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Abstract/ Résumé

Abstract

Vitamin D insufficiency affects as many as 40% of otherwise healthy adults and has been
associated to multiple adverse health outcomes, such as cancer, cardiovascular disease,
autoimmune disorders and bone disease. Personal, social, and cultural factors are important
determinants of vitamin D availability via their effects on sun exposure and diet. However, only
about a quarter of the variability in the biomarker of vitamin D in humans, 25 hydroxyvitamin D
(250HD), is attributable to these known environmental factors, while half of its variability has
been attributed to genetics. However, until 2017, the known common genetic determinants of
250HD only explained 2.4% of its variability. We performed genome-wide association studies
(GWAS), aiming to identify novel common (minor allele frequency (MAF) >5%), or low-
frequency/rare genetic determinants (MAF <5%) of large effect on 250HD. To do this, we first
undertook a GWAS meta-analysis on 42,326 individuals with available whole genome sequencing
data or imputed genotypes from 19 European cohorts. We identified a low-frequency variant in
the 25 hydroxylase gene (CYP2R1), affecting 1 out of 20 Europeans, conferring the largest effect
on 250HD levels described to date. We showed that carrying one copy of the effect allele of this
variant doubles the risk of vitamin D insufficiency and increases by 40% the risk of multiple
sclerosis, a disease with a well-established association with low 250HD levels. Next, with the
release of 250HD data from 401,460 White British participants in UK Biobank, we performed the
largest to date GWAS on 250HD levels, and combined the results of this GWAS to our previous
GWAS in a fixed-effects meta-analysis. We therefore identified 69 250HD-related loci, among
which 63 were novel. These 69 loci harbor 138 conditionally independent variants, among which

53 are low-frequency or rare. Hence, the genomic heritability of 250HD levels was estimated to



16.1%. By leveraging results of these GWAS, we interrogated the causality of 250HD levels in
coronary artery disease, asthma, atopic dermatitis and elevated IgE levels, using a Mendelian
randomization study design, and generated results with direct translational impact. We therefore
present the findings in this thesis as novel contributions to the genetic determinants of vitamin D
status in Europeans, and to the translational research seeking to determine the causal role of

vitamin D on four human diseases/traits.



Résumé

L'insuffisance en vitamine D affecte jusqu'a 40% des adultes en bonne sant¢ et a été associée a de
nombreux effets néfastes sur la santé, tels que le cancer, la maladie cardiovasculaire, les troubles
auto-immuns et la maladie osseuse. Les facteurs personnels, sociaux et culturels sont des
déterminants importants de la disponibilité de la vitamine D par leurs effets sur l'exposition au
soleil et le régime alimentaire. Cependant, seulement un quart de la variabilité du biomarqueur de
la vitamine D chez I'homme, la 25 hydroxyvitamine D (250HD), est attribuable a ces facteurs
environnementaux connus, tandis que la moitié de sa variabilité a été attribuée a la génétique.
Néanmoins, les déterminants génétiques communs connus de 250HD jusqu'en 2017 n'expliquaient
que 2,4% de sa variabilité. Nous avons effectu¢ des études d'association pangénomique (GWAS)
pour identifier des nouveaux déterminants génétiques fréquents ou des variantes de basse
fréquence ou rares ayant un large impact sur les taux de 250HD. Pour le faire, nous avons d’abord
combiné des données sur 42,326 individus séquencés ou imputés au génome entier provenant de
19 cohortes Européennes. Nous avons identifié une variante de basse fréquence dans le géne de la
25 hydroxylase (CYP2R1), affectant un Européen sur 20, conférant le plus grand effet sur les taux
de 250HD décrit a ce jour. Nous avons montré que le fait de porter une copie de 1'allele a effet de
cette variante double le risque d'insuffisance en vitamine D et augmente de 40% le risque de
sclérose en plaques, une maladie avec une association bien établie avec des taux bas de 250HD.
Ensuite, avec la relache des données sur les taux de 250HD des 401,460 participants blancs
britanniques dans UK Biobank, nous avons effectué la plus large GWAS a ce jour sur les taux de
250HD, et nous avons combiné ces résultats a ceux de notre GWAS précédente, dans une méta-
analyse d’effets fixes. Nous avons identifié¢ 69 loci associés aux taux de 250HD, dont 63 sont

