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Abstract: We sought to investigate the relationship between newly
identified genetic variants and vitamin D levels and fracture risk in
healthy African American (black) children. This case-control study in-
cluded children of both sexes, ages 5 to 9 years, with and without forearm
fractures. Serum 25-hydroxy vitamin D levels, bone mineral density,
body mass index, and calcium/vitamin D intake were measured in 130
individuals (n = 60 cases and n = 70 controls). The 5 variants tested were
located in the GC gene (rs2282679), in the NADSYN1 gene (rs12785878
and rs3829251), and in the promoter region of the CYP2R1 gene
(rs2060793 and rs104741657). Associations between single nucleotide
polymorphisms (SNPs) and vitamin D levels were tested using an anal-
ysis of covariance. Associations between SNPs and fracture status were
tested using logistic regression. The GC gene variant was associated with
vitamin D levels (P = 0.038). None of the SNPs were associated with
fracture status in young blacks. These results suggest that the variants
tested, which are associated with circulating vitamin D levels in whites,
are not associated with fracture status in healthy black children. Additional
research is required to discover the genetics of fracture risk in blacks.
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Recent genomewide association studies (GWAS) have been
used to identify new genetic variants of vitamin D status

using a hypothesis-free method.1Y4 Specifically, variants in the
group-specific component (vitamin DYbinding protein [DBP])
(GC) gene (rs2282679), in the nicotinamide adenine dinucleo-
tide synthetase 1 (NADSYN1) gene (rs12785878 and rs3829251),
and in the promoter region of the cytochrome P450, family 2,
subfamily R, polypeptide 1 (CYP2R1) gene (rs2060793 and

rs104741657) have been associated with serum 25-hydroxy vi-
tamin D [25(OH)D] levels.2,4

These studies have been limited to adult white populations of
European descent.2,4 However, in comparison, African American
(black) populations may be more likely to have abnormal vitamin
D levels, as darker skin pigmentation is a risk factor for vitamin D
deficiency.5 Similarly, recent studies document a high prevalence
of vitamin D insufficiency in US children and, in particular, black
children.6,7 Vitamin D insufficiency is associated with a multitude
of clinical consequences, including bone fracture8,9 and dimin-
ished bone mineral density.10

To date, no studies have evaluated the role of genetics in
vitamin D status in a black population. Likewise, few studies have
evaluated the role of such variants in the context of fracture risk in
this same population. In this paper, we hypothesized that variants
identified via GWAS for circulating 25(OH)D levels in whites
would be associated with vitamin D levels and risk of forearm
fracture (the most common long-bone pediatric fracture)11Y13 in a
young black cohort.

MATERIALS AND METHODS

Study Participants
This prospective study included black children aged 5 to

9 years, with a parent or guardian fluent in English. Case pa-
tients had an isolated and radiographically demonstrated forearm
fracture (radius, ulna, or both bones), and control patients had no
self-reported history of a prior bone fracture. Exclusion criteria
for both groups included a current underlying bone minerali-
zation disorder (osteomalacia, osteogenesis imperfecta), current
or prior use of antiepileptic medication, current or prior daily use
of oral steroids for 1 month or longer, and the presence of a
chronic illness affecting bone (sickle cell disease, cancer, kidney
disease, GI malabsorption disease, and cerebral palsy). A con-
venience sample of patients was enrolled between December
2005 and July 2010. The study was conducted in Washington,
DC, at Children’s National Medical Center (CNMC), a large,
urban pediatric hospital.

The case patients were recruited through the outpatient or-
thopedic clinic and the emergency department. The control patients
were recruited through the emergency department, outpatient clin-
ics, and by using hospital-based advertisements.

The patients were studied in the CNMC General Clinical
Research Center. The CNMC institutional review board approved
this study (#3682). All guardians provided informed consent, and
children between the ages of 7 and 9 years provided assent.

Demographic data were recorded for all participants. Bone
health evaluation includedmeasurement of 25(OH)D level andbone
mineral density by dual-energy x-ray absorptiometry scan. Body
mass index (BMI) measurements were obtained using standardized
procedures, and percentiles were determined using Centers for
Disease Control body mass index percentile calculator.14 Study
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participants also completed a BLOCK Kids 8-17 Food Frequency
Questionnaire (NutritionQuest, Berkeley, CA), which calculated a
daily dietary calcium nutrient density (milligram calcium/total ki-
localorie intake) and dietary vitamin D intake.

