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Abstract
Rare mutations in PARK loci genes cause Parkinson’s disease (PD) in some families and isolated
populations. We investigated the association of common variants in PARK loci and related genes
with PD susceptibility and age at onset in an outbred population. 1,103 PD cases from the upper
Midwest, USA were individually matched to unaffected siblings (n = 654) or unrelated controls (n
= 449) from the same region. Using a sequencing approach in 25 cases and 25 controls, single
nucleotide polymorphisms (SNPs) in species-conserved regions of PARK loci and related genes
were detected. We selected additional tag SNPs from the HapMap. We genotyped a total of 235
SNPs and two variable number tandem repeats (VNTRs) in the ATP13A2, DJ1, LRRK1, LRRK2,
MAPT, Omi/HtrA2, PARK2, PINK1, SNCA, SNCB, SNCG, SPR, and UCHL1 genes in all 2,206
subjects. Case-control analyses were performed to study association with PD susceptibility, while
cases-only analyses were used to study association with age at onset. Only MAPT SNP rs2435200
was associated with PD susceptibility after correction for multiple testing (OR = 0.74, 95% CI =
0.64 – 0.86, uncorrected P < 0.0001, log additive model); however, 16 additional MAPT variants,
seven SNCA variants, and one LRRK2, PARK2, and UCHL1 variants each had significant
uncorrected P-values. There were no significant associations for age at onset after correction for
multiple testing. Our results confirm the association of MAPT and SNCA genes with PD
susceptibility, but show limited association of other PARK loci and related genes with PD.

INTRODUCTION
Parkinson’s disease (PD) affects 2% of all persons during their life.1 In 1997, the first
genetic cause of PD was discovered, a mutation in the α-synuclein gene (SNCA)2. The α-
synuclein protein was subsequently found to be a major component of Lewy bodies, the
pathological hallmark of PD.3 Additional mutations in SNCA and in the other genes have
been reported to cause PD. The regions of the genome to which these genes map are known
as PARK loci, and they have been designated as: PARK 1 (SNCA), PARK 2 (PARK2),4
PARK 5 (UCHL1),5. PARK 6 (PINK1),6 PARK 7 (DJ-1),7. PARK 8 (LRRK2),8, 9 PARK
9 (ATP13A2),10 PARK 11 (GIGYF2),11 and PARK 13 (Omi/HtrA2).12 While PD cases
that cluster in families or in isolated populations are sometimes explained by these
mutations, the majority of PD cases that occur in outbred populations have unknown causes.

Previous studies suggested that common variants in some PARK loci genes, e.g., UCHL1 or
SNCA, are associated with PD susceptibility worldwide.13, 14 We expanded the scope of
those studies to include multiple variants in several PARK loci and related genes, and
analyses for age at onset as well as susceptibility, in an outbred US sample.

Chung et al. Page 2

Mov Disord. Author manuscript; available in PMC 2013 March 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



SUBJECTS AND METHODS
Study Subjects

We conducted a case-control study (PD susceptibility) and a cases-only study (age at onset).
All subjects were recruited as part of an ongoing study of the molecular epidemiology of
PD. The subjects included in this study are partially overlapping with those included in our
previously published studies; the current study included a larger sample than in our
previously published studies (due to ongoing study recruitment).15–17 PD cases were
referred sequentially to the Department of Neurology of the Mayo Clinic in Rochester, MN,
from June 1, 1996 through June 30, 2007. They resided in Minnesota or in a surrounding
state (Wisconsin, Iowa, North Dakota, and South Dakota). Controls consisted primarily of
unaffected siblings18 of PD cases who screened negative for PD or parkinsonism via
telephone interview,19 or siblings who screened positive but were free of parkinsonism at
clinical examination. Cases were matched to a single participating sibling first by sex (when
possible) and then by closest age. Cases without an available sibling were matched to
unrelated controls of same sex, age (year of birth ± 2 years), and residential region
(Minnesota, Wisconsin, Iowa, or North and South Dakota pooled together). Controls of age
65 or older were randomly selected from the Centers for Medicare and Medicaid Services
(CMS) lists. Controls younger than 65 years were selected using random digit dialing,
according to standard techniques.20, 21 All unrelated controls screened negative for PD or
parkinsonism via telephone interview; unrelated controls screening positive could not be
examined and were excluded from the study. All examinations (cases and siblings screening
positive) were performed in a standardized fashion by neurologists specialized in Movement
Disorders, and employing a detailed protocol for clinical assessment.

