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Abstract Vitamin D plays several roles in the body,
influencing bone health as well as serum calcium and
phosphate levels. Further, vitamin D may modify immune
function, cell proliferation, differentiation, and apoptosis.
Vitamin D deficiency has been associated with numerous
health outcomes, including bone disease, cancer, autoim-
mune disease, infectious disease, type 1 and type 2 dia-
betes, hypertension, and heart disease, although it is
unclear whether or not these associations are causal. Var-
ious twin and family studies have demonstrated moderate
to high heritability for circulating vitamin D levels.
Accordingly, many studies have investigated the genetic
determinants of this hormone. Recent advances in the
methodology of large-scale genetic association studies,
including coordinated international collaboration, have
identified associations of CG, DHCRI, CYP2RI1, VDR, and
CYP24A1 with serum levels of vitamin D. Here, we review
the genetic determinants of vitamin D levels by focusing on
new findings arising from candidate gene and genomewide
association studies.
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Introduction

For decades, vitamin D has been studied intensively due to
its association with various diseases of public health
importance, which includes bone disease, cancer, autoim-
mune disease, infectious disease, type 1 and type 2 dia-
betes, hypertension, and heart disease [1-8]. Many
publications have reviewed the relationship between vita-
min D and these common diseases [9—15], and this topic is
therefore not the subject of this review. Collective evidence
from epidemiological, clinical, and experimental studies
has demonstrated that both genetic and environmental
factors influence vitamin D status. Its heritability has been
estimated to be 23-80 % from twin studies [16, 17]. Given
this level of heritability, much effort has been dedicated to
describing the genetic determinants of this trait. Recent
advances in the field of the genetics of vitamin D metab-
olism have highlighted the importance of several genes. In
this review, we first outline the physiology of vitamin D
metabolism and examine the evidence of genetic involve-
ment in vitamin D levels, then summarize the approaches
that have been used to identify the genes influencing
vitamin D levels, and finally comment upon the role of
specific variants in candidate genes.

Physiology of Vitamin D
Vitamin D is a fat-soluble prohormone that is crucial for

the maintenance of bone and muscle health by promoting
the absorption and metabolism of calcium and phosphate.
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Fig. 1 Physiology of vitamin D

In addition to food sources such as fatty fish, eggs, fortified
milk, and cod liver oil, the human body uses sunlight to
synthesize a significant portion of vitamin D requirements.
There are two forms of vitamin D: vitamin D, and D5. The
skin synthesizes vitamin D3, or cholecalciferol, after sun
exposure, while vitamin D,, or ergocalciferol, is the syn-
thetic form that is often found in fortified food and is
derived from plant sources. To become biologically active,
the vitamin D originating from dermal production or die-
tary sources undergoes a series of enzymatic conversions in
the liver and kidney (Fig. 1). The hepatic enzyme
25-hydroxylase (CYP2R1) converts vitamin D to 25-hy-
droxyvitamin D (25[OH]D), which is the major circulating
form of vitamin D [18]. Later, the 25(OH)D-1a-hydroxy-
lase (CYP27B1) enzyme, expressed mainly in the kidney
and partially in keratinocytes, macrophages, osteoblasts,
osteoclasts, dendritic cells, and prostate cells, converts
25(0OH)D to 1,25-dihydroxyvitamin D (10,25[OH],D) [19—
23]. 1a,,25(0OH),D is the most active form of vitamin D and
is responsible for most of its biological actions. These two
forms of vitamin D metabolite are commonly measured in
serum and have been the target of most genetic studies
focusing on vitamin D metabolism. However, 25(OH)D
has an almost 1,000-fold greater concentration than
10,25(0OH),D; also, 25(OH)D has a longer half-life and,
hence, is more stable in circulation. Total-body vitamin D
stores are best measured by assessing circulating levels of
25(0OH)D [24].

