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Genome-wide Association Study
for Vitamin D Levels Reveals 69 Independent Loci

Despoina Manousaki,1,2,10 Ruth Mitchell,3,10 Tom Dudding,3,4 Simon Haworth,3,4 Adil Harroud,5

Vincenzo Forgetta,2 Rupal L. Shah,6 Jian’an Luan,6 Claudia Langenberg,6 Nicholas J. Timpson,3

and J. Brent Richards1,2,7,8,9,*

We aimed to increase our understanding of the genetic determinants of vitamin D levels by undertaking a large-scale genome-wide as-

sociation study (GWAS) of serum 25 hydroxyvitamin D (25OHD). To do so, we used imputed genotypes from 401,460 white British UK

Biobank participants with available 25OHD levels, retaining single-nucleotide polymorphisms (SNPs) with minor allele frequency

(MAF) > 0.1% and imputation quality score > 0.3. We performed a linear mixed model GWAS on standardized log-transformed

25OHD, adjusting for age, sex, season of measurement, and vitamin D supplementation. These results were combined with those

from a previous GWAS including 42,274 Europeans. In silico functional follow-up of the GWAS results was undertaken to identify enrich-

ment in gene sets, pathways, and expression in tissues, and to investigate the partitioned heritability of 25OHD and its shared herita-

bility with other traits. Using this approach, the SNP heritability of 25OHDwas estimated to 16.1%. 138 conditionally independent SNPs

were detected (p value < 6.6 3 10�9) among which 53 had MAF < 5%. Single variant association signals mapped to 69 distinct loci,

among which 63 were previously unreported. We identified enrichment in hepatic and lipid metabolism gene pathways and enriched

expression of the 25OHD genes in liver, skin, and gastrointestinal tissues. We observed partially shared heritability between 25OHD and

socio-economic traits, a feature which may be mediated through time spent outdoors. Therefore, through a large 25OHD GWAS, we

identified 63 loci that underline the contribution of genes outside the vitamin D canonical metabolic pathway to the genetic architec-

ture of 25OHD.
Introduction

Vitamin D status, as ascertained by 25-hydroxy-vitamin D

level (25OHD), is associated with numerous health out-

comes.1 However, it is unclear whether lowered 25OHD

level plays a causal role in these outcomes and its exact

biological mechanisms of action remains unknown.2,3

25OHD is a steroid pro-hormone and a fat-soluble metab-

olite of cholecalciferol, which is predominately synthe-

sized by exposure to ultraviolet light or obtained from

dietary sources including fortified foods, supplements,

and oily fish. It plays an important role in regulating cal-

cium and phosphorus concentrations, influences cell

proliferation, differentiation, and apoptosis, and has im-

mune-modulating effects.4 Understanding the etiology of

low vitamin D levels could have important public health

implications by prioritizing individuals who would benefit

from supplementation. The body’s vitamin D stores are

best reflected by serum 25OHD which is influenced not

only by diet and exposure to ultraviolet light, but also by

age, body mass index, skin color, and numerous factors

regulating exposure to ultraviolet B radiation (including

season, geographical latitude, skin coverage).5,6 In addi-

tion to these environmental factors, classical twin studies
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show that 50%–80% of the variability in the concentration

of 25OHD is explained by genetic factors7,8 indicating that

this is a highly heritable trait.

In recent years, several genome-wide association studies

(GWASs) of serum 25OHD have been conducted on partic-

ipants of Europeans ancestry, with the largest including

79,366 individuals.9 These studies have identified six com-

mon genetic variants (minor allele frequency [MAF] > 5%)

that are associated with 25OHD level.9–12 These variants

are in loci near genes having an established role in

vitamin D synthesis (DHCR7/NADSYN1 [MIM: 602858]

[rs12785878] and CYP2R1 [MIM: 608713] [rs10741657]),

transportation (GC [MIM: 139200] [rs2282679]), and

degradation (CYP24A1 [MIM: 126065] [rs17216707]), as

well as outside of known vitamin D metabolism pathways,

such as SEC23A (Sec23 homolog A, coat protein complex II

component [MIM: 610511] [rs8018720]), involved in

endoplasmic reticulum (ER)-Golgi protein trafficking,

and AMDHD1 (amidohydrolase domain containing 1

[rs10745742]) an enzyme involved in the histidine, lysine,

phenylalanine, tyrosine, proline, and tryptophan catabolic

pathway.9 Additionally, a low-frequency genetic variant

(MAF < 5%) at CYP2R1 (rs117913124), with a 4-fold larger

effect than common variants at that locus, was identified
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Figure 1. The Vitamin D Metabolic Pathway
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through whole-genome sequencing and deep imputation

for low-frequency and rare variants.12

An improved understanding of the genetic determinants

of 25OHD has helped re-assess the role of vitamin D in the

etiology of complex diseases, such as musculoskeletal

disorders,1 autoimmune disease such as multiple scle-

rosis,13–23 and cancer,24 through methods for causal infer-

ence, such as Mendelian randomization (MR).25,26 For

example, four separate MR studies have supported a

protective effect of vitamin D against multiple scle-

rosis,12–14,27 and these results have clinical implications,

reflected in recent clinical care guidelines for the use of

vitamin D in preventing multiple sclerosis in those at

risk, published by the MS Society of Canada.28 More than

60 MR studies have been published to date utilizing ge-

netic variants associated with 25OHD to aid causal effect

estimation.29–46 A deeper understanding of the genetic de-

terminants contributing to variation in circulating vitamin

D levels could enable an improved instrumentation of

vitamin D in MR studies, allow better genomic prediction

of vitamin D levels and provide insights into biological

mechanisms.