nouveaux. Ces 69 loci incluent 138 variants independents, dont 53 sont de basse fréquence ou



rares. Dorénavant, 1’héritabilité génomique de 250HD a été estimée a 16.1%. En exploitant les
résultats de nos études GWAS, nous avons interrogé le lien de causalité des taux de vitamine D
dans la maladie coronarienne, I’asthme, la dermatite atopique et les taux enlevés de IgE, a I'aide
de la randomisation Mend¢lienne et nous avons généré des résultats ayant un impact translationnel
direct. Nous présentons donc les résultats de cette thése comme de nouvelles contributions aux
déterminants génétiques du statut en vitamine D chez les Européens, ainsi qu’aux travaux de
recherche translationelle visant a déterminer le role causal de la vitamine D sur 4 maladies/traits

humains.
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described in Chapter 2. It also describes ideas for other future projects, which will expand our

knowledge on the genetic architecture of vitamin D in humans.



Chapter 1: General introduction
1.1 Vitamin D levels and their genetics

Vitamin D insufficiency affects as many as 40% of otherwise healthy adults in developed
countries'. The musculoskeletal consequences of inadequate vitamin D concentrations are well
established, and include childhood rickets, osteomalacia, and fractures”. A growing number of
other extra-skeletal disorders have also been linked to vitamin D insufficiency, and include
autoimmune disorders, increased risk of falls, and several cancers’. Results of a 2007 meta-
analysis suggested that vitamin D supplementation substantially reduced mortality in adults’.
Personal, social, and cultural factors are important determinants of vitamin D availability via
their effects on sun exposure and diet. Sufficient exposure to ultraviolet light or adequate intake
from diet or supplements is needed to maintain vitamin D status. Concentrations of the widely
accepted biomarker for vitamin D status, 25-hydroxyvitamin D (250HD), are highest in the
summer and lowest in the winter in northern latitudes. However, only about a quarter of the
inter-individual variability in 250HD concentration is attributable to season of measurement,
geographical latitude, body mass index, age, sex and reported vitamin D intake® °. Moreover,
results of previous twin and family studies suggest that genetic factors contribute substantially

to this variability, with estimates of heritability as high as 53%" °.

250HD is a steroid pro-hormone and a fat-soluble metabolite of cholecalciferol, which is
predominately synthesized in the skin from 7-dehydrocholesterol after exposure to ultra-violet
light or obtained from dietary sources including fortified foods, supplements and oily fish.
Cholecalciferol is hydroxylated first to 250HD in the liver, then to the hormonal form 1,25-
dihydroxyvitamin D 1,25[OH];D in the kidney. CYP2R1 is the most important liver 25-

hydroxylase; CYP27BI is the key renal 1-hydroxylase. Both 250HD and 1,25[OH],D are



catabolized by CYP24A1. 1,25[OH],D is the ligand for the vitamin D receptor (VDR), a
transcription factor, binding to sites in the DNA called vitamin D response elements (VDREs).
There are thousands of these binding sites regulating hundreds of genes in a cell-specific
fashion, among which genes influencing the calcium and phosphorus metabolism, cell
proliferation, differentiation, apoptosis and immune modulation®. Understanding the genetic
etiology of low vitamin D levels could have important public health implications by prioritizing

individuals who would benefit from supplementation.