Stimulation by parathyroid hormone and inhibition by
calcium and phosphate closely regulate the synthesis of
10,25(OH),D in the kidney [25-30]. Additionally, calci-
tonin enhances the production of 10,25(OH),D from
25(OH)D in normocalcemic conditions [31, 32]. However,
cytokines such as tumor necrosis factor-alpha (TNFo) and
interferon-gamma (IFNvy) stimulate the production of
10,,25(0OH),D in keratinocytes and macrophages [33]. The
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vitamin D metabolites are mostly transported by vitamin D
binding protein (DBP) (85-88 %) and in part by albumin
(12-15 %) [34-36]. Another renal enzyme, 24-o-hydrox-
ylase (CYP24), finally hydroxylates both 25(OH)D and
10,,25(0OH),D to initiate degradation of these vitamin D
metabolites [37-39] (Fig. 1).

The downstream metabolic activity of the vitamin D
pathway is realized through the binding of 12,,25(OH),D to
the nuclear vitamin D receptor (VDR), which subsequently
regulates the expression of genes containing specific
DNA sequences known as vitamin D response elements
(VDREj5) in their promoter regions. 12,25(OH),D also has
a nongenomic action through binding to membrane
receptors to regulate calcium flux in many cells (reviewed
elsewhere) [40].

Heritability of Vitamin D

Variability in plasma 25(OH)D is explained by both genetic
and environmental factors. The well-replicated, nongenetic
determinants include season of measurement, dietary and
supplemental vitamin D intake, waist circumference or
other measures of obesity such as BMI, and use of hormone
replacement therapy (HRT) in women [41—43]. The genetic
contribution to variance in vitamin D levels has been
investigated in several twin and family studies. Estimates
for the heritability of vitamin D levels vary between 23 and
80 %. A study of 1,068 twin pairs (monozygotic [MZ],
n = 384; dizygotic [DZ], n = 684) from the TwinsUK
estimated heritability to be 43 % for 25(OH)D and 65 % for
10,,25(0OH),D [44]. Orton et al. [45] studied end-of-winter
serum 25(OH)D concentrations in 100 adult pairs (MZ,
n = 40; DZ, n = 59) from the longitudinal population-
based Canadian Collaborative Project on Genetic Suscep-
tibility to multiple sclerosis. They identified the heritability
of 25(OH)D levels to be 77 %. Approximately 70 % of the
variation in wintertime 25(OH)D concentrations was
explained by genetic factors in 510 middle-aged, male twins
(310 MZ, 200 DZ) selected from the Vietnam Era Twin
Registry [46].

In a cross-sectional study of 1,762 participants of the
Framingham Offspring Study, the heritability of plasma
25(OH)D was estimated to be 28.8 % [47]. In a family
study of subjects recruited to study asthma, 25(OH)D
levels showed a heritability of 80 % and 10,25(OH),D,
30 % [16]. Finally, heritability estimates of 25(OH)D and
10,25(OH),D were 23 and 16 % in African Americans and
Hispanics from the San Luis Valley, Colorado, and 41 and
20 % in Hispanics from San Antonio, Texas, respectively
[17]. Table 1 summarizes the heritability estimates. The
variation in heritability depends on study design, methods
of measuring vitamin D or estimating heritability, and
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Table 1 Summary of heritability estimate for vitamin D levels

Total individuals (MZ/DZ) Type of study Country h? 25(0H)D h? 1,25(0H),D Reference

1,068 (384/0) Twins UK 43 65 Hunter et al. [44]
198 (40/59) Twins Canada 77 - Orton et al. [45]
1,020 (310/200) Twins Vietnam 70 - Karohl et al. [46]
1,762 Family USA (Framingham) 28.8 - Shea et al. [47]

947 Family Germany 80 30 Wijst et al. [16]
1,026 Family USA (Hispanic, AA) 23 16 Engelman et al. [17]
504 Family USA (Hispanic) 41 20 Engelman et al. [17]

population-specific factors such as allele frequencies and
environmental factors. Thus, while there has been consid-
erable variation in the estimation of the heritability of
vitamin D levels across these studies, the cumulative evi-
dence suggests that genetic factors play an important role
in circulating vitamin D levels.

Genetic Studies of Vitamin D

Several studies have reported genetic variants that are
associated with alterations in vitamin D levels in humans.
These studies are based on different approaches, including
linkage studies, the assessment of candidate genes pre-
sumed to be involved in vitamin D metabolism, and
association analysis from genomewide scans.

