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ABSTRACT

We and others have suggested that vitamin D receptor gene (VDR) polymorphisms
influence susceptibility for Parkinson’s disease (PD), Alzheimer’s disease (AD), mild cognitive
impairment (MCI) or overall cognitive functioning. Here we examine VDR polymorphisms and
cognitive decline in patients with PD. Non-Hispanic Caucasian PD patients (n=190) in the
Parkinson Environment Gene (PEG) study were successfully genotyped for seven VDR
polymorphisms. Cognitive function was assessed with the Mini-Mental State Exam (MMSE) at
baseline and at a maximum of three follow-up exams. Using repeated-measures regression we
assessed associations between VDR SNP genotypes and change in MMSE longitudinally. PD
cases were on average 67.4 years old at diagnosis and were followed for an average of 7.1
years into disease. Each additional copy of the Fokl A allele was associated with a 0.115
decrease in the total MMSE score per year of follow-up (B =-0.115, SE(B) = 0.05, p=0.03) after
adjusting for age, sex, education and PD duration. The effect on MMSE by the Fokl A allele is
comparable in absolute magnitude to the effect for disease duration in years prior to first
interview (B = -0.129 per year, SE(B) = 0.08, p=0.13), and years of education (8 = 0.118 per
year, SE(B) = 0.03, p<0.001). Results point to Fokl, a functional VDR polymorphism, as being
associated with cognitive decline in PD. Future studies examining the contributions of the

vitamin D metabolic pathway to cognitive dysfunction in PD are needed.



INTRODUCTION

Cognitive dysfunction is a common, non-motor complication in Parkinson's disease (PD),
a debilitating neurodegenerative disorder, and it is characterized by a spectrum of disability from
mild cognitive impairment (PD-MCI) to PD dementia (PDD) [1]. A pooled multi-center cohort
study estimated that 26% of non-PDD patients have PD-MCI, with lower proportions (19%)
among incident, unmedicated patients and higher proportions in patients with advanced PD
(39%) [2]. PDD also increases with disease duration, with prevalence estimates ranging from
28% after 5 years of disease to 80% after 20 years [3, 4]. PD-MCI is clinically heterogeneous
affecting variable domains of cognition [1]. Previously, age, lower education, motor symptom
severity and non-tremor dominant phenotype have been consistently associated with PD-MCI
[5] but the former three with levodopa dose accounted for at most 35% of variation in cognition
in patients with PD [6] leaving much room to identify other risk or protective factors.

Genetic variability may account for some of the differences in susceptibility to cognitive
dysfunction and rates of decline in PD. To date, the focus has been on genes associated with
PD or Alzheimer’s disease (AD) risk including APOE, SNCA, COMT and MAPT, and results are
inconsistent[7, 8]. Some studies indicated that carriers of the APOE ¢4 allele have lower
cognitive performance in multiple domains [7], reduced brain activity in the temporo-parietal
region of the brain during memory encoding tasks [8] and are more likely to develop PDD [9].
Identifying additional genetic biomarkers would be of value and possibly contribute to a greater
understanding of cognitive dysfunction in PD, help predict PD-MCI conversions to PDD, and
possibly point out protective measures based on information gained about gene pathways or
products.

Normal neuronal function depends on the absorption and activation of vitamin D [10].
Vitamin D controls calcium and phosphorus metabolism, and has potent anti-oxidant activity,
reducing lipid peroxidation and increasing enzymes that protect against oxidation [11-13].

Oxidative stress is thought to contribute to the pathogenesis of AD[14] and to play a role in



dopaminergic cell death in PD [10, 15]. Damage to the brain from oxidative stress could also
contribute to cognitive dysfunction in neurodegenerative diseases[16].

A high prevalence of vitamin D deficiency has been reported in patients with PD [17] and
PD has been associated with decreased bone mineral density[18], which may be related to
deficiencies in vitamin D in patients. Some observational studies report a correlation between
serum vitamin D levels and PD disease severity[19-22] and a small randomized trial of vitamin
D supplementation in PD was effective in preventing deterioration measured by Hoehn and
Yahr staging[23]. In cross sectional studies, higher vitamin D concentrations were associated
with higher scores on cognitive tests of immediate and delayed verbal memory and semantic
verbal fluency among non-demented patients with PD [24]. The association between vitamin D
and cognitive function and dementia was reviewed in a meta-analysis of 37 studies, which found
higher average MMSE scores among participants with higher vitamin D serum concentrations
(eight studies, 2,749 participants) and lower mean concentrations in patients with AD than in
controls (six studies, 888 participants) [25].

