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A B S T R A C T

Vitamin D plays an essential role in human health as it influences immune function, cell proliferation, differ-
entiation and apoptosis. Vitamin D deficiency has been associated with numerous health outcomes, including
bone disease, cancer, autoimmune disease, cardiovascular conditions and more. However, the causal role of
vitamin D beyond its importance for bone health remains unclear and is under much debate. Twin and familial
studies from past decades have demonstrated a nontrivial heritability of circulating vitamin D concentrations.
Several large-scale genome-wide association studies (GWAS) have discovered associations of GC, NADSYN1/
DHCR7, CYP2R1, CYP24A1, SEC23A, AMDHD1 with serum levels of vitamin D. A recent whole genome se-
quencing (WGS) study, combined with deep imputation of genome-wide genotyping, has identified a low-fre-
quency synonymous coding variant at CYP2R1. Information on these genetic variants can be used as tools for
downstream analysis such as Mendelian randomization. Here, we review the genetic determinants of circulating
vitamin D levels by focusing on new findings from GWAS and WGS, as well as results from Mendelian rando-
mization analyses conducted so far for vitamin D with various traits and diseases. The amount of variation in
vitamin D explained by genetics is still small, and the putative causal relationship between vitamin D and other
diseases remains to be demonstrated.

1. Introduction

Vitamin D is an important fat soluble vitamin and steroid pro-hor-
mone that plays a critical role in bone mineralization. It regulates the
blood and extracellular concentrations of calcium and phosphorus, and
ensures their adequacy for the deposition of calcium hydroxyapatite to
the bone matrix. Vitamin D deficiency has long been observed to be
associated with rickets in children and osteomalacia in adults [1]. In
addition to musculoskeletal disorders, a variety of common diseases
that are of important public health concerns, including but not limited
to, cancer, autoimmune inflammatory disease, infectious disease, car-
diovascular condition and diabetes, have been reported to be linked
with vitamin D [2–6]. The serum concentration of vitamin D is largely
influenced by environment and nutrition (geographical latitude, sun
exposure of the skin, dietary pattern, and intake of supplements). It is
however, also determined by genetic background, as twin studies have
estimated a substantial quantity of heritability [7–9].

Understanding the genetic determinants of vitamin D could increase
our knowledge to the trait itself, aid in vitamin D deficiency screening,

as well as promoting personalized recommendations for the utility of
supplementation. Genetic variants associated with vitamin D could also
serve as instrumental variables for downstream Mendelian randomi-
zation analyses, and help understand the causal relationships between
vitamin D and other traits, including bone health. Further, the shared
etiology between vitamin D and other traits can be elucidated through
the quantification of genome-wide genetic correlation or identification
of pleotropic loci. The many recent advances and efforts in the field of
genetics have already highlighted several vitamin D associated genes.

In this review, we first briefly introduce the physiology of vitamin D
metabolism, and then briefly summarize earlier twin and familial stu-
dies of vitamin D. We next outline the novel findings from genome-wide
association studies and whole genome sequencing studies conducted to
date. Finally, we illustrate the results from Mendelian randomization
studies which examine the putative causal relationship between vi-
tamin D and other diseases.
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2. Physiology of vitamin D

There are two forms of vitamin D, vitamin D2 (ergocalciferol),
mainly acquired from the diet; and vitamin D3 (cholecaciferol), mainly
synthesized in the skin from pro-vitamin D3 (7-dehydrocholesterol)
when exposed to ultraviolet B radiation from sunlight. The cutaneously
generated vitamin D3 and the dietary ingested vitamin D2 are then
transported to the liver where they are metabolized by the hepatic
enzyme 25-hydroxylase (CYP2R1) to its major circulating form, 25-
hydroxyvitamin D [25(OH)D]. 25(OH)D is biologically impotent on
calcium metabolism at physiological concentrations and requires a
further hydroxylation by 25(OH)D-1α-hydroxylase enzyme (CYP27B1)
in the kidney to produce its biologically active form 1,25-hydro-
xyvitamin D [1,25(OH)2D]. The metabolic pathway leading to the
synthesis of active vitamin D has been known for 30 years and reviewed
in details by Jones et al. [10].

