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	Background / Significance
	Vitamin D inadequacy affects more than 50% of adults in the United States. Low vitamin D concentrations have been associated with increased risk of autoimmune diseases, hypertension, dyslipidemia, cardiovascular events, and cardiovascular mortality (1-3).  Additionally, recent Mendelian randomization studies have suggested a causal relationship between low vitamin D concentrations and increased risk of ovarian cancer, hypertension, lower cognitive function, multiple sclerosis, and all cause and cancer mortality (4-9). Furthermore, some clinical trials have shown that vitamin D and calcium supplementation are important in the prevention of fractures (10-12). Clinical trials of vitamin D alone have found that increasing vitamin D intake may lower risk of cancers, diabetes and depression (13-15). Therefore, knowledge of future risk of vitamin D inadequacy is invaluable in prevention of vitamin D associated morbidity and mortality. Clinical trials of vitamin D supplementation have shown that individual response to vitamin D supplementation is highly variable (16). Vitamin D concentrations are influenced by genetic factors and genetic variants may determine how much vitamin D intake is required to reach an optimal vitamin D blood concentration (17-20). Therefore, knowledge of the genetic determinants of vitamin D concentrations is invaluable in prevention of vitamin D associated morbidity and mortality. Several studies have uncovered vitamin D associated single nucleotide polymorphisms (SNPs) (1, 21, 22). However, these SNPs account for a small portion of the variation in vitamin D concentrations (1). Understanding the complete set of genetic factors that contribute to vitamin D concentrations and how they function together and with environmental factors will allow for personalized treatment of vitamin D inadequacy, instead of the current (and ineffective) one size fits all treatment regimen. To more fully understand the biology of vitamin D concentrations, we propose uncovering a more complete set of SNPs as well as interactions with the two vitamin D sources: sun exposure and dietary intake. 


	Outline of Project
	Aim 1: Use results from existing ancestry specific meta-analyses of vitamin D genome-wide association studies (GWASs) to determine the optimal p-value threshold for the set of independent SNPs that best distinguishes between adequate and inadequate vitamin D concentrations in our independent sample and calculate the polygenic risk score (PRS) for this set of SNPs.
H1: The set of SNPs that best distinguishes between adequate and inadequate vitamin D levels will include more SNPs (from more genes) than previous GWASs.

Aim 2:  Calculate the SNP heritability of vitamin D concentration under three scenarios: 1) using Genome-Wide Complex Trait Analysis (GCTA) software for all imputed SNPs, 2) using linear regression with the set of SNPs reported in the literature and 3) using linear regression with the set of SNPs reported in the literature and included in the PRS in Aim 1.
H2: The proportion of SNP heritability accounted for by the set of SNPs from Aim 1 will be higher than that for the SNPs currently reported in the literature. 

Aim 3: We will stratify participants by vitamin D intake and, separately, season of blood draw to examine modification of the relationship between the PRS and vitamin D concentration. If qualitative modification of the effect is observed we will test for a statistical interaction between the PRS and vitamin D intake and/or season of blood draw. 
H3a: The PRS effect on vitamin D concentration will vary by level of vitamin D intake and season; there will be a stronger PRS effect on vitamin D concentration with increased dietary intake of vitamin D and in summer. 
H3b: Those with a higher PRS will require more vitamin D from diet and sun exposure to maintain optimal vitamin D concentrations.


	Desired Variables 
(essential for analysis
indicated by *)
	Genomic data*
25[OH]D*
Age*
Sex*
Month of blood draw*
Race*
BMI
Dietary vitamin D intake 
Vitamin D supplement use
Physical activity 

	Desired Data
	GWAS Imputed, Merged set (all SNPs)

	Planned Statistical Analyses
	Aim 1:

	Results from the TRANSCEN-D ancestry specific GWAS meta-analyses performed using METAL (manuscript submitted; Hatchell and Engelman co-first author and co-senior author, respectively) will be leveraged for determination of a fuller set of SNPs and computation of the PRS in an independent sample combining participants from ARIC, MESA, FHS and WHI. This will be done by ancestry (i.e. European or African). The PRS will be calculated using the profile function in PLINK. The profile function computes a weighted risk score of independent SNPs; the weight will be determined using results from the TRANSCEN-D meta-analysis by converting the z-scores outputted from METAL into effect sizes using the deterministic relationship:  = z / , p is the allele frequency for the SNP, and N is the total sample size from TRANSCEN-D. PRS will be calculated for each participant as follows: PRSi=, where i represents the participant whose PRS is calculated by summing over n SNPs.  is the risk allele effect size from the TRANSCEN-D meta-analysis for each SNP and C is the individual’s count of risk alleles for that SNP. SNPs included in the PRS will be independent (r2 < 0.5; as determined by the clumping function in PLINK) and will have a p-value at or below a threshold. The threshold will be determined by iterative testing of the PRS over a range of p-values (the GWAS significance threshold of p = 5 x 10-8, p = 0.0001, p = 0.001, p = 0.01, p = 0.05, p = 0.10) to find the PRS that best discriminates between adequate and inadequate vitamin D concentrations, while controlling for age, sex, season and principal components for ancestry(23).