The bioactive metabolite and circulating form of vitamin D, 1,25-dihydroxyvitamin D
(1,25(0OH),D), is enzymatically generated through a number of steps known as the vitamin D
metabolic pathway. Signaling of bioactive vitamin D occurs through its binding with the vitamin
D receptor (VDR), which is widely expressed in the human brain[26]. A number of
polymorphisms in the VDR gene have been identified[27]. Although findings from epidemiologic
studies of PD risk investigating genetic variability in VDR have differed across populations
studied, we and others have suggested associations between VDR polymorphisms including
Bsml, Fokl, Apal and Tagl and PD susceptibility [28-34], and others variants have been
suggested to affect PD age of onset [35]. Although some research supports correlations
between VDR polymorphisms and risk of AD and MCI, or lower cognition function [36-42], to our
knowledge, no study has previously examined VDR polymorphisms and cognitive decline in

Caucasian patients with PD, which is the aim of the current study.



MATERIALS AND METHODS
Study population

The Parkinson Environment Gene (PEG) study is a population-based case-control study
of PD in the Central Valley (CV) of California[43], a geographical region with very high ultraviolet
radiation (UVR). Briefly, study subjects were recruited between January 2001 and January
2007, resided in Fresno, Tulare, and Kern Counties, and had to have lived in California for at
least 5 years prior to diagnosis or interview. Cases were recruited within 3 years of diagnosis
and were confirmed as having clinically probable or possible PD by a UCLA movement disorder
specialist. Altogether, 28 (90%) of the 31 practicing local neurologists who provided care for PD
patients assisted in recruiting cases for this study. We solicited collaboration from Kaiser
Permanente, Kern and Visalia Medical Centers and the Veteran’s Administration, PD support
groups, local newspapers and local radio stations that broadcast public service announcements.
The 373 initially confirmed probable or possible PD cases of PEG make up the baseline
population for this patient cohort. At first follow-up, 108 patients (29%) could not be reached, 87
of which were Caucasian and thus would have been eligible for this study (52 were deceased, 6
too ill, 18 withdrew, 12 could not be re-contacted). Thus we successfully re-contacted and
examined 265 (71%) patients, of whom 13 were re-classified as not having PD and 6 did not
complete an interview after examination. Of the 246 patients followed longitudinally, 197 were
non-Hispanic Caucasian and eligible for this study; 7 samples failed genotyping, thus 190
participants were included in this analysis. Of these, 46 (26%) completed 2 exams (on average
3.8 years of follow-up) and 144 (71%) completed 3 exams (on average 5.6 years of follow-up).

All subjects provided informed consent; the study was approved by the UCLA
Institutional Review Board.
Selection of SNPs in VDR

Candidate SNPs in VDR were selected based on 1) findings from previous studies

assessing vitamin D genes in PD, 2) previous genetic studies of vitamin D metabolism-related



disorders, 3) potential biological functional relevance of a SNP [rs2228570 (Fok1)[44]], and/or 4)
variants in the coding region of the gene leading to an amino acid change in the protein. We
used Build 129 of the NCBI dbSNP, the NIEHS-sponsored GeneSNPs web portal (University of
Utah Genome Center, 2007) and the NCBI OMIM database to identify candidate SNPs for
genotyping. SNPs were required to have a predicted minor allele frequency >5% in Caucasian
populations.
Biospecimen Collection, DNA Isolation and Genotyping

Biospecimens (either blood or saliva) provided by study participants were used to obtain
DNA. For blood samples, a total of 20mL EDTA preserved blood was collected by venipuncture.
Saliva samples were collected using an Oragene kit. DNA extraction from blood or saliva
samples was performed by the UCLA Human Genetics Core Facility using Autopure LSTM
nucleic acid purification instrument from Gentra Systems (gentra.com) or the best suitable
Qiagen kit (i.e. DNeasy). DNA quality, purity, and concentration were measured using a UV
spectrophotometer to determine the A260/A280 ratio (range of usually 1.7-2.0). DNA was
guantitated using OD 260/280 and diluted for storage to 1:20 100 pl using ddH,0O. Genotyping
of SNPs was performed at University of Washington using ABI TagMan MGB chemistry with an
ABI 7900 instrument in 384 well format. Call rates were > 90%.
Cognitive Assessment