Linkage Studies

The classical approach to dissecting the genetics of inher-
ited disease or continuous phenotypes is through linkage
analysis, which enables specific genetic intervals across a
chromosome to be linked with disease susceptibility.
Genetic markers (usually microsatellite markers) are gen-
otyped often in families, and linkage analysis determines a
locus that segregates with the disease in a pedigree con-
taining affected individuals. The degree of linkage between
a trait or disease and genetic markers is measured by the
logarithm of odds ratio (LOD) score. The LOD score
threshold of 3.3 has been proposed as the threshold of
significant linkage [48].

Several approaches of linkage analyses have been
developed for complex and quantitative traits. Some
investigators use parametric, or model-based, linkage
analysis. However, nonparametric, or model-free, linkage
approaches have been developed based on identifying a
region in affected individuals with shared alleles that are
identical by descent (IBD), more than expected by chance.
This concept of IBD sharing underpins the identification of
the genes for quantitative traits through linkage studies and
requires the assumption that if a marker were linked to a

gene affecting the trait, two siblings with similar trait
values would share IBD more than expected at that locus.
This method has been used to identify chromosomal
regions that are associated with variability in many dis-
eases and traits, including vitamin D levels.

Although linkage studies have been very effective at
identifying genes responsible for Mendelian disorders, they
have been mainly unsuccessful in identifying genes involved
in quantitative traits, such as vitamin D. A genomewide
linkage analysis of family data, including 812 participants
recruited for asthma, showed only one region on chromosome
2 at marker D2S2153 (LOD = 3.4) which reached genome-
wide significance [16]. Interestingly, this region on chromo-
some 2 contains genes with known VDREs. Also, this study
showed suggestive evidence of linkage for 25(OH)D on
chromosome 1 at marker D1S2815 (LOD = 2.9), chromo-
some 5 at marker D5S2017 (LOD = 2.5), chromosome 6 at
marker D6S260 (LOD = 2.1), and chromosome 17 at marker
D17S1824 (LOD = 2.5) [16]. A cross-sectional study of
1,762 participants of the Framingham Offspring Study (919
women, mean age 59 years) showed a maximum LOD score
for plasma 25(OH)D on chromosome 14 (LOD = 1.16),
which did not achieve genomewide significance [47].

The failure of linkage studies can be explained by the
polygenic nature of vitamin D regulation, the method of
measurement of vitamin D levels, and study design. While
linkage has largely failed to identify replicated genetic
determinants of vitamin D metabolism, candidate gene
approaches and genomewide association studies have
identified several reproducible associations with vitamin D
levels.

Candidate Gene Studies

Unlike linkage analysis that uses genetic markers coseg-
regating with disease status through generations in a family
pedigree, candidate gene studies assess whether variation
in polymorphic variant frequency associates with variation
in a continuous trait, such as vitamin D levels, most often
within a group of unrelated individuals. One advantage of
this approach is that it allows assignment of this association
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to a particular DNA base pair variant, rather than a region,
such as would be identified through linkage studies.

However, in order to select which regions of the genome
to test for association, prior knowledge of the biological
mechanism of the trait or disease must be utilized to choose
specific genes as the candidates. In a more extensive
association study a series of genes involved in a biological
pathway related to the targeted trait are studied simulta-
neously, which is commonly referred to as a “pathway
analysis.” Below we review the loci that have been asso-
ciated with vitamin D levels through candidate gene
studies.

Candidate gene studies have several common limita-
tions: (1) the phenotype characterization is often hetero-
geneous across studies, (2) sample sizes have tended to be
small, and (3) multiple testing correction has not been
uniformly applied to such studies, increasing false-positive
rates.

It is important to note that the identified associated SNP
by candidate gene studies may not be the true disease-
causing variant and may reflect the effect of a nearby
causal variant, which is in linkage disequilibrium (LD)
with the marker. Therefore, replication in separate popu-
lations is essential in the identification of candidate genes
in order to rule out possible false-positive findings. In view
of genomewide association studies, findings with nomi-
nally significant p values (<0.05) should be cautiously
interpreted.