Single Nucleotide Polymorphism Selection
The 5 variants tested were located in the GC gene

(rs2282679), in theNADSYN1 gene (rs12785878 and rs3829251),
and in the promoter region of the CYP2R1 gene (rs2060793 and
rs104741657). These genes were selected for analysis, as 2 recent
GWAS studies identified these variants in European populations
as associated with circulating 25(OH)D.2,4 The GC gene encodes
DBP, a serum glycoprotein in the albumin family, which binds to
25(OH)D and its metabolites and transports them in circulation
to target organs. The NADSYN1 gene encodes NAD synthetase,
an enzyme that functions as a catalyst for the final step of NAD
synthesis and involves a coenzyme, 7-dehydrocholesterol re-
ductase (DHCR7), which is vital in the synthetic pathway of
vitamin D3, a precursor to 25(OH)D. TheCYP2R1 gene encodes
vitamin D 25-hydroxylase, a microsomal hepatic enzyme that
catalyzes C-25 hydroxylation of vitamin D3 to an active vitamin
D receptor ligand. A point mutation in this gene has been related
to rickets.15

Genotyping
Variant genotypes were determined with assay-by-design

Taqman genotyping assays (Applied Biosystems, Foster City,
CA) using allele discrimination assays that use the 5’ nuclease
activity of Taq polymerase to detect a fluorescent reporter sig-
nal (Supplemental Table 1A, Supplemental Digital Content 1,
http://links.lww.com/JIM/A10). Both alleles are detected simul-
taneously using single nucleotide polymorphisms (SNP)-specific
oligonucleotides labeled with different fluorophores and geno-
types automatically determined by the ratio of the 2 fluorophores.
The polymerase chain reaction (PCR) for the each genetic vari-
ant contained a minimum of 10 ng of DNA, 900-nmol/L primers,
200-nmol/L probes, and TaqMan Genotyping Universal PCR
Master Mix (Applied Biosystems) in a final volume of 10 HL.
Polymerase chain reaction was performed on ABI thermocyclers
(9700 or 2720) using the following PCR profile: 10 minutes at

95-C(denaturation), 44 cycles of 15 seconds at 92-C, and 1minute
at an annealing temperature of 60-C. The post-PCR allele calling
was completed using an ABI 7900HT (genotyping software SDS
version 2.3) and checked manually.

Statistical Analysis
The observed frequency of each genotype was compared

with the expected frequency of the population in the Hardy-
Weinberg equilibrium using a W2 test with one degree of freedom.
The normality of each quantitative phenotype was confirmed
using the Shapiro-Wilk normality test.

Associations between SNPs and 25(OH)D levels were tes-
ted using analysis of covariance models, with BMI and fracture
status as covariates. Body mass index was included because an
association between overweight status and vitamin D deficiency
has been reported in children.16 These associations were tested in
the overall cohort (cases and controls). Post hoc pairwise com-
parisonswere performed for those analyses of covariance showing
a significant genotype effect F-test, and the resulting P values
were adjusted for multiple comparisons using the Sidak method.

Associations between SNPs and fracture status were tes-
ted using logistic regression adjusted for quantitative BMI and
25(OH)D values as covariates. Body mass index was included
because an association between overweight status and forearm
fracture risk has been reported in children.17Y19 All regression
models used a full genetic model comparing homozygous com-
mon allele individuals to heterozygotes to homozygous rare allele
individuals.

The nominal P value for significance was 0.05, and all
statistical tests were 2 sided. All statistical analyses were per-
formed using Stata V11 (College Station, TX).

RESULTS
This analysis included 60 cases and 70 controls. Demo-

graphic and clinical data for participants are summarized in Table
1. Mean age and proportion of participants whowere boys did not
differ between cases and controls. There was likewise no signif-
icant difference between the case patients and the controls for
mean 25(OH)D level, total BMD, weekly dietary calcium nutrient
density, weekly dietary vitamin D intake, or proportion of patients

TABLE 1. Demographics and Clinical Characteristics of Study Participants

Variable Cases Controls
Significance of Comparison
Between Cases and Controls

Number of patients 60 70
Sex: proportion male 35/60, 58.3% 37/70, 52.8% P = 0.50
Age, mean T SD, yrs 7.0 T 1.5 6.9 T 1.5 P = 0.90
Body mass index,
mean T SD, percentile

