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Abstract

Vitamin D and intact parathyroid hormone (iPTH) concentrations differ between individuals of
African and European descent and may play a role in observed racial differences in bone mineral
density (BMD). These findings suggest that mapping by admixture linkage disequilibrium
(MALD) may be informative for identifying genetic variants contributing to these ethnic
disparities. Admixture mapping was performed for serum 25-hydroxyvitamin D, 1,25-
dihydroxyvitamin D, vitamin D-binding protein (VDBP), bioavailable vitamin D, and iPTH
concentrations and computed tomography measured thoracic and lumbar vertebral volumetric
BMD in 552 unrelated African Americans with type 2 diabetes from the African American-
Diabetes Heart Study. Genotyping was performed using a custom Illumina ancestry informative
marker (AlIM) panel. For each AIM, the probability of inheriting 0, 1, or 2 copies of a European-
derived allele was determined. Non-parametric linkage analysis was performed by testing for
association between each AIM using these probabilities among phenotypes, accounting for global
ancestry, age, and gender. Fine-mapping of MALD peaks was facilitated by genome-wide
association study (GWAS) data. VDBP levels were significantly linked in proximity to the protein
coding locus (rs7689609, LOD=11.05). Two loci exhibited significant linkage signals for 1,25-
dihydroxyvitamin D on 13g21.2 (rs1622710, LOD=3.20) and 12913.2 (rs11171526, LOD=3.10).
iPTH was significantly linked on 9g31.3 (rs7854368, LOD=3.14). Fine-mapping with GWAS data
revealed significant known (rs7041 with VDBP, P=1.38x10782) and novel (rs12741813 and
rs10863774 with VDBP, P<6.43x107°) loci with plausible biological roles. Admixture mapping in
combination with fine-mapping has focused efforts to identify loci contributing to ethnic
differences in vitamin D-related traits.

Keywords
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1. Introduction

African Americans have lower circulating 25-hydroxyvitamin D and higher intact
parathyroid hormone (iPTH) concentrations than European Americans. (11-13, 20, 27)
Although these phenomena would be expected to lead to diminished bone synthesis and
excessive breakdown, significantly higher bone mineral density (BMD) and lower rates of
osteoporosis are seen in African Americans. (2, 10, 21) The recently described lower
vitamin D-binding protein (VDBP) levels in African Americans likely counter effects of
reduced 25-hydroxyvitamin D concentration. In addition, dietary calcium ingestion is lower
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in African Americans than European Americans, along with lower risk for calcium
containing kidney stones and calcified atherosclerotic plaque. (3, 7, 25, 32) These findings
suggest population-specific differences in calcium homeostasis.

Hormones impacting BMD likely have different biologic effects between population groups.
For example, higher vitamin D concentrations after supplementation were paradoxically
associated with lower BMD and higher fracture rates in African American women in the
Women’s Health Initiative. (4) This finding stands in stark contrast to observations in
populations of European ancestry. African Americans are also relatively resistant to the
catabolic effects of iPTH on bone. (5) The underlying causes of ethnic differences in
regulation of vitamin D and iPTH concentrations are poorly understood and likely reflect a
complex interplay between genetic and environmental factors.

We performed a mapping by admixture linkage disequilibrium (MALD) analysis in 552
African Americans to determine genomic regions contributing to ethnic differences in serum
vitamin D and iPTH concentrations as well as BMD. MALD is a gene-mapping tool used to
identify genomic regions associated with differences in prevalence and/or distribution of a
trait between two or more ancestral populations. (23) The premise is that if a genetic variant
underlies ethnic differences in disease, it will be easier to map the location of that variant in
a recently admixed population relative to panmictic ancestral populations. (29) The
proportion of alleles at the marker locus that have ancestry from the high-risk population
will be increased in affected individuals more than expected by chance, assuming no other
influential evolutionary forces (genetic selection or drift). MALD has identified genes and
genomic regions implicated in several common diseases. (16, 18, 31, 35)

