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a b s t r a c t

Vitamin D deficiency is associated with many adverse health outcomes. There are several well estab-
lished environmental predictors of vitamin D concentrations, yet studies of the genetic determinants
of vitamin D concentrations are in their infancy. Our objective was to conduct a pilot genome-wide
association (GWA) study of 25-hydroxyvitamin D (25[OH]D) and 1,25-dihydroxyvitamin D (1,25[OH]2D)
concentrations in a subset of 229 Hispanic subjects, followed by replication genotyping of 50 single
nucleotide polymorphisms (SNPs) in the entire sample of 1190 Hispanics from San Antonio, Texas and
San Luis Valley, Colorado. Of the 309,200 SNPs that met all quality control criteria, three SNPs in high
linkage disequilibrium (LD) with each other were significantly associated with 1,25[OH]2D (rs6680429,

−7

enome-wide association study
ispanic

rs9970802, and rs10889028) at a Bonferroni corrected P-value threshold of 1.62 × 10 , however none
met the threshold for 25[OH]D. Of the 50 SNPs selected for replication genotyping, five for 25[OH]D
(rs2806508, rs10141935, rs4778359, rs1507023, and rs9937918) and eight for 1,25[OH]2D (rs6680429,
rs1348864, rs4559029, rs12667374, rs7781309, rs10505337, rs2486443, and rs2154175) were replicated
in the entire sample of Hispanics (P < 0.01). In conclusion, we identified several SNPs that were associated
with vitamin D metabolite concentrations in Hispanics. These candidate polymorphisms merit further

ent p
investigation in independ

. Introduction

Vitamin D deficiency is associated with many adverse health

utcomes, including bone diseases, cancers, autoimmune diseases,
nfectious diseases, type 2 diabetes, hypertension, and heart dis-
ase, making vitamin D an important health outcome of interest.
he primary source of vitamin D is exposure to sunlight, which pro-

Abbreviations: 25[OH]D, 25-hydroxyvitamin D; 1,25[OH]2D, 1,25-
ihydroxyvitamin D; AIMs, ancestry informative markers; AVGLO, AVerage
aily total GLObal solar radiation; GWA, genome-wide association; IRASFS,

nsulin Resistance Atherosclerosis Study Family Study; LD, linkage disequilibrium;
AF, minor allele frequency; PC, principal component; SNPs, single nucleotide

olymorphisms.
∗ Corresponding author at: Department of Population Health Sciences, University

f Wisconsin School of Medicine and Public Health, 610 Walnut Street, 1007A WARF,
adison, WI 53726-2397, USA. Tel.: +1 608 265 5491; fax: +1 608 263 2820.

E-mail address: cengelman@wisc.edu (C.D. Engelman).

960-0760/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jsbmb.2010.06.013
opulations and other ethnicities.
© 2010 Elsevier Ltd. All rights reserved.

duces provitamin D3, the initial vitamin D metabolite, in the skin.
Secondary sources of vitamin D are dietary intake of vitamin D rich
foods (e.g., fatty fish and fortified foods, such as milk and cereal)
and vitamin D supplements.

In addition to behavioral and environmental predictors of vita-
min D concentrations, genes are likely to play an important role.
Heritability estimates of 25-hydroxyvitamin D (25[OH]D), the
major circulating metabolite and marker of vitamin D status, range
from 0.23 in Hispanics from the San Luis Valley in Colorado to
0.41 in Hispanics from San Antonio, Texas [1]. Further, the her-
itability estimates of 1,25-dihydroxyvitamin D (1,25[OH]2D), the
more biologically active metabolite, range from 0.16 in Hispanics
from the San Luis Valley to 0.20 in Hispanics from San Antonio

[1]. Despite this evidence of genetic contributions to both 25[OH]D
and 1,25[OH]2D concentrations, studies of the genetic determi-
nants of vitamin D concentrations are in their infancy [1–7] and no
genome-wide association (GWA) studies of the more active vitamin
D metabolite, 1,25[OH]2D, have been reported thus far. Moreover,

dx.doi.org/10.1016/j.jsbmb.2010.06.013
http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
mailto:cengelman@wisc.edu
dx.doi.org/10.1016/j.jsbmb.2010.06.013
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ll three of the published GWA studies were in non-Hispanic white
opulations; no GWA studies have been reported in Hispanic pop-
lations.