Genotyping
For all subjects, genomic DNA was collected, extracted, and stored as previously described.
17, 22 The Institutional Review Board of the Mayo Clinic approved the study, and all
subjects provided written informed consent.

Via sequencing in 25 cases and 25 controls, single-nucleotide polymorphisms (SNPs) were
detected in species-conserved regions of PARK loci genes (SNCA, PARK2, SPR, UCHL1,
PINK1, DJ1, LRRK2, ATP13A2, and Omi/HtrA2) and in related genes (SNCB, SNCG,
LRRK1, and MAPT). The species-conserved regions in these genes were defined using the
UCSC Genome browser (http://genome.ucsc.edu/) and dbSNP Build 126 (http://
www.ncbi.nlm.nih.gov/SNP). The chromosomal positions were identified using gene names
and the search was extended to include 10 kb regions upstream of the 5’ end and
downstream of the 3’ end of each gene. Evolutionary conservation in 17 vertebrates was
measured, using the Vertebrate Multiz Alignment and conservation track of the genome
browser with full filters. The PhastCons program computed a conservation score and SNPs
with a conservation score of lod > 200 were genotyped in the entire sample.

Additional SNPs were selected for these genes using the HapMap unrelated CEU samples.
23 The LDSelect program was used to identify tag SNPs using a linkage disequilibrium
(LD) r2 threshold of 0.8 and with minor allele frequencies ≥ 0.05. Two tag SNPs were
selected for each LD bin when the number of SNPs in the bin was 10 or more. SNPs with an
Illumina platform design scores < 0.4 were excluded, as well as those within 60 bp of
another SNP that had already been chosen. The PARK11 locus gene GIGYF2 was not
included in this study, because it was mapped after our genotyping was completed. Recent
studies have suggested that the mutations originally reported in GIGYF2 are not causal.24,
25
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We genotyped 234 SNPs using a bead array platform (Illumina GoldenGate), one SNP using
a pyrosequencing platform (Biotage), and two variable number tandem repeats (VNTRs)
(SNCA REP1, MAPT H1/H2 haplotype) using a sequencing platform (Applied Biosystems).
Table 1 summarizes the number of variants genotyped in each gene. Seven SNPs failed
genotyping, while 230 variants were successfully genotyped. Of these 230 variants, nine
SNPs were monomorphic and three additional SNPs had minor allele frequencies < 0.01 and
were excluded from analyses. The remaining 218 informative variants were included in our
analyses.

Haploview was used to generate LD maps for each gene using data for the controls.26 Only
variants with minor allele frequencies > 0.01 and in Hardy-Weinberg equilibrium (P >
0.001) were included. Figure 1 shows the LD maps for the MAPT (panel A) and SNCA
(panel B) genes. Supplementary Figure 1 provides the LD maps for all 13 genes.

Statistical Analyses
First, we studied the association of each genetic variant with PD susceptibility in the sample
overall, using conditional logistic regression analyses and a log additive coding scheme.27
We also performed analyses using dominant or recessive coding schemes. For analyses of
the SNCA REP1 alleles, genotypes were converted to scores ranging from 0 to 4 using a
previously described method.17, 22 Each copy of a 259 bp allele was assigned 0 point, each
copy of a 261 bp allele was assigned 1 point, and each copy of a 263 bp allele was assigned
2 points; the score for each genotype was then calculated as the sum of the two allele scores.
All analyses were adjusted for age at study and sex. For each genetic variant we calculated
an odds ratio (OR), a 95% confidence interval (CI), and a two-tailed P-value. We performed
similar analyses for each genetic variant in strata of case-unaffected sibling pairs or case-
unrelated control pairs separately. We considered strata by sex of the matched pair and by
age of the case. For nominally significant variants, we compared log ORs obtained from
case-unaffected sibling pairs with log ORs obtained from case-unrelated control pairs.

Second, the association of each genetic variant with age at onset of PD was assessed using
Cox proportional hazard models and the same coding schemes.28 All analyses were adjusted
for sex. For each genetic variant we calculated a hazard ratio (HR), a 95% CI, and a two-
tailed P-value. We performed similar analyses of age at onset of PD in men and women
separately.