2. Materials and Methods

2.1. Study participants

2.2. Assays

Self-reported and unrelated African Americans with type 2 diabetes (T2D) were recruited
from internal medicine clinics and community advertising in the African American-Diabetes
Heart Study (AA-DHS). Participant examinations were conducted in the Clinical Research
Unit of Wake Forest School of Medicine (WFSM) and included interviews for medical
history and health behaviors, anthropometric measures, resting blood pressure, 12-lead
electrocardiography, fasting blood sampling, and spot urine collection for albumin:creatinine
ratio. T2D was defined as a clinical diagnosis after 30 years of age in the absence of diabetic
ketoacidosis. The study was approved by the WFSM Institutional Review Board and
performed according to the ethical principles defined in the Declaration of Helsinki. All
participants provided written informed consent.

Measures of 25-hydroxyvitamin D were performed by Quest Diagnostics Nichols Institute
(San Juan Capistrano, CA) (8) and LabCorp using liquid chromatography and mass
spectrometry and an immunochemiluminometric assay performed on the DiaSorin
LIASON® instrument, respectively, with a high paired sample concordance (n=14,
R2=0.92). Measures of 1,25-dihydroxyvitamin D were performed at Quest (15) or
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LabCorp® using liquid chromatography mass spectrometry and column chromatography,
radioimmunoassay, respectively. iPTH was measured at LabCorp (Burlington, NC) using an
electrochemiluminescence immunoassay.

VDBP was measured in EDTA plasma samples that had been continuously stored at —80°C
without thawing since collection at the baseline visit. Frozen plasma was thawed in a 37°C
water bath for 15 minutes, placed on ice, and then centrifuged at 1700 x g (2800 rpm) for 30
minutes at 4°C. VDBP was determined using a Quantikine® Human Vitamin D BP ELISA
(cat. no. DDBPO; R&D Systems; Minneapolis, MN) according to manufacturer’s
instructions. Serum was pre-diluted 1:2000 or greater in some cases in calibrator diluent
before assay. Intra-assay and inter-assay coefficients of variation were <10%. All assays
were performed using a single lot of reagents and calibrators at WFSM. Bioavailable
vitamin D (BAVD) was computed as described by Powe et al. (27) using dissociation
constants for the VDBP genotype variants as described by Arnaud and Constans. (1)

2.3. Bone imaging

Single and multidetector computed tomography (CT) systems incorporating a standardized
scanning protocol based on the National Heart Lung and Blood Institute’s Multi-Ethnic
Study of Atherosclerosis (MESA) were performed in all participants. Quantitative CT for
trabecular vertebral volumetric BMD (mg/cm?) in the thoracic spine (tBMD; T8-T11) and
lumbar spine (IBMD; T12-L.3) were measured using QCT-5000 volumetric software with a
calcium calibration phantom included in each participant’s chest and abdominal CT exam
(Image Analysis; Columbia, KY). (30) Coefficients of variation for these measures were
<1% for tBMD and IBMD and in sequential studies performed in the same individual the
precision error was 2.3%.

2.4. Genotyping

DNA was extracted from peripheral blood using the PureGene system (Gentra Systems,
Minneapolis, MN). The MALD study was based on the streamlined panel of 1,509 ancestry
informative marker (AlM) single nucleotide polymorphisms (SNPs) genotyped using the
Illumina African American admixture panel covering all 22 autosomes and chromosome X.
Genome-wide association study (GWAS) data was obtained from the Illumina Omni5 array
inclusive of exome chip content. All genotyping was performed in the Center for Genomics
and Personalized Medicine Research at WFSM.