In this report we present results of a two-stage GWA study of
oth 25[OH]D and 1,25[OH]2D in Hispanic Americans from the

nsulin Resistance Atherosclerosis Study Family Study (IRASFS).
hrough a high-density single nucleotide polymorphism (SNP)
can and follow-up genotyping, a series of genes and regions that
ontribute to variation in the concentration of two vitamin D
etabolites may have been identified.

. Materials and methods

.1. Study population

Details of the IRASFS design and recruitment [8] and the vita-
in D phenotyping [1] have been previously published. Briefly,

he IRASFS is a multi-center study designed to identify the genetic
eterminants of insulin resistance and adiposity in Hispanic and
frican Americans. Members of large families of self-reported His-
anic ancestry (N = 1190 individuals in 92 pedigrees from San
ntonio, Texas and San Luis Valley, Colorado) were recruited and
sed in this report. The Institutional Review Board of each partic-

pating clinical and analysis site approved the study protocol and
ll participants provided their written informed consent.

A subset of IRASFS Hispanics (229 individuals from 34 fami-
ies) was chosen from the San Antonio study group for the pilot
WA study (stage 1). These samples were from participants with-
ut type 2 diabetes who had complete data for glucose homeostasis
nd obesity phenotypes, with an age, body mass index (BMI) and
ender distribution similar to that of the overall IRASFS population
9]. The individuals chosen represented a genetically homogeneous
opulation based upon structure [10] analysis using microsatellite
olymorphisms from an earlier genome-wide linkage scan [11,12]
i.e., chosen individuals had structure analysis scores >0.90 [from a
ossible range of 0.0–1.0] on the Hispanic axis, meaning they had
90% Hispanic ancestry).

.2. Measurement of vitamin D concentrations

Concentrations of 25[OH]D were measured by a 2-step pro-
ess involving rapid extraction of 25[OH]D and other hydroxylated
etabolites from a fasting plasma sample and radioimmunoassay
ith a 25[OH]D-specific antibody (DiaSorin, Stillwater, Minnesota)
ith interassay CVs <8%. Concentrations of 1,25[OH]2D were mea-

ured by a 2-step process involving extraction and purification of
itamin D metabolites from a fasting plasma sample and radioim-
unoassay with a 1,25[OH]2D-specific antibody (DiaSorin) with

nterassay CVs <19%.

.3. Genome-wide genotyping

DNA was obtained from Epstein–Barr virus (EBV)-transformed
ymphoblastoid cell lines. Genotyping was performed at
edars–Sinai Medical Center using 1.5 �g of genomic DNA
15 �l of 100 ng/�l stock) and Illumina Infinium II HumanHap
00 BeadChips and assay protocol [13]. Genotypes were called
ased on clustering of the raw intensity data for the two dyes
sing Illumina Bead Studio software. Consistency of genotyping
as checked using 18 repeat samples. Repeat genotyping of DNA
amples was performed once if the overall call rate was less than
8%. The sample was rejected if there was no improvement in call
ate. Each SNP was examined for Mendelian inconsistencies using
edCheck [14]. Genotypes inconsistent with Mendelian inheri-
ance were converted to missing. Maximum likelihood estimates
ry & Molecular Biology 122 (2010) 186–192 187

of allele frequencies were computed using the largest set of unre-
lated individuals and genotypes were tested for departures from
Hardy–Weinberg proportions using a chi-square goodness-of-fit
test. SNPs with Hardy–Weinberg disequilibrium (P < 0.001), minor
allele frequency (MAF) less than 0.05, or more than 5% missing
genotypes were excluded from subsequent analysis. Genotypes
with GenCall (Illumina) scores less than 0.15 were set to missing
(0.24%).