Although the most recent 25OHD GWAS study on

79,366 Europeans9 had doubled the sample size of the

previous GWASs, it yielded only two new 25OHD loci

(SEC23A and AMDHD1), indicating that 25OHD may be

a metabolite with a moderately polygenic architecture. In

the same study, little of the 25OHD heritability estimated

using all common SNPs was explained (SNP heritability

of 7.5%), suggesting that much of its heritability remains

to be identified. Against this backdrop, we sought to

further understand the phenotypic variance explained by

genetic variants and to investigate the genetic architecture

of 25OHD by substantially increasing the GWAS sample

size.

We hypothesized that we could identify new genes en-

coding enzymes, or carrier proteins affecting the levels of

this metabolite, unveiling a more polygenic architecture.
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We therefore undertook a GWAS of serum 25OHD levels

in 401,460 white British individuals from UK Biobank

and combined results of this GWAS in a meta-analysis

with results from a previous GWAS study including up to

42,274 Europeans. Using this approach, we validated pre-

viously described 25OHD loci and identified genetic deter-

minants of vitamin D. To gain further insight into the

genetic control of the vitamin D metabolic pathway, we

looked for overlap of our findings with those of an unpub-

lished GWAS on 1,25-dihydroxyvitamin D, the active form

of vitamin D, which is downstream of 25OHD in the

vitamin D metabolic pathway (Figure 1). We assessed the

identified lead 25OHD variants for interaction with season

of 25OHD measurement. Finally, we undertook an in silico

functional follow-up of our GWAS findings to identify en-

richments in gene sets, pathways, and expression in tissues

and explore the partitioned heritability of 25OHD and its

shared genetic architecture with other GWAS traits.
Material and Methods

Phenotypes
Between 2006 and 2010 approximately half a million British

adults were recruited by UK Biobank.47 Participants provided bio-

logical samples, physical measurements, and answered question-

naires relating to general health and lifestyle. Ethical approval

was granted by the Northwest Multi-Centre Research Ethics Com-

mittee, and informed consent was obtained from all participants

prior to participation.

Data on 25OHD level (in nmol/L) measured using the Diasorin

assay were available from 465,415 samples, representing

449,978 UK Biobank participants. Measurements were performed

at baseline (2006–2010) and/or the first follow-up visit (2012–

2013). In the present study, we used baseline 25OHD measure-

ments from 401,460 individuals from the white British subset of

UK Biobank, as defined below. To account for vitamin D supple-

ment use, we adjusted 25OHD levels by subtracting 21.2 nmol/L

from the 25OHD measurement in 24,874 vitamin D supplement

users, representing 6% of our study cohort (see Supplemental
0
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Material and Methods for definition of vitamin D supplementa-

tion). We used 21.2 nmol/L because it is the mean increase in

25OHD levels conferred by taking daily 400 IU of cholecalciferol,

the amount of vitamin D most often found in vitamin D supple-

ments.48 In 3,057 participants treated with vitamin D supple-

ments, 25OHD levels were lower than 10 nmol/L (the detection

threshold for Diasorin assay) after subtraction, and thus they

were set to 10 nmol/L. 25OHD levels were then log transformed

and standardized to a mean of 0 and standard deviation of 1

(because of skewness in the distribution of 25OHD levels and to

allow comparison with previous 25OHD GWAS). Distribution of

the 25OHD levels appears in Figure S1.
GWAS
After stringent quality control, the UK Biobank genotypes,

imputed to the combined Haplotype Reference Consortium

(HRC)49 and UK10K haplotype resource panel, provided

20,370,874 genetic variants from the autosomes and the X chro-

mosome to test for their association with 25OHD levels. This qual-

ity control removed low-quality genetic variants by retaining only

SNPs with a minor allele frequency (MAF) > 0.1%, imputation

quality score of > 0.3, and Hardy-Weinberg p > 1 3 10�6. For de-

tails on genotyping and imputation in UK Biobank, see the Sup-

plemental Material and Methods.