Both vitamin D metabolites [25(OH)D and 1,25(OH)2D] are com-
monly measured in the serum, and served as the main targets for most
genetic studies of vitamin D metabolism. Albeit 1,25(OH)2D is the most
active form of vitamin D and undertakes the major biological function,
it has a much shorter half-life and a 1000-fold lower concentration than
25(OH)D. Hence, total-body vitamin D stores are best reflected by the
circulating level of the more stable and common 25(OH)D [11].

3. Heritability of vitamin D – twin and familial studies

The extent to which observed phenotypic variance of a trait can be
explained by genetic effects (heritability) can be estimated through
twin studies. Using identical (monozygotic, MZ) and non-identical
(dizygotic, DZ) twin pairs, twin studies partition the variance of a trait
into genetic, environmental and residual variation, known as the “ACE”
model, where A denotes the additive genetic variance resulted from the
sum of allelic effects; C denotes shared environmental variance such as
prenatal environment, home environment, socioeconomic status and
residential area; and E denotes residual variance that are specific to
individuals (not shared). Twin studies have several important as-
sumptions. First, they assume “equal environment”, meaning that the
trait-relevant environments are similar in both MZ and DZ twin pairs.
Second, it assumes that MZ twins share 100% of their genes, while DZ
twins share on average 50% of their genes. Third, it only calculates
additive genetic effects but not dominant or epistatic effects, nor does it
take into account gene-environment interactions. Based on these as-
sumptions, if the variance of a trait were solely influenced by genetics, a
phenotypic correlation of 1.0 for MZ twins and 0.5 for DZ twins would
be expected. On the other hand, if the shared environmental effects
were the only source of variance, a phenotypic correlation of 1.0 for
both MZ and DZ pairs would be observed. Verweij et al. [12] give a
detailed review of the classical twin design.

The heritability of circulating vitamin D levels has been quantified
in several twin studies, with estimates varying from<20% to as high
as above 85% [7–9,13–18]. The first twin study was conducted by
Hunter et al., using 1068 twin pairs (384 MZ and 684 DZ, 98.3% fe-
males, all were European ancestry) from the TwinsUK, and identified a
heritability of 43% for 25(OH)D and 65% for 1,25(OH)2D. This study
was also able to adjust for key confounders such as age and body mass
index (BMI) [7]. Subsequent two smaller studies (sample sizes: 124
families and 99 twin pairs, respectively), conducted using individuals
with co-morbidities, reported higher yet consistent estimates: Wjst et al.
found a heritability of 80% for 25(OH)D among asthma patients; and
Orton et al. found a heritability of 77% for 25(OH)D among multiple
sclerosis patients [16,18]. Likewise, comparable figures have been re-
ported by Karohl et al. [70% for 25(OH)D], using 255 male twin pairs
(155 MZ and 100 DZ) with blood drawn in winter [9]; as well as by
Mills et al. [86% for 25(OH)D], using 188 adolescent twin pairs (70 MZ
and 118 DZ) at their mean age of 16 years [15].

While these numbers reflect the higher end of heritability estimates

for plasma vitamin D among the Caucasian population, different esti-
mates also have been reported by others. For example, Snellman et al.
analyzed 204 twins living at north latitude 60 degree, and identified a
heritability of 39% for 25(OH)D [17]. Shea et al. examined 1762 par-
ticipants (of which, 265 sib-pairs) in a cross-sectional study, and re-
ported a heritability of 29% for 25(OH)D [8]. Livshits et al. conducted a
familial study consisting of 95 nuclear pedigrees and reported that 22%
of the variation was accounted for by a putative major gene effect [19].

Evidence from non-European populations is relatively sparse. To
date, only one twin study has been conducted among Hispanics and
Africa Americans, aggregating data from California, Colorado, and
Texas over 1530 individuals from 130 families, and reported herit-
abilities of 23%, 41% and 28% for 25(OH)D across the three geo-
graphical areas [14]. Similarly, the only available twin study of vitamin
D among the Asians has examined 109 Chinese twin pairs and reported
a heritability of 69% for 25(OH)D [13]. Details of the twin and familial
studies in vitamin D were described in Table 1.

The considerable variation in the estimates of heritability can be
explained by several reasons. First, the status of circulating vitamin D is
known to be influenced by environmental factors such as age, sex and
seasons [20], therefore, blood sampling in different seasons and co-
morbidities are likely to affect the estimates. In addition, the magnitude
and precision of the estimates are also largely influenced by sample size
and statistical models. Therefore, well-powered twin studies with ade-
quate control for confounding factors are needed to provide a firm
upper bound of the genetic contribution in circulating vitamin D. De-
spite all the inter-study discrepancies, results from these studies col-
lectively demonstrate a nontrivial role of genetic components in cir-
culating vitamin D levels.

