refine the disease association to a specific region
within MAPT or neighboring genes. The as yet unidentified PD risk variant(s) might therefore
exist within the H1 clade or be among the many H1-H2 SNPs that define the two clades. If
the former is true, then more thorough fine mapping of the region with dense sets of H1-SNPs
is likely to narrow the search to a limited number of candidate variants that can then be assessed
in functional assays. If the latter is correct, then association mapping will be unable to
differentiate a risk variant from among a large number of highly correlated SNPs. For example,
within the MAPT region alone, which spans approximately 135kb, there are at least 109 H1-
H2 SNPs in the HapMap CEU population (http://www.hapmap.org) that are in perfect LD with
one another.

Assuming that MAPT is, in fact, the PD susceptibility gene within the H1-H2 region, how then
does variation within the gene convey risk for a number of seemingly distinct
neurodegenerative diseases? The explanation can be viewed along a continuum. At one end,
a variant unique to each disease (eg, PD, PSP, CBD, AD) determines risk by a distinct
functional effect on MAPT. Such effects include varying gene expression or altering ratios of
the six major isoforms of tau present in adult brain that result from alternative splicing of exons
2, 3, and 10.2 At the other end of the spectrum, risk is conveyed by a single functional variant
and disease outcome is determined by its interaction with other genetic and environmental
factors. Our data indicate that the answer might lie between the two extremes in that the
tauopathies share disease-associated H1-SNPs28—20 that do not appear to alter risk in PD. The
identity of these functional variants remains to be determined, but evidence from in vitro
experiments and assays of postmortem human brain indicate that variation within the H1 and
H2 clades might influence both overall levels of MAPT expression!?:30 and the ratio of four-
to three-repeat isoforms. 43 The mechanism by which such effects on MAPT lead to PD is
unknown, but some have speculated that a direct interaction between tau and a-synuclein might
be involved.44

Further mapping of the H1 clade in PD patients and control subjects from both isolated and

outbred populations is now necessary to locate the underlying risk allele(s). Such studies should
use maximally informative “tagging” SNPs, be undertaken in samples large enough to detect
effects of modest size (OR, 1.1-1.5),4 and will require independent validation. These rigorous
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requirements will ensure that an optimum set of candidate risk variants is then selected for
assessment in both in vitro and in vivo model systems. These endeavors promise to provide
important insights into the pathophysiology not only of PD, but of a number of other
neurodegenerative diseases as well.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Schematic of the MAPT gene and patterns of linkage disequilibrium (LD). (A) The positions
of the single nucleotide polymorphism (SNP; rs1800547) used to define the H1 and H2
haplotype clades and of the four H1-SNPs (a—d) used to construct subhaplotypes are indicated
by arrows. (B) Comparison of LD among H1-SNPs (a—d) in cases and control subjects. The
numbers in each plot represent pairwise D’ values x 100.
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