To minimize bias from population stratification, an issue which

is particularly relevant in the search for rare genetic variants asso-

ciated with traits and disease,50 analysis was restricted to individ-

uals of white British ancestry, which comprises the largest single

ancestral group represented in the UK Biobank. It is important

to distinguish between the self-identified ‘‘white British’’ in UK

Biobank and the white British subset used in our analysis, where

the latter was defined using a principal component analysis. Spe-

cifically, we previously defined this white British subset using

high-quality genotypes, employing FlashPCA51 and linkage-

disequilibrium-pruned HapMap3 SNPs (MAF > 1%, minor allele

count > 5, Hardy-Weinberg equilibrium p > 1 3 10�6), which

were projected onto previously computed principal components

using the same SNPs set from 1000 Genomes Phase 3 dataset

(n ¼ 2,504).52 Henceforth, whenever the term ‘‘white British’’ ap-

pears in this paper, it refers to the white British subset defined as

above. Details on this analysis are provided in the Supplemental

Material and Methods. Descriptive statistics of this white British

subset of UK Biobank are detailed in Table S1.

We then tested the additive allelic effects of SNPs on 25OHD

levels, using a linear mixed-model in the BOLT-LMM software.53

The model-fitting was performed on hard-called genotypes from

488,377 participants consisting of 803,113 SNPs. Age, sex, season

of 25OHD measurement (as a categorical variable; 1 for winter

[January to March], 2 for spring [April to June], 3 for summer

[July to September], and 4 for fall [October to December]), geno-

type batch, genotype array, and assessment center (as a proxy for

latitude) were included as covariates in the BOLT-LMM. We have

previously estimated that 6.6 3 10�9 is an appropriate p value

threshold for genome-wide significance for analyzing data from

the UK Biobank using the above criteria, accounting for multiple

testing.52
Meta-analysis
We compared the results of the GWAS on UK Biobank to those of a

previous 25OHD GWAS published by our group (n ¼ 42,274 sam-

ples of European ancestry),12 by performing Pearson correlation of
The
the betas of all variants with p values < 1 3 10�6 in both GWASs

using the ‘‘cor.test’’ function in R. We then combined the sum-

mary-level results of the two GWASs in an inverse variance

weighted fixed effects meta-analysis, using the GWAMA54 soft-

ware. Of note, in both GWASs, 25OHD levels were first log-trans-

formed and then standardized to a mean of 0 and a standard

deviation of 1. This approach allowed the inverse variance

weighted meta-analysis of the results. 25OHD levels in both

GWASs were adjusted for age, sex, genotyping center, and season

of measurement. In the earlier GWASs,12 25OHD levels were

adjusted for BMI. Since BMI is a heritable trait, we elected not to

adjust for it in the UK Biobank GWAS, to avoid introducing

collider bias. Also, in the present GWAS on UK Biobank, 25OHD

measures were adjusted for vitamin D supplementation, since

this information was available for all participants, contrarily to

the earlier 25OHD GWAS.

Approximate Conditional Association Analysis
To identify conditionally independent SNPs from this meta-anal-

ysis, we used GCTA-COJO v.1.91.1,55,56 which conditions upon

the lead SNP per locus by approximating the genotype-phenotype

covariance with correlation matrices and summary statistics (Sup-

plemental Material and Methods). Variants with high collinearity

(multiple regression R2 > 0.9) were excluded, and those situated

more than 20,000 pairs away were assumed to be independent.

A reference sample of 50,000 unrelated white British individuals

randomly selected from the UK Biobank was created for a previous

GWAS52 and was used to model patterns of linkage disequilibrium

(LD) between variants. We retained as conditionally independent

variants those reaching a genome-wide significant p value pre- and

post-conditioning and with at least one genome-wide significant

satellite SNP within 250,000 pairs. These variants were then posi-

tionally and functionally annotated to the physically closest gene

using the hg19 gene range list and the Variant Effect Predictor57 as

implemented in PhenoScanner v2.58

Estimation of Variance Explained by Significant Variants

and SNP Heritability
We estimated the proportion of 25OHD phenotypic variance

tagged by all SNPs on the genotyping array (that is, the SNP heri-

tability) using BOLT-REML function53 in the UK Biobank GWAS.

To estimate the variance explained by independent genome-

wide significant SNPs (that is, all the genome-wide significant

conditionally independent lead SNPs), we summed the variance

explained per independent SNP using the formula: variance ex-

plained z2b 2 f(1– f), where b and f denote the effect estimate

and the effect allele frequency of the allele on a standardized

phenotype, respectively.59

Interaction Analysis with Season
25OHD levels are affected by the season of their measurement,

which is a proxy for exposure to UVB. To assess whether there is

an effect modification of the 25OHD SNPs by season, we under-

took an interaction analysis of our conditionally independent

lead SNPs with season of 25OHD assessment in UK Biobank. First,

we visually inspected the mean 25OHD concentrations per season

(Figure S2), and we selected two discrete seasons in order to opti-

mize the comparisons between seasons with higher and lower

mean 25OHD levels: ‘‘winter’’ individuals assessed January-March

(n ¼ 98,674) and ‘‘summer’’ individuals assessed July-September

(n ¼ 95,135). Individuals with vitamin D levels assessed in spring
American Journal of Human Genetics 106, 1–11, March 5, 2020 3
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(April-June) and fall (October-December) were not included in