4. Genetic studies of vitamin D

4.1. Candidate gene based study

Earlier studies have explored the genetics of vitamin D through
candidate gene approach, where single nucleotide polymorphisms
(SNPs) or genes, usually selected based on prior knowledge to their
biological functions, were assessed for the association with target dis-
ease or trait. Several genes that are closely related to vitamin D
synthesis, activation and degradation have been investigated (e.g.,
CYP2R1 and CYP27B1, two genes that are responsible for vitamin D
hydroxylation; group-specific component (GC), a gene encodes vitamin
D binding protein [21]; VDR, a gene encodes for vitamin D receptor
[22,23]; and CYP24A1, a cytochrome P450 genes [24]). Studies using
such an approach have been reviewed in details by Dastani et al.
elsewhere [25], and will therefore not be mentioned comprehensively
by the current review.

Results from candidate gene studies have been inconsistent, possibly
influenced by low statistical power, ethnic differences in study popu-
lations, the characterization of phenotype, and the measurement of
genotype. Further, the lack of proper multiple testing corrections in-
creases false positive rate and makes the interpretation of results dif-
ficult. More importantly, candidate gene approach is substantially re-
stricted by established knowledge. It is likely that genes other than
those directly linked to the metabolism of vitamin D play a role but
could not be selected for assessment due to a lack of prior knowledge.
Similar concerns hold true for the selection of target SNPs. Despite that
SNPs from promoter and exons have been selected, they may only tag
the effect of a causal variant nearby instead of being the true casual
variant themselves.

4.2. Genome-wide association study

The first GWAS of vitamin D was conducted in 2007 among 1012
related individuals of European ancestry, recruited to the Framingham
Offspring study, consisting of children and their spouses from
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Framingham Original Cohort. This small-scale GWAS measured plasma
25(OH)D on 517 individuals, and examined 70,987 SNPs after quality
control. Due to limited power and limited coverage, it is no surprise
that none of the SNPs has passed genome-wide significant p-threshold
at 5× 10−8; only one suggestive signal in an intron of LOC105377885
(chromosome 6, rs10485165) was identified [26].

Two subsequent independent meta-GWASs, both conducted on
participants of European ancestry, have reported key findings [27,28].
The first meta-GWAS consisted of 4501 persons drawn from 6 cohorts
with prospectively collected 25(OH)D levels for the discovery stage,
and an additional 2221 individuals drawn from 3 cohorts for the re-
plication stage. The second meta-GWAS was conducted by the SUNLI-
GHT consortium (Study of Underlying Genetic Determinants of Vitamin
D and Highly Related Traits), aggregating data from 15 cohorts on a
total of 33,996 individuals, and divided into a discovery stage of 16,125
participants, an in-silico replication stage of 9367 participants, and a
de-novo replication stage of 8504 participants. Pooling together the
discovery and replication samples, both meta-GWASs have confirmed
strong genome-wide associations with 25(OH)D at three loci, GC (index
SNP: rs2282679), DHCR7/NADSYN1 (rs12785878) and CYP2R1
(rs10741657); in addition, the SUNLIGHT meta-GWAS has identified
one more locus at CYP24A1 (rs17216707). These four susceptibility
loci, all being in or near genes encoding well established steps in vi-
tamin D synthesis, transportation and degradation, have demonstrated
a crucial role for common genetic variants in the regulation of circu-
lating 25(OH)D concentrations. They have also been served as main
tools for downstream analysis such as construction of polygenic risk
score and Mendelian randomization since 2010.

Earlier this year (2018), a five-fold augmented meta-GWAS was
published by the SUNLIGHT consortium. This GWAS expanded the
previous SUNLIGHT meta-GWAS discovery sample size from 16,125 to
79,366, as well as included two separate replication samples with
40,562 and 2195 individuals [29]. In addition to the four known loci,
this larger study has yielded two novel loci harboring genome-wide
significant variants at SEC23A (Sec23 homolog A, coat protein complex
II component, rs8018720) and AMDHD1 (amidohydrolase domain
containing 1, rs10745742). Mutations on these two genes have been
reported to cause craniolenticulosutural dysplasia, a disease char-
acterized by craniofacial and skeletal malformation due to defective
collagen secretion; and atypical lipomatous tumor, a cancer of con-
nective tissues. It is also for the first time that genes outside of the
vitamin D metabolism pathway have been revealed, improving our
understandings to the genetic architecture of serum 25(OH)D home-
ostasis.