CYP27BI

CYP27BI, encoding lo-hydroxylase which converts
25(OH)D to its active form, 10,25(OH),D, has been the
cytochrome P-450 gene most strongly associated with
vitamin D status. It is located on chromosome 12, at
12q13.1-q13.3, spanning 6.66 kb on the reverse strand. The
SNP 1510877012 (C/A) that resides at position 1260 of
CYP27BI1 was widely explored for the association with
25(OH)D. The rs10877012 C allele was associated with
lower levels of 25(OH)D in a study of gestational diabetic
patients [49] and in participants from a large cohort study
[50]. The effect of the rs10877012 C allele on lower levels
of 25(OH)D was also reported in African Americans
recently [51]. Although the effect of rs10877012 on
25(OH)D levels has been replicated in candidate gene
studies, there is no report on how this single-nucleotide
polymorphism (SNP) modulates 25(OH)D levels in serum.
However, CYP27B1 functions downstream of circulating
25(OH)D. Therefore, rs10877012, or the causal SNP cap-
tured by this SNP, could possibly alter the role of
CYP27B1 in metabolic feedback loops or adjust the rate at
which 25(OH)D is metabolized [45]. The associations of
two other CYP27B1 SNPs, rs4646536 (C/T, +2838) and
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15703842 (C/T), with 25(OH)D level were reported in a
Canadian multiple sclerosis study [45]. However, associa-
tions of these two SNPs were not observed in Hispanics
and African Americans [17]. The inconsistency of this
association may be due to tight regulation of circulating
10,25(OH),D concentrations [52] through 1o-hydroxyl-
ation, the relatively small sample sizes in these studies, or
the different ethnicities (Table 2).

CYP2RI

CYP2R]1 is responsible for the hydroxylation of vitamin D
to 25(OH)D in the first activation step. It is thought to be an
important determinant of the vitamin D metabolic pathway
as it shows a high affinity for vitamin D [53] and a mis-
sense mutation in exon 2 of CYP2R] leads to vitamin D
deficiency [54]. The CYP2RI gene maps on chromosome
11p15.2, which covers 14.29 kb on the reverse strand. One
SNP, rs10741657, which resides in the 5’ region of
CYP2RI, was associated with serum 25(OH)D concentra-
tions in a transmission disequilibrium test (TDT) study in a
German population [55]. TDT is a family-based association
analysis to detect if one of the alleles from a heterozygous
parent is overtransmitted to affected offspring compared to
the expected ratio of 50:50 [56]. Although this association
was not observed in women with gestational diabetes
mellitus [49], it was replicated in unrelated individuals
from a cohort study [57] and a large study including over
10,000 British individuals [58]. Positive association find-
ings were also reported for two other CYP2RI SNPs
(rs12794714 and rs10766197) in this cohort study [57]. The
SNP rs10766197 is located in the 5’ flanking region of
CYP2RI1. The 1510766197 association was observed in a
previous study as well [59]. For SNP rs12794714, which
causes a synonymous change in the CYP2RI exon,
although no association was found in a previous study
involving 133 individuals [55], its relationship with
25(0OH)D levels was replicated in a larger study of 2,610
individuals [58] (Table 2).

GC

Several studies that investigated the association between
vitamin D levels and candidate gene polymorphisms
involved in the vitamin D metabolism pathway are reviewed
in McGrath et al. [60]. The most widely studied gene is GC,
which encodes vitamin D carrier protein, a group-specific
component (DBP). GC is located on 4q12-q13 in the human
genome, covering 63.84 kb, from 72671237 to 72607403
(NCBI 37, August 2010), on the reverse strand. There are
two SNPs in exon 11 of GC, rs7041 (a G/T transversion at
codon 416) and rs4588 (a C/A transversion at codon 420).
These two SNPs lead to a Glu/Asp amino acid change at
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codon 416 and a Thr/Lys amino acid change at codon 420,
respectively, and are the most commonly studied variations
in DBP [61].