2.4. Selection of SNPs for replication genotyping

We used two SNP selection strategies to prioritize SNPs for repli-
cation genotyping in the entire IRASFS Hispanic cohort (stage 2;
includes 229 subjects from the stage 1 GWA analysis). First, 38 SNPs
were selected for replication because they were the top indepen-
dent (r2 < 0.40) SNPs from the stage 1 GWA analysis (17 SNPs for
25[OH]D and 21 SNPs for 1,25[OH]2D). Second, 12 additional SNPs
were chosen as positional candidates from a previously conducted
genome-wide linkage scan of the IRASFS Hispanic cohort. The link-
age scan consisted of 383 polymorphisms at approximately 9 cM
intervals and was performed by the National Heart, Lung, and Blood
Institute (NHLBI) Mammalian Genotyping Service (MGS, Marsh-
field, Wisconsin). The methods of the linkage scan are described
in detail elsewhere [15]. We identified linkage regions with a
LOD score >2.0 for the two vitamin D metabolites. Although there
were no linkage peaks with LOD scores >2.0 for 25[OH]D, there
were two regions that met this criterion for 1,25[OH]2D (chro-
mosome 8 between D8S592 and D6S502 [chromosomal location
of 118,525,000–138,900,000 using NCBI’s Reference assembly] and
chromosome 11 between D11S1984 and D11S2362 [chromosomal
location of 1,523,000–4,869,000]). We then searched for SNPs that
were located in one of these two linkage regions, were within the
top 3000 additive P-values in the stage 1 GWA analysis, and were
functional SNPs (i.e., had a risk score of ≥3 from a bioinformat-
ics analysis using FASTSNP [function analysis and selection tool
for single nucleotide polymorphisms] [16]). Twelve independent
(r2 < 0.40) SNPs met these criteria and were selected for replica-
tion genotyping in the entire IRASFS Hispanic cohort (stage 2).
Ultimately, 50 SNPs were chosen for replication genotyping in the
entire IRASFS Hispanic cohort, 38 based solely on GWA results and
12 based on GWA results informed by linkage analysis.

2.5. Replication genotyping in the entire IRASFS Hispanic cohort
(stage 2)

Replication genotyping of the 50 SNPs described above was
performed at Wake Forest University using the MassARRAY geno-
typing system (Sequenom, San Diego, California) (13). Primer
sequences are available on request. Quality control was similar to
that described for the genome-wide genotyping.

2.6. Measurement of covariates

Data on solar UV-B radiation, which is the primary source
of vitamin D, was obtained from the National Solar Radiation
Database 1991–2005 Update produced by the National Renew-
able Energy Laboratory under the U.S. Department of Energy
Office of Energy Efficiency and Renewable Energy (available
at http://rredc.nrel.gov/solar/old data/nsrdb/). The AVerage daily
total GLObal solar radiation (AVGLO), defined as the total amount

of direct and diffuse solar radiation in Watt-hours per square meter
(Wh/m2) received on a horizontal surface, for the month prior to
the blood draw was determined for each individual based on the
county of the study center. BMI was calculated as weight/height2

(kg/m2).

http://rredc.nrel.gov/solar/old_data/nsrdb/
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Fig. 1. Manhattan plots of the distribution of P-values for the association between each SNP and the concentration of vitamin D metabolites in the stage 1 GWA analysis.
P ni cor
a d draw
w
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t
s
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t
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t
t

-values are ordered by chromosome. The horizontal red line indicates the Bonferro
djusted for age, gender, average solar radiation (AVGLO) in the month prior to bloo
as adjusted for age, gender, 25[OH]D, and the PC for admixture.

.7. Statistical analysis

A panel of 149 ancestry informative markers (AIMs) was geno-
yped in the entire IRASFS Hispanic cohort. These AIMs were
elected from the literature for Hispanic populations [17,18]. The

EPH (N = 90) and Yoruba (N = 90) HapMap data were merged with
he study sample and a principal component (PC) analysis was com-
uted to estimate ancestry proportions. The first three PCs from
his analysis explained 10.3% (PC1), 4.8% (PC2), and 1.9% (PC3) of
he variation across the 149 AIMs. PC2 was the best at distinguish-
rected threshold for significance (P < 1.62 × 10−7). (A) The analysis for 25[OH]D was
, and the principal component (PC) for admixture. (B) The analysis for 1,25[OH]2D

ing the parent populations of Hispanic Americans in the IRASFS and
therefore was used to adjust for admixture in these analyses.