While a majority of the current GWASs in circulating vitamin D
levels have been conducted in Caucasian adults, a few studies have been
carried out with specific focus on Hispanics, Asian Indians, children and
women [30–33]. These studies, however, were all based on small
sample sizes ranging from several hundreds to thousands, and lacked
proper replications, precluding significant findings. For example, a
GWAS conducted in 1190 Hispanic participants has identified sugges-
tive associations at A2BP1 and GPR114 for 25(OH)D, as well as at DAB1
and MLL3 for 1,25(OH)2D, none reached genome-wide significance in
the replication sample [30]. Similarly, a GWAS comprised of 1387 In-
dian subjects followed by 2151 replication samples has identified 24
putative SNPs in the discovery stage, yet only 1 novel locus at chro-
mosome 20 (FOXA2/SSTR4) has been replicated [32]. For GWAS re-
stricted to Caucasian women and children, no genomic regions other
than those previous reported loci has been identified, probably due to
limited power [31,33]. Large-scale collaborations are warranted to
elucidate the genetic basis of circulating vitamin D for under-
represented populations such as minorities, women and children, whom
might be benefited to a greater extent in terms of risk predictions and
personalized dietary recommendations. A summary of the hitherto
genome-wide scans performed in circulating vitamin D levels was
shown in Table 2.

Despite the enormous progress in GWAS of vitamin D, common
genome-wide SNPs (with minor allele frequency > 5%) have collec-
tively only accounted for a small proportion of phenotypic variance.
Jiang et al. has calculated the heritability using SNPs all over the
genome, and reported a SNP-heritability for 25(OH)D of 7.5% [29], an
estimate far lower than the traditional twin and familial studies. Other
than the possibility that estimates from twin studies are inflated, this
gap may reflect the proportion of heritability explained by rare SNPs or
structural variants that have not been tagged by GWAS data, as well as
gene-gene interactions that remain to be identified. We anticipate that
additional studies involving large global collaborative efforts, such as
the release of UK Biobank GWAS data on more than half a million in-
dividuals in the near future, would help solve part of this missing
heritability issue.

4.3. Whole genome sequencing

To the best of our knowledge, to date, only one study has examined
the effect of low-frequency (MAF < 5%) and rare variants
(MAF < 1%) in 25(OH)D, using whole-genome sequencing data from
2619 individuals through the UK10K program, and deep-imputation
data from 39,655 individuals with genome-wide genotypes [34]. Meta-
analysis across the 19 participating cohorts has identified a low-fre-
quency synonymous coding variant at CYP2R1 (MAF=2.5%,
rs117913124). This SNP confers a large effect on 25(OH)D levels,
which is four times stronger and independent of the effect of a previous
reported common SNP at CYP2R1 (rs10741657). This SNP has also
been found to increase the risk of vitamin D insufficiency by 2-folds, a
magnitude that achieves clinically relevant degree. These results, to-
gether with previous GWASs findings, are consistent with an oligoge-
netic architecture for vitamin D, that is, vitamin D is influenced by a
few genetic variants, some of which have comparatively large effects,
thus indicating an oligo-genic feature [35].

However, we caution that the GWAS and sequencing studies are
relatively small, and more variants may yet be found in future studies.
Moreover, in the one WGS study to date, the subjects in the UK10K
sample were sequenced to a relatively low read depth of 6.7×, and
imputation was performed using older reference panels. We expect that
the power to capture very rare variants could be enhanced when large-
scale, high read depth sequencing studies could be conducted in the
future.