these analyses. Linear regression was conducted under an additive

genetic model. The following variables and co-variables were

included in the model: standardized log-transformed serum

25OHD adjusted for vitamin D supplementation as the dependent

variable; SNP genotype (coded as 0, 1, or 2) as an independent var-

iable; SNP (genotype)* season of 25OHDmeasurement (coded as a

binary variable: 0 for winter and 1 for summer) as an interaction

term; and age, sex, and season of 25OHD measurement as covari-

ates. p values below a Bonferroni-corrected threshold (0.05/num-

ber of COJO-independent SNPs tested for interaction) for the

interaction term implied a significant interaction between season

and the tested SNP.
Assessment of Inflationary Bias in GWAS Results
By estimating the lambda GC and the LD score regression (LDSR)

intercept, BOLT-LMM software estimated the amount of genomic

inflation present in the data that was due to residual population

stratification, cryptic relatedness, and other latent sources of bias

in the UK Biobank GWAS. We used the lambda GC from GWAMA

to estimate the genomic inflation in the meta-analysis of the UK

Biobank GWAS and compared this with the previous GWAS

meta-analysis.12
In Silico Functional Follow-up
Functional follow-up of the meta-analysis summary statistics was

performed using Complex Trait Genomic-Virtual Lab60 web appli-

cation, which implements a variety of follow-up methods for

GWAS summary statistics output from the COJO analysis (Supple-

mental Material and Methods). In brief, association between

predicted gene transcription and 25OHD was estimated using

S-MultiXcan61 in the MetaXcan package with the default options

implemented. Association statistics for the 48 tissues were com-

bined accounting for correlation between tissues to give tran-

script-level results, and a Bonferroni correction was applied to

account for the number of gene transcripts tested. Gene prioritiza-

tion and gene set and tissue enrichment analysis were performed

using DEPICT (Data-driven Expression-Prioritized Integration for

Complex Traits)62,63 to identify likely causal genes at associated

loci, highlight gene pathways which are over-represented by asso-

ciated loci in the single variant results, and test whether expres-

sion of these genes is enriched in specific tissue types. Genetic

correlation between 25OHD and a range of other traits available

as publicly available GWAS summary statistics was examined us-

ing bivariate LDSR64 implemented in the LD Hub platform.65

Finally, partitioned heritability by functional annotation with

53 overlapping categories was performed using stratified LDSR

using the baseline model from 1000 Genomes phase 3 data

(baselineLD_v2.2, February 2019).64,66 Cell-specific heritability

was examined using the –h2-cts flag in LDSR and the multi-tissue

gene expression file (‘‘Multi_tissue_gene_expr’’ containing both

GTEx data and Franke lab dataset of microarray gene expres-

sion).65 These final two analyses were restricted to common vari-

ants present in HapMap3 (approximately 1,500,000 SNPs),

excluding those within the HLA region defined as Chr6:

25,000,000 to 34,000,000 bases inclusive.
GWAS on 1,25-dihydroxyvitamin D
Study Participants, Genotyping, and Imputation

The Ely Study, established in 1990, is a prospective study of the

etiology of type 2 diabetes and has been described in detail else-
4 The American Journal of Human Genetics 106, 1–11, March 5, 202
where.67,68 We studied Ely participants with measures of 1,25-di-

hydroxyvitamin D to estimate genetic effects the active form of

vitamin D. Briefly, Ely comprises individuals of European ancestry

aged 40–69 years, registered at a single medical practice in Ely,

Cambridgeshire, UK and evaluated in three phases. All partici-

pants of the Ely Study gave their written informed consent and

the studywas approved by the local ethics committee. Participants

at phase 3 were genotyped using the HumanCoreExome-24 and

InfiniumCoreExome arrays. Details of the genotype quality con-

trol appear in Supplemental Material and Methods. A total of

1,591 samples and 546,486 variants met the quality-control

criteria. Imputation was performed using the Sanger Imputation

Server (pre-phase with EAGLE2 and impute with PBWT pipeline)

and the HRC 1.1 reference panel.49 Additional variants not

captured by the HRC reference panel were imputed using a com-

binedUK10K and 1000Genomes Phase 3 reference panel resulting

in data available for >14 million variants.

1,25-dihydroxyvitamin D Phenotype and Look-up for the 25OHD

Conditionally Independent SNPs

Phase 1 1,25-dihydroxyvitamin D levels and genetic data were

available for 748 Ely participants. Levels of 1,25-dihydroxyvitamin

D were natural log transformed before regressing with the inclu-

sion of age, sex, body mass index, and season as covariates.

