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Abstract

Background: The link between longitudinal cognitive change and polymorphisms in the vitamin D receptor (VDR) and

MEGALIN [or LDL receptor–related protein 2 (LRP2)] genes remains unclear, particularly among African-American (AA)

adults.

Objectives: We aimed to evaluate associations of single nucleotide polymorphisms (SNPs) for VDR [rs11568820 (Cdx-2:

T/C), rs1544410 (BsmI:G/A), rs7975232 (ApaI:A/C), rs731236 (TaqI:G/A)] and LRP2 [rs3755166:G/A,rs2075252:C/T,

rs2228171:C/T] genes with longitudinal cognitive performance change in various domains of cognition.

Methods: Data from 1024 AA urban adult participants in the Healthy Aging in Neighborhoods of Diversity Across the Life

Span (Baltimore, Maryland) with complete genetic data were used, of whom 660–797 had complete data on 9 cognitive

test scores at baseline and/or the first follow-up examination and complete covariate data (;52% female; mean age:

;52 y; mean years of education: 12.6 y). Time between examination visits 1 (2004–2009) and 2 (2009–2013) ranged from

<1 y to ;8 y, with a mean 6 SD of 4.64 6 0.93 y. Latent class and haplotype analyses were conducted by creating gene

polymorphism groups that were related to longitudinal annual rate of cognitive change predicted from mixed-effects

regression models.

Results: Among key findings, the rs3755166:G/A MEGALIN SNP was associated with faster decline on the Mini-Mental

State Examination overall (b = 20.002, P = 0.018) and among women. VDR2 (BsmI/ApaI/TaqI: G2/A2/A2) SNP latent

class [SNPLC; compared with VDR1 (ApaI: ‘‘AA’’)] was linked to faster decline on the Verbal Fluency Test, Categorical, in

women, among whom theMEGALIN2 (rs2228171: ‘‘TT’’) SNPLC (compared withMEGALIN1:rs2228171: ‘‘CC’’) was also

associated with a faster decline on the Trailmaking Test, Part B (Trails B), but with a slower decline on the Digit Span

Backward (DS-B). Moreover, among men, the VDR1 SNP haplotype (SNPHAP; GCA:baT) was associated with a slower

decline on the Trails B, whereas the MEGALIN1 SNPHAP (GCC) was associated with a faster decline on the DS-B,

reflected as a faster decline on cognitive domain 2 (‘‘visual/working memory’’).

Conclusion: VDR and MEGALIN gene variations can alter age-related cognitive trajectories differentially between men

and women among AA urban adults, specifically in global mental status and domains of verbal fluency, visual/working

memory, and executive function. J Nutr 2017;147:1048–62.
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Introduction

Vitamin D is a hormone that maintains and stabilizes intra-
cellular signaling pathways involved in memory and cogni-
tive function (1, 2). 25-Hydroxyvitamin D deficiency (#20
compared with >20 ng/mL) may double the risk of incident
Alzheimer disease (AD)7 and age-related cognitive decline (3–5).
We and others have shown that genetic polymorphisms in the
vitamin D receptor (VDR) and those in its endocytic binding

protein MEGALIN were associated with age-related cognitive
decline, including AD and Parkinson disease (6–12). VDR is
strongly expressed in neurons of the human cortex and hippo-
campus, which are key areas for cognition (13). Dysfunctional
VDR2/2 mice have anxiety-like behavior (14, 15) but no other
features of AD such as memory deficits (16). In contrast, mice
lacking MEGALIN, also known as LDL receptor–related pro-
tein 2 (LRP2), which is expressed in multiple epithelial cells
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including those of the choroid plexus (i.e., blood-brain barrier)
and mediates vitamin D transport (10, 17), develop increased
anxiety and impaired learning ability and memory recognition
along with neuronal degeneration, similar to symptoms described
in AD (18).MEGALINalso binds apoE (19), a protein involved in
the redistribution of cholesterol for nerve repair (20). In fact, the
APOE genotype is associated with cognitive impairment, decline,
and dementia, particularly in AD (21, 22), as well as a number
of neurobiological factors implicated in dementia: b-amyloid
deposition, tangle formation, oxidative stress, lipid homeostasis
dysregulation, synaptic plasticity loss, and cholinergic dysfunction
(23). Importantly, 1,25-dihydroxycholecalciferol, the active form
of vitamin D, increases VDR (24–26) and LRP2 expression in the
choroid plexus and directly participates in the clearance of
neurotoxic b-amyloids (19, 27–30), which are involved in the
pathogenesis of AD (31). Few current studies thus far have
examined the relation between VDR and MEGALIN gene
polymorphisms and incident AD (6, 10, 11).

This study will further test the associations of VDR and
MEGALIN single nucleotide polymorphisms (SNPs), SNP latent
classes (SNPLCs), and SNP haplotypes (SNPHAPs) with longitu-
dinal changes in cognitive function with the use of a large long-
term study in African-American (AA) urban adults.

Methods

Database. Initiated in 2004, the Healthy Aging in Neighborhoods of
Diversity across the Life Span (HANDLS) study is a prospective cohort
study that used area probability sampling to recruit a representative
sample of AAs and whites (30–64 y old) living in Baltimore, Maryland
(32). Written informed consent was obtained from participants provided
with protocol booklets and a video explaining the study procedures,
including future re-contacts. The study protocol was reviewed and
approved by the National Institute on Environmental Health Sciences
Institutional Review Board of the NIH. This study analyzes longitudinal
HANDLS data from baseline and first follow-up examinations among a
sample of AAs with complete genetic and cognitive data, among others.
Time between examination visits 1 (wave 1: 2004–2009) and 2 [also
known as wave 3: 2009–2013 (33)] ranged from <1 to;8 y, with a mean
of 4.64 6 0.93 y.

Study participants. A total of 3720 participants were recruited (mean6
SD age: 48.3 6 9.4 y; 45.3% men; 59.1% AA and 40.9% white).
Genetic data were available for 1024 AA participants of 2198 included
in the original sample. Cognitive testing was done at waves 1 and 3 for
several tests. Nine test scores previously selected in a previous analysis of
data from the Baltimore Longitudinal Study of Aging were also selected

in our current study in an attempt to replicate findings as closely as
possible (6). Complete data on those tests at either visit among AAs
ranged from n = 1634 for California Verbal Learning Test (CVLT)–List A
and Delayed Free Recall (DFR; n# = 2588 observations, k = 1.6
visits/person) to n = 1738 for the Benton Visual Retention Test (BVRT;
n# = 2918 observations, k = 1.7 visits/person). Mixed-effects regression
models for predicting the annual rate of cognitive change assumed data
to be missing at random (34) and used data on cognitive test scores
available at either visit. The final sample size ranged from n = 660 for
CVLT-DFR to n = 797 for the Verbal Fluency Test, Categorical (VFT-C),
as shown in Supplemental Methods 1. As discussed in further detail in
the ‘‘Statistical analysis’’ section, possible sample selectivity was
corrected by using a 2-stage Heckman selection approach (35).

Cognitive assessment. Cognitive assessment included 6 tests with 9
test scores covering 7 domains (mental status, attention, learning andmemory,
executive function, visuo-spatial and visuo-construction ability, psychomotor
speed, language and verbal): the Mini-Mental State Examination (MMSE;
mental status); the CVLT immediate (List A) and DFR (learning and memory,
language and verbal domains); Digit Span Forward and Backward tests
(DS-F and DS-B; attention and working memory); the BVRT (figural mem-
ory and visuo-constructional abilities); the VFT-C (semantic verbal fluency);
and the Trailmaking Test, Parts A and B (Trails A and B; attention and
executive functioning). It is worth noting that the BVRTand Trails A and B
were coded in the direction of a higher score / poorer performance
(Supplemental Methods 2). Linear mixed models with quadratic age terms
were used for estimating cognitive scores at specific ages, as detailed in a
previous study (6), to estimate the slope for annual cognitive change at
that particular age. The latter, termed the longitudinal annual rate of
cognitive change (LARCC), which is the main outcome of interest, can
be interpreted as the annual rate of change in cognitive scores between
ages 50 y and the mean age at follow-up per individual and cognitive test.
The LARCC for each cognitive test score was entered into a factor
analytic model as a measured variable (36), with factors extracted on the
basis of common variance, factor loadings, and residual variance. The
common factor model is shown below:

LARCCi ¼ +
k

j¼1

lij 3 Domainj þ ui ð1Þ

where LARCCi is the standardized z score for each cognitive test LARCC,
lij is the factor loading for each LARCC and each factor, Domainj is the
standardized z score for each factor j, and ui is the residual error. By using
an eigenvalue >1 rule, 2 factors were extracted and rotated with the use of
varimax orthogonal rotation. Those 2 factors were interpreted and the 2
underlying cognitive domains were labeled based on significant loadings,
with a criterion of 0.40.Domainswere labeled as follows:Domain 1 (‘‘Verbal
memory and fluency’’) and Domain 2 (‘‘Visual/working memory’’). With
the exception of Trails B, all LARCCi factor loadings were significant for
1 of the 2 domains, creating a relatively simple structure that is easy to
label and interpret (see Supplemental Methods 1).

All of the participants were judged to be capable of informed consent
and were probed for understanding of the protocol. Although no formal
dementia diagnoses were made, all participants were administered
mental status tests, which they completed successfully. In every case, low
mental status performance was due to poor literacy skills with no other
signs of dementia.

VDR and MEGALIN (LRP2) SNPs, SNPLCs, and SNPHAPs.
HANDLS participants were genotyped by using the Illumina 1 M
genotyping arrays (Illumina Inc., San Diego, California). A total of 1024
individuals were successfully genotyped and passed genotype quality-
control criteria. Details are provided in Supplemental Methods 3.