5. Mendelian randomization

The role of vitamin D beyond its importance for bone health is
under much debate. Accumulating evidence for an association between
vitamin D deficiency and various health related outcomes has been
revealed from epidemiological investigations. The observational nature
of these studies, however, hinders causal interpretation, as the validity
of results could be plagued by measurement error, confounding and
reverse causality (i.e. if 25(OH)D is measured close to when preclinical
changes of diseases have already started). Although the effect of cir-
culating 25(OH)D on disease risk can be demonstrated by traditional
randomized controlled trials (RCT), large-scale RCTs of vitamin D
supplementation are not currently widely available due to their high
cost and long duration. For example, so far there are only two com-
prehensive ongoing trails involving both men and women, the “VITAL”
RCT launched in 2010 that enrolled 25,871 participants [36] and the
“D-Health” RCT launched in 2014 that recruited 21,315 individuals
[37]. Both RCTs will be followed by years before they can provide any
evidence on the role of vitamin D in health outcomes (VITAL is about to
be completed later 2018, and D-Health is still ongoing). Yet, both RCTs
are likely to be underpowered given the relatively low incidence of
certain endpoint phenotypes such as cancers.

The current genetic discoveries in 25(OH)D may help disentangle
the causal relationships between vitamin D and other traits through
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Mendelian Randomization (MR), an approach that uses genetic variants
as instrumental variables (IV) for assessing the causal effect of a risk
factor on an outcome from observational data [38]. Under certain as-
sumptions, an un-confounded estimate of the causal effect of an ex-
posure on an outcome can be made using the observed IV-exposure and
IV-outcome associations [39]. Although the assumptions underlying the
validity of MR estimates are often unverifiable, a series of recent papers
have proposed sensitivity analyses to test the robustness of MR results
when the assumptions fail [40].

Despite the well-established role of vitamin D deficiency in bone
health, current MR analyses have not provided any evidence for a ge-
netically predicted level of 25(OH)D to be associated with neither bone
mineral density (BMD) nor bone metabolism markers [41–43]. One of
the largest studies, used GWAS summary statistics based on 32,965
individuals from the Genetic Factors for Osteoporosis Consortium, and
142,487 individuals from the UK Biobank, and used the previous
identified 4 loci as IVs, found that genetically predicted 1 standard
deviation increment of 25(OH)D was not associated with higher fe-
moral neck BMD (change per SD=0.02, p=0.37) or lumber spine
BMD (0.02, p= 0.49), and only suggestively with estimated BMD
(−0.03, p=0.02), which did not pass multiple correction [42]. It is
argued by the authors that the null findings are probably due to the
inclusion of generally health-conscious and healthy adults, among
whom, the prevalence of vitamin D deficiency is low; and accurate
cutoffs for vitamin D deficiency should be defined. Similarly, a recent
published MR leveraging GWAS summary-level data on a discovery set
of 37,857 fracture cases and 227,116 controls, with replication in up to
147,200 fracture cases and 150,085 controls, did not find genetically
predicted vitamin D levels to be linearly associated with increased
fracture risk (OR per SD decrease= 0.84 (0.70–1.02), p= 0.07) [44].
For a detailed and in-depth overview of MR studies in the bone field,
please read the review written by Susanna Larsson (published in the
same issue).

Similarly, in cancer, only one MR study, involving GWAS summary
statistics based on 10,065 ovarian cancer cases and 21,654 controls, has
reported a potential causal effect of vitamin D. The odds ratio for epi-
thelial ovarian cancer risk was estimated to be 1.27 (1.06–1.51) per
20 nmol/L decrease in 25(OH)D concentration, and for high-grade
serous subtype the risk was 1.54 (1.19–2.01) [45]. These results are in
line with a Danish MR study which demonstrated a causal effect of low
circulating 25(OH)D with cancer-specific mortality at a borderline
significance [1.03 (1.00–1.06)] [46]. However, in that Danish study,
only two loci (DHCR7 and CYP2R1) instead of the four known loci were
selected. In addition, none of the MR studies conducted in other cancer
types (with comparable sample sizes as the aforementioned ovarian
cancer) is able to detect any significant effect of 25(OH)D, including
breast, prostate, colorectal, lung, pancreatic, oral, glioma, neuro-
blastoma and non-melanoma skin cancer [47–53]. These results suggest
that although a very small causal effect of 25(OH)D on malignant dis-
eases cannot be ruled out, the potential benefits of 25(OH)D on low-
ering cancer risk might be limited.

Likewise, the causal link of vitamin D with metabolic traits or dis-
eases remains also unclear. To date, only one MR study has reported
that each 10% increase in genetically instrumented 25(OH)D was as-
sociated with a change of 0.029mmHg in diastolic blood pressure, and
an 8.1% decreased OR of hypertension [0.92 (0.87–0.97)] [54]. An-
other MR study has found a 50% decrease in genetically predicted
25(OH)D to be associated with a 6.0% (p=0.001) lower high-density
lipoprotein levels [55]. No obvious effect of genetically predicted vi-
tamin D level has been found for type 2 diabetes [56,57], BMI [58],
cardiovascular diseases [59–61] or other metabolites [62–64].