The SNP rs4588 was associated with serum 25(OH)D
levels in a Polish population [62]. Carriers of the rs4588
C allele had lower serum levels of 25(OH)D. The associ-
ation was supported by the lower affinity of DBP variants
(the haplotype containing the rs4588 A allele) with higher
isoelectric points for 25(OH)D [62]. The effect of rs4588
on 25(OH)D levels has been widely confirmed, with
associations described in young Canadian subjects [63],
white women [64], Hispanics and African Americans [17],
Dutch with chronic obstructive pulmonary disease [65],
British [58], and Han Chinese [66]. The T allele at SNP
rs7041 was also associated with lower 25(OH)D concen-
trations consistently through evaluation of the SNP itself
[17, 58, 65-68] or the haplotypes derived from both rs4588
and rs7041 [69, 70].

Among other GC SNPs evaluated for an association
with 25(OH)D concentrations, several are worthy of note
due to their reproducibility across different populations.
One is rs2282679, which is situated in intron 12 of this
gene and in high LD with rs4588. The association emerged
from a study carried out in American males [67] and was
replicated in African Americans [51], British [58], and Han
Chinese [66], although no association was observed in a
small study of Caucasian subjects [57]. An additional
variant is rs1155563, another SNP in high LD with rs4588.
It was also associated with 25(OH)D level in three inde-
pendent studies [66—68].

The remaining SNPs listed in Table 2 were associated
with 25(OH)D levels in only one study. While positive
associations were detected for the SNPs related to either
rs4588 or rs7041 (dbSNP IDs of novel SNPs are
rs17467825 [68] and rs222035 [68], respectively), the
identification of rs16846876 [68] and rs222020 [57], which
are not in LD with rs4588 or rs7041, suggests that allelic
heterogeneity exists. As well, 1s2298849, in the first intron,
has been associated with 25(OH)D concentrations in an
African American population [51].

In addition to the SNP associations in GC described
above, gene-level principal components analysis (PCA) has
described an association between this gene and 25(OH)D
levels [68]. Thus, both SNP- and gene-level associations
have been described between GC and 25(OH)D (Table 2).

VDR

The VDR gene, which spans 63.49 kb on the reverse strand
of chromosome 12q12-q14, is another candidate gene. VDR
has a large noncoding region containing exons 1F-1C and
exons 2-9, which encode a 424—amino acid protein, VDR
[71]. The minor allele of VDR SNP 152228570 (previous

dbSNP ID rs10735810), T (f, M4), introduces a Fokl (the
name of the digestion enzyme used for genotyping) site to
exon 2, which leads to a VDR protein that is three amino
acids longer by directly introducing a start codon [72]. It
influences the activity of the VDR protein [73] and results
in a less effective transcriptional activator [74]. The
rs2228570 T allele was associated with a higher level of
25(OH)D in a longitudinal population-based study [45].
This association was replicated in another cohort study
[72]. In addition, two adjacent SNPs that lie upstream of
exon 1A (509 bp distant), rs7139166 (1A-1521) and
rs4516035 (1A-1012), were examined for their association
with 25(OH)D levels. The rs7139166-rs4516035 (G-
A) haplotype showed higher promoter activity, and the
rs7139166-rs4516035 (C-G) haplotype was associated
with lower circulating levels of 25(OH)D [75]. An intronic
SNP, rs10783219, was suggested to be associated with
25(OH)D concentration in a cross-sectional study [17].
These findings await replication (Table 2).

CYP24A1

A third cytochrome P-450 gene to be investigated as a
candidate for 25(OH)D concentration regulation is
CYP24A1, which encodes the 10,25(OH),D inactivation
protein. It is located on chromosome 20, at 20q13.2-q13.3,
spanning 20.53 kb on the reverse strand. An intronic SNP,
rs17219315, was associated with 25(OH)D levels in a
family-based study using TDT [59]. This SNP was not
included in another association study on CYP24Al and
serum 25(OH)D concentration, in which no significant
findings were reported for this gene [67] (Table 2).