SNP selection was based on previously published genomewide
association studies relating cognitive function, decline, or dementia to
VDR (8, 37) and MEGALIN (10, 11) gene polymorphisms and as an
attempt to replicate a previous study in whites participating in the
Baltimore Longitudinal Study of Aging (6). Most of those selected SNPs
were available in our database, with few exceptions (e.g., VDR SNP
rs10735810, FokI: G/A). Four VDR SNPs [rs11568820 (Cdx-2: T/C),

1 Supported by the National Institute on Aging, Intramural Research Program
(NIA/NIH/IRP).
2 Author disclosures: MA Beydoun, SM Tajuddin, GA Dore, J-A Canas, HA
Beydoun, MK Evans, and AB Zonderman, no conflicts of interest.
3 Supplemental Methods 1–3, Supplemental Figures 1 and 2, and Supplemental
Table 1 are available from the ‘‘Online Supporting Material’’ link in the online
posting of the article and from the same link in the online table of contents at
http://jn.nutrition.org.
*To whom correspondence should be addressed. E-mail: baydounm@mail.nih.
gov.
7 Abbreviations used: AA, African-American; AD, Alzheimer disease; BVRT,
Benton Visual Retention Test; CVLT, California Verbal Learning Test; DFR,
Delayed Free Recall; DS-B, Digit Span Backward; DS-F, Digit Span Forward;
HANDLS, Healthy Aging in Neighborhoods of Diversity Across the Life
Span; LARCC, longitudinal annual rate of cognitive change; LRP2, LDL–related
protein 2; MMSE, Mini-Mental State Examination; OLS, ordinary least square;
SHBG, sex hormone–binding globulin; SNP, single nucleotide polymorphism;
SNPHAP, single nucleotide polymorphism haplotype; SNPLC, single nucleotide
polymorphism latent class; Trails A, Trailmaking Test, Part A; Trails B, Trailmaking
Test, Part B; VDR, Vitamin D receptor; VFT-C, Verbal Fluency Test, Categorical.
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rs1544410 (BsmI:G/A), rs7975232 (ApaI: A/C), and rs731236 (TaqI:
G/A)] and 3 MEGALIN SNPs (rs3755166: G/A, rs2075252: C/T, and
rs2228171: C/T) were chosen. Figure 1 lists selected SNPs and shows
their gene locations and frequency distributions.

VDR and MEGALIN SNPLCs were obtained by using latent class
analysis (PROC LCA in SAS version 9.3) (38, 39), in which sex and first-
visit age were introduced as potential covariates and each selected SNP
per gene was entered into that model (1 gene/model) in additive mode of
inheritance (i.e., 0/1/2). Model fit was determined on the basis of Akaike
Information Criterion and Bayesian Information Criterion, which led to
deciding the appropriate number of latent classes. The method is detailed
in our previous study in whites who participated in the Baltimore
Longitudinal Study of Aging (6).

SNPHAPs were considered as main predictors in our analysis for
each of the 2 genes. For the VDR gene, the BsmI, ApaI, and TaqI SNPs
were combined together to form SNPHAPs and their proportions in the
population were found to be similar to $1 previous study (8). Three
SNPHAPs were found in this population with the SNP combinations
being either 1 of the 3—VDR1: GCA (baT), VDR2: AAG (BAt), or
VDR3: GAA (bAT)—for 1 or 2 alleles. Participants were coded as 0 =
having no VDRx haplotype, 1 = having 1 allele carrying the VDRx

haplotype, or 2 = having 2 alleles carrying the VDRx haplotype. This
approach was also applied to the 3 MEGALIN SNPs and 8 haplotypes
were found. However, only 3 were considered in the main analysis
because their proportion in the population (with 1 or 2 copies) was
>10%. Those findings in terms of the most common SNPHAPs are
comparable to our previous study in whites participating in the
Baltimore Longitudinal Study of Aging (6). Detailed descriptions of
SNPLCs and SNPHAPs are found in Table 1.

Covariates. Three sets of covariates were assessed as potential con-
founders, including the following: 1) sociodemographic factors, namely
baseline age, sex, educational attainment (years of schooling), and 1 lifestyle-
related factor, namely smoking status (never, former, or current smoker);
2) self-reported history of type 2 diabetes, hypertension, cardiovascular
disease (stroke, congestive heart failure, nonfatal myocardial infarction,
or atrial fibrillation), and dyslipidemia at first visit; and 3) measured first-
visit BMI (in kg/m2). Right and left sitting systolic and diastolic blood
pressure levels were averaged. Blood pressure was measured noninvasively

by using brachial artery auscultation with an aneroid manometer, a
stethoscope, and an inflatable cuff. After an overnight fast (8–12 h) and
consent, blood was drawn and collected from an antecubital vein. Serum
total cholesterol, HDL cholesterol, and glucose were assessed by using
a spectrophotometer (Olympus 5400). First-visit blood pressure (systolic
and diastolic inmillimeters of mercury), plasma total andHDL cholesterol,
and fasting blood glucose (in milligrams per deciliter) were only analyzed
in relation to the availability of genetic data for descriptive purposes, as
was done in our previous study (6).

Statistical analysis. For each SNP that was included in our analyses,
Hardy-Weinberg equilibrium was examined by using an exact test, and
pairwise linkage disequilibriumwas calculated and visualized by using the
Haploview version 4.2 package (40, 41) (Supplemental Figures 1 and 2).
To describe study participant characteristics and compare them by genetic
data availability, 1-factor ANOVA, t test, and chi-square test were used.

Furthermore, ordinary least square (OLS) models were carried out to
examine the association of VDR and MEGALIN SNPs, SNPLCs, and
SNPHAPs as predictors of LARCC for each cognitive test, controlling
for potential confounding variables including baseline age, sex, educa-
tion, baseline smoking status, self-reported comorbid conditions, and
measured BMI. SNPs (wild-type with variant v) were examined in terms
of genotypes, comparing the 2 variant genotypes (wv, vv) with wild-type
genotype (ww) and in terms of dosage of the variant allele (v) by using an
additive mode of inheritance model. P-trend was also computed when
testing associations between haplotype dosage (0, 1, and 2 copies) and
cognitive outcomes.

To account for selection bias in OLS models (due to the nonrandom
selection of participants with genetic data from the target population), a
2-stage Heckman selection model was constructed (35) by using a probit
model to obtain an inverse mills ratio at the first stage (derived from the
predicted probability of being selected, conditional on covariates in the
probit model), as was done in an earlier study (23). The inverse mills
ratio was included in the main OLSmodels at a second stage to adjust for
selection bias. Stratification was done, and effect modification was tested
(by adding interaction terms) by sex for the analysis when SNP, SNPLC,
and SNPHAP were the main predictors. In fact, sex differences in the
association between the MEGALIN gene polymorphism and cognitive
outcomes were hypothesized a priori, as discussed later (42–44).

FIGURE 1 (A) Schematic representa-
tion of the VDR gene. The SNP and gene
coordinates are based on NCBI build 36
(hg18, March 2006) with the use of
RefSeq gene prediction. The VDR gene
on chromosome 12 was composed of
#11 exons spanning ;63 kb. (B) Geno-
type frequencies of selected VDR SNPs
of the original sample with complete
genetic data (n = 1024). hg, human
genome; NCBI, National Center for Bio-
technology Information; RefSeq, Refer-
ence Sequence; SNP, single nucleotide
polymorphism; VDR, vitamin D receptor
gene.
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A type I error of 0.05 was considered for all analyses, and P values
between 0.05 and 0.10 were considered to be borderline significant for
main effects, whereas a P value <0.10 was considered significant for
interaction terms (45), before correction for multiple testing. Correc-
tion for multiple testing was done by using a familywise Bonferroni
procedure whereby a family was defined by a cognitive test or a cognitive
domain, assuming that they are independent content-wise, although not
necessarily in their degree of correlation (46). Within each cognitive test,
there were generally 2 test scores to take into account for correction. This
was the case for CVLT-DFR and CVLT-List A, Trails A and Trails B, and
DS-F and DS-B. For these cognitive tests, the significance criterion for
P values and P values for trend was reduced to P = 0.05/2 = 0.025
(marginal significance: P = 0.10/2 = 0.05). In the case of MMSE
(a measure of global cognition), BVRT, and VFT-C, no correction was
needed, an approach taken in our previous study (6). All of the analyses
(except for latent class analysis, which was conducted in SAS version 9.3)
were performed by using Stata version 14.0 (47).

Results

Study sample characteristics. Study sample characteristics
(Table 2) are presented for participants with genetic data
available and compared with eligible AA participants who were
excluded due to unavailable genetic data, both of whom had
complete cognitive score data at baseline and/or follow-up and
other covariate data at baseline. MMSE LARCC was used as the
criterion to describe sociodemographic, lifestyle, and health-
related factors by genetic data availability, whereas cognitive test
score–specific LARCCs were used otherwise, with sample sizes
ranging from 648 to 797. Generally, participants from both
groups had comparable distributions in terms of sociodemo-
graphic, lifestyle, and health-related characteristics, with the
exception of a higher mean systolic blood pressure among those
included. Moreover, a significantly faster decline on the BVRT

TABLE 1 Findings from latent class analysis and haplotype analysis: definitions and distributions of SNPLCs and SNPHAPs for the
selected VDR and LRP2 (MEGALIN) SNPs1

SNPHAPs SNPLCs

Definitions Distributions, % Definitions Distributions, %

VDR (BsmI/ApaI/TaqI)
Overall VDR1: GCA: baT 36.5 VDR1: ApaI: AA 12.1

VDR2: AAG: BAt 19.1 VDR2: BsmI/ApaI/TaqI: G2/A2/A2 49.0
VDR3: GAA: bAT 25.2 VDR3: BsmI/TaqI: GG/AA 38.9
VDR4: AAA: BAT 10.1

Allelic copies
VDR1 VDR1: GCA: baT

0 68.0
1 18.5
2 13.6

VDR2 VDR2: AAG: BAt
0 78.5
1 17.3
2 4.2

VDR3 VDR3: GAA: bAT
0 27.3
1 65.8
2 6.8

VDR4 VDR4: AAA: BAT
0 90.2
1 8.8
2 1.0

MEGALIN (rs3755166, rs2075252, rs2228171) (rs2228171)
Overall

MEGALIN1:GCC 53.3 MEGALIN1:CC 62.6
MEGALIN2:ACC 24.3 MEGALIN2:TT 2.1

MEGALIN3:CT 35.3
Allelic copies

MEGALIN1 MEGALIN1:GCC
0 10.1
1 63.5
2 26.5

MEGALIN2 MEGALIN1:GCC
0 64.9
1 30.8
2 4.3

1 n = 1024. Most eligible participants (.99%) had well-defined SNPLCs that could be summarized by BsmI, ApaI, and TaqI SNP combinations. SNPHAPs were defined on the

basis of 3 VDR SNP combinations—BsmI, ApaI, and Taq—and were expressed as dosages (0 = none, 1 = 1 copy, 2 = 2 copies) in the main analysis. Most eligible participants

(.99%) had well-defined SNPLCs that could be summarized by the genotype of rs2228171. SNPHAPs were defined on the basis of all 3 MEGALIN SNP combinations—

rs3755166, rs2075252, and rs2228171—and were expressed as dosages (0 = none, 1 = 1 copy, 2 = 2 copies) in the main analysis. LRP2, LDL receptor–related protein 2; SNP,

single nucleotide polymorphism; SNPHAP, single nucleotide polymorphism haplotype; SNPLC, single nucleotide polymorphism latent class; VDR, vitamin D receptor gene.
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and DS-B tests was noted among those with complete genetic
data as opposed to those who were excluded from the main
analyses.