2.5. Quality control

Quality control checks were similar for the MALD and GWAS analyses. For MALD, six
individuals with call rates <90% and one individual with a heterozygosity score outside of
the mean +4 times the standard error interval were excluded. Twenty-nine SNPs were
flagged with Hardy-Weinberg equilibrium p-values <1073 and two additional SNPs were
flagged because their call rate was <98% (none of these SNPs showed a significant result).
There was no indication of first-degree familial relationships in the analyzed dataset, i.e. the
estimated kinship coefficient ranged between 0 and 0.13. For GWAS, twelve individuals
were excluded from the analyses: 6 had call rates <90%, 2 had discordant self-reported and
genetically determined sex, 1 had heterozygosity score outside of the mean +4 times the
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standard error interval, 2 had the same sample identifier and 1 had 100% European ancestry.
We used a classification scheme to rank SNPs and prioritize association results. Similar to
the MALD analysis, the scheme was based on the estimated minor allele frequency, the
Hardy-Weinberg equilibrium p-value, and the call rate. All SNPs were analyzed; however,
higher confidence was placed on common variants with a Hardy-Weinberg equilibrium p-
value <1074 and a call rate =95%. SNPs with these qualifications also served as the basis for
our imputation efforts. SNPs with a minor allele frequency between 1 and 5% that met the
Hardy-Weinberg equilibrium and call rate thresholds were also included in imputation.

2.6. Statistical methods

The methodology for the MALD analysis has been described in detail. (6) Briefly, we
computed the probability of inheriting 0, 1, or 2 alleles from a specific ancestral population
at each AIM. These probabilities are akin to identity by descent probabilities. Therefore,
association tests between them and the outcome of interest accounting for global ancestry is
a valid test of linkage in the non-parametric linkage framework. (22, 34) This model can be
fitted easily using standard statistical packages, facilitating inclusion of covariates and
interaction effects. We use logarithm of the odds (LOD) scores to present evidence against
the null hypothesis to reinforce the idea that we are performing linkage analysis. Analyses
were run using 25-hydroxyvitamin D, 1,25-dihydroxyvitamin D, VDBP, BAVD, iPTH,
tBMD, and IBMD as continuous traits. Age, gender, and genome-wide ancestry were
included as covariates. For 25-hydroxyvitamin D, 1,25-dihydroxyvitamin D, and BAVD,
analyses were conducted by assay site (Quest or LabCorp) and combined using a meta-
analysis approach.

GWAS analyses were adjusted for age, gender and principal components. Each SNP was
tested for association under the additive genetic model. Imputation was performed using
IMPUTE2 (15) using the 1000 genomes integrated reference panel. Statistical analyses were
based on the dosage genotype, i.e. the expected count of minor alleles at each marker. The
models were fitted with SNPTEST adjusting for the same covariates as in the GWAS.

2.7. Significant effect and correction for multiple testing

We excluded chromosome X from our analyses; therefore, the MALD analyses were run on
1,423 SNPs. A strict Bonferroni correction would place the significance threshold at
3.5x107 for a two-sided test, a conservative threshold corresponding to a LOD score of 3.7.
We chose to prioritize AIMs that reached a LOD score of 2.5 corresponding to an alpha level
of 7.0x10™4. This approach can be viewed as somewhat conservative for identifying
suggestive evidence of linkage. Results from the GWAS were evaluated in the context of
peaks, i.e. LOD-1 confidence interval based on the next available AlIM, lacking significant
evidence of linkage. Within this interval, a strict Bonferroni correction for the number of
directly genotyped markers examined was used to gauge statistical significance. This
approach provides a conservative estimate of significance and no further corrections were
made to account for the number of correlated traits examined.
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3. Results

3.1. Demographic and clinical characteristics

Demographic and clinical characteristics of the 552 participants with relevant phenotype
data are presented in Table 1. This subset of individuals was 49% female, and 63.6% were
current or former smokers. Participants had a mean (standard deviation) age of 55.5 (9.6)
years, diabetes duration 10.0 (7.8) years, hemoglobin Alc 8.1 (2.0) %, fasting serum glucose
149.9 (64.9) mg/dl, HDL-cholesterol 47.9 (13.5) mg/dl, and LDL-cholesterol 106.80 (37.95)
mg/dl. The mean (SD) 25-hydroxyvitamin D concentration was 20.3 (11.9) ng/mL and 1,25-
dihydroxyvitamin D was 46.2 (17.1) pg/mL. These did not differ by gender (P>0.12). In
contrast, VDBP levels were significantly higher in males (P=0.023) while iPTH was
significantly higher in females (P=0.0030). tBMD and IBMD were 205.2 (52.1) and 179.5
(46.4) mg/cm3, respectively, and did not differ between genders (P>0.23).