We estimated our statistical power to detect the association of common variants in PARK
locus and related genes with PD susceptibility and age at onset for the available sample
(1,103 PD cases, 1,103 controls) using Quanto version 1.2. We assumed a population
prevalence of 0.02 and log additive allele effects, and applied a multiple testing correction
for 200 independent tests (α = 0.00025). For minor allele frequencies of 0.4 – 0.5, our study
had 80% power to detect ORs as small as 1.48 (assuming all case-unaffected sibling pairs)
and 1.32 (assuming all case-unrelated control pairs). For minor allele frequencies of 0.05,
our study had 80% power to detect ORs as small as 2.14 (assuming all case-unaffected
sibling pairs) and 1.75 (assuming all case-unrelated control pairs). We had similar power to
detect small HRs for survival free of PD (data not shown).

The statistical packages SAS (version 9.1; SAS Institute Inc., Cary, NC) and S-Plus (version
8.0.1; MathSoft, Seattle, WA) were otherwise used for all analyses. In addition to the
uncorrected P-values, a Bonferroni correction and a permutation approach were applied to
correct P-values for the number of tests performed.
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RESULTS
Sample

There were 1,103 cases and 1,103 controls included in the study (654 case-unaffected
sibling pairs and 449 case-unrelated control pairs). The demographic characteristics of the
sample are summarized in Table 2.

Main Effects of Genetic Variants on PD Susceptibility
For the sample overall, 27 of the 218 genetic variants were associated with PD susceptibility
(uncorrected P < 0.05, log additive model; Table 3). These included 16 MAPT SNPs and the
H1/H2 haplotype, six SNCA SNPs and REP1, one LRRK2 SNP, one UCHL1 SNP, and one
PARK2 SNP. The main effects of these variants were small, with ORs no less than 0.73 or
no greater than 1.43. Only the MAPT SNP rs2435200 was significantly associated with PD
susceptibility after Bonferroni or permutation correction for multiple comparisons (OR =
0.74, 95% CI = 0.64 – 0.86, uncorrected P < 0.0001, permutation-corrected P = 0.015).
Figure 2 demonstrates that for the 27 genetic variants significantly associated with PD, the
log ORs between case-unaffected sibling and case-unrelated control pairs were significantly
correlated (r = 0.87; 95% CI = 0.73 – 0.94; P value = 4.75 × 10−9). Supplementary Table 1
provides detailed results for the association with PD susceptibility of all genotyped variants
in the 13 PARK loci and related genes, including results for multiple coding schemes in the
sample overall, and in subgroups defined by type of control, sex, and age.

Consistent with our previous studies, we observed a significant association of the MAPT H2
haplotype with PD in this expanded sample (OR = 0.77, 95% CI = 0.64 – 0.92, uncorrected
P = 0.004).29, 30 The MAPT SNP rs2435200 and the MAPT H2 haplotype were not in
strong LD. However, each variant was in LD with several other SNPs that were significantly
associated with PD (Table 3, Figure 1).

Although the SNCA SNP rs2736990 was not associated with PD susceptibility in the sample
overall after correction for multiple testing, it maps a 3’ block of LD that has been
consistently associated with PD in several studies.31–33 SNCA REP1 was also associated
with PD susceptibility in the sample overall (uncorrected P = 0.012, OR = 1.18, 95% CI =
1.04 – 1.34, per unit genotype score; OR = 1.94, score 4 vs. score 0). The SNCA SNP
rs2736990 and REP1 were not in strong LD (REP1 coded as 261 vs others: D'=0.13,
r2=0.01; REP1 coded as 259 vs others: D'=0.09, r2=0; REP1 coded as 263 vs others:
D'=0.93, r2=0.07). However, each variant was in LD with several other SNPs that were
significantly associated with PD (Table 3, Figure 1).

Main Effects of Genetic Variants on Age at Onset of PD
Eight SNPs (one SNCA SNP: rs1372520; four PINK1 SNPs: rs3738133, rs1043502,
rs1043424, and rs2078073; one Omi/HtrA2 SNP: rs17010022; two SNCB SNPs: rs1352303
and rs4868670) were associated with age at onset of PD in the sample overall. None of these
associations remained significant after Bonferroni or permutation correction. Supplementary
Table 1 provides the details for associations of all genotyped variants in the 13 genes with
age at onset of PD, including results for multiple coding schemes in the sample overall, and
in subgroups defined by sex.
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DISCUSSION
Genetic Interpretation of the Findings

This study confirmed the association of MAPT and SNCA genes with PD susceptibility, but
showed limited association of common variations in other PARK loci and related genes with
PD in an outbred US population.