All of the examined SNPs were in Hardy-Weinberg equi-
librium (P > 0.002). Variants within each VDR and MEGALIN
(LRP2) gene were deemed in low linkage equilibrium (r2 < 0.30;
Supplemental Figure 2). Genotypic frequencies suggested that
1 genotype in each SNP had a prevalence of >45% and thus
was dominant compared with the other genotypes (Figure 1,
Figure 2). Table 1 shows the percentage distributions of VDR
and MEGALIN SNPLCs (determined by latent class analy-
sis) and SNPHAPs (0, 1, or 2 copies). Note that SNPHAP
distribution is nonmutually exclusive because it reflects
allelic combinations for each individual. The description and
labeling of the SNPLCs and SNPHAPs are presented in detail
as well.

VDR SNPs and LARCCs. Supplemental Table 1 presents
findings from multiple OLS models examining the association
between VDR SNPs (entered alternatively, models A–D) and
LARCCs, stratifying by sex. After correction for multiple testing,
TaqI:G/A was associated with a slower decline on a test of exec-
utive function, specifically visuo-motor scanning (Trails B) among
men, an effect that differed significantly between sexes. Moreover,
TaqI:G/A was also associated with a slower decline on cognitive
domain 2 among women, which was mostly driven by a slower
decline on both the DS-F and DS-B, which were previously de-
scribed as tests of attention and working memory. The effect of
TaqI:G/A on cognitive domain 2 also differed significantly between
sexes (P-interaction < 0.05 for sex 3 SNP interaction).

MEGALIN SNPs and LARCCs: sex-stratified findings. Sim-
ilarly, inOLSmodels that included onlyMEGALIN SNPs (Table 3),

TABLE 2 Study sample characteristics by availability of genetic data: HANDLS study1

Genetic data available Genetic data not available

P2n Value n Value

Female, % 788 52.1 482 61.5 0.06
Baseline age, y 788 47.8 6 0.573 482 46.8 6 0.66 0.27
Education at first visit, y 788 12.60 6 0.16 482 12.68 6 0.23 0.78
Smoking status at first visit, % 788 482 0.68

Never/former 49.6 47.5
Current 50.4 52.5

Type 2 diabetes at first visit, % 788 14.3 482 13.9 0.89
Hypertension at first visit, % 788 42.3 482 41.2 0.82
Cardiovascular disease at first visit,4 % 788 14.8 482 9.1 0.05
Dyslipidemia at first visit, % 788 23.9 482 16.6 0.06
BMI at first visit, kg/m2 788 29.6 6 0.5 482 29.7 6 0.6 0.90
Systolic blood pressure, mm Hg 768 122.1 6 1.1 471 118.0 6 1.2 0.011
Diastolic blood pressure, mm Hg 755 77.7 6 0.8 461 76.1 6 0.7 0.12
Serum total cholesterol, mg/dL 760 186.5 6 3.0 425 180.3 6 3.7 0.19
Serum HDL cholesterol, mg/dL 760 53.7 6 1.3 424 55.9 6 2.1 0.37
Fasting plasma glucose, mg/dL 760 104.2 6 2.3 426 109.6 6 7.9 0.51
Predicted annual rate of cognitive change

between age 50 y and mean age of follow-up5

MMSE 788 20.040 6 0.001 482 20.039 6 0.002 0.62
BVRT 782 +0.195 6 0.003 468 +0.185 6 0.003 0.029
CVLT-List A 680 20.280 6 0.001 392 20.278 6 0.002 0.20
CVLT-DFR 662 20.128 6 0.001 383 20.127 6 0.001 0.44
VFT-C 797 20.056 6 0.002 476 20.054 6 0.002 0.63
Trails A 745 +0.803 6 0.071 460 +0.769 6 0.046 0.68
Trails B 745 +4.480 6 0.163 460 +4.193 6 0.192 0.25
DS-F 782 20.022 6 0.001 470 20.021 6 0.001 0.31
DS-B 775 20.022 6 0.001 466 20.018 6 0.001 0.016
Cognitive domain 1 648 20.03 6 0.07 376 +0.09 6 0.07 0.24
Cognitive domain 2 648 20.07 6 0.06 376 20.20 6 0.05 0.11

1 n = 1024. Sociodemographic, lifestyle, and health-related factors are presented for participants with complete data on those variables as well as complete data on the MMSE

LARCC. LARCC measures are presented for eligible participants with complete data on covariates entered into subsequent models as well as complete data on each of the

cognitive test scores at either baseline or the follow-up wave. Unreliable data from each cognitive test score were excluded. BVRT, Benton Visual Retention Test; CVLT-DFR,

California Verbal Learning Test, Delayed Free Recall; CVLT-List A, California Verbal Learning Test, List A; DS-B, Digit Span Backward; DS-F, Digit Span Forward; HANDLS, Healthy

Aging in Neighborhoods of Diversity Across the Life Span; LARCC, longitudinal annual rate of cognitive change; MMSE, Mini-Mental State Examination; Trails A, Trailmaking Test,

Part A; Trails B, Trailmaking Test, Part B; VFT-C, Verbal Fluency Test, Categorical.
2 P value for null hypothesis of no difference between those with and those without genetic data. Note that this analysis was conducted in African-American participants with

complete baseline covariates, including baseline MMSE scores.
3 Mean 6 SE (all such values).
4 Reported any of the following conditions at first visit: stroke, congestive heart failure, nonfatal myocardial infarction, or atrial fibrillation.
5 Cognitive scores were predicted at the mean age at follow-up before onset of dementia or for all time points by using a linear mixedmodel controlling for sex, race/ethnicity, education

(years), and smoking status, with age added among the fixed-effects variables to allow for quadratic nonlinear change. The slope or annual rate of change was predicted from these

models at the mean age at follow-up (i.e., between age 50 y and the individual mean age at follow-up for each cognitive test). By using factor analysis, 2 factor scores were estimated

and were labeled as LARCC in the following domains: Domain 1 (‘‘Verbal memory and fluency’’) and Domain 2 (‘‘Visual/working memory’’) (see Supplemental Methods 2).
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significant associations were found between the rs3755166:G/A
MEGALIN SNP and LARCC onMMSE, whereby an increasing
dose of the A allele was associated with a faster decline in both
sexes combined and among women (P = 0.024), an association
deemed significant after correction for main effects of multiple
testing (P < 0.025). Moreover, a decline on the DS-B (a test of
working memory) overall and among men was faster with each
T allele for the third MEGALIN SNP (rs2228171:C/T), an
association deemed significant even after correction for multiple
testing (P < 0.025).

VDR and MEGALIN SNPLC associations with LARCC: sex-
stratified findings. In Table 4, we conducted OLS regression
models whereby SNPLC predicted LARCC among men and
women, separately. After correction for multiple testing, VDR2

(compared with VDR1) was linked to a faster rate of decline on
the VFT-C in women only (P-interaction < 0.05 for sex3 SNPLC
interaction). Moreover, theMEGALIN2 SNPLC (compared with
MEGALIN1) was associated with a faster rate of decline on
Trails B among women (P-interaction < 0.05 for sex 3 SNPLC
interaction), coupled with a slower decline on the DS-B among
women as well. None of the other sex-specific associations re-
tained their significance after correction for multiple testing.

VDR and MEGALIN SNPHAP associations with LARCC:
sex-stratified findings. VDR SNPHAPs combined SNPs that
were shown to be in low linkage disequilibrium [rs1544410
(BsmI:G/A), rs7975232 (ApaI:A/C), rs731236(TaqI:G/A)], as
did MEGALIN SNPHAPs, which consisted of rs3755166:G/A,
rs2075252:C/T, and rs2228171:C/T combinations. Those SNPHAPs
were entered as haplotype dosages and examined separately
in relation to LARCC among men and women (Table 5). After
correction for multiple testing, among men only, the VDR1

(GCA) haplotype was associated with a slower decline on Trails
B (P < 0.05 for sex 3 SNPHAP interaction). When MEGALIN
SNPHAPs were examined in relation to LARCC, MEGALIN1

(GCC) was associated with a significantly faster decline on the
DS-B among men, which was translated into a faster decline on
cognitive domain 2. Finally, adding the 10 principal components

as additional covariates (Supplemental Methods 1) did not alter
the key findings.

Discussion

This study examined associations of SNPs in VDR [rs11568820
(Cdx-2:T/C), rs1544410 (BsmI:G/A), rs7975232 (ApaI:A/C),
rs731236 (TaqI:G/A)] and MEGALIN (rs3755166:G/A,
rs2075252:C/T, rs2228171:C/T) genes with longitudinal cognitive
performance changes among 660–797 AAHANDLS participants
with complete genetic and cognitive data over the length of;5 y
and 2 waves of data. Among key findings, the rs3755166:G/A
MEGALIN SNP was associated with a faster decline on the
MMSE overall, whereas the decline on the DS-B was faster with
the rs2228171:C/T dosage among men. VDR TaqI:G/A was
linked to slower decline on the Trails B among men and a slower
decline on cognitive domain 2 (‘‘visual/working memory’’) among
women. TheVDR2 (BsMI/ApaI/TaqI: G2/A2/A2) SNPLC (com-
paredwithVDR1: ApaI:‘‘AA’’) was linked to a faster decline on the
VFT-C inwomen, amongwhom theMEGALIN2 (rs2228171:‘‘TT’’)
SNPLC (compared with MEGALIN1: rs2228171:‘‘CC’’) was
also associated with a faster decline on Trails B but a slower
decline on the DS-B.Moreover, among men, theVDR1 SNPHAP
(GCA or baT) was associated with a slower decline on Trails
B, whereas theMEGALIN1 SNHAP (GCC) was associated with
a faster decline on the DS-B, translating into a faster decline on
cognitive domain 2.