3.2. Ancestry proportion distribution

The allele frequency of each AIM estimated in the Yoruba and CEU populations were
supplied as prior probabilities in the estimation process. The average proportion of genome-
wide African ancestry in this sample was 75 (+£15.8) %.

3.3. Regional admixture mapping and fine-mapping results

Admixture mapping was performed using vitamin D, iPTH, and BMD as continuous
outcomes. We considered the additive, dominant, and recessive models, allowing us to
effectively reduce the models described to 1 degree of freedom tests, with potential
improvement in power. (9) Adjusted p-values computed using the maximum of the test
statistic observed with the dominant, recessive, and additive models appeared to be one
order of magnitude lower than their unadjusted counterparts. Loci with significant
(LOD>3.00) and suggestive (LOD>2.5) evidence of linkage as well as fine-mapping results
are summarized in Table 2.

The most significant linkage signal observed was for VDBP on 4p13-g21.22. This region
spanned nine consecutive AlMs with significant LOD scores (LOD>3.0, Figure 1C) under
the additive model peaking at a LOD score of 11.05 for AIM rs7689609 (Supplementary
Table 1). The group-specific component gene (GC), which encodes the VDBP, resides
within the LOD-1 confidence interval and is located 500kb proximal to the peak signal
(rs7689609). Fine-mapping of the support interval (>5.24Mb) identified SNP rs7041 as
statistically significant (P=1.38x10782), consistent with previous report. (24) Two additional
suggestive linkage signals for VDBP were also detected on at 2g35 and 1g32.2 (Figure 1C).
Fine-mapping of these peaks identified only nominally significant association signals, i.e.
P>0.05 after strict Bonferroni correction for the number of SNPs contained within the
interval (Table 2).

Two significant linkage signals were observed for 1,25-dihydroxyvitamin D (Figure 1B).
The most significant signal was on 13g21.2 (rs1622710, LOD=3.20) along with an
additional signal on 12¢13.2 (rs11171526, LOD=3.10). Among the confidence interval of
these peaks, fine-mapping using GWAS data failed to detect signals of association that
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survived strict Bonferroni correction. One additional suggestive linkage peaks was observed
for 1,25-dihydroxyvitamin D on 4p15.32 (Table 2).

For iPTH, a single significant linkage peak was observed on 9931.3 (rs7854368, LOD=3.14;
Figure 1C). Although not surviving strict Bonferroni correction, rs10125548 was the most
associated variant in the region (P=7.81x107°). Notably, this SNP is located distally to the
Kruppel-like factor 4 gene (KLF4) which has been implicated in control of bone
homeostasis. (17) A second peak of suggestive significance was observed on 1g42.2 (Table
2). Among the additional phenotypes examined, suggestive evidence of linkage was
observed for BAVD and IBMD; however, no signals were observed for 25-hydroxyvitamin
D and tBMD (LOD<2.5) (Figure 1).

4. Discussion

Four genomic regions were identified using admixture mapping that were significantly
linked (LOD>3.0) with 1,25-dihydoroxyvitamin D (n=2), VDBP (n=1) and iPTH (n=1)
concentrations in African Americans, as well as six regions with suggestive linkage
(LOD>2.5) among the seven traits examined. Nearly all published reports demonstrate that
individuals of African ancestry have lower vitamin D and VDBP and higher iPTH levels
than individuals of European ancestry. Rates of osteoporosis, calcified atherosclerotic
plaque, and nephrolithiasis also differ markedly between these ancestral groups, possibly
contributing to these findings.