For both stage 1 and stage 2, SOLAR (Sequential Oligogenic
Linkage Analysis Routines) software [19] was used to test for asso-
ciation between individual SNPs and the concentration of each of

the two vitamin D metabolites. The variance component method
implemented in SOLAR enabled us to account for the correlations
among family members in pedigrees of arbitrary size and com-
plexity. The dependent variables, 25[OH]D and 1,25[OH]2D, were
square root transformed in order to best approximate the distribu-
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Table 1
Characteristics of the Hispanic subjects in the IRASFS.

Stage 1: GWA sample
(N = 229)

Stage 2: entire cohort
(N = 1190a)

Male gender (n, %) 83 (36.2) 493 (41.4)
Age (years) 41.3 ± 13.9 (40.3) 42.8 ± 14.5 (41.3)
Solar radiation (Wh/m2) 4405 ± 1440 (4212) 4647 ± 1678 (4423)
BMI (kg/m2) 29.4 ± 5.9 (28.5) 29.0 ± 6.2 (28.1)
25[OH]D (nmol/Lb) 37.4 ± 15.5 (36.2) 40.9 ± 18.2 (39.9)
1,25[OH]2D (pmol/Lb) 130.8 ± 41.9 (124.8) 119.1 ± 40.3 (114.4)

Data are means ± SD (median) unless otherwise noted. Wh/m2, Watt-hours per
s
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Fig. 2. Quantile–Quantile plot of observed versus expected for the stage 1 GWA
analysis. The Quantile–Quantile plot represents a function of the expectation under
the null distribution versus the observed distribution. (A) The analysis for 25[OH]D
quare meter.
a Includes 229 subjects from the stage 1 GWA analysis.
b To convert 25[OH]D to conventional units (ng/mL), divide by 2.496; to convert

,25[OH]2D to conventional units (pg/mL), divide by 2.6.

ional assumptions of the test and minimize heterogeneity of the
ariance. The analysis for association with 25[OH]D was adjusted
or age, gender, BMI, average solar radiation (AVGLO) in the month
rior to the blood draw, and the PC for admixture. The analysis for
ssociation with 1,25[OH]2D was adjusted for age, gender, 25[OH]D
oncentration, and the PC for admixture. An additive genetic model
as assumed for all analyses unless the number of individuals
omozygous for the minor allele was less than 15 in which case
dominant model with respect to the minor allele was used. The

ignificance of each SNP was assessed using a one degree of freedom
ikelihood ratio test.

. Results

As described above, we carried out a two-stage genetic asso-
iation study of two vitamin D metabolites, with stage 1 being a
WA study in a subset of 229 Hispanic IRASFS participants and
tage 2 being replication genotyping and analysis of 50 SNPs from
he GWA analysis in all 1190 Hispanics from the IRASFS (includes
29 subjects from the stage 1 GWA analysis). Comparisons between
he GWA sample (used in stage 1) and the entire IRASFS Hispanic
ohort (used in stage 2) with respect to the vitamin D metabolite
oncentrations and well established predictors of these concentra-
ions show that the GWA sample was representative of the entire
ispanic cohort (Table 1).

.1. Stage 1: GWA study

The average sample call rate was 99.76%. A total of 309,200 SNPs
et all quality control criteria and were evaluated for association
ith 25[OH]D and 1,25[OH]2D. Manhattan plots of the distribu-

ion of GWA P-values (on the −log10 scale) after adjustment for
ovariates and admixture are shown in Fig. 1, ordered by chro-
osomal location. Since a total of 309,200 SNPs were tested, the

enome-wide significance threshold based on a conservative Bon-
erroni correction is P < 1.62 × 10−7 (shown by the horizontal red
ine in Fig. 1). None of the SNPs met this strict threshold for associa-
ion with 25[OH]D, while three SNPs in high linkage disequilibrium
LD) with each other (r2 > 0.75) met the threshold for 1,25[OH]2D
rs6680429, rs9970802, and rs10889028). Quantile–Quantile plots
f the observed P values (on the log10 scale) plotted against P val-
es expected under the null distribution (Fig. 2) demonstrate an
xcessive number of significant results for 1,25[OH]2D.