UCLA movement disorder specialists performed neurological exams at baseline and
each follow-up exam, to confirm PD diagnosis and assess disease progression utilizing the
Unified Parkinson’s Disease Rating Scale Part Il (UPDRS-III) (motor examination) [45, 46].
Depressed mood was assessed with the Geriatric Depression Scale (GDS) [47]. Additionally,
trained interviewers recorded information on demographic and risk factors throughout follow-up.
Screening for global cognitive function was conducted at each exam with the Mini-Mental State
Exam (MMSE), a widely used 30-point test assessing cognitive function, including tests of

orientation, attention, memory, language, and visual-spatial skills [48]. A 26-point telephone



version of the MMSE, validated to estimate the in-person MMSE, was administered for 3
patients at baseline exams and 6 at the first follow-up. For these participants, validated weights
were applied to make scores comparable with the 30-point in-person interview [49]. For patients
with an MMSE score 226, in-depth assessment of cognitive function was performed at the next
two follow-up exams with a detailed neuropsychological battery that included tests of global
cognition, executive function, language, memory, and visuospatial skills described in greater

detail elsewhere [50, 51].

Statistical Analyses

VDR polymorphisms were assessed for Hardy-Weinberg Equilibrium using a chi-square
test in PEG controls[28]. Haplotypes and haplotype frequencies were calculated for the Fokl,
Tagl, Apal and Bsml polymorphisms using PHASE 1.0 software[52]. Analyses of SNPs used
additive genetic models, which indicate that the expected outcome changes by 8 for
heterozygotes and 23 for homozygotes of the minor allele. To assess associations between
VDR SNP genotypes and haplotypes and progression of cognitive decline (MMSE scores)
longitudinally, we used repeated-measures linear regression, which estimates between- and
within-subject (time-dependent) associations between genotypes and MMSE scores across
follow-up. Within-subject associations assumed a variance components correlation structure for
the repeated measurements, which we selected over an unstructured correlation structure
based on lower AIC scores. To estimate the effect of VDR genotypes and haplotypes on MMSE
over time, we included an interaction term between VDR and follow-up time, which represents
the change in MMSE score per year of follow-up by genotypes or haplotypes. In order to
address variable length of follow-up time for subjects, variation in time between exam, and
differences in baseline exam scores, we treated both the intercept and regression coefficient for

time as random effects. Multivariable models included age at diagnosis (years), sex, education



(years) and disease duration prior to first interview (0-3 years). We also used lower AIC scores
to determine which genotype or haplotype model was the best fit for our data. For VDR SNPs
for which the interaction term was statistically significant in the analyses of MMSE scores over
follow-up, we used simple univariate analyses to examine cross-sectionally at two follow-up
times differences in scores on the individual tests in the neuropsychological battery by SNP
genotypes also assuming additive genetic models. All analyses used SAS version 9.4 (SAS

Institute Inc., Cary, NC, USA.).

RESULTS

PD cases included in the analysis were on average 67.1 years at diagnosis, and were
followed for an average of 7.2 years after baseline, and participated in 2-4 MMSE assessments
during follow-up (Table 1). There were more male than female cases, more never than ever
smokers, and more cases with greater than a high school education. The average baseline
MMSE score was 28.3, indicating no cognitive impairment. Baseline UPDRS-IIl was 18.9
demonstrating low overall levels of motor disability in the PD cases shortly after diagnosis
(mean 2 years), and baseline GDS scores were in the normal range. Cases who were lost to
follow-up were on average 5.2 years older at diagnosis, had a slightly longer disease duration
prior to baseline, were more likely to have some high school education or less and to have
higher UPDRS-IIl and GDS at baseline. Cases excluded from in-depth cognitive assessment
(i.e., with baseline MMSE <26) were older at baseline, more likely to be male, have lower
education and higher UPDRS-III but did not differ in family history of PD.