72.3 T 25.5 (n = 53) 59.7 T 29.9 (n = 69) P = 0.02

Total body bone mineral density,
mean T SD, z score

0.63 T 1.0 (n = 49) 1.01 T 1.1 (n = 62) P = 0.06

25-Hydroxy vitamin D level,
mean T SD, ng/mL

21.7 T 7.0 (n = 58) 22.6 T 7.3 (n = 69) P = 0.50

Dietary calcium nutrient
density, mean T SD, mg Ca+

intake/total kcal

0.40 T 0.12 (n = 48) 0.39 T 0.16 (n = 61) P = 0.90

Dietary vitamin D intake,
mean T SD, IU

185.7 T 104.0 (n = 48) 159.9 T 105.0 (n = 61) P = 0.20

Season of enrollment,
proportion winter/spring

31/70 (44.3%) 27/60 (45.0%) P = 0.90
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enrolled during the winter/spring seasons. Cases had a signifi-
cantly higher mean BMI percentile than controls (72.3 vs 59.7,
respectively; P = 0.02).

All the SNPs genotyped (Table 2) were in Hardy-Weinberg
equilibrium (Supplemental Table 1B, Supplemental Digital Con-
tent 1, http://links.lww.com/JIM/A10). We compared allele fre-
quencies between the 5 SNPs genotyped in our black cohort
with the HapMap ASW (African ancestry in the southwest
USA) andHapMapCEU (Utah residentswith northern andwestern
European ancestry from the Centre de’Etude du Polymorphism
Humain collection) populations (Supplementary Table 1C, Sup-
plemental Digital Content 1, http://links.lww.com/JIM/A10). The
most common allele was the same in all 3 populations except
for rs12785878. The HapMap CEU cohort showed the common
allele (T), and our cohort, and the HapMapASWshowed the other
allele as common (G).

Circulating vitamin D levels in the entire cohort (cases and
controls) were analyzed for association with 5 SNPs (Tables 3
and 4). The SNP located in an intron of theGC gene (rs2282679)
was associated with vitamin D levels (Fig. 1). None of the other
SNPs were associated with vitamin D levels in this cohort.

None of the 5 SNPs were associated with fracture risk
(Supplemental Table 2A, Supplemental Digital Content 1,
http://links.lww.com/JIM/A10). In addition, none of the 5 SNPs
were associated with fracture risk while controlling for BMI
between the cases and the controls (Supplemental Table 2B,
Supplemental Digital Content 1, http://links.lww.com/JIM/A10)
or for vitamin D status between the cases and the controls
(Supplemental Table 2C, Supplemental Digital Content 1,
http://links.lww.com/JIM/A10).

DISCUSSION
In this prospective case-control study of black children, we

explored genetic associations between 5 genetic variants previ-
ously associated with vitaminD status inwhites2,4 and the vitamin
D status of the study participants. Our study population represents

a group at high risk for vitamin D deficiency5Y7 that has not been
included in prior studies. In addition, we examined these same
variants for an association with forearm fracture status in our
study population. Forearm fractures are the most common long-
bone pediatric fracture in children.11Y13 Little is known about the
relationship between childhood forearm fracture risk and genetics
because few clinical studies of pediatric fractures have included
direct measures of genes. To our knowledge, this is the first study
to evaluate the role of genetic factors on forearm fracture risk
in children.

The 5 variants tested were located in the GC gene
(rs2282679), in theNADSYN1 gene (rs12785878 and rs3829251),
and in the promoter region of the CYP2R1 gene (rs2060793 and
rs104741657). One of the variants was associated with vitamin D
levels in a combined analysis of the cases and the controls (Fig. 1).
The SNP (rs2282679) is located in the 12th intron of the group-
specific component gene (GC) that encodes a DBP. The GC
protein is a serum glycoprotein that belongs to the albumin family
and binds to 25(OH)D. In addition, this protein binds other
blood vitamin D sterol metabolites (including 25[OH]D and 1,25-
dihydroxyvitamin D concentrations) and transports them to target
organs.

This particular variant was found in both GWAS studies
to have the strongest association2,4 and was replicated in both
GWAS studies with additional populations. We observed the same
direction of association in our cohort: individuals with 2 copies
of the common allele (A allele) had higher levels of vitamin D
than did individuals with a copy of the rare allele (C allele). This
is the first study to show an association between genetic vari-
ants of rs2282679 and circulating levels of vitamin D in a black
population.