MEGALIN (10, 11) andVDR (8, 37) genetic polymorphisms
were recently shown to be associated with cognitive impairment
and AD. In fact, with respect to MEGALIN, in a case-control
study in 1158 patients with sporadic AD and 1025 healthy
controls, out of 3 tested SNPs (rs3755166, rs2075252, rs4668123),
only 1 (rs3755166:G/A) was associated with increased AD risk.
It is important to note that the A allele of rs3755166 had 20%
less transcriptional activity for MEGALIN than did the G allele
(10). Another case-control study in Chinese middle-aged and
older adults (n = 361) was able to replicate those findings, with
rs3755166 G/A associated with an OR of 1.38 (95% CI: 1.02,

FIGURE 2 (A) Schematic representa-
tion of the MEGALIN (LRP2) gene. The
SNP and gene coordinates are based on
NCBI build 36 (hg18, March 2006) with
the use of RefSeq gene prediction. The
MEGALIN gene on chromosome 2 has 79
exons and is ;235 kb in size. (B) Geno-
type frequencies of selected MEGALIN
SNPs of the original sample with com-
plete genetic data (n = 1024). hg, human
genome; LRP2, LDL receptor–related
protein 2; NCBI, National Center for
Biotechnology Information; RefSeq, Ref-
erence Sequence; SNP, single nucleotide
polymorphism.

Vitamin D receptor/MEGALIN gene polymorphisms and cognition 1053

 at N
IH

 Library on July 8, 2017
jn.nutrition.org

D
ow

nloaded from
 

http://jn.nutrition.org/


TABLE 3 MEGALIN SNP associations with predicted annual rates of cognitive change between age 50 y
and the mean age at follow-up: multiple OLS regression analysis—HANDLS study1

Predicted annual rate of cognitive change between age
50 y and mean age at follow-up2

n b 6 SE3 P-trend

MMSE
MEGALIN: rs3755166: G/A 788 20.002 6 0.001 0.0184

Men 349 20.001 6 0.002 0.35
Women 439 20.002 6 0.001 0.0244

MEGALIN: rs2075252: C/T 788 +0.0005 6 0.0014 0.74
Men 349 +0.0001 6 0.003 0.99
Women 439 +0.0008 6 0.016 0.56

MEGALIN: rs2228171: C/T 788 +0.0003 6 0.0011 0.76
Men 349 20.0001 6 0.0020 0.97
Women 439 20.0006 6 0.0129 0.63

BVRT
MEGALIN: rs3755166: G/A 782 +0.000 6 0.002 0.985

Men 350 +0.004 6 0.003 0.12
Women 432 20.003 6 0.002 0.25

MEGALIN: rs2075252: C/T 782 20.0046 6 0.0028 0.09
Men 350 20.0010 6 0.0043 0.82
Women 432 20.007 6 0.004 0.06

MEGALIN: rs2228171: C/T 782 +0.002 6 0.002 0.40
Men 350 +0.0048 6 0.0034 0.16
Women 432 +0.001 6 0.003 0.81

CVLT-List A
MEGALIN: rs3755166: G/A 680 20.0001 6 0.0002 0.74

Men 295 +0.0001 6 0.0003 0.73
Women 385 20.0002 6 0.0003 0.56

MEGALIN: rs2075252: C/T 680 20.0003 6 0.004 0.33
Men 295 +0.0003 6 0.0005 0.62
Women 385 20.0007 6 0.0005 0.12

MEGALIN: rs2228171: C/T 680 20.0000 6 0.003 0.97
Men 295 +0.0000 6 0.0004 0.97
Women 385 20.0000 6 0.0004 0.94

CVLT-DFR
MEGALIN: rs3755166: G/A 660 +0.0001 6 0.0004 0.73

Men 284 20.0004 6 0.0010 0.51
Women 376 +0.0003 6 0.0005 0.56

MEGALIN: rs2075252: C/T 660 +0.0008 6 0.0006 0.20
Men 284 +0.0004 6 0.0009 0.65
Women 376 +0.0011 6 0.0009 0.21

MEGALIN: rs2228171: C/T 660 +0.0001 6 0.005 0.79
Men 284 20.0006 6 0.008 0.44
Women 376 +0.0007 6 0.0007 0.32

VFT-C
MEGALIN: rs3755166: G/A 797 +0.0004 6 0.0114 0.74

Men 356 20.0002 6 0.0020 0.89
Women 441 +0.0011 6 0.0014 0.45

MEGALIN: rs2075252: C/T 797 +0.002 6 0.002 0.25
Men 356 +0.0024 6 0.0031 0.42
Women 441 +0.0019 6 0.0023 0.43

MEGALIN: rs2228171: C/T 797 +0.0009 6 0.0019 0.55
Men 356 +0.004 6 0.002 0.14
Women 441 20.0012 6 0.019 0.49

Trails A
MEGALIN: rs3755166: G/A 745 20.056 6 0.067 0.41

Men 326 +0.111 6 0.160 0.49
Women 419 20.140 6 0.097 0.15

(Continued)
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TABLE 3 Continued

Predicted annual rate of cognitive change between age
50 y and mean age at follow-up2

n b 6 SE3 P-trend

MEGALIN: rs2075252: C/T 745 20.015 6 0.112 0.89
Men 326 20.111 6 0.160 0.49
Women 419 +0.032 6 0.155 0.83

MEGALIN: rs2228171: C/T 745 20.049 6 0.088 0.58
Men 326 +0.058 6 0.125 0.65
Women 419 +0.090 6 0.125 0.47

Trails B
MEGALIN: rs3755166: G/A 745 20.012 6 0.124 0.92

Men 326 +0.209 6 0.195 0.66
Women 419 20.142 6 0.166 0.39

MEGALIN: rs2075252: C/T 745 20.141 6 0.206 0.49
Men 326 20.144 6 0.328 0.66
Women 419 20.159 6 0.267 0.55

MEGALIN: rs2228171: C/T 745 +0.155 6 0.164 0.34
Men 326 +0.065 6 0.257 0.80
Women 419 +0.296 6 0.217 0.17

DS-F
MEGALIN: rs3755166: G/A 773 20.0002 6 0.0005 0.66

Men 349 +0.0001 6 0.0008 0.86
Women 424 20.0002 6 0.0007 0.73

MEGALIN: rs2075252: C/T 773 20.0001 6 0.0008 0.905

Men 349 +0.0013 6 0.0013 0.33
Women 424 20.0012 6 0.0011 0.28

MEGALIN: rs2228171: C/T 773 +0.0006 6 0.0007 0.40
Men 349 +0.0010 6 0.0010 0.34
Women 424 +0.0005 6 0.0009 0.56

DS-B
MEGALIN: rs3755166: G/A 775 +0.0007 6 0.0008 0.42

Men 351 +0.0017 6 0.0012 0.18
Women 424 +0.0004 6 0.0012 0.71

MEGALIN: rs2075252: C/T 775 20.0010 6 0.0014 0.47
Men 351 20.0015 6 0.0021 0.47
Women 424 20.0009 6 0.0020 0.64

MEGALIN: rs2228171: C/T 775 +0.003 6 0.001 0.0204

Men 351 +0.004 6 0.002 0.0204

Women 424 +0.0023 6 0.0015 0.13
Cognitive domain 1
MEGALIN: rs3755166: G/A 648 +0.0071 6 0.0176 0.45

Men 277 20.0212 6 0.0474 0.45
Women 371 +0.0260 6 0.0234 0.27

MEGALIN: rs2075252: C/T 648 +0.0368 6 0.0293 0.21
Men 277 +0.0666 6 0.0474 0.16
Women 371 +0.0179 6 0.0383 0.64

MEGALIN: rs2228171: C/T 648 +0.0092 6 0.0232 0.69
Men 277 20.0103 6 0.0378 0.79
Women 371 +0.0216 6 0.0299 0.47

Cognitive domain 2
MEGALIN: rs3755166: G/A 648 +0.0424 6 0.0389 0.28

Men 277 +0.0851 6 0.0583 0.96
Women 371 +0.0147 6 0.053 0.78

MEGALIN: rs2075252: C/T 648 20.0710 6 0.0649 0.27
Men 277 +0.0050 6 0.0990 0.96
Women 371 20.1323 6 0.0873 0.13

(Continued)

Vitamin D receptor/MEGALIN gene polymorphisms and cognition 1055

 at N
IH

 Library on July 8, 2017
jn.nutrition.org

D
ow

nloaded from
 

http://jn.nutrition.org/


1.87; P = 0.039) (11). Similarly, in our previous study in white
adults residing in Baltimore, a marginally significant inverse re-
lation was detected after adjustment for multiple testing, between
rs3755166 G>A and MMSE LARCC, suggesting greater cognitive
decline for participants with an ‘‘A’’ allele (6). This specific finding
was replicated in our current study and was significant after cor-
rection for multiple testing. Moreover, our previous study in
whites residing in Baltimore city indicated that this SNP was also
significantly linked with a greater decline in verbal memory among
men only, after adjusting for multiple testing (6). This finding was
not replicated in our current study in AA urban adults. Moreover,
our study indicated that the MEGALIN1 SNHAP ‘‘GCC’’ [1)
rs3755166:G/A, 2) rs2075252:C/T, 3) rs2228171:C/T] was asso-
ciated with a faster decline on the DS-B, reflected as a faster decline
on cognitive domain 2 (‘‘visual/workingmemory’’). This appears to
be a novel finding that has not been replicated elsewhere.