Each additional copy of the Fokl A allele was associated with a 0.115 decrease in the
total MMSE score per year of follow-up (8 =-0.115, SE(B) = 0.05, p=0.03) after adjusting for
age, sex, education and PD duration prior to baseline (Table 2). The effect on cognitive decline
associated with the Fokl A allele was greater in absolute magnitude than the effect of aging on

MMSE scores per year over follow-up time (8 =-0.078, SE(B) = 0.06, p=0.17), and comparable



in absolute magnitude to the effect of increasing years of disease duration prior to baseline (B =
-0.129, SE(B) = 0.085, p=0.13), and the association with humber of years of education (3 =
0.118 per year, SE(B) = 0.034, p<0.001) (Supplemental Table 1). These results for genotypes
are equivalent to a 0.975 decrease in MMSE score over 5 years for the AG genotype and a
decrease of 1.55 points for the AA genotype (Figure 1). In contrast, the mean 5-year decrease
in MMSE score for individuals with the GG genotype is 0.39 points.

The A allele of rs4334089 showed a tendency towards higher MMSE, but this
association was not statistically significant at a cut off of p = 0.05 (B = 0.107, SE(B) = 0.06,
p=0.09). The SNPs rs11568820 (tagging the Cdx2 site), rs1544410 (tagging the Bsml site),
rs731236 (tagging the Tagl site) and rs7975232 (tagging the Apal site) were not associated with
declines in MMSE scores over follow-up at a significance cut off of 0.05.

Data from in-depth neuropsychological testing were available for 122 participants with an
MMSE 226 and genotyping data. Generally, compared to the GG genotype, performance on
tests was lower for patients with the GA and lowest with the AA Fokl genotype at both follow-up
exams (Supplemental Table 2). Of the 38 total sub-scales comprising the individual tests,
patients with the AA Fokl genotype had lower performance on 34 (90%) at the first follow-up
and on 30 (79%) at the second follow-up. Performance significantly decreased on the
Similarities WAIS-III sub-scale and Boston Naming Test at the second follow-up among patients
as the number of Fokl A alleles increased, indicating faster decline (Supplemental Table 2).

Three SNP (containing Taql, Apal and Bsml polymorphisms) and 4 SNP (containing Fokl
Tagl, Apal and Bsml polymorphisms) haplotypes were defined; those with frequencies >5%
were included in analyses of change in total MMSE score (Table 3). Although results suggested
effects of a combination of alleles from these SNPs, model fit statistics indicated that the model
containing Fokl alone (AIC = 4405.3) best fit the data compared to the 3 SNP (AIC = 4409.1) or

4 SNP (AIC = 4412) haplotype models.



DISCUSSION

This is the first study to suggest that VDR polymorphisms influence cognitive decline in
individuals affected with PD; specifically, we found that rs2228570 (tagging the Fokl site) was
associated with decreases in total MMSE score over follow-up time after accounting for age,
sex, education and PD duration at baseline. The decrease in MMSE associated with each
additional copy of the Fokl A allele had an effect size that is comparable in magnitude to the
positive effect of education and the negative effect of disease duration prior to baseline. Our
results indicate that, on average, individuals with the AA Fokl genotype who begin follow-up with
otherwise normal cognitive function (MMSE =26) have faster declines in cognition. This implies
that carriers of this genotype may become cognitively impaired, i.e., reach MMSE < 23 sooner
than other Fokl genotypes. Fokl genotypes with the A allele also generally performed lower on
individual tests in the neuropsychological battery compared to the GG genotype. Model fit
analyses indicated that genotyping the Fokl SNP is sufficient to capture the effects on cognition
associated with this region of the VDR.

The VDR is a member of the steroid/thyroid hormone super family of transcription
regulation factors[27]. Actions of the bioactive metabolite and circulating form of vitamin D, 1,25-
dihydroxyvitamin D (1,25(OH),D), are initiated when it binds to the VDR[53]. The VDR SNP
rs2228570 tags Fokl, a restriction fragment length polymorphism (RFLP) of a T to C variation at
translation initiation codon (AGT) in exon 2 [54]. To date, the Fokl polymorphism is the only
known functional polymorphism in the VDR [27, 55, 56]. It results in an altered ACG codon
upstream from the translation initiation codon and the generation of an additional start codon
[57]. The A variant results in a longer VDR protein [27, 58] with less transcriptional activity [59],
while the G variant allele is 1.7 times more active [60-62]. Carriers of the GG variant are thus

expected to have more VDR activity than carriers of the GA or AA variant. We found the Fokl A



genotypes with presumably less VDR activity to be associated with greater decline in MMSE
scores over follow-up time compared with the GG genotype.