Residuals from the regression were standardized and used as the

final 1,25-dihydroxyvitamin D phenotype. Genetic association

analysis was performed for the conditionally independent variants

from the 25OHD GWAS meta-analysis using SNPTEST v2.5.4-

beta3.69 Bonferroni adjustment was applied to association test

p values such that variants with GWAS p values < 4.10 3 10�4

(0.05/122) were considered to meet the corrected significance

threshold.
Results

GWAS for 25OHD Levels

The GWAS in UK Biobank included 401,460 participants

and 20,370,874 variants. The genomic control lambda in

BOLT-LMM was 1.23, and the LDSR intercept was 1.06

(Figure S3). We found a strong correlation between the ef-

fect sizes of the UK Biobank GWAS with our previous

GWASmeta-analysis.12 Specifically, we compared the betas

of 20,787 SNPs achieving p values < 1 3 10�6 in both

GWASs (minimum MAF 0.3%) and found a coefficient of

correlation (r) of 0.88 (Figure S4). We then performed a

meta-analysis of the two GWASs on a total of 16,668,957

SNPs (Figure 2). The lambda GC of the meta-analysis

was 1.23. Using approximate conditional analysis as im-

plemented by GCTA-COJO, we observed 138 conditionally

independent signals (pre- and post-conditioning p value <

6.6 3 10�9), mapping to 69 loci (a locus was defined as

1 Mb region around the SNP reaching the lowest p value),

63 of which were not reported in previous 25OHD GWASs

(Table S2). Of these conditionally independent SNPs,

53 (38%) had MAF < 5% and 85 (62%) were common

(MAF R 5%). The 53 SNPs with MAF < 5% conferred an

average absolute effect of 0.23 standard deviations on stan-

dardized log transformed 25OHD levels per effect allele,

compared to 0.03 standard deviations of the 85 SNPs

with MAF R 5% (Figure S5).
0



Figure 2. Genome-wide Association of 25OHDGraphed by Chromosome Positions and�log10 P Value (Manhattan Plot), and Quan-
tile-Quantile Plot of the GWAS Meta-analysis (QQ-plot) on 443,374 European Individuals
(A) Manhattan plot: The p values were obtained from the fixed-effects inverse variance weighted meta-analysis. Horizontal red dash line
represents the thresholds of p ¼ 6.6 3 10�9 for genome-wide significance. Known loci were colored coded as blue diamonds, novel rare
loci were color coded as red diamonds, and novel common loci were color coded as white diamonds.
(B) QQ-plot: The y axis (observed�log10 p values) is truncated at 310; the x axis shows the expected�log10 p values. Each SNP is plotted
as a blue dot, and the dash red line indicates null hypothesis of no true association. Deviation from the expected p value distribution is
evident only in the tail area, with a lambda of 1.23. Note: Known is defined as having been identified in previous 25OHDGWAS; novel is
defined as not having been identified in previous 25OHD GWASs.
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The total variance explained by the 138 conditionally in-

dependent genome-wide significant vitamin D SNPs was

4.9%. When partitioning the variance explained by these

lead SNPs into two MAF categories, we found that low-fre-

quency and rare variants explained 1.8% of the variance in

25OHD levels, whereas common variants explained 3.1%

of the variance, respectively. The SNP heritability from all

SNPs, independent of GWAS p value, as estimated by

BOLT-LMM on 805,426 hard called variants in UK Biobank

was 16.1%, indicating that genome-wide significant inde-

pendent variants capture less than a third of the variance

explained in 25OHD levels by all directly genotyped

markers.

Look-up of the 25OHD GWAS Variants in the 1,25-

dihydroxyvitamin D GWAS

We tested 122 out of the 138 conditionally independent

variants from the 25OHD GWAS for genetic association

with 1,25-dihydroxyvitamin D. The 16 variants that were

not tested were not available in the Ely dataset, either

because they were not reliably captured through imputa-

tion or had low MAF (<0.001), and no suitable proxy

variant could be identified. Among the 122 conditionally

independent variants tested in Ely for association

with 1,25-dihydroxyvitamin D, only one rs6127099

in the CYP24A1 locus on chromosome 20 reached the

multiple testing corrected threshold for significance

(20:52731402:T_A; b ¼ 0.231; p ¼ 2.5 3 10�4) (Table S2).

Finally, among the 122 SNPs, 74 SNPs had a consistent di-

rection of effect on 25OHD and on 1,25-dihydroxyvitamin

D levels.
The
Interaction Analysis with Season

To investigate the hypothesis that the effect of some of the

25OHD variants is modified by season of measurement, we

tested the presence of interaction of the 138 conditionally

independent variants with season in 193,809 white British

participants, whose 25OHD levels were assessed in sum-

mer or in winter. We found significant interaction with

season in 11 independent SNPs in the CYP2R1 locus on

chromosome 11 and in a single variant in the SEC23A lo-

cus on chromosome 14 (all p values below the Bonfer-

roni-corrected threshold of 3.6 3 10�4) (Table S2). The

strongest interaction was found for rs117913124 (p value

for interaction 1.53 10�55), a previously described low-fre-

quency variant in CYP2R1 with large effect on 25OHD

levels (absolute GWAS beta per allele of 0.35 units in stan-

dardized log-transformed 25OHD). For all 12 SNPs

achieving significant interaction p values, the direction

of the beta for the interaction term genotype*season sum-

mer was in the same direction as the direction of the beta

on 25OHD levels, meaning that the vitamin D lowering ef-

fect of these SNPs ‘‘blunts’’ the expected increase in

25OHD in summer.