Genomewide Association Studies

Rather than focusing on genetic variations in particular
genes, over 1 million SNPs across the whole genome can be
rapidly genotyped across hundreds or thousands of individ-
uals in genomewide association studies (GWAS), which take
advantage of the haplotype map of the human genome and
advances in array-based genotyping technologies. This
approach allows researchers to identify novel associations
between disease/phenotype and biological pathways. How-
ever, only the common SNPs with the minor allele fre-
quency, generally larger than 1 %, are targeted in GWAS.
The first GWAS of 25(OH)D consisted of 1,012 related
individuals from the Framingham Heart Study, which gen-
otyped 70,987 SNPs [76]. No SNPs surpassed the genome-
wide significant level of P <5 x 107® in this study. This
threshold of genomewide significance is derived from the
Bonferroni correction for multiple testing, i.e., 0.05 divided
by the number of statistically independent tests. Based on the
LD between SNPs, the number of tests is the independent
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number of SNPs in the European population, which was
estimated to be 1 million [77]. In addition, this threshold was
previously proposed by a theoretical study [78] and esti-
mated to be robust for a family-wise type I error rate of 0.05
by a permutation test using the Wellcome Trust Case Control
Consortium data set [79].

The next GWAS also failed to identify genomewide
significant SNPs associated with 25(OH)D concentrations
in a study of 229 Hispanic Americans genotyped at
309,200 SNPs [80]. As the effect size of common SNPs is
relatively small, GWAS most often requires sample sizes
of tens of thousands of individuals to gain enough statis-
tical power to detect reliably disease loci.

Therefore, collaborative efforts to perform comprehen-
sive genomewide meta-analyses have been undertaken to
identify such loci. These large-scale international efforts
have been made possible through the imputation of un-
genotyped SNPs based on the haplotype structure of a
reference panel, most often derived from the HapMap or
1000 Genome project. The main objective of this imputa-
tion is to expand the density of SNPs assessed across the
genome and enable meta-analysis of data from cohorts that
have been genotyped on different arrays.

Genomewide significant loci have recently been identi-
fied in two large-scale meta-analyses of GWAS. The first
study involved 4,501 individuals from five cohorts and
2,221 additional samples in the replication phase, both of
European ancestry [81]. Besides confirmation of two can-
didate genes on the regulation of 25(OH)D levels, GC
(rs2282679) and CYP2RI (rs1993116), a novel association
on DHCR7 (rs11234027) was identified (Table 2). DHCR7
encodes a reductase that catalyzes the conversion of
7-dehydrocholesterol to cholesterol in skin [82]. The for-
mer is the substrate of the vitamin D synthetic pathway,
which is converted to vitamin D induced by UVB radiation
found in sunlight. DHCR7 maps to chromosome 11q12-
ql3, spanning 14.02 kb on the reverse strand. Although it
is known that mutations in DHCR7 lead to impaired
activity of the gene and consequently accumulation of
7-dehydrocholesterol which results in Smith-Lemli-Opitz
syndrome [83], it is the first time that an association has
been described between common SNPs in DHCR7 and
serum 25(OH)D levels. Further studies are warranted to
determine the mechanisms by which genetic variations in
this locus regulate 25(OH)D level.

The other GWAS, reported by the SUNLIGHT consor-
tium, involved 33,996 individuals of European descent
from 15 cohorts [84]. Given the large sample size of
this consortium, the standardized phenotype definitions,
and high-quality genotyping, these are likely to be the
most reliable results identifying genetic determinants of
25(OH)D levels. Associations on GC (rs2282679),
CYP2RI (rs10741657), and CYP24A1 (rs6013897) were
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confirmed as well as a novel association identified on
DHCR7 (rs12785878) (Table 2). All four susceptibility
genes were confirmed in a recent study of 2,610 subjects
from a U.K. population [58] (Table 2).

Discussion

The identification of the genetic determinants of any
medically relevant trait can, in general, serve three main
purposes. The first is to help to explain the physiology of
the trait or disease under study, the second is to identify
drug targets, and the third is to enable the identification of
groups of individuals who may be at risk for disease. Since
reduced vitamin D levels have been associated with an
increased risk of several diseases of public health impor-
tance, the genetic determinants of vitamin D levels may
assist in an understanding of the pathophysiology of these
diseases or providing drug targets. This, of course, would
first require demonstration of a causal link between vitamin
D insufficiency, or deficiency, and disease state.