.2. Stage 2: replication in the entire IRASFS Hispanic cohort
SNPs that were selected for replication genotyping and were
tatistically significant in the entire Hispanic cohort of the IRASFS
stage 2; Bonferroni corrected P-value of <0.01 because 50 SNPs
ere tested for association) are displayed in Table 2 for both
was adjusted for age, gender, average solar radiation (AVGLO) in the month prior to
blood draw, and the PC for admixture. (B) The analysis for 1,25[OH]2D was adjusted
for age, gender, 25[OH]D, and the PC for admixture.

25[OH]D and 1,25[OH]2D. Of the 50 independent (r2 < 0.40) SNPs
tested in stage 2, five were significantly associated with 25[OH]D
in the entire Hispanic cohort and eight were significantly associated
with 1,25[OH]2D. None of the SNPs selected for replication because
they were under a linkage peak for 1,25[OH]2D were significant in
the entire Hispanic cohort (data not shown).

4. Discussion

We conducted an initial GWA study of both 25[OH]D and
1,25[OH]2D in a subset of 229 Hispanics from San Antonio,
Texas and performed replication genotyping and analysis of 50
SNPs in the entire sample of 1190 Hispanics. Of the 50 SNPs
selected for replication genotyping, five for 25[OH]D (rs2806508,

rs10141935, rs4778359, rs1507023, and rs9937918) and eight
for 1,25[OH]2D (rs6680429, rs1348864, rs4559029, rs12667374,
rs7781309, rs10505337, rs2486443, and rs2154175) were repli-
cated in the entire sample of Hispanics (P < 0.01; Table 2). Although
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three GWA studies of 25[OH]D have been reported, no GWA stud-
ies of the more active vitamin D metabolite, 1,25[OH]2D, have been
reported thus far [4,5,7]. Moreover, GWA publications thus far have
been centered on populations of European descent [20]; this GWA
study in Hispanic Americans helps fill a void in the existing GWA
literature.

The five SNPs that were associated with 25[OH]D were indepen-
dent from the eight SNPs that were associated with 1,25[OH]2D.
One would expect a SNP to be associated with both metabolites if
the SNP is involved in a process that is common to both metabo-
lites, for example, the transport of the vitamin D metabolites, as
was seen with a SNP in the vitamin D binding protein gene in a pre-
vious publication by this group [1]. However, if a SNP is involved in
a process that is specific to one of the metabolites, for example, the
hydroxylation of a particular metabolite to another metabolite, the
SNP may only be associated with the metabolites involved in that
hydroxylation step. For example, a SNP that enhances the expres-
sion of CYP24A1, which produces 24-hydroxylase that degrades
excess 1,25[OH]2D to 24,25-dihydroxyvitamin D, would not neces-
sarily be strongly associated with the concentration of the upstream
metabolite, 25[OH]D.

In the stage 1 GWA analysis in 229 Hispanics from San
Antonio, no SNPs met the Bonferroni corrected P-value cut-
off (P < 1.62 × 10−7) for 25[OH]D (Fig. 1A); however, three SNPs
(rs6680429, rs9970802, and rs10889028) in high LD were signif-
icantly associated with 1,25[OH]2D (P < 1.62 × 10−7; Fig. 1B). All
three SNPs are intronic and reside on the short arm of chromo-
some 1 (1p32-p31; NCBI Mapviewer) within the disabled homolog
1 (DAB1) gene. DAB1 is a very large gene, spanning more than
1.2 Mb, which encodes a protein that is thought to be a signal
transducer that interacts with protein kinase pathways to regulate
neuronal positioning in the developing brain (GeneID: 1600; NCBI
Entrez Gene). Of note, two other intronic SNPs in DAB1 ranked in
the top 25 associations based on the additive P-values (rs155288
and rs1831870). Since these SNPs were in LD, only the SNP with
the lowest P-value (rs6680429; P = 6.6 × 10−9), was genotyped in
the entire IRASFS Hispanic cohort, where the association was repli-
cated (P = 1.4 × 10−3). However, this region was not among the
three regions that reached genome-wide significance in the two
recent GWA studies [5,7].