Our findings are consistent with the findings from six genome-wide association studies of
PD susceptibility.15, 34–38 The study of Maraganore et al. included 775 PD cases and 775
matched controls and genotyped 198,345 informative genomic SNPs, with some suggestive
findings for MAPT and SNCA, as well as other PARK loci and related genes. However,
none of the findings were significant after correction for multiple testing. The study by Fung
and colleagues employed more SNP markers but also failed to observe an association of
PARK loci and related genes with PD susceptibility after correction for multiple testing;
however, that study included only 276 PD cases and 276 unmatched controls. The study of
Pankratz and colleagues employed 857 familial PD cases and 867 controls; and observed
suggestive associations for MAPT SNPs (recessive model: OR = 0.56; P = 2.0 × 10−5) and
the SNCA SNPs (additive model: OR = 1.35; P = 5.5 × 10−5). Despite enriching their
sample for genetic load (familial PD cases), none of the SNPs were significant after
correction for multiple testing.

Recently, three larger genome-wide association studies identified that common variants in
SNCA and MAPT genes increase PD susceptibility.36–38 The study of Satake and
colleagues (2,011 cases and 18,381 controls; Japanese) reported strong associations of SNPs
in the SNCA locus (most significant SNP, rs11931074, OR = 1.37, P = 7.35 × 10−17). The
study of Simon-Sanchez and colleagues (5,074 cases and 8,551 controls; Caucasian
Europeans) observed strong associations of SNPs in SNCA (most significant SNP,
rs2736990, OR = 1.23, P = 2.24 × 10−16) and MAPT loci (most significant SNP, rs393152,
OR = 0.77, P = 1.95 × 10−16). The study of Edwards and colleagues (1,752 cases and 1,745
controls; Americans) observed strong associations of SNPs in the SNCA (most significant
SNP, rs2736990, OR = 1.29, P = 6.7 × 10−8) and MAPT loci (most significant SNP,
rs11012, OR = 0.70, P = 5.6 × 10−8). Importantly, the SNCA SNP rs2736990 that was found
to be significantly associated with PD in our study is the same SNCA SNP that was found to
be associated with PD in the Sanchez-Ramos and Edwards studies. Our study and those two
studies included subjects of similar ethnicities (Caucasian European and American). Our
study was submitted for publication prior to the publication of those two studies
(independent convergence of SNP association findings for our candidate gene study versus
their genome-wide association studies).

The six genome-wide association studies of PD employed genotyping platforms that
selected SNPs that were haplotype tagging.15, 34–38 We similarly selected SNPs that were
haplotype tagging. However, we also sequenced PARK loci and related genes and selected
additional SNPs from species-conserved regions. It has been suggested that highly
conserved regions of the genome are functionally important.39, 40 Of the conserved-region
SNPs included in our study, three MAPT SNPs (rs17574361, rs17651549, rs17574604), one
SNCA SNP (rs356218), and one PARK2 SNP (rs12174410) were associated with PD
susceptibility in the sample overall. However, none of these SNP associations were
significant after correction for multiple testing. The only SNP that was significant in our
study after correction for multiple testing (MAPT SNP rs2435200) was not from a species-
conserved region.

In addition, we studied the association of variants in PARK loci and related genes with age
at onset of PD. We observed suggestive associations for eight SNPs (one SNCA SNP, four

Chung et al. Page 6

Mov Disord. Author manuscript; available in PMC 2013 March 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



PINK1 SNPs, one Omi/HtrA2 SNP, and two SNCB SNPs). We had previously reported an
association of the SNCB SNP rs1352303 with delayed age at onset of PD in women.41 In
the current study, this SNP was again associated with age at onset of PD in women and also
in the expanded sample overall and with the same direction of effect. The subjects for the
two studies were partially overlapping.

Functional Interpretation of the Findings
While the most significant finding was for the MAPT SNP rs2435200, it remains unknown
whether this intronic SNP has a functional effect or whether it is a marker of another
functional variant. Although the association of the MAPT H1/H2 haplotype with PD in our
study was less significant, this variant has recognized functional effects. Persons who are
homozygous for the H1 haplotype express higher levels of the tau protein,42 and tau
overexpression may promote fibrillization of the alpha-synuclein protein.43

Although the most significant finding for SNCA (SNP rs2736990) and PD susceptibility lost
significance after correction for multiple testing, the SNP is located in an LD block at the 3’
end of the gene that has been shown to regulate expression.32, 44 Similarly, the findings for
SNCA REP1 are consistent with functional studies demonstrating that genotypes associated
with longer alleles are associated with higher gene expression levels and increased risk for
PD.44–48.