Other studies have shown associations with nonsynon-
ymous SNPs in the GC gene and vitamin D levels,20Y22 but the
rs2282679 is an intronic SNP with an unknown function. It has
been postulated that this SNP might affect the GC binding of
25(OH)D,4 but this needs to be explored experimentally, which

TABLE 2. Single Nucleotide Polymorphisms Examined for Association With Vitamin D Levels, Fracture Risk, BMI, and
DXA Z-Measurements of Whole Body, Lumbar Spine, and Left Hip

SNP Gene (Nearest Gene) Location Genomic Position Risk Allele* Ancestral Allele

rs2282679 GC 4q13.3 72608383 C A
rs12785878 NADSYN1 11q13.4 71167449 G T
rs3829251 NADSYN1 11q13.4 71194559 A G
rs2060793 (CYP2R1) 11p15.2 14915310 A G
rs10741657 (CYP2R1) 11p15.2 14914878 G G

*Risk allele has been previously associated with lower levels of vitamin D.

TABLE 3. Analysis of Vitamin D Levels and SNPs Adjusted
for BMI and Fracture Status

SNP
P for Genotype

Effect
P for BMI
Effect

P for Fracture
Status Effect

rs2282679 0.0379* 0.3398 0.3422
rs12785878 0.2512 0.4750 0.5509
rs3829251 0.5349 0.7791 0.3853
rs2060793 0.9680 0.7811 0.5892
rs10741657 0.6100 0.9270 0.7871

*Statistical significance.

TABLE 4. Significant Association for rs2282679 With
Vitamin D levels

SNP
P for Genotype

Effect
N; Adjusted
Mean T SEM

P for
Significantly
Different
Means

rs2282679 0.0379 AA (N = 82; 23 T 1)* 0.0379*
AC (N = 27; 19 T 1)*

*Statistical significance.
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is beyond the scope of this paper. In addition, another poten-
tial mechanism by which rs2282679 may relate to circulating
25(OH)D levels is through its linkage disequilibrium with the
nonsynonymous SNP, rs7041.2,4 In this manner, rs2282679 may
not have any biological activity but may be a marker for rs7041.

None of the GWAS variants associated with vitamin D
levels were related to fracture status in our cohort. This was
surprising to us, particularly because inadequate vitamin D levels
have been associatedwith fractures, osteomalacia, and childhood
rickets.23

Our case population had a significantly higher BMI and a
trend toward a lower BMD than our control population. This is
consistent with evidence from multiple clinical studies that
supports an association between increased forearm fracture risk
in children and obesity19,24 and lower BMD.18,24,25 Although
these studies have also focused on white populations, there are
many reasons why black children may be a higher-risk popula-
tion. In the United States, African American children have sig-
nificantly higher rates of obesity than non-Hispanic white
children.26,27 Additionally, a high prevalence of vitamin D in-
sufficiency6,7 and dietary calcium and vitamin D deficiencies28

are reported in black children, and these factors are known to
negatively affect BMD.19,29

Therefore, we examined associations with SNPs from
GWAS studies for circulating vitamin D and BMI (Tables 3A,
3B). As noted, BMI was the only clinical characteristic that
was significantly different between the cases and the controls
(Table 2), but our cohort was not powered for BMI. For this
reason, we did not analyze the cases and the controls separately
for BMI or vitamin D levels.

This study has limitations. The size of the study sample is
small compared to that of GWAS studies (93000 individuals).
Similarly, because of power limitations, we could not address
potential gene-gene and gene-environment interactions. Despite
being underpowered to assess some of the phenotypes, the ge-
netic association identified by our study is sufficiently supported
by the literature to suggest a plausible biological effect. We are
now investigating the potential molecular impact of the associ-
ated variants and are collecting data on a second cohort to at-
tempt to replicate our results. Similarly, given that rs2282679

is in linkage disequilibrium with rs7041, our future studies will
also examine rs7041.

In conclusion, our study did not find genetic association
between fracture risk and genetic variants that have previously
been associated with vitamin D levels. However, we did find that
a SNP (rs2282679) associated with circulating levels of vitamin
D in whites was replicated in our young black cohort. Further
study is needed to better understand if and how genetic factors
contribute to forearm fracture risk in children and how this risk
may vary among racial/ethnic groups.
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