The most significant signal observed from the MALD analysis was linkage of VDBP to
4913.3 (rs7689609, LOD=11.05). Fine-mapping of this peak, which spanned nine
consecutive markers, using GWAS data confirmed the association of a previously identified
missense (threonine to glycine) variant (24), rs7041 (P=1.38x10782) with comparatively
nominal evidence of association with 25-hydroxyvitamin D. Among the additional two
peaks with suggestive evidence of linkage to VDBP, fine-mapping of the peak on 1g32.2
(rs979698, LOD=2.54) revealed two nominally significant correlated (r?=1.00) association
signals (P>0.05 after Bonferroni correction for 4930 tests). SNPs rs1284852 and rs4951471
(P=1.33x1074) are located distally to FLV/CR1, a protein involved in heme transportation.
(28) Notably, the peak observed for VDBP is in close proximity to a peak for coronary
artery calcification (rs7530895, LOD=2.9) that was previously observed in this population.

(6)

Among the seven phenotypes examined, only 1,25-dihydroxyvitamin D exhibited multiple
significant linkage signals: 13g21.2 (LOD=3.20) and 12q13.2 (LOD=3.10). However, fine-
mapping using data from the GWAS failed to reveal significant associations that survived
multiple correction testing (P>2.52x107°). This can partially be attributed to broad genomic
interval encompasses by these linkage peaks, i.e. 6.7—7.8Mb. Interestingly, the linkage
interval observed on 12913.2 did encompass the calcium binding and coiled-coil domain 1
gene (CALCOCOI) with a distal SNP showing nominal evidence of association
(P=2.52x107°). This observation is interesting in that the gene product CoCoA is a
secondary activator of B-catenin signaling (33), for which 1,25-dihydroxyvitamin D has been
observed to function as a repressor. (19) The REGARDS Study (14), a population-based
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investigation of stroke incidence in African American and European American, does have
1,25-dihydroxyvitamin D and genetic data from the Illumina Human Exome array; however,
the variants associated or suitable proxies from AA-DHS were not available. Further efforts
to replicate these findings are limited by the fact that few studies outside of the AA-DHS
have large scale genetic data and comparable vitamin D-related phenotypes on African
Americans with or without diabetes.

Admixture mapping is not without limitations. The AIMs selected for this study are not
completely informative as the power of the approach is maximized when the average
ancestry proportion is close to 50%; our proportions were estimated to be approximately
75% and 25% in this sample for African and Europeans, respectively. In addition this
method depends on a probabilistically calculation of the European ancestry at each locus.
Nonetheless, admixture mapping remains a valuable and proven gene-mapping technique
and combining admixture mapping and association tests can increase statistical power.(26)

In conclusion, admixture mapping identified novel genomic regions which contribute to
ethnic differences in iPTH and 1,25-dihyroxyvitamin D concentrations between African
Americans and European Americans. Fine-mapping of both significant and suggestive
linkage intervals implicated known genes with biology relevant to vitamin D metabolism,
e.g. B-catenin signaling and bone homeostasis, as well as novel loci that have the potential to
improve our understanding of ethnic-specific differences observed among related vitamin D
traits.
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LOD logarithm of the odds
HHAT hedgehog acyltransferase gene
CAMK1G calcium/calmodulin-dependent protein kinase 1G gene
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Highlights

Admixture mapping can be used to determine genomic regions contributing to
observed ethnic differences in serum vitamin D, iPTH, and BMD.

Novel loci linked to 1,25-dihydroxyvitamin D were identified on 13g21.2
(rs1622710, LOD=3.20) and 12913.2 (rs11171526, LOD=3.10).

iPTH was significantly linked to 9931.3 (rs7854368, LOD=3.14) proximal to a
regulatory protein of sodium-phosphate cotransport (AKAP).

Fine-mapping of admixture mapping regions has focused efforts to identify loci
contributing to ethnic differences in vitamin D-related traits.
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Figure 1.

MALD results for the AA-DHS. LOD scores are plotted by chromosome for the seven
phenotypes examined: A. 25-hydroxyvitamin D, B. 1,25-dihydroxyvitamin D, C. Vitamin D
Binding Protein (VDBP), D. Bioavailable Vitamin D (BAVD), E. intact Parathyroid
Hormone (iPTH), F. thoracic vertebral volumetric bone mineral density (tBMD), G. lumbar

vertebral volumetric bone mineral density (IBMD)
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