In our present study, theVDR2 (BsmI/ApaI/TaqI: G2/A2/A2)
SNPLC [compared with VDR1 (ApaI:‘‘AA’’)] was linked to a
faster decline on the VFT-C in women. This finding is comparable
to our previous study in whites residing in Baltimore, whereby a
marginally significant P-trend was detected indicating that ‘‘AA’’
for ApaI may be protective against cognitive decline on tests of
global mental status and verbal memory, compared with ‘‘AC’’ or
‘‘CC’’ (6). Similarly, a current case-control study of late-onset AD
cases compared with healthy age-matched controls found that the
heterozygous ApaI genotype (‘‘AC’’) was associated with an
increased risk of AD compared with the homozygous ‘‘AA’’
genotype (37). In contrast to the latter study and ours, the ApaI
(A/C) variant allele (i.e., ‘‘CC’’ or ‘‘AC’’ compared with ‘‘AA’’) was
associatedwith better cognitive function at follow-up, particularly
in immediate recall (8). In that prospective cohort study (Leiden
85-plus Study; n = 563), 3 of 5VDR SNPs were deemed related to
follow-up cognitive performance, namely BsmI, ApaI, and TaqI
(8). Those 3 SNPs were combined in our study into haplotypes.
We found that, among men, the VDR1 SNPHAP (GCA:baT) was
associated with a slower decline on the Trails B. This is at odds
with our finding in whites residing in Baltimore. In fact, in the
latter study, after correction for multiple testing, VDR1 SNPHAP

(GCA or baT) was associated with a greater decline on the VFT-C
among women but not among men (6). On the other hand,
Kuningas et al. (8) found that worse performance was ascribed to
the VDR2 SNPHAP (AAG, or BAt). These findings indicate that
there might be both race- and sex-specific associations between
those haplotypes and cognitive performance or change over time.
However, further studies are needed to replicate findings with the
use of similar cognitive test batteries and domains.

More recent studies have been mixed. Gezen-Ak et al. (48),
in a study in 108 patients with AD and 115 age-matched controls,
found that the VDR (TaubF: TCAGC) SNPHAP was more
prevalent in patients with AD than in the control group. In a
sample of Uygur people (49) (n = 124 cases and n = 124 controls),
the A allele of the VDR ApaI gene and the T allele of the VDR
BsmI gene were related to an increased risk of mild cognitive
impairment, with individuals with the VDR ApaI AA genotype at
the highest risk of mild cognitive impairment. The latter result is
at odds with both our current and past study among whites,
possibly due to race-specific effects (6). Another study found the
VDR FokI ‘‘FF’’ genotype to be related to a higher MMSE score,
compared with the ‘‘ff’’ genotype group, in elderly ($65 y)
participants (50). FokI was not included among the VDR SNPs in
our current or past study in whites (6). In contrast, 2 other studies
found no association between the VDR ApaI and TaqI genes and
late-onset AD in an Iranian sample (145 patients with AD and
162 age-matched controls) (51) or between VDR FokI and BsmI
genes and AD in a Polish sample (108 patients with AD and 77
controls) (52). This may highlight the difference between the
etiology of normal cognitive aging (e.g., cognitive change between
early and midadulthood) as opposed to incident or prevalent AD.

Sex differences were detected in the association between
MEGALIN SNPLCs and cognitive change, which may be
ascribed to the interaction of MEGALIN with both estrogen,
established to affect cognitive function (53), and with vitamin D,
also known to affect cognitive performance (54–56). Notably,
current experimental evidence indicates that vitamin D–binding
protein (which binds, among others, 25-hydroxycholecalciferol
and transports it to target tissues) and the estrogen receptor [sex

TABLE 3 Continued

Predicted annual rate of cognitive change between age
50 y and mean age at follow-up2

n b 6 SE3 P-trend

MEGALIN: rs2228171: C/T 648 +0.0866 6 0.0513 0.09
Men 277 +0.1136 6 0.0791 0.15
Women 371 +0.0836 6 0.0681 0.22

1 n = 648–788. Note that each SNP is denoted by an rs number followed by the polymorphism in which one nucleotide is replaced by

another (e.g., C/T or G/A). BVRT, Benton Visual Retention Test; CVLT-List A, California Verbal Learning Test, List A; CVLT-DFR, California

Verbal Learning Test, Delayed Free Recall; DS-B, Digit Span Backward; DS-F, Digit Span Forward; HANDLS, Healthy Aging in

Neighborhoods of Diversity Across the Life Span; MMSE, Mini-Mental State Examination; OLS, ordinary least square; SNP, single

nucleotide polymorphism; Trails A, Trailmaking Test, Part A; Trails B, Trailmaking Test, Part B; VFT-C, Verbal Fluency Test, Categorical.
2 Cognitive scores were predicted at the mean age at follow-up before onset of dementia or for all time points by using a linear mixed model

controlling for sex, race/ethnicity, education (years), and smoking status, with age added among the fixed-effects variables to allow for

quadratic nonlinear change. The slope or annual rate of change was predicted from these models at the mean age at follow-up (i.e.,

between age 50 y and individual mean age at follow-up for each cognitive test). With the use of factor analysis, 2 factor scores were

estimated and were labeled as the longitudinal annual rate of cognitive change in the following domains: Domain 1 (‘‘Verbal memory and

fluency’’) and Domain 2 (‘‘Visual/working memory’’) (Supplemental Methods 1).
3 Based on multiple OLS regression models with the outcome being cognitive annual rate of change and main exposures being the 3

MEGALIN SNPs. The model controlled for first-visit age, mean age at follow-up, education, first-visit smoking status, first-visit self-reported

type 2 diabetes, hypertension, cardiovascular disease, and BMI. The 10 principal components obtained from the genotype data with

multidimensional scaling analysis (Supplemental Methods 3) were also added in a separate sensitivity analysis.
4 Significant main effects after family-wise Bonferroni correction: P , 0.05 for MMSE, BVRT, VFT-C, and cognitive domains and P , 0.025

for other cognitive tests.
5 P , 0.05 for the null hypothesis that sex 3 SNP interaction term = 0 in a model where the main effect of sex was added.
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TABLE 5 VDR and MEGALIN SNPHAP associations with the predicted annual rate of cognitive change
between age 50 y and the mean age at follow-up: multiple OLS regression analysis—HANDLS study1

Predicted annual rate of cognitive change between age
50 y and mean age of follow-up2

Men Women

n b 6 SE3 P n b 6 SE3 P

MMSE: models A–F
VDR1: GCA (0, 1, 2) 349 20.0001 6 0.0014 0.92 439 20.0001 6 0.0008 0.91
VDR2: AAG (0, 1, 2) 349 20.0014 6 0.0017 0.40 439 +0.0018 6 0.0012 0.14
VDR3: GAA (0, 1, 2) 349 +0.0013 6 0.0017 0.47 439 20.0012 6 0.0011 0.27
VDR4: AAA (0, 1, 2) 349 +0.0028 6 0.0026 0.29 439 +0.0019 6 0.0018 0.29
MEGALIN1: GCC (0, 1, 2) 349 +0.0018 6 0.016 0.27 439 +0.0017 6 0.0011 0.11
MEGALIN2: ACC (0, 1, 2) 349 20.0021 6 0.0016 0.19 439 20.00182 6 0.0011 0.10

BVRT: models A–F
VDR1: GCA (0, 1, 2) 350 20.0028 6 0.0023 0.22 432 20.0002 6 0.0020 0.90
VDR2: AAG (0, 1, 2) 350 +0.0014 6 0.0028 0.61 432 20.0025 6 0.0027 0.36
VDR3: GAA (0, 1, 2) 350 20.0028 6 0.0023 0.22 432 20.0002 6 0.0020 0.90
VDR4: AAA (0, 1, 2) 350 20.0012 6 0.0046 0.79 432 +0.0017 6 0.0041 0.69
MEGALIN1: GCC (0, 1, 2) 350 20.0044 6 0.0027 0.114 432 +0.0027 6 0.0025 0.27
MEGALIN2: ACC (0, 1, 2) 350 +0.0023 6 0.0027 0.41 432 +0.0005 6 0.0025 0.85

CVLT-List A: models A–F
VDR1: GCA (0, 1, 2) 295 20.0002 6 0.0003 0.54 385 20.0000 6 0.0002 0.92
VDR2: AAG (0, 1, 2) 295 +0.0002 6 0.0003 0.54 385 20.0003 6 0.0003 0.35
VDR3: GAA (0, 1, 2) 295 20.0000 6 0.0004 0.92 385 +0.0005 6 0.0003 0.15
VDR4: AAA (0, 1, 2) 295 20.0005 6 0.0006 0.41 385 20.0004 6 0.0005 0.40
MEGALIN1: GCC (0, 1, 2) 295 20.0002 6 0.0003 0.40 385 +0.0004 6 0.0003 0.18
MEGALIN2: ACC (0, 1, 2) 295 +0.0001 6 0.0003 0.76 385 +0.0000 6 0.0003 0.98

CVLT-DFR: models A–F
VDR1: GCA (0, 1, 2) 284 +0.0005 6 0.0005 0.30 376 +0.0004 6 0.0004 0.33
VDR2: AAG (0, 1, 2) 284 20.0002 6 0.0006 0.76 376 20.0002 6 0.0006 0.71
VDR3: GAA (0, 1, 2) 284 20.0005 6 0.0006 0.44 376 20.0003 6 0.0006 0.57
VDR4: AAA (0, 1, 2) 284 20.0005 6 0.0010 0.66 376 +0.0002 6 0.0009 0.82
MEGALIN1: GCC (0, 1, 2) 284 +0.0006 6 0.0006 0.31 376 20.0009 6 0.0006 0.10
MEGALIN2: ACC (0, 1, 2) 284 20.0005 6 0.0006 0.42 376 20.0002 6 0.0006 0.71

VFT-C: models A–F
VDR1: GCA (0, 1, 2) 356 20.0026 6 0.0016 0.12 441 20.0006 6 0.0013 0.65
VDR2: AAG (0, 1, 2) 356 +0.0003 6 0.0020 0.89 441 +0.0024 6 0.0018 0.16
VDR3: GAA (0, 1, 2) 356 +0.0038 6 0.0021 0.08 441 20.0015 6 0.0016 0.37
VDR4: AAA (0, 1, 2) 356 20.0013 6 0.0033 0.71 441 +0.0044 6 0.0027 0.10
MEGALIN1: GCC (0, 1, 2) 356 20.0022 6 0.0019 0.26 441 20.0018 6 0.0016 0.26
MEGALIN2: ACC (0, 1, 2) 356 20.0002 6 0.0020 0.31 441 20.0013 6 0.002 0.49