Twelve SNPs were selected for replication because they were
under a linkage peak for 1,25[OH]2D, were in the top 3000 SNPs
in the stage 1 GWA analysis, and were functional SNPs. However,
none of these SNPs were significant (P < 0.01) in the entire Hispanic
cohort. There are at least two potential explanations for this lack of
replication. First, the linkage peaks could have been due to chance
and, therefore, false positives. Second, one or both of the linkage
peaks may have been true positives, but we did not select a SNP
for replication genotyping that was in strong enough LD with the
causative variant to show an association with 1,25[OH]2D. If this
was the case, it may be that the twelve SNPs that were under a
linkage peak and in the top 3000 SNPs in the stage 1 GWA analy-
sis (with additive P-values ranging from 9.9 × 10−5 to 7.6 × 10−3)
were false positives and the HumanHap 300 BeadChip that we used
did not contain a SNP that was in strong LD with the causative
variant.

Of the three regions identified by both of the two recent large
GWA studies of 25[OH]D, GC, DHCR7/NADSYN1, and CYP2R1, only
one of the regions showed marginal significance in our stage 1
GWA analysis: rs7041 in the GC gene (P < 0.10) [5,7]. Two SNPs
in the DHCR7/NADSYN1 gene and two in the CYP2R1 gene were

included in the HumanHap 300 BeadChip used for our stage 1
GWA analysis, but none of these showed even a marginally sig-
nificant association with 25[OH]D. This lack of association could
be explained by the small sample size of our stage 1 GWA sample
(N = 229). Alternately, the lack of association could be explained
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y differences in LD and/or allele frequencies between the non-
ispanic white populations included in the two recent GWA

tudies and the Hispanic population included in the current GWA
tudy.

To carry out this study we chose a research design in which
pilot GWA study was performed on 229 Hispanic subjects from
ne clinical center (San Antonio). From the analysis results, 50 SNPs
ere selected for genotyping and analysis in the entire IRASFS His-
anic cohort. While we ideally would have carried out the GWA
tudy on the entire cohort, this was not financially possible. Our
urpose was to identify some potential polymorphisms, and was
otivated by the success of a number of small GWA studies. For

xample, the complement factor H gene association with age-
elated macular degeneration (224 cases and 134 controls) [21],
he NOS1AP gene association with cardiac repolarization (200 sub-
ects) [22], the TNFSF15 gene conferring susceptibility to Crohn’s
isease (94 subjects) [23], and the recent report of a region near
he CDKN2A and CDKN2B genes on chromosome 9 associated with
oronary heart disease, which was based initially on results from a
WA study of 322 cases and 312 controls [24].

A limitation to this study is that, due to financial constraints,
e were only able to select 50 SNPs for replication genotyping,

ut it is likely that additional SNPs contribute to the variation in
itamin D metabolite concentrations. For example, a SNP in the
C gene, rs7041, has been previously shown to be associated with
5[OH]D in the entire San Antonio Hispanic cohort of 504 individ-
als (P = 0.003), as well as in Hispanics from the San Luis Valley and
frican Americans from Los Angeles, and in the two recent large
WA studies [1,5,7]. However, in the stage 1 GWA analysis in a
ubset of 229 Hispanics from the San Antonio cohort, rs7041, which
as included in the HumanHap 300 BeadChip, was only marginally

ssociated with 25[OH]D (P < 0.10), although the association with
he T risk allele was in the same direction and of similar magnitude.
ollowing up an expanded list of SNPs will be the focus of future
esearch.

. Conclusions

Since vitamin D status is being linked to more and more health
utcomes, understanding the genetic variants that are responsible
or variation in the concentration of relevant vitamin D metabolites
s important. Our analysis identified several SNPs that were associ-
ted with vitamin D metabolite concentrations in Hispanics. These
andidate polymorphisms merit further investigation in indepen-
ent populations. If replicated, the biologic pathways behind the
ssociations should be investigated, as they may also play a role
n adverse health outcomes associated with vitamin D, such as
one disease, cancer, autoimmune disease, infectious disease, type
diabetes, hypertension, and heart disease.
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