The functional UCHL1 S18Y (rs5030732) and PARK2 promoter (rs9347683) variants that
we had previously reported to be associated with PD in our smaller sample were no longer
associated with PD in this expanded sample.13, 49 Furthermore, additional SNPs that we
studied in the UCHL1 and PARK2 loci were not associated with PD. This large candidate
gene study and the six published genome-wide association studies lead us to conclude that
UCHL1 and PARK2 are not susceptibility genes for PD. 15, 34–38.

Strengths and Limitations
This study has several strengths. First, we had a large sample size (1,103 PD cases and 1,103
controls). This provided good statistical power to detect a range of ORs (and HRs) for a
range of minor allele frequencies (log additive model). Second, we studied 13 PARK loci
and related genes that have strong plausibility as candidate genes for PD. Third, we studied
several variants in each gene, including tag SNPs that we selected from haplotype maps and
species-conserved SNPs that we sequenced. Fourth, we observed a strong correlation of log
ORs of each variant associated with PD susceptibility between case-unaffected sibling and
case-unrelated control pairs (internal replication). Fifth, we studied the association of genetic
variants with age at onset of PD as well as with susceptibility.

Our study also has some limitations. First, our sample was not population-based. However,
population-based incidence cohorts of PD are often not large enough to detect the small
effects of common genetic variants. We tried to limit sampling bias by recruiting cases
prospectively from a defined geographic region. We previously showed that for
approximately half of our cases (residing within 120 miles of the Mayo Clinic in Rochester,
MN), the demographic characteristics are similar to those of an incidence cohort of PD
defined for Olmsted County, MN. By contrast, for the other half of our cases (residing
within a broader five-state region), the cases were of younger ages at study (possibly
increasing the genetic load).50–52 Second, our controls were primarily unaffected siblings
because we intended to limit possible population stratification. However, unaffected sibling
controls can be overmatched for genetic and environmental factors, leading to false negative
findings (reduced statistical power). For this reason, we performed a priori power
calculations and determined that we had adequate power to detect a range of small ORs for a
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range of minor allele frequencies. We also performed sensitivity analyses, which showed
that the ORs for the genetic variants were similar when restricting the sample to case-
unaffected sibling pairs or to case-unrelated control pairs only. Third, we only sequenced
selected regions of PARK loci and related genes in a subset of cases and controls. We did
not sequence the entire genes in all subjects to detect rare sequence variants or copy number
variants that were associated with PD. Such studies are expected to become feasible in the
coming years as the costs come down for next-generation sequencing technologies.53, 54
However, we sequenced species-conserved regions, which is a novel approach for the study
of PARK loci and related genes and PD. It was our hypothesis that common variants in
species-conserved regions may be more functionally important than common variants in
unconserved regions. Our findings did not support this hypothesis. Fourth, we performed
multiple statistical tests, increasing the likelihood of chance findings. Therefore, we
employed Bonferroni and permutation corrections for our primary analysis to identify
genetic associations that exceeded chance expectations. Fifth, we did not study gene-gene or
gene-environment interactions (beyond the scope of this study). There is only limited
evidence for gene-gene interactions for PARK locus.30, 33, 55 There is only limited
evidence for interactions of PARK loci genes and environmental exposures in PD.17, 22
Future studies of PARK loci and related genes and PD should also consider copy number
and DNA methylation variations.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Haploview maps
Linkage disequilibrium (LD) blocks of the MAPT (panel A) and SNCA (panel B) genes. For
the SNCA gene, the multiallelic VNTR REP1 was coded as 259 bp vs. others. The LD
values as measured using r2 are given by numbers and the LD values as measured by D’ are
given by color intensity (red squares indicate strong LD, pink squares indicate intermediate
LD, and white squares indicate low LD, with evidence for ancestral recombination; blue
indicates limited data).
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Figure 2. Scatter Plot of Log Odds Ratios
Log odds ratios (ORs) for the sample stratified as case-unaffected sibling pairs versus case-
unrelated control pairs for the 27 genetic variants that were significantly associated with PD
susceptibility in the sample overall. There was a significant correlation of log ORs between
the two types of controls (r = 0.87; 95% CI = 0.73 – 0.94; P value = 4.75 × 10−9).
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TABLE 1

Genes and Number of Variants Genotyped

Genes Number of Variants
Genotyped (n = 237)

PARK loci genes

   SNCA 23

   PARK2 36

   SPR 5

   UCHL1 11

   PINK1 15

   DJ1 5

   LRRK2 66

   ATP13A2 10

   Omi/HtrA2 6

PARK-related genes

   SNCB 10

   SNCG 10

   LRRK1 3

   MAPT 37
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