Trails A: models A–F
VDR1: GCA (0, 1, 2) 326 +0.112 6 0.084 0.18 419 +0.030 6 0.082 0.71
VDR2: AAG (0, 1, 2) 326 20.003 6 0.105 0.98 419 20.082 6 0.114 0.47
VDR3: GAA (0,1,2) 326 +0.002 6 0.108 0.99 419 20.037 6 0.108 0.73
VDR4: AAA (0, 1, 2) 326 20.162 6 0.168 0.34 419 20.191 6 0.180 0.29
MEGALIN1: GCC (0, 1, 2) 326 20.034 6 0.101 0.74 419 +0.193 6 0.103 0.06
MEGALIN2: ACC (0, 1, 2) 326 +0.033 6 0.101 0.74 419 20.123 6 0.107 0.25

Trails B: models A–F
VDR1: GCA (0, 1, 2) 326 20.402 6 0.170 0.0184,5 419 +0.041 6 0.138 0.77
VDR2: AAG (0, 1, 2) 326 +0.439 6 0.214 0.041 419 20.005 6 0.192 0.98
VDR3: GAA (0, 1, 2) 326 +0.194 6 0.222 0.38 419 +0.006 6 0.181 0.97
VDR4: AAA (0, 1, 2) 326 20.651 6 0.350 0.06 419 +0.195 6 0.304 0.52
MEGALIN1: GCC (0, 1, 2) 326 20.195 6 0.207 0.35 419 20.008 6 0.176 0.96
MEGALIN2: ACC (0, 1, 2) 326 +0.163 6 0.206 0.43 419 20.080 6 0.181 0.66

DS-F: models A–F
VDR1: GCA (0, 1, 2) 349 +0.0006 6 0.0007 0.37 424 +0.0012 6 0.0006 0.034
VDR2: AAG (0, 1, 2) 349 +0.0001 6 0.0009 0.90 424 20.0007 6 0.0008 0.38
VDR3: GAA (0, 1, 2) 349 20.0004 6 0.0009 0.61 424 20.0008 6 0.0008 0.29
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hormone–binding globulin (SHBG)] share binding sites on
MEGALIN, making them competitive ligands (42, 57, 58).
Indeed, evidence is emerging that SHBG-bound estrogen and
testosterone become biologically active via receptor-mediated
endocytosis (42–44), mediated primarily via the MEGALIN
receptor (42). In fact, MEGALIN gene knockout may induce
both estrogen deficiency and vitamin D deficiency (42, 57), and
the cross-effect modification of estrogen and vitamin D inter-
ventions was found for incident colorectal cancer by using data
from the Women!s Health Initiative trial (59). Therefore, current
evidence is suggestive of an interplay between estrogen and
vitamin D via their shared receptor MEGALIN, which may
explain the sex-specific role of MEGALIN gene polymorphism

in cognitive performance and change over time. Our findings
suggest that the majority of MEGALIN gene polymorphism
putative effects on cognition were detected in 1 sex group but
not the other. The same sex-specific findings applied to VDR
polymorphisms, although no biological mechanism is available
and further research in that area is needed.

Our study has several strengths, including a relatively large
sample, a longitudinal study design, and the use of advanced
statistical techniques by combining linear mixed-effects regression
models with OLS multiple linear regression analyses to examine
associations between gene polymorphisms and annual rates of
change in cognitive performance. Although used less frequently
than haplotype analysis, latent class analysis was conducted to

TABLE 5 Continued

Predicted annual rate of cognitive change between age
50 y and mean age of follow-up2

Men Women

n b 6 SE3 P n b 6 SE3 P

VDR4: AAA (0, 1, 2) 349 20.0014 6 0.0015 0.36 424 +0.0024 6 0.0012 0.06
MEGALIN1: GCC (0, 1, 2) 349 20.0007 6 0.0008 0.40 424 +0.0001 6 0.0007 0.92
MEGALIN2: ACC (0, 1, 2) 349 20.0006 6 0.0008 0.42 424 20.0000 6 0.0008 0.96

DS-B: models A–F
VDR1: GCA (0, 1, 2) 351 20.0002 6 0.0011 0.86 424 +0.0016 6 0.0010 0.11
VDR2: AAG (0, 1, 2) 351 +0.0000 6 0.0014 0.96 424 20.0014 6 0.0014 0.30
VDR3: GAA (0, 1, 2) 351 +0.0001 6 0.0014 0.96 424 20.0002 6 0.0013 0.89
VDR4: AAA (0, 1, 2) 351 20.0028 6 0.0023 0.23 424 +0.0009 6 0.0021 0.65
MEGALIN1: GCC (0, 1, 2) 351 20.0032 6 0.0013 0.0185 424 20.0020 6 0.0013 0.12
MEGALIN2: ACC (0, 1, 2) 351 +0.0007 6 0.0013 0.61 424 +0.0008 6 0.0013 0.54

Cognitive domain 1: models A–F
VDR1: GCA (0, 1, 2) 277 +0.0064 6 0.0249 0.80 371 +0.0282 6 0.0197 0.15
VDR2: AAG (0, 1, 2) 277 +0.0252 6 0.0324 0.44 371 20.0014 6 0.0279 0.96
VDR3: GAA (0, 1, 2) 277 20.0117 6 0.327 0.72 371 20.0359 6 0.0265 0.18
VDR4: AAA (0, 1, 2) 277 20.0460 6 0.0532 0.39 371 +0.0615 6 0.0422 0.15
MEGALIN1: GCC (0, 1, 2) 277 +0.0106 6 0.030 0.73 371 20.0391 6 0.0250 0.12
MEGALIN2: ACC (0, 1, 2) 277 20.0333 6 0.0289 0.25 371 +0.0216 6 0.0260 0.41

Cognitive domain 2: models A–F
VDR1: GCA (0, 1, 2) 277 20.0929 6 0.0516 0.07 371 +0.0593 6 0.0450 0.19
VDR2: AAG (0, 1, 2) 277 +0.0238 6 0.0677 0.73 371 20.0578 6 0.0636 0.36
VDR3: GAA (0, 1, 2) 277 +0.0780 6 0.0682 0.25 371 +0.0330 6 0.0606 0.59
VDR4: AAA (0, 1, 2) 277 +0.0211 6 0.0722 0.77 371 20.0566 6 0.1113 0.61
MEGALIN1: GCC (0, 1, 2) 277 20.1255 6 0.0627 0.0465 371 20.0243 6 0.0572 0.67
MEGALIN2: ACC (0, 1, 2) 277 +0.0256 6 0.0605 0.67 371 +0.0512 6 0.0592 0.39

1 n = 648–788. Note that VDR1, VDR2, and VDR3 denote VDR SNPHAPs, whereas MEGALIN1, MEGALIN2, and MEGALIN3 denote

MEGALIN SNPHAPs. ‘‘(0, 1, 2)’’ refers to ordinal coding with ‘‘0,’’ ‘‘1,’’ and ‘‘2’’ copies of each haplotype. Three VDR SNPs were combined

to form the haplotypes, namely BsmI, ApaI, and TaqI. Only haplotypes 1–3 were selected for MEGALIN because their overall prevalence

was .10%. BVRT, Benton Visual Retention Test; CVLT-DFR, California Verbal Learning Test, Delayed Free Recall; CVLT-List A, California

Verbal Learning Test, List A; DS-B, Digit Span Backward; DS-F, Digit Span Forward; HANDLS, Healthy Aging in Neighborhoods of Diversity

Across the Life Span; MMSE, Mini-Mental State Examination; OLS, ordinary least square; SNP, single nucleotide polymorphism; SNPHAP,

single nucleotide polymorphism haplotype; Trails A, Trailmaking Test, Part A; Trails B, Trailmaking Test, Part B; VDR, vitamin D receptor

gene; VFT-C, Verbal Fluency Test, Categorical.
2 Cognitive scores were predicted at the mean age at follow-up before onset of dementia or for all time points by using a linear mixed model

controlling for sex, race/ethnicity, education (years), and smoking status, with age added among the fixed-effects variables to allow for

quadratic nonlinear change. The slope or annual rate of change was predicted from these models at the mean age at follow-up (i.e.,

between age 50 y and the individual mean age at follow-up for each cognitive test). By using factor analysis, 2 factor scores were estimated

and were labeled as the longitudinal annual rate of cognitive change in the following domains: Domain 1 (‘‘Verbal memory and fluency’’) and

Domain 2 (‘‘Visual/working memory’’) (Supplemental Methods 1). See Table 1 for more details on the definitions of the SNP haplotypes.
3 Based on multiple OLS regression models with the outcome being cognitive annual rate of change and main exposures being the 3

MEGALIN SNPs. The model controlled for first-visit age, mean age at follow-up, education, first-visit smoking status, first-visit self-reported

type 2 diabetes, hypertension, cardiovascular disease, and BMI. The 10 principal components obtained with multidimensional scaling

(Supplemental Methods 3) were also added in a separate sensitivity analysis.
4 P , 0.05 for the null hypothesis that sex 3 SNPHAP interaction term = 0 in a model where the main effect of sex was added.
5 Significant main effects after family-wise Bonferroni correction: P , 0.05 for MMSE, BVRT, VFT-C, and cognitive domains and P , 0.025

for other cognitive tests.
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examine clustering of genotypes withinVDR andMEGALIN and
the effect of that clustering on cognitive change over time.

Nevertheless, our study has notable limitations. First, the final
analytic sample used in our analysis may have been selected in
a nonrandom manner, whereby certain groups (e.g., age, sex,
poverty status, education) may have been oversampled compared
with the original selected sample of AAs in the HANDLS study.
To diminish resulting biases, we used a 2-stage Heckman selection
model (35). Second, baseline age and duration between visits
varied between participants, rendering the data structure unbal-
anced. Mixed-effects regression models were therefore used to
predict cognitive test scores and annual rates of change at specific
ages at which data were most dense (mean age at follow-up for
each subject; i.e., LARCC). In our main OLS regression models,
we further controlled for both first visit and mean age at follow-
up. Third, serum 25-hydroxyvitamin D was not available at the
time of the analysis to examine vitamin D–gene interaction and its
potential role in affecting age-related cognitive decline.Moreover,
such interaction would only be possible to test in larger samples
due to limited power. Finally, positive findings may have been due
to chance, residual confounding by key unmeasured factors, or
selection bias due to unequal probability of selection from the
initial study sample of AAs, whereas negative findings may have
been caused by lack of adequate power. Thus, until those findings
are replicated elsewhere in comparable adult populations, they
should be interpreted with caution.