In two studies of Eastern and Western European populations, SNPs tagging the Taq|
[41] and Apal loci [37, 40, 41], but not those tagging the Fokl locus [37, 42] were associated
with risk of AD. Apal and Bsml polymorphisms were associated with an increased risk of MCI in
elderly Uygur adults [38]. Carriers of variant Bsml and Tagl genotypes had worse overall
cognitive performance in the Leiden-85 cohort [39], and a greater decline in cognitive function
was associated with Apal, Bsml and Taqgl polymorphisms among female non-Hispanic white
participants in the Baltimore Longitudinal Study of Aging [36]. Taken together, results from these
studies suggest the VDR contributes to differences in cognitive function in older adults. In
contrast to AD, in which deficits in memory predominate, deficits in attention, construction and
praxis, and visuospatial functions are more severe in PDD. In addition, executive dysfunction is
more pronounced in PDD particularly compared with early and moderate stages of AD [63]. The
clinical profile of PD-MCI may be heterogeneous; most studies report that memory and
attention/executive impairment are common and others find that executive dysfunction is more
common than amnestic deficits [63]. Impaired nigrostriatal dopaminergic function is associated
with cognitive deficits in early PD. In addition to the presence of diffuse amyloid-beta plaques
(which are a hallmark of AD), the neuropathology of PDD is characterized by inclusions of
alpha-synuclein containing Lewy bodies [63]. Thus, there may be some overlap and
interrelationship in mechanisms underlying cognitive decline in PD and AD apart from disease-

specific pathogenic processes [64, 65].

The VDR is widely expressed in neurons and glial cells of adult human brains in the
cortex, thalamus, amygdala, throughout the olfactory system, in hippocampal regions, and most
prominently in the substantia nigra and hypothalamus [26]. VDR-mediated transcription can be

induced by dopamine, which might imply that gene expression normally regulated by VDR could



be influenced by dopamine levels[66], suggesting a possible interrelationship between vitamin D
and PD. In addition, several mechanisms by which vitamin D may impact brain function have
been proposed. Vitamin D regulates brain neurotrophic factors such as nerve growth factor
(NGF) [67], neurotrophin 3 (NT3) and glial cell line-derived neurotrophic factor (GDNF), and
increases neurite outgrowth in cultured embryonic hippocampal cells of rats [68]. In rat cortical
neurons, vitamin D has been shown to upregulate the expression of proteins such as
microtubule-associated protein-2, growth-associated protein-43 and synapsin-1 which may be
important for neuronal plasticity [69]. Vitamin D may also act as a neuroprotective agent, as it
can also induce the synthesis of Ca®*-binding proteins in the cortex and hippocampus of rats
[70]. It is involved in the regulation of a key enzyme involved in glutathione metabolism
important for detoxification pathways in the brain, in which reactive oxidant species are
eliminated [11], and can directly inhibit the synthesis of nitric oxide synthase [71, 72].

We did not have current measurements of serum vitamin D nor levels prior to diagnosis
to examine cognitive decline and the relationship between possibly more and less sensitive
VDRs under different physiologic vitamin D levels. Our population was highly exposed to UVR,
which stimulates the physiological production of bioactive vitamin D in the body[73]. The MMSE
is a widely used, standardized method for assessing global mental status [48]. When
administering the instrument to cognitively “normal” individuals, there is an expected “ceiling
effect”, limiting the MMSE in its ability to discriminate between cognitive performance in the
upper range of functioning. Cognitive decline in PD may not be linear [2], yet we used linear
models to estimate gene effects, and extrapolated within the range of our patient's MMSE
scores. We thus could not estimate the effect of VDR polymorphisms in more severely impaired
patients, since few declined to these levels while under observation and we excluded those with
low MMSE scores at the beginning of follow-up. While we were able to examine cognitive
domain-specific associations with the VDR Fokl polymorphism, these analyses were limited by

the small sample size and multiple testing. The study also lacked a comparable unaffected



control group, so it is not possible to conclude that the decline in MMSE associate with Fokl is
specific to individuals with PD. However, among elderly adults without severe cognitive
impairment (MMSE <18 points) in the Leiden-85 study, Fokl was not associated with worse
overall cognitive performance [39]; additional studies should examine the association between
Fokl and cognitive decline in otherwise healthy adults. All analyses were restricted to non-

Hispanic Caucasian participants in order to avoid population stratification bias.