Aim 2:

First, we will use Genome-Wide Complex Trait Analysis (GCTA) to calculate the SNP heritability of vitamin D concentration. This will be done by calculating the variance in the phenotype jointly explained by all the SNPs; GCTA fits all inputted SNPs simultaneously as random effects in a mixed linear model (24). Next, using linear regression, we will calculate the proportion of SNP heritability that SNPs previously reported in the literature (or their proxies) account for (using R2 as the metric). We will then calculate, using linear regression, the proportion of SNP heritability accounted for by the SNPs included in the PRS computed in Aim 1, which will include the SNPs, or their proxies, previously reported in the literature (using R2 as the metric).  
Specifically, GCTA uses genomic-relatedness-based restricted maximum-likelihood (GREML), similar to restricted maximum likelihood analysis (REML) and relies on the genetic relationship matrix (GRM) of SNPs from unrelated samples (25). Heritability is calculated as the proportion of phenotypic variance that is due to additive genetic effects (26). In GCTA, the GRM is calculated specific to the set of SNPs used as input. The method involves four steps: (1) calculate a linkage-disequilibrium (LD) score for each segment, (2) stratify SNPs based on their LD score, (3) compute the GRM with the stratified SNPs, and (4) perform REML analysis using the GRM (25, 27). After the GRM is generated, phenotypic variance explained by the SNPs is calculated using REML. Prior to running REML, vitamin D concentrations will be adjusted for age, gender, cohort (to remove batch effects, and to control for differing vitamin D assays used) and season (24). Models will be stratified by gender to account for the difference in variances of certain covariates (i.e. BMI) by gender; which cannot be adjusted for in the REML model. Prior to running REML, vitamin D concentration residuals from the stratified models will be standardized (mean 0, standard deviation 1). Due to the differing assays used by the cohorts being combined, standardization must be carried out to allow for combination of the datasets. Then REML is run using a linear mixed model with genetic effects as random effects. This two-stage approach is done to reduce the computation burden and to get more precise heritability estimates. This will be repeated three times: (1) with all imputed SNPs as input, (2) with only SNPs previously reported in the literature and (3) with SNPs previously reported in the literature in tandem with novel SNPs discovered in Aim 1. Expected outcomes are that SNPs currently reported in the literature account for a small fraction of the SNP heritability of vitamin D levels and that more of the SNP heritability will be captured through the PRS computed in Aim 1.  
Closely related individuals pose a problem for GCTA, as GCTA calculates heritability for unrelated individuals. Prior to all analyses, one individual from each related pair (IBD > 0.38) from the non-family studies (ARIC, MESA and WHI) will be excluded and one participant per family will be included at random from FHS. Given that GCTA only uses conventionally unrelated subjects, the heritability calculated may differ from that calculated in a pedigree analysis as it is strictly genetic and does not included shared environmental effects and it might not capture all causal variants that a pedigree analysis may capture (i.e. if they were not genotyped) (24). To reduce bias that could result from using GCTA to calculate heritability, the GRM will be generated using all SNPs to capture the largest number of causal variants (24).

Aim 3: 

The effect of the PRS computed in Aim 1 will be explored in a combined sample of participants from ARIC, FHS MESA and WHI stratifying by season and quartile of vitamin D intake. Analyses will be performed separately by race. This effect will be determined using a linear model that controls for: age, BMI, and season (for the vitamin D intake models) or vitamin D intake (for the season models). In accord with previous findings, it is expected that the impact of the PRS on vitamin D levels will vary by level of vitamin D intake and season; specifically, it is expected that the PRS will have a larger effect on vitamin D levels with increased dietary intake of vitamin D and in summer (i.e. with higher UV exposure) (18). We also expect that those with a higher PRS will require higher doses of vitamin D (through diet, supplements or UV exposure) to maintain adequate levels. 




	Ethical Considerations
	None


	Available Funding or Resources
	
Kathryn funded through: NLM training grant to the Computation and Informatics in Biology and Medicine Training Program grant NLM 5T15LM007359

Resources: 
1. Social Science Computing Collaborative at UW-Madison

	Milestones**
	December 1, 2017: Approval and data received 
December 2017-January 2019: Analysis and writing 
February 2019: First draft
March 2019: Second draft
April 2019: Paper submission 




** This section should include the timeline for completion of project, including: approval, project duration, first and second draft of the paper and submission.
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