In summary, sex-specificVDR andMEGALIN gene variations
can alter age-related cognitive trajectories among AA urban adults,
specifically in global mental status and domains of verbal fluency,
visual and working memory, and executive function. Diet is an
important modulator of the human metabolic phenotype, and
studies addressing the interaction between gene polymorphisms of
molecules responsible for the regulation of key metabolic nutrients
such as vitamin D and cognitive function can be instrumental
in driving the future of personalized nutritional medicine. Finally,
future studies should attempt to examine associations of those
SNPs, SNPLCs, and SNPHAPs with incident dementia, AD, and
mild cognitive impairment in comparable populations.
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Supplemental Table 1. VDR gene single nucleotide polymorphisms (SNP) associations with predicted annual rate of cognitive change between age 50y and mean age of 
follow-up: Multiple OLS regression analysis with VDR SNPs entered alternatively (n=648-788); HANDLS study 
    
 Predicted annual rate of cognitive change between age 50y and mean age of follow-up1 
 Men   Women 
  n β±SE2  P-trend  n β±SE2  P-trend 
          
MMSE: Models 1-4          
VDR: rs11568820 (CdX-2: T/C) 349 -0.0018±0.0016 0.26  439 +0.0002±0.0011 0.78 
VDR: rs1544410 (Bsml: G/A) 349 +0.0000±0.0014 0.99  439 +0.0015±0.0010 0.11 
VDR: rs7975232 (ApAI: A/C) 349 -0.0007±0.0014 0.59  439 -0.0004±0.0009 0.63 
VDR: rs731236 (TaqI: G/A)  349 +0.0012±0.0014 0.38  439 -0.0009±0.0010 0.35 
BVRT: Models 1-4          
VDR: rs11568820 (CdX-2: T/C) 350 -0.0026±0.0027 0.31  432 +0.0020±0.0024 0.42 
VDR: rs1544410 (Bsml: G/A) 350 -0.0001±0.0023 0.97  432 -0.0018±0.0022 0.42 
VDR: rs7975232 (ApAI: A/C) 350 -0.0020±0.0024 0.39  432 -0.0004±0.0020 0.86 
VDR: rs731236 (TaqI: G/A)  350 -0.0013±0.0024 0.56  432 +0.0037±0.0023 0.10 
CVLT-List A: Models 1-4          
VDR: rs11568820 (CdX-2: T/C) 295 -0.0005±0.0003 0.10  385 +0.0002±0.0003 0.49 
VDR: rs1544410 (Bsml: G/A) 295 +0.0003±0.0003 0.39  385 -0.0001±0.0003 0.58 
VDR: rs7975232 (ApAI: A/C) 295 -0.0003±0.0003 0.31  385 -0.0000±0.0003 0.92 
VDR: rs731236 (TaqI: G/A)  295 -0.0000±0.0002 0.81  385 +0.0003±0.0003 0.26 
CVLT-DR: MODEL 1-4          
VDR: rs11568820 (CdX-2: T/C) 284 +0.0007±0.0006 0.24  376 -0.0002±0.0005 0.66 
VDR: rs1544410 (Bsml: G/A) 284 -0.0005±0.0005 0.34  376 -0.0004±0.0005 0.41 
VDR: rs7975232 (ApAI: A/C) 284 +0.0005±0.0005 0.33  376 +0.0004±0.0005 0.42 
VDR: rs731236 (TaqI: G/A)  284 +0.0001±0.0005 0.82  376 +0.0001±0.0005 0.79 
VFT-C: MODEL 1-4          
VDR: rs11568820 (CdX-2: T/C) 356 +0.0006±0.0020 0.76  441 +0.0012±0.0015 0.43 
VDR: rs1544410 (Bsml: G/A) 356 +0.0007±0.0017 0.68  441 +0.0022±0.0014 0.12 
VDR: rs7975232 (ApAI: A/C) 356 -0.0017±0.0017 0.32  441 -0.0014±0.0013 0.29 
VDR: rs731236 (TaqI: G/A)  356 -0.0013±0.0017 0.44  441 -0.0003±0.0014 0.85 
Trails A: MODEL 1-4          
VDR: rs11568820 (CdX-2: T/C) 326 -0.161±0.099 0.10  419 +0.0078±0.1010 0.94 
VDR: rs1544410 (Bsml: G/A) 326 -0.099±0.087 0.27  419 -0.1249±0.0922 0.18 
VDR: rs7975232 (ApAI: A/C) 326 +0.049±0.087 0.56  419 +0.074±0.085 0.39 
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VDR: rs731236 (TaqI: G/A)  326 +0.072±0.088 0.41  419 -0.0005±0.0939 1.00 
Trails B: MODEL 1-4          
VDR: rs11568820 (CdX-2: T/C) 326 +0.1094±0.2021 0.59  419 +0.0305±0.1727 0.86 
VDR: rs1544410 (Bsml: G/A) 326 +0.2314±0.1814 0.20  419 -0.1548±0.1578 0.33 
VDR: rs7975232 (ApAI: A/C) 326 -0.2343±0.1768 0.19  419 -0.0769±0.1445 0.60 
VDR: rs731236 (TaqI: G/A)  326 -0.5017±0.1781 0.0053, 4  419 +0.0441±0.1606 0.78 
          
DS-F: MODEL 1-4          
VDR: rs11568820 (CdX-2: T/C) 349 -0.0000±0.0008 0.95  424 -0.0005±0.0007 0.47 
VDR: rs1544410 (Bsml: G/A) 349 -0.0008±0.0007 0.31  424 -0.0007±0.0007 0.29 
VDR: rs7975232 (ApAI: A/C) 349 +0.0002±0.0007 0.74  424 +0.0006±0.0006 0.33 
VDR: rs731236 (TaqI: G/A)  349 -0.0002±0.0007 0.81  424 +0.0013±0.0007 0.043 
DS-B: MODEL 1-4          
VDR: rs11568820 (CdX-2: T/C) 351 -0.0008±0.0013 0.52  424 -0.0002±0.0012 0.86 
VDR: rs1544410 (Bsml: G/A) 351 -0.0006±0.0012 0.59  424 -0.0018±0.0011 0.11 
VDR: rs7975232 (ApAI: A/C) 351 +0.0004±0.0011 0.70  424 +0.0007±0.0010 0.50 
VDR: rs731236 (TaqI: G/A)  351 -0.0004±0.0011 0.72  424 +0.0020±0.0011 0.08 
Cognitive Domain 1: MODEL 1-4          
VDR: rs11568820 (CdX-2: T/C) 277 +0.0140±0.0288 0.63  371 -0.0398±0.0247 0.11 
VDR: rs1544410 (Bsml: G/A) 277 -0.0147±0.0268 0.58  371 -0.0072±0.0225 0.75 
VDR: rs7975232 (ApAI: A/C) 277 +0.0003±0.0259 0.99  371 +0.0146±0.0205 0.48 
VDR: rs731236 (TaqI: G/A)  277 -0.0153±0.0268 0.57  371 +0.0149±0.0228 0.51 
Cognitive Domain 2: MODEL 1-4          
VDR: rs11568820 (CdX-2: T/C) 277 -0.0895±0.0601 0.14  371 -0.0348±0.0565 0.54 
VDR: rs1544410 (Bsml: G/A) 277 -0.0006±0.056 0.99  371 -0.0994±0.0541 0.05 
VDR: rs7975232 (ApAI: A/C) 277 -0.0336±0.054 0.54  371 +0.009±0.0047 0.84 
VDR: rs731236 (TaqI: G/A)  277 -0.044±0.056 0.44  371 +0.120±0.052 0.0203, 4 
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Abbreviations: BMI=body mass index (calculated as weight in kg/square of height in meters); BVRT=Benton Visual Retention test; CVLT-List 
A=California Verbal Learning Test, List A;  CVLT-DR=California Verbal Learning Test, Delayed Recall; DS-B=Digits Span Backwards; DS-F=Digits 
Span Forward; MMSE=Mini-Mental State Examination; OLS=Ordinary Least Square; SNP=Single Nucleotide polymorphism; Trails A and B= 
Trailmaking test, parts A and B; VDR=Vitamin D receptor gene; VFT-C=Verbal fluency test-categorical; Note that each SNP is denoted by an rs number 
followed by the polymorphism in which one nucleotide is replaced by another (e.g. C/T or G/A).  
 
1 Cognitive scores were predicted at mean age at follow-up prior to onset of dementia or for all time points using a linear mixed model controlling for 
sex, race/ethnicity, education (years), and smoking status, with age added among the fixed effect variables to allow for quadratic non-linear change. The 
slope or annual rate of change was predicted from these models at the mean age at follow-up  (i.e. between age 50 and individual mean age of follow-up 
for each cognitive test). Using factor analysis, two factor scores were estimated and were labeled as LARCC in the following domains: Domain 1: 
“Verbal memory and fluency”, Domain 2: “Visual/working memory”. See Supplemental Method 1. 

  
  
2 Based on multiple OLS regression models with outcome being cognitive annual rate of change and main exposure  being alternatively each of the VDR 
SNPs. The model controlled for first-visit age, mean age at follow-up, education, first-visit smoking status, first-visit self-reported type 2 diabetes, 
hypertension, cardiovascular disease, and BMI and stratified by sex.  
 

3Significant main effects after familywise bonferroni correction: p<0.05 for MMSE, BVRT, VFT-C and cognitive domains and p<0.025 for other 
cognitive tests.  
 