In conclusion, our study suggests that Fokl, a functional VDR polymorphism, may be
associated with cognitive decline in PD. Additional investigations should examine the vitamin D
metabolic pathway in cognitive dysfunction in PD; especially interesting might be studies of

vitamin D levels in susceptible carriers of this functional receptor variant.



Table 1. Characteristics of non-Hispanic Caucasian Parkinson's disease cases by inclusion or

exclusion in analyses, PEG Study

Cases with follow-up MMSE

Cases lost to follow-up

Characteristic: (n=190)
Mean * standard deviation or
n(%) Baseline MMSE
226 (n=172) <26 (n=18) 226 (n=65) <26 (n=22)
Age, years
At diagnosis 67.1+10.3 70.4+£8.7 71.3+11.2 76.5+4.4
At baseline interview 68.8 +10.1 73.0+8.3 73.3+11.2 78.7+5.1
At final interview 74.3+9.8 774174 - -
Duration of disease, years
At baseline interview 1914 2316 2315 22+1.2
At final interview 7.2+2.8 6.9+2.8 - -
Sex
Male 94 (0.55) 12 (0.67) 33 (0.51) 17 (0.77)
Female 78 (0.45) 6 (0.33) 32 (0.49) 5(0.23)
Education, years
Some high school or less 13 (0.08) 2 (0.11) 10 (0.15) 5(0.23)
High school graduate 51 (0.30) 6 (0.33) 18 (0.28) 8(0.36)
More than high school 108 (0.63) 10 (0.56) 37 (0.57) 9(0.41)
Smoking status
Never 97 (0.56) 13 (0.72) 29 (0.45) 14 (0.64)
Ever 75 (0.44) 5(0.28) 36 (0.55) 8(0.36)
Family History of PD
No 144 (0.84) 15 (0.83) 58 (0.89) 20(0.91)
Yes 28 (0.16) 3(0.17) 7 (0.11) 2 (0.09)
Baseline MMSE score 28.8+1.1 23.1+2.8 283+1.2 224+23
sssessments, range : :
Baseline UPDRSt 18.6+8.9 22.5+10.7 23.5+10.2 27.8+12.3
Baseline GDS# 3.2+33 34132 3.6+2.6 55+34

tUnified Parkinson’s Disease Rating Scale

¥ Geriatric Depression Scale
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Table 2. Associationst between VDR SNPs and decreases in total MMSE score in points per year of follow-up

VDR SNP Major/Minor VDR SNP Follow-up Time VDR SNP*Time

allele Bt SE(B) | p-value Bt SE(B) | p-value Bt SE(B) | p-value
rs11568820 (Cdx2) c/T -0.132 0.24 0.58 -0.203 0.05 <.0001 0.077 0.07 0.25
rs1544410 (Bsml) /T 0.066 0.21 0.75| -0.174 0.06 0.01| -0.012 0.06 0.83
rs2228570 (Fokl) G/A 0.317 0.20 0.11 -0.078 0.06 0.17 -0.115 0.05 0.03
rs4334089 G/A -0.248 0.23 029 | -0.226 0.05| <.0001| 0.107 0.06 0.09
rs731236 (Taql) A/G -0.023 0.20 0.91| -0.180 0.06 | 0.005| 0.009 0.06 0.88
rs7975232 (Apal) A/C 0.169 0.21 0.41| -0.099 0.06 0.10 | -0.086 0.05 0.11

tAdjusted for age at diagnosis (years), sex, education (years), PD duration prior to first interview (0-3 years)
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Table 3. Associationst between VDR Haplotypes and changes in total MMSE score in points
per year of follow-up