It is important to note that associated SNPs identified by
candidate gene studies or GWAS may not be the true
disease-causing variants. Only a small subset of SNPs that
exist in the genome are genotyped in an association study,
which are used as markers of the untyped SNPs. Therefore,
the identified associated SNP may reflect the effect of a
nearby causal variant, which is in LD with the marker,
leading to more efforts such as resequencing of this region
to localize the causal SNP. Given that the untyped SNPs in
high LD with the marker may span several megabases,
dependent on the genetic structure of the region, the find-
ings from a GWAS should be interpreted cautiously.

The main contribution of vitamin D genetics has been to
highlight important control points in vitamin D metabo-
lism. While GC and CYP2RI have been demonstrated to be
involved in this pathway and have been the target of rel-
atively intense study, DHCR7 has received little attention
as an important determinant of vitamin D levels in humans.
The above genetic studies have provided the basis to a
better understanding of the role of particularly DHCR?7 in
vitamin D metabolism.

In addition, it is currently unclear if variation in the GC
protein (also called vitamin D binding protein) results in a
change in the biologically available amount of vitamin D. This
is an important issue to address since common variation in this
protein has been associated with a mean change of 25(OH)D
levels of up tol8 nmol/L, which is larger than the mean
change that was associated with vitamin D supplementation
[84]. On the other hand, if this large (and common) change in
25(0OH)D levels is biologically irrelevant due to a simple
change in binding affinity or abundance of GC, then this may
have important implications in vitamin D epidemiology.
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Another potentially clinically relevant outcome of vita-
min D genetics could be an improved understanding of
those individuals who would benefit most from supple-
mentation. The change in 25(OH)D levels in response to
vitamin D administration is highly variable between indi-
viduals [85, 86]. If this change in 25(OH)D levels is
determined by genetic factors, it may allow for targeted
interventions to those most at risk for vitamin D insuffi-
ciency or deficiency.

While twin studies estimate the heritability to be as high
as 80 % for vitamin D, the identified common SNPs from
GWAS explain up to 4 % of variation in 25(OH)D levels
[84]. While this finding is not uncommon in the field of
quantitative traits or common disease genetics, it does
suggest that most genetic determinants of vitamin D levels
have yet to be elucidated. Next-generation DNA sequenc-
ing, which will allow for an assessment of rare genetic
variants with a minor allele frequency of less than 1 %,
may provide an opportunity to identify alleles that have a
large effect upon vitamin D levels and may reduce a pro-
portion of this missing heritability.

Norman and Bouillon [87] reviewed the association of
vitamin D deficiency with several health outcomes. How-
ever, these associations do not imply a clear causal link
between vitamin D and disease. Genetic studies may pro-
vide a framework to begin to understand whether this
relationship is causal through a study design termed
“Mendelian randomization.” Mendelian randomization,
which is partially analogous to randomized controlled tri-
als, uses genotype as an instrumental variable to investigate
whether the association with the health outcome occurs
through its robust association with an intermediate phe-
notype [88]. Mendelian randomization assumes a random
assortment of alleles at the time of conception, therefore
eliminating the possible effect of confounders and envi-
ronmental factors, or reverse causation, on the relation
between putative risk factors and disease. Essentially, this
method is largely free of confounding since the genotype
lies in the causal pathway between the intermediate phe-
notype (vitamin D levels) and the disease outcome.
Application of these methodologies may help to describe
the nature of the relationship between circulating vitamin D
levels and related common diseases.

In conclusion, in addition to the key environmental
determinants of vitamin D levels, genetic factors play an
important role in modifying the abundance of this clinically
relevant hormone. Candidate gene studies, in particular
GWAS, have been successful at identifying proteins in
humans that are important determinants of 25(OH)D con-
centrations. Whole-genome sequencing and Mendelian
randomization may provide new insights into vitamin D
metabolism and may help to delineate its relationship with
common disease.
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