In Silico Functional Follow-up

Gene Prioritization and Enrichment Analyses

Gene prioritization analysis suggested 70 genes with false

discovery rate (FDR) < 5% which might plausibly underlie

the distribution of association statistics seen in the single

variant results. At many loci, genes within the vitamin D

metabolism pathway were suggested as plausible candi-

dates. For example, DEPICT prioritized DHCR7 at the
American Journal of Human Genetics 106, 1–11, March 5, 2020 5



Figure 3. Effect of Predicted Increased Transcription of All
Genes on Circulating Vitamin D
Each dot represents the effect of increased transcription (averaged
across all tissue-specific predictions using S-MultiXcan) on
25OHD.
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lead associated chr11:70,313,961–71,239,227 locus and

GC at chr4:72,607,410–72,669,758 locus. Interestingly,

ADH6 (MIM: 103735) was a plausible candidate at locus

chr4:99,916,771–100,274,184, suggesting this locus may

have pleiotropic effects on vitamin D and alcohol meta-

bolism (Table S3).

Gene set enrichment analysis identified enrichment in

418 pre-defined gene sets with FDR < 5%. The strongest

statistical evidence for enrichment was in the following

gene sets: the alpha-2-HS Glycoprotein (AHSG), a nega-

tively charged serum glycoprotein that is synthesized by

hepatocytes involved in several processes, including endo-

cytosis, brain development, and the formation of bone tis-

sue (p ¼ 4.18 3 10�7); the reactome gene set for ‘‘meta-

bolism of lipids and lipoprotein’’ (p ¼ 7.91 3 10�7);

several genes involved in immune pathways and therefore

expressed in the blood such as ‘‘Elastase, Neutrophil Ex-

pressed (ELANE)’’ (p ¼ 8.43 3 10�7); the ‘‘Serum albumin

(ALB)’’ (p ¼ 1.193 10�6), ‘‘Acidic form of complement fac-

tor 4 (C4A)’’ (p ¼ 1.51 3 10�6), and ‘‘ENSG00000211949’’

gene sets, belonging to the immunoglobulin (Ig) heavy

chain locus (p ¼ 1.51 3 10�6); biosynethic pathways

such as ‘‘GO:0044283, small molecule biosynthetic pro-

cess’’ (p ¼ 1.89 3 10�6), ‘‘GO:0016053, organic acid

biosynthetic process’’ (p ¼ 2.29 3 10�6); ‘‘GO:0046394’’

and ‘‘carboxylic acid biosynthetic process’’ (p ¼ 2.29 3

10�6); and finally liver-associated pathways including

‘‘MP:0000599, enlarged liver’’ (p ¼ 1.33 3 10�6),

‘‘GO:0001889, liver development’’ (p ¼ 3.35 3 10�6),

and ‘‘GO:0061008, hepaticobiliary system development’’

(p ¼ 4.15 3 10�6) (Table S4). Finally, expression

of 25OHD genes was enriched in 17 cell types with an

FDR< 5%, including cell lines representing the liver (hepa-

tocytes, p ¼ 1.63 3 10�6) and skin (keratinocytes, p ¼
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7.73 3 10�3). The tissue-specific analysis found greatest

evidence for enrichment in the liver (p ¼ 1.34 3 10�6)

and the gastrointestinal tract (p ¼ 2.22 3 10�3) (Table

S5), which is in accordance with the fact that 25OHD is

hydroxylated in the liver70 but also conjugates with glucu-

ronide71 and sulfate72 to get excreted in the bile and then

gets reabsorbed by the enterohepatic circulation. Collec-

tively, these findings suggest that detectable serum

25OHD levels are influenced by a range of metabolic pro-

cesses within known physiological pathways, but also

extending beyond the canonical vitamin D metabolic

pathway.

Predicted Gene Transcription Levels

After applying a Bonferroni-corrected multiple testing

threshold (p < 1.94 3 10�6), varying expression levels at

377 gene transcripts were predicted to influence 25OHD,

out of a total of 25,816 that were tested. Results for all

gene transcripts are shown in Figure 3. This indicates

that although there are 69 loci associated with vitamin D

phenotype, there are potentially 377 gene transcripts

across multiple tissues whose expression may influence

vitamin D. The lead associated genetic transcripts using

S-MulTiXcan61 were consistent with the lead association

signals in the single variant results, for example identifying

association at NADSYN1 (MIM: 608285) (Z-test p <

1.81 3 10�309), DHCR7 (Z-test p < 1.15 3 10�245), GC

(Z-test p < 1.81 3 10�309), CYP2R1 (Z-test p ¼
2.85 3 10�277), UGT1A4 (MIM: 606429) (Z-test p ¼
3.25 3 10�34), PADI1 (MIM: 607934) (Z-test p ¼ 3.64 3

10�23). The S-MulTiXcan61 method integrates information

from multiple tissue-specific predictions improving the

statistical power over the single variant method and high-

lights additional transcripts associated with 25OHD, with

the strongest evidence in various forms of Keratin Associ-

ated Protein 5 (KRTAP5 [MIM: 608822]) (Z-test p < 1.81 3

10�309), a protein coding gene involved in keratinization

and has been identified as a potential read through for

NADSYN1. This adds further evidence that 25OHD is

affected through processes beyond the established vitamin

D metabolic pathway. Results are shown in Table S6.