Haplotype Number Fr::s::::yp; %) Bt SE (B) | p-value
3 SNP Haplotype+
(SNP Order: Taql, Apal, Bsml)
3:AAC 11.39 0.206 0.09 0.02
2:GAT 42.88 0.054 0.06 0.33
1:ACC 44,13 ref - -
4 SNP Haplotype*
(SNP Order: Taqgl, Apal, Bsml, Fokl)
6:AACA 4.27 0.054 0.13 0.68
5:AACG 7.12 0.280 0.11 0.01
4:ACCA 10.85 -0.044 0.09 0.62
3:GATG 19.57 0.149 0.07 0.05
2:GATA 23.31 -0.046 0.07 0.51
1:ACCG 33.27 ref - -

tfor VDR haplotype*follow-up time, adjusted for age at diagnosis (years), sex, education (years), PD
duration prior to first interview (0-3 years)

¥ Model fit statistics: -2 Log Likelihood = 4383.1; AIC = 4409.1
* Model fit statistics: -2 Log Likelihood = 4374.0; AIC = 4412.0



Supplemental Table 1. Results from repeated-measures regression modeling the association

between VDR SNP rs2228570 (Fokl) and change in total MMSE score in points per year of

follow-up
Effect Bt SE (B) p-value

SNP rs2228570t 0.317 0.195 0.106
Follow-up time, years -0.078 0.056 0.166
Interaction term (SNP
rs2228570*follow-up time) 0115 0.052 0.027
Age at diagnosis, years -0.039 0.012 0.002
Sex, Male -0.538 0.246 0.030

Female ref - -
Education, years 0.118 0.034 0.001
Disease duration at -0.129 0.085 0130

baseline, years

tadditive genetic model

Model fit statistics: -2 Log Likelihood = 4383.3; AIC = 4405.3
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Supplemental Table 2. Differences in scores on individual tests in the neuropsychological battery between genotypes in VDR SNP rs2228570 (Fokl)

Neuropsychological tests and

1* Follow-up, Mean + SD

2" Follow-up, Mean * SD

measures
GG (n=41) GA(n=57) AA(n=29) Pvaluet | GG(n=41) GA(n=57) AA(n=29) P valuet

Wechsler Memory Scale lli
Logical Memory |: Story A —
Immediate Recall

Recall Unit Score (/25) 135+49 | 124+42 | 12.7+46 0.37 132449 | 121+45 | 12.6+51 0.47

Thematic Unit Score (/7) 49+15 47+15 50+15 0.84 51+1.6 48+16 48+1.7 0.61
Logical Memory IlI: Story A-Delayed
Recall

Recall Unit Score (/25) 124452 | 109452 | 11.2+49 0.31 120452 | 105+49 | 10952 0.36

Thematic Unit Score (/7) 50+1.7 47+15 48+1.7 0.54 52+1.7 46+18 46+1.7 0.21

% Recall Unit Retention

90+0.2 85+0.2 89+0.2 54 86+0.2 86+0.2 82+0. 7

(Delayed/immediate Recall) 0.90+0 0.85+0 0.89+0 0.5 0.86+ 0 0.86+0 0.82+0.3 0.70
Visual Reproduction I: Immediate 61.8+183 | 645+145 | 61.0+17.8 | 061 | 59.4+17.0 | 56.2+20.9 | 54.5+26.8 0.62
Recall(/104)
Uigzl) Reproduction II: Delayed Recall | g, 516 | 3784199 | 3504246 | 055 | 34.7£202 | 33.9+19.6 | 335242 0.97
% Retention (Delayed/! i
Ifecsltlj"“o" (Delayed/Immediate 0.65+0.23 | 057+136 | 0.54+0.3 022 | 055+0.26 | 058+03 | 055+03 0.86
Wechsler Adult Intelligence Scale Il
?/'fét)a' Span Forward and Backwards | o3 35 | 159438 | 144235 0.16 163+4.0 | 152+3.8 | 142+4.0 0.10
Digit Forward (/16) 97424 9.4+22 9.0+1.9 0.50 9.9+2.4 95+2.4 8.9+2.2 0.30
Digit Backward (/14) 6.6+1.6 6.5+2.1 5.5+ 2.0 0.06 6.4+2.2 5.7+2.0 53423 0.07
Digital Symbol (/133) 436+163 | 42.7+132 | 407172 | 094 | 39.1+17.0 | 373+123 | 41.4+17.4 | 0.57
Similarities (/33) 223+55 | 219455 | 202+53 0.34 220+55 | 208+63 | 17.7+6.0 0.02
Letter Number Sequencing (/21) 89+3.2 84+31 7.1+29 0.06 82+24 7.1+28 7.3+33 0.18
Hopkins Verbal Learning Test-R
HVLT Total trials 1-3 (/36) 233+70 | 232454 | 221+57 0.52 215+6.9 | 203+68 | 19.4+6.7 0.46