Although several rare Mendelian disorders cause functional vitamin D insufficiency and, along
with candidate gene studies, have pointed to specific vitamin D pathway genes, our knowledge
on the common genetic determinants of 250HD levels expanded in the genome-wide
association study (GWAS) era. In recent years, multiple GWAS of circulating levels of serum
250HD have been conducted on participants of Europeans ancestry . The first large GWAS
on 250HD levels was performed in 2010 by the SUNLIGHT consortium,” which was co-led
by Dr. Brent Richards. This multicenter GWAS meta-analysis on 33,996 individuals of
European ancestry demonstrated four single nucleotide polymorphisms (SNPs) affecting
250HD levels. This study was designed to identify only common variants (ie, those variants
having a minor allele frequency (MAF) of > 5%) and explained only 2.4% of the variability of
250HD levels. In 2018, the largest to date GWAS by Jiang et al °, comprised of 79,366
individuals, identified 2 additional common genetic variants, and estimated the heritability of
250HD from the entire genome to 7.5%, which is still far from the ~50% estimate reported in
twin studies. In summary, the known to date vitamin D variants map in or near genes having
an established role in vitamin D synthesis (DHCR7/NADSYNI (rs12785878) and CYP2R1
(rs10741657)), transportation (GC (rs2282679)) and degradation (CYP24A41 (rs17216707)), as

well as outside of the vitamin D metabolism pathway: SEC234 (Sec23 homolog A, coat protein



complex II component, rs8018720) involved in endoplasmic reticulum (ER)-Golgi protein
trafficking, and AMDHD! (amidohydrolase domain containing 1, rs10745742) an enzyme
involved in the histidine, lysine, phenylalanine, tyrosine, proline and tryptophan catabolic
pathway. This suggests that genes outside the vitamin D metabolism pathway may contribute
to the genetic regulation of serum 250HD homeostasis, and these genes can be identified by
increasing with larger GWAS discovery sample sizes. Moreover, recently, low frequency and
rare genetic variants (MAF of <5% and <1%, respectively) of large effect have been identified
for biomedically relevant traits providing an opportunity to better understand the biologic

mechanisms influencing disease susceptibility in the general population'” '

. This suggests
that not yet identified low-frequency or rare genetic variants of large effects in known or novel
loci can exert large effects on 250HD levels. These variants can now be identified with larger
GWAS sample sizes, the use of whole genome sequencing, and better imputed genotypes, for

112

instance by using the combined 1000 Genomes/UK10K panel -, the Haplotype Reference

Consortium Panel (HRC)", or the more recent combined UK 10K/HRC panel).



1.2 Role of vitamin D levels in human disease and causal inference

Improved understanding of the genetic determinants of 250HD has helped re-assess the role
of Vitamin D in the etiology of complex diseases. Vitamin D deficiency has been associated

with musculoskeletal disorders (childhood rickets, osteomalacia and fractures)?, autoimmune

14; 15 16; 17

disease (in particular multiple sclerosis and type 1 diabetes'® "), and cancer'®. There is

also evidence that vitamin D deficiency influences infectious disease'’, cardiovascular

21; 22 : sgr 23
17> ““ and neurodegenerative conditions™. However, observed

disease™ , neurodevelopmenta
associations could be due to unmeasured confounders or reverse causality. Randomized control
trials have investigated the benefits of vitamin D supplementation but with inconsistent
conclusions™* **. Additionally, large trials are expensive and have been rarely performed, as
vitamin D supplementation is off-patent and thus offers little financial incentive.
Epidemiological methods for causal inference such as Mendelian randomization (MR) may
provide an alternative method to assess the likely benefits of vitamin D supplementation for

these health outcomes. MR*% *

is an established technique that uses human genetics to
ascertain whether a given biomarker, such as vitamin D, is implicated in disease etiology. This
method relies on a simple tenet: if a biomarker is etiologically involved in disease process, then
the genetic factors which influence the biomarker will influence disease risk. MR is not
susceptible to reverse causation or confounding as disease state does not change DNA
sequence, and genotypes are randomly assorted following meiosis (due to Mendel’s 2nd law)*,
respectively. Thus, MR is comparable to a randomized controlled trial, where the random
assortment of genetic variants replicates the random allocation of study participants to different
therapeutic arms. It becomes obvious that a deeper understanding of the genetic determinants
contributing to variation in circulating vitamin D levels will enable an improved

instrumentation of vitamin D in MR studies, will allow better genomic prediction of vitamin D

levels and will provide insights into biological mechanisms. Specific applications include MR