Genetic Correlation

Genetic correlation results for 25OHD were available for

774 traits from the LD hub catalog,65 including 517 raw

traits from UK Biobank and 257 from other GWASs and

consortia (Figure 4). A total of 101 traits passed a multiple

testing corrected Bonferroni p value threshold of p <

6.46 3 10�5. The strongest evidence of negative genetic

correlation with 25OHD were ‘‘Time spent using a com-

puter’’ (rg ¼ �0.22), ‘‘Qualifications: College or University

degree’’ (rg ¼�0.17), and ‘‘Intelligence’’ (rg ¼�0.24). Traits

pertaining to exercise (‘‘Duration of vigorous activity’’ [rg¼
0.22] and ‘‘Number of days/week walked 10þ minutes’’

[rg ¼ 0.18]) had positive genetic correlations with vitamin

D. Traits related to body mass index (BMI) including lipids

and diabetes had a negative correlation: ‘‘BMI’’ (rg ¼
�0.14), ‘‘Triglycerides’’ (rg ¼ �0.25), and ‘‘Type 2 Diabetes’’

(rg ¼ �0.19). A full list of results can be found in Table S7.
0



Figure 4. Genetic Correlation between 25OHD Levels and
GWAS Traits Available within LD Hub
Each dot represented the Rg between 25OHD and an individual
trait. The red dashed line represents the Bonferroni-corrected mul-
tiple testing threshold at the 5% level.
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Tests for Enrichment in Functional Annotations

Using information from all the SNPs in the 25OHD GWAS

summary statistics and modeling LD with the 53 func-

tional categories not specific to any cell type in the baseline

model, there was evidence for enrichment in 3 out of the

95 functional annotations tested. These were annotations

providing evidence for evolutionary conservation with

2% of variants annotated as highly conserved accounting

for 20% of the heritability of vitamin D (9-fold enrichment

over baseline, p ¼ 1.48 3 10�5) (Table S8). There was little

evidence from stratified LDSR66 that vitamin D heritability

is enriched in gene sets expressed specifically in given

cells or tissue types. However, it is worth noting that the

highest LDSR coefficients were seen for genomic regions

specifically expressed in hepatocytes (coefficient ¼
1.17 3 10�8), liver (coefficient ¼ 1.73 3 10�8), and whole

blood (coefficient ¼ 1.16 3 10�8), corroborating the cell-

and tissue-predicted gene enrichment (Table S9).
Discussion

This large-scale GWAS meta-analysis identified 63 genetic

loci which were associated with 25OHD levels in people

of European ancestry and at least doubled the estimate of

SNP heritability of 25OHD levels. Our study also replicated

the6knownvitaminD loci (inornearCYP2R1,DHCR7,GC,

CYP24A1, AMDHD1, SEC23A). In silico follow-up identified

enrichment in gene sets and pathwaysmostly independent

from canonical vitamin D synthesis and metabolism path-

ways. Taken together, these results identify new biological

pathways that influence 25OHD levels and demonstrate

that this metabolite is moderately polygenic.

The large number of low-frequency and rare variants of

large effect among the 138 conditionally independent var-
The
iants of our GWAS is remarkable and suggests that 25OHD

levels have a somewhat distinct genetic architecture when

compared to other common traits. Specifically, the average

absolute effect on 25OHD of the 53 low-frequency and rare

variants was at least 7 times larger than the average effect

of the 85 common SNPs, but their contribution to the ex-

plained variance of 25OHD was smaller than that of the

common SNPs (1.8% versus 3.1%). This is not surprising,

given the limited frequency of these variants in the general

European population. GWASs with larger sample sizes are

needed to further dissect the contribution of rare variants

with large effects versus common variants with small ef-

fects to the variance of 25OHD levels.

The hypothesis-free approach of GWASs has served to

highlight the role of lipid biology in 25OHD levels—a

fat-soluble hormone. Specifically, among the 69 identified

25OHD loci, 22 loci are related to serum lipid phenotypes.

Examples of these loci are the lipase C (LIPC [MIM:

151670]) on chromosome 15, the low-density lipoprotein

receptor (LDLR [MIM: 606945]) and the apolipoprotein

C1 (APOC1 [MIM: 107710]) on chromosome 19, and the

cholesteryl ester transfer protein (CETP [MIM: 118470])

on chromosome 16. Additionally, our gene enrichment

analysis prioritized the metabolism of lipids and lipopro-

tein gene set, and lipid traits were strongly genetically

correlated with 25OHD using LDSR. These findings suggest

that 25OHD levels share several of the same biological

pathways influencing circulating lipids.