A more solid causal role for vitamin D has been found in multiple
sclerosis (MS), an autoimmune neurodegenerative disorder. Three in-
dependent MR studies have consistently identified an association be-
tween genetically predicated 25(OH)D and MS. The first study con-
ducted by Mokry et al. used the four SUNLIGHT GWAS-identified SNPsTa
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(from year 2010), and GWAS summary data from the International
Multiple Sclerosis Genetic Consortium [65]. MR analysis revealed that a
standard deviation decrease in natural log-transformed 25(OH)D levels
doubled the risk of MS [OR=2.02 (1.65–2.46); p= 7.72×10−12].
Another group conducted MR analyses in two different populations, the
Kaiser Permanente Medical Care Plan in Northern California (KPNC)
and two Swedish case-control studies [66]. The combined populations
included 7391 MS cases and 14,777 controls. The authors calculated a
weighted genetic score for each individual based on the number of
25(OH)D increasing alleles at three different loci (GC, DHCR7 and
CYP2R1). Meta-analysis across both populations showed that an in-
creased genetic score was protective against MS [OR=0.85
(0.76–0.94); p= 0.003]. Similarly, an increase in the same genetic
score was also associated with a decreased risk of pediatric-onset MS
[OR=0.72 (0.55–0.94); p= 0.02] in a study of 569 cases and 16,251
controls [67]. Moreover, Individuals carrying one copy of the rare
variant (CYP2R1 rs117913124_A) as identified by Manousaki et al. also
had increased risk of multiple sclerosis (OR=1.4, 95% CI=1.19–1.64,
p=2.63×10−5) in a separate sample of 5927 MS case and 5599
control subjects [34]. Consistent with these results, and using data from
the International Genomics of Alzheimer's Project, Mokry et al. further
found that a standard deviation decrease in natural log-transformed
25(OH)D levels increased the risk of Alzheimer's disease
[OR=1.25(1.03–1.51), p= 0.02] [68]. Similar findings on the Alz-
heimer's disease were further confirmed by Larsson et al. using the 6
newly identified vitamin D index SNPs [OR=1.16(1.06–1.28),
p= 0.002] [69]. However, no significant finding has been revealed for
other autoimmune disease such as asthma [70–72], rheumatoid ar-
thritis [73,74], or other neurodegenerative disorder such as Parkinson's
disease [75] or cognition status [76–78].

Nearly all outcomes assessed by MR studies of vitamin D have been
negative. This is inconsistent with many observational studies, which
may be affected by residual confounding. However, findings from MR
studies need to be interpreted in the context of other evidence related to
the particular issue under investigation. While these results may help to
prevent costly RCTs that would be paid for by publicly funded agencies,
it also could help to prioritize the most promising target diseases for
vitamin D intervention. It is however, also worth noting that among
almost all MR studies conducted to date (findings summarized in
Table 3, significant findings summarized in Fig. 1), only four genetic
variants (rs2282679, rs12785878, rs6013897 and rs10741657 identi-
fied by the 2010 SUNLIGHT meta-GWAS) or even fewer were used to
build the instrument. The recent identification of two novel genetic loci
associated with circulating 25(OH)D level, as well as the rapidly ac-
cumulating GWAS data for various disease endpoints of interest, pro-
vide an exceptional opportunity to re-evaluate the casual effect of
25(OH)D by incorporating additional genetic variants which, would
provide an improved instrument strength and accuracy of estimation.