4P<0.05 for null hypothesis that sex×SNP interaction term=0 in a model where main effect of sex was added.  
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Supplemental Method 1: Linear mixed models for prediction of cognitive performance, 

factor analysis of LARCC 

 
A standard taxonomy of models (1) was used, starting from the unconditional means 

model (Model A), unconditional growth model (Model B), growth model with level-2 controlled 

effects of other factors namely sex, race/ethnicity, education and smoking status (Model C), 

growth model with level-2 controlled effects of other factors, adding a squared-age term that 

would allow the rate of change to vary with time (Model D). In all models, age was centered at 

50 years, while education was centered at 16 years. The following equations apply to each of the 

models considered: 

Model Level-1 model Level-2 model Composite model 
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Notations: Yij is the response variable for each individual “i" and age at visit “j”.  i0p is the level-1 
intercept for individual i; i1p is the level-1 slope for individual i; 00g is the level-2 intercept of the 
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random intercept i0p ; 10g is the level-2 intercept of the slope i1p ; ikZ is a vector of fixed covariates 
for each individual i that are used to predict level-1 intercepts and slopes; i0z and i1z are level-2 
disturbances; ije is the within-person level-1 disturbance. In model D, an additional ikZ  variable is 
added for Age50, to account for quadratic age changes in the fixed effects portion of the model, 
which increased the number of k terms from 7 to 8 between models C and D.   

 
 

Model D’s improvement in fit compared to the simpler models was evaluated using Deviance, AIC 

and BIC statistics as well as pseudo-R2. In addition, residuals were plotted against predicted values to assess 

their normality. It is worth noting that the models were fit using the entire HANDLS cohort with complete 

data on either waves 1 or 3 on cognitive tests was used to improve reliability of predicted estimates. Finally, 

empirical Bayes estimators of outcomes Yij
 were predicted from Model D at specific ages using the 

following method, after estimating the random effects ( i0z  for the intercept and i1z for the slope) for each 

individual i: 
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Prediction iiiij AgeY )( 5010 pp +=  

where lAge )( 50 is assigned individual mean age at follow-up values centered 

at age 50, thus positive values if Age>50 and negative values if Age<50.  

Yij in this case is the cognitive score for a specific test j and individual i. Slopes i1p
  were estimated for each test j and individual i, taking into account non-linear changes with age 

(i.e. the age-square term) at individual-level mean follow-up age and those were labeled as 
LARCC (Longitudinal annual rate of cognitive change) and interpreted as annual rate of change 
in each cognitive score between ages 50 y and mean follow-up age.  
 
Following this estimation, LARCC for each cognitive test score were entered into a factor 
analysis model as measured variables (2) in which a number of common factors were extracted 
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based on common variance, factor loadings estimated and the residual variance labeled as 
uniqueness for each  LARCC. The common factor model can be summarized as follows: 
 

LARCCi= i

k

j
jij Domain jl +å

=1
*  

Where LARCCi is the standardized z-score for each cognitive test LARCC, λij is the factor 
loading for each LARCC and each factor, Domainj is the standardized z-score for each factor j, 
and φi is the residual error, the squared value of which is the uniqueness. The sum of squared 
factor loadings for each LARCCi is the communality or the common variance that is accounted 
for by the extracted factors.  
  
 An eigenvalue>1 rule was used and the scree plot was observed to determine the adequate 
number of extracted factors that would produce the best model fit. The factor loadings were then 
rotated using varimax orthogonal rotation and the factors were interpreted and cognitive domains 
labeled accordingly, with cutoff point of 0.40 or more for significant loading. The factor scores 
(z-scores) were predicted and used as markers of LARCC for specific cognitive domains. 
 
Appendix Table 1. Varimax rotated two-factor solution of LARCC, using nine cognitive test 
scores LARCC as measured variables.  
 
 Factor  loadings, λij Uniqueness, φi  
LARCCi Domain 1 Domain 2   
     
BVRT -0.26 +0.64* 0.52  
CVLT-List A +0.71* 0.17 0.47  
CVLT-DR +0.81* +0.13 0.32  
VFT-C +0.55* +0.23 0.64  
Trails A -0.011 +0.27 0.93  
Trails B +0.15 +0.64* 0.56  
DS-F +0.55* +0.49* 0.45  
DS-B +0.26 +0.67* 0.48  
Eigenvalue 2.31 1.31   
% var explained 0.65 0.37   
Note: See list of abbreviations. 
*factor loading>0.40.  Domains were labeled as follows: “Domain 1: “Verbal memory and 
fluency”, Domain 2: “Visual/working memory and executive function”, based on the combination of 
significantly high factor loadings and the corresponding measured variables or LARCCi. With 
the exception of Trails A and DS-F, all LARCCi factor loadings were significant only for one of 
the two domains, creating a relatively simple structure that is easy to label and interpret. The 
labels were determined based on the nature of the cognitive test, as described in OSM 1.  
 
Supplemental References: 
 
1. Singer JD, Willet JB, eds. Applied Longitudinal Data Analysis: Modeling change and 

event occurrence. New York: Oxford University Press, 2003. 
2. Sharma S. Applied multivariate techniques. USA: Wiley, 1996. 
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Supplemental Method 2: Description of Cognitive Tests 
 

 
Mini-Mental State Examination (MMSE) 

The MMSE (1) is a brief mental status test and global cognitive functioning 

measuring orientation, concentration, immediate and delayed memory, language and 

constructional praxis. Scores range from 0 to 30, with higher scores indicating better 

cognitive performance.  

California Verbal Learning Test (CVLT) 

    The CVLT (2) is a 16-item shopping list measuring verbal learning and memory. A 

modified version of the CVLT was used with three, rather than five, list A learning trials. 

Cued recall was not administered. Variables of interest in this study were total correct for 

List A sum across trials 1-3 and  List A long-delay free recall. Scores ranged from 0 to 48 

for List A sum and 0 to 16 for List A long-delay free recall. Higher scores indicate better 

verbal memory. The CVLT is described in detail elsewhere (2). 

Benton Visual Retention Test (BVRT) 

The BVRT (3) is a test of short-term figural memory and visuo-constructional 

abilities. Administration A, Form D was used. Two trained examiners independently 

scored the BVRT using a modified error scoring system, based on the BVRT Manual 

scoring. A consensus was achieved for discrepancies in scoring. If a consensus between 

the two examiners could not be reached, a research psychologist assigned the score. 

Scores were total errors, such that higher values indicate poorer visual memory. 
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Digit Span Forward and Backward (DS-F and DS-B) 

The Wechsler Adult Intelligence Scale, Revised(4) Digit Span Forward and 

Backward are tests of attention and executive functioning, specifically working memory. 

They were administered according to standard instructions, and the total score was the 

total number correct for each test. 

Verbal Fluency Test-Categorical (VFT-C) 

Animal fluency, a measure of semantic verbal fluency, requires participants to 

generate as many animals as possible for 60 seconds. Higher scores indicate better verbal 

fluency, with the total number of words, minus intrusions and perseverations analyzed.  

Trail Making Tests A and B (Trails A and Trails B)  

      Trailmaking test A and B(5) are tests of attention and executive functioning, 

respectively, specifically cognitive control and visuo-motor scanning. Participants were 

instructed to draw lines between consecutive numbers (Trails A) or alternate between 

numbers and letter (Trails B) as fast as they could while a stop watch recorded time. 

When errors were committed the participant corrected the error by returning to his/her 

last correct response and continued from there. The stop-watch ran while corrections 

were made. Scores reflected time to completion (in seconds) separately for Trails A and 

B.  Higher scores indicate poorer performance. 
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Supplemental Method 3: Genetic data quality control 

 

Sample quality control inclusion criteria were: (1) concordance between self-reported sex and X-

chromosome estimated sex; (2) sample call rate >95%, (3) concordance between self-reported 

African ancestry and ancestry estimated using genotyped SNPs, and (4) proportional sharing of 

genotypes < 15% between samples, excluding close relatives from the final sample. SNPs in 

HANDLS were selected when the following criteria were met: (1) Hardy-Weinberg equilibrium 

p-value (HWE P >10-7); (2) Missing by haplotype P > 10-7; (3) Minor allele frequency>0.01, and 

(4) SNP call rate >95%.  Quality control and data management for each genotype was conducted 

using PLINKv1.06.(1)  Cryptic relatedness was estimated via pairwise identity by descent analyses 

in PLINK and confirmed using RELPAIR.(2) STRUCTUREv2.3 (3-5) and multidimensional 

scaling (MDS) function in PLINKv1.06 were applied to determine ancestry among HANDLS 

participants. HANDLS participants with component vector estimates consistent with the HapMap 

African ancestry samples for the first 4 component vectors were included. Moreover, in a 

sensitivity analysis, we adjusted for all the first 10 principal components obtained from genotype 

data with MDS to control for residual effects of population structure.(6). SNPs that passed quality 

control criteria were used for genotype imputation with MACH and minimac software 

(http://www.sph.umich.edu/csg/abecasis/mach/).  The 1000 Genomes Project phase 1 alpha freeze 

multiethnic panel were used as a reference population for genotype imputation. SNPs with 

imputation quality measure of R2<0.3 or minor allele frequency of <1% were excluded from further 

analyses.  
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Gene SNP Allele1 Allele2 

Minor allele 
frequency 
(MAF) 

Genotyped or 
imputed 

Genotype 
call rate R-square 

VDR rs731236 A G 0.28034 Genotyped 0.996 - 
VDR rs7975232 C A 0.37811 Genotyped 0.999 - 
VDR rs1544410 C T 0.29485 Genotyped 0.999 - 
VDR rs11568820 C T 0.21103 Imputed - 0.966 
MEGALIN rs2075252 C T 0.10177 Genotyped 0.998 - 
MEGALIN rs2228171 C T 0.20141 Imputed - 0.991 
MEGALIN rs3755166 G A 0.3019 Genotyped 0.999 - 
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Supplemental	Figure	1.	Study	sample	selecEon	chart	



Supplemental	Figure	2.	Pairwise	linkage	disequilibrium	plots	with	D’	values	(in	
percentage)	of	markers	in	(a)	VDR,	and	(b)	LRP2	genes.	
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VDR	SNP	
Dprime	

rs11568820	 rs1544410	 rs7975232	 rs731236	

R2	

rs11568820	 1	 0.060	 0.098	 0.063	

rs1544410	 0.002	 1	 0.980	 0.550	

rs7975232	 0.004	 0.244	 1	 0.90	

rs731236	 0.003	 0.282	 0.192	 1	

LRP2	
Dprime	

rs3755166	 rs2228171	 rs2075252	

R2	

rs3755166	 	1	 0.154	 0.055	

rs2228171	 0.003	 1		 0.713	

rs2075252	 0.0001	 0.230	 1		