We also found enrichment in loci harboring genes asso-

ciated with skin keratinization. Among these, an inter-

esting finding was FLG (MIM: 135940) on the chromo-

some 1, which encodes fillagrin, a protein that plays an

important role in the skin barrier’s function, and deregula-

tion of this function might affect vitamin D in the skin,

which is also synthetized in the skin. Another locus related

to skin keratinization was the KRTAP5, which was priori-

tized by our in silico analyses. However, functional

follow-up of these loci is required, to characterize the

causal genes and/or mechanisms underlying the associa-

tions with 25OHD levels. Also, we observed enrichment

in loci associated with traits outside the vitamin D

pathway, which are not directly linked to 25OHD synthe-

sis and metabolism. We can speculate on the exact mech-

anism of action of these genes on 25OHD—for instance

through their effect on time spend outdoors and conse-

quently exposure to sunlight—but follow-up experiments

are necessary to validate these hypotheses.

The results of the interaction analysis with season merit

some discussion too. We found evidence for significant

interaction with multiple independent common, low-fre-

quency, and rare SNPs in the CYP2R1 locus. CYP2R1 en-

codes the enzyme responsible for 25-hydroxylation of

vitamin D in the liver,70 a necessary step in the conversion

of vitamin D synthetized in the skin after exposure to UVB

to 25OHD. Therefore, it is not surprising that individuals

heterozygous or homozygous for variants in or near

CYP2R1 show a smaller change in their 25OHD levels as
American Journal of Human Genetics 106, 1–11, March 5, 2020 7
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a response to season compared to non-carriers. In other

words, we observed that carriers of the effect alleles in

this locus have steadily lower 25OHD levels, indepen-

dently of the season of their measurement. We also

observed significant interaction with a common SNP in

SEC23A, which is involved in endoplasmic reticulum

(ER)-Golgi protein trafficking. Although the exact mecha-

nism with which SEC23A interacts with season to regulate

25OHD levels remains unknown, it might act as a regulator

of the enzymatic activity of CYP2R1, which is located in

the endoplasmic reticulum. Functional follow-up experi-

ments are warranted to investigate this hypothesis.

The findings of the look-up of the significant 25OHD

SNPs in the 1,25-dihyxroxyvitamin D GWAS provide evi-

dence that the two biomarkers of vitamin D in humans

have, to a certain extent, a shared genetic component.

This may be expected as both biomarkers share at least

the same vitamin D catabolic pathway. However, the small

sample size of the 1,25-dihydroxyvitamin D GWAS, the

only available GWAS on this trait to date, limits the power

for characterization of 1,25-dyhydroxyvitamin D loci. We

can therefore speculate that there might be a larger overlap

of the genetic architecture of the two biomarkers. 1,25-di-

hydroxyvitamin D is the active metabolite of vitamin D,

and although its levels directly regulate the effects of

vitamin D on a cellular level, it remains understudied

because of its short half-life, low concentration in

blood,73 and the body’s ability to buffer 1,25-dihydroxyvi-

tamin D in deficient individuals by increasing parathyroid

hormone. In that aspect, any additional evidence, from

larger 1,25-dihydroxyvitamin D GWASs, linking 25OHD

levels to those of 1,25-dihydroxyvitamin D in the genetic

level will be important, as it will add to our understanding

of the vitamin D physiology.

Collectively, the results of our analyses suggest that

serum levels of 25OHD are in crosstalk with a range of

metabolic processes extending within the canonical

vitamin D metabolic pathway (skin synthesis, hepatic hy-

droxylation, sulfonylation, glucuronylation) and beyond

(time of computer use, intelligence, educational achieve-

ment). Although not specifically tested in the present

study, one implication of these findings is that the poten-

tial genetic instruments for vitamin D are instrumenting

more than the vitamin D pathway, and specifically they

also capture variance in traits that relate to environmental

confounders that could influence 25OHD levels. Taken

together, our findings present a cautionary tale for future

MR studies using 25OHD as an exposure, based on this

GWAS, since there is a risk of pleiotropic effects for a sub-

stantial number of 25OHD-related SNPs mapping to genes

not directly involved in 25OHD biology.

In summary, we described 63 loci which are associated

with 25OHD levels in Europeans. Further research is war-

ranted to better characterize the identified genetic variants,

validate these findings, and identify ancestry-specific vari-

ants in other ethnic groups and to better understand the

biological pathways influencing 25OHD levels. The ge-
8 The American Journal of Human Genetics 106, 1–11, March 5, 202
netic instruments for 25OHD identified here should be

used with caution in future MR analyses assessing the asso-

ciation between vitamin D and other complex traits and

diseases.
Supplemental Data

Supplemental Data can be found online at https://doi.org/10.

1016/j.ajhg.2020.01.017.
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