6. Challenges and future directions

Recent GWAS have shed light on the role of genetic variants in vi-
tamin D regulation, suggesting a relatively modest SNP-heritability rate
of 25(OH)D when considering only common variants. The marked gap
between estimated SNP-heritability and twin-heritability are likely to
be narrowed with the identification of rare or structural variants, as
well as gene-gene interactions that remain to be identified. Well-pow-
ered population-based exome sequencing and whole genome sequen-
cing studies are needed to uncover the role of low-frequency and rare
variants in vitamin D. Larger GWAS, for example the emerging UK
Biobank data, are still likely to identify new promising susceptibility
loci which could improve our understanding to the genetic regulation of
serum vitamin D homeostasis. An important public health message
conveyed by the past genetic studies is that despite variation in 25(OH)
D by common genetic loci, exposure to sunlight and intake of supple-
ments remain as the key determinants of vitamin D status.Ta
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The results of genetic studies are useful in several aspects. First of
all, individual response to vitamin D administration has been demon-
strated to be highly variable. Women in general show a lower level of
serum vitamin D than men. It remains challenging to efficiently identify
individuals who are predisposed to vitamin D deficiency and would
benefit most from supplements. The novel susceptibility loci could help
improve prediction power of genetic risk score and hence contribute to
screening, personalized risk prediction and targeted intervention.
Moreover, with the release of several high-quality functional annota-
tions into the public domain and the development of novel analytical
methods tailored to genomic data (for example, LD score regression
[79,80], LD-hub etc. [81]), we are now not only able to quantify the
genetic correlation between traits, but also analyze the component of
SNP-heritability to unravel the functional architecture of these complex
traits. Jiang et al. have observed a significant enrichment of 25(OH)D
heritability in immune and hematopoietic tissues, as well as the clus-
tering of 25(OH)D with autoimmune diseases, indicating a shared ge-
netic basis between these traits and informs a potential direction for
future studies. Finally, MR of vitamin D is tremendously important to
the field of vitamin D research because RCTs generally will not be done
for many diseases and particularly those which are uncommon or have
a long lag-time in onset. GWAS findings have provided an un-
precedented opportunity to understand a putative causal relationship
between vitamin D and diseases through Mendelian randomizations,
the results of which, contribute significantly to prevention and drug
development. We expect some of the ambiguous causal links between
vitamin D and diseases can become apparent when large-scale GWAS
continue to increase the number of instruments and precision of esti-
mation.

While acknowledging these advances, we will conclude our review
by summarizing challenges. Although in principle gene-gene and gene-
environment interactions help identify potential biological mechanisms
underlying complex traits, and a large number of methods have been
developed to detect these interactions, none have yet to be discovered
in vitamin D genetics [82]. Two studies have searched for gene-by-diet
interaction in vitamin D but did not discover any significant effects. For
example, Jiang et al. examined G-by-E effect for the 6 GWAS-identified
significant SNPs from the main association analysis, and except for the
lead SNP in CYP2R1 showing nominal significance for interaction with
dietary vitamin D intake (rs10741657, p= 0.028), no interactions were
observed for other SNPs [29]. Manousaki et al. hypothesized that car-
riers of CYP2R1 low-frequency allele might respond poorly to vitamin D
replacement therapy and tested it in G-by-E analysis, yet no convincing
evidence for interaction was found (p=0.60) [34]. It has long been
recognized that studies of gene-environment interactions are generally
underpowered, whose statistical power is highly dependent on the
variance of exposure. There are several obvious barriers to the identi-
fication of interaction effects [82], for example, measurement errors in
dietary data is common, and interaction is limited by time difference
between the assessment of dietary intake and measurement of 25(OH)D
levels. While one cannot completely rule out the possibility of modest
interaction, future work is needed to capture such effects. Notwith-
standing the massive investment in large-scale GWASs and emergence
of whole genome sequencing data for vitamin D, a majority of these
studies are performed exclusively among Caucasians, limiting the
generalizability of findings. It will be of great importance to explore the
genetic determinants of vitamin D among non-Europeans in the future.

Fig. 1. Putative causal relationships between circulating vitamin D levels and health outcomes. Only significant findings from published Mendelian randomizations
(MR) were plotted. There is little evidence in support for a causal link between vitamin D and bone mineral density, caries experience; malignant diseases such as
breast, colorectal, prostate, lung, pancreatic, oral cancers, neuroblastoma, or glioma; inflammatory diseases such as asthma, or rheumatoid arthritis; metabolic traits
such as type 2 diabetes, heart disease, fatty liver disease, or levels of small metabolites; cognitive features or Parkinson's disease. For details of all MR studies please
see Table 3. *Estimates are Odds ratios for overall ovarian cancer, high grade serous ovarian cancer, multiple sclerosis, pediatric multiple sclerosis, hypertension and
Alzheimer's disease; hazard ratios for all-cause mortality and cancer specific mortality; beta-coefficients (% increase) for systolic blood pressure, diastolic blood
pressure and high-density lipoprotein-cholesterol.
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