Delayed HVLT
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Delayed Recall (/12) 8.2+3.0 7.843.0 78428 0.82 7.043.2 6.6+3.4 5.7+4.2 0.35
Retention (0-150%) 83.8+257 | 83.4+273 | 8554202 | 0.87 | 757+27.1 | 76.1+32.4 | 6574421 | 0.40
True-positive (/12) 113410 | 11.2+11 | 109+14 | 036 | 109+14 | 107+15 | 11.0+1.2 0.62
False-positives (/12)+ 105+13 | 12+12 18415 0.18 13413 15415 22419 0.07
fo"’i‘g”’t'o” Discrimination Index (-12 | 165450 | 99416 93+22 0.27 9.6+2.2 92422 8.8+25 0.41
Boston Naming Test (/30) 274425 | 268+30 | 258+3.2 | 018 | 273+25 | 256440 | 249+3.7 0.01
:A:rtf:i?‘t::n\;'i:::a'ile(t/elnst)'°" Test 119+2.0 | 11.5+22 | 11.0£27 0.16 112425 | 112424 | 107+32 0.71
Verbal Fluency Tests

FAS Total 309+113 | 3144122 | 263+11.0 | 026 | 3034122 | 296+128 | 2394140 | 012
Animal Words 165461 | 158+59 | 143+48 | 031 | 150+59 | 139460 | 12.9+53 038
Vegetable Words 104+41 | 113+3.6 | 101428 0.2 9.4+38 9.9+43 87432 0.48
Trail Making Test

Trail A Time (0-150 sec)# 52.3+27.2 | 55.8426.0 | 61.5+32.4 | 056 | 58.1+30.1 | 58.1+26.0 | 655+345 | 0.59
Trail A Errorst 02+52 0.1+04 | 003402 | 028 | 022+05 | 016+05 | 0.4+09 05
Trail B Time (0-300 sec)¥ 155.1+86.0 | 169.3+80.7 | 173.7+888 | 0.68 | 170.1+90.9 | 164.6+84.7 | 169.7+94.9 | 0.95
Trail B Errorst 095+1.1 | 14+16 14421 032 | 095+15 | 1.0+13 11412 0.96
Trail B Time - Trail A Time¥ 10604749 | 1135+68.4 | 112.2+67.1 | 088 | 11204702 | 1082+66.0 | 112.2+77.3 | 0.96
Stroop Color Word Test

Color Naming Time 784+17.1 | 780+17.8 | 79.4+163 | 094 | 83.8+247 | 84.1+242 | 793+164 | 073
Color Naming Errorf 044+07 | 033408 | 06+15 053 | 061+1.1 | 06+1.1 03+0.7 0.51
Word Reading Time¥ 600+14.1 | 584+136 | 602+13.0 | 084 | 63.1+157 | 6274158 | 63.8+132 | 0.96
Word Reading Errorst 0.11+03 | 0.05+0.3 040 031 | 028+07 | 028+07 | 02405 0.92
Interference Timet 152.9+49.7 | 169.4+68.9 | 1856+71.7 | 02 | 172.8+77.4| 176.1+61.6 | 197.5+97.4 | 0.49
Interference Errors¥ 1.8+4.4 24+55 31+79 0.49 1.94+3.3 7.1+233 44+7.8 0.38
Color Naming Time - Interference 744+408 | 91.4+619 | 107.0+66.0 | 0.1 | 90.4+645 | 9584487 | 1195+87.6 | 0.26

Timet

tOne way ANOVA, Pr>F

FHigher scores indicate poorer performance
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Figure 1. Predicted decline in total MMSE score over follow-up time in years by Fokl genotype.
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