experiments investigating causal relationships between vitamin D and an outcome, and in
particular has confirmed a protective effect of vitamin D against multiple sclerosis'* '°. The
evidence from these studies partially led to changes in the 2017 guidelines of the Multiple
sclerosis society of Canada to include vitamin D supplementation as a preventive strategy for
high-risk

individuals(https://mssociety.ca/library/document/Vka6R XcnOizNm9sIwuWvroxejlhLqTJ8/
original.pdf). Since the two most recent 250HD-associated genetic variants have been
identified, more than fifteen MR studies have been published utilizing these additional genetic
variants to give greater precision of estimation®**,

Despite this progress, as mentioned above, the SNPs identified to date continue to explain little
of the 250HD heritability (7.5%), and although the samples size of the most recent GWAS by
Jiang et al ° was at least double that of the previous GWASes, its yield in novel vitamin D loci
was very limited. This suggests that vitamin D might be a metabolite with a simple oligo-genic
architecture, that it is influenced by few genetic variants (which is a challenge to downstream

MR analyses), or might have a more polygenic structure, but many variants with small effects

remain to be identified in future much larger GWAS.

1.3 Rationale and objectives
In the light of all the above, this doctoral Thesis had three objectives:

First, to detect low-frequency/rare variants (MAF <5% and <1% respectively) associated with
250HD levels. We hypothesized that these variants could be identified in novel or previously
known genetic loci, and could have large effects on 250HD levels. To address this objective,
we undertook a large-scale meta-analysis of 19 genome-wide association studies (GWAS) with
either whole-genome sequencing data or deeply imputed genotypes, totaling 42,326

Europeans. Thus, we aimed to characterize genetic variants strongly associated with vitamin



D in novel genes, and use “fine-mapping” to identify novel genetic variants of large effect in
known vitamin D related genes. At the moment this study was published, it was an
unprecedented resource in depth of imputation, and number of genetic variants analyzed.

Therefore, Chapter 2 represents major advancements in the field of vitamin D genomics.

In Chapters 3 and 4 of the present thesis, we addressed the second objective of this Thesis,
which was to elucidate the role of low vitamin D levels on common complex human diseases.
We hypothesized that 250HD levels could be associated with conditions, such as coronary
artery disease, asthma, atopic dermatitis and IgE levels. To test this hypothesis, we applied a
MR design, to generate results free from confounding and reverse causation, which are typical
bias in observational epidemiology. Thus, we created results with a direct clinical impact, since
this evidence from MR informs public health strategies on the use of vitamin D

supplementation for prevention of these diseases.

Taking advantage of the release of data on 250HD levels from UK Biobank in April 2019, our
third objective was to expand the phenotypic variance of 250HD explained by common and
rare genetic variation, more deeply investigate the genetic architecture (oligogenic or
polygenic) of vitamin D, and enhance our genetic instruments for vitamin D for future MR
studies. Our hypothesis was that 250HD levels might actually be more polygenic than
previously thought, and that loci outside the ones directly related to vitamin D metabolism
might be involved in their genetic control. In Chapter 5, we first undertook a GWAS of serum
250HD levels in 401,460 White British individuals from UK Biobank. We then meta-analyzed
the results of this GWAS to those of our previous GWAS (described in Chapter 1), achieving

a sample size of 443,734 European individuals. This allowed us to replicate all 6 known



250HD-associated loci and identify 63 novel loci. Chapter 5 represents thus an unprecedented
resource in terms of sample size and number of SNPs analyzed, to study genetics of vitamin

D, and to expand our knowledge on the genocopies of vitamin D status.

Finally, in Chapter 7, we describe a future project, which consists in a direct follow-up of the
findings of Chapter 2. Specifically, our future objective is to undertake a pharmacogenetics
study, where we will seek to validate the findings of Chapter 2, by testing the response of
carriers of the novel low-frequency variant on CYP2R/ to oral vitamin D supplementation. The
hypothesis behind this study is that we expect that the change in 250HD levels of carriers will
be smaller than this of the non-carriers, after a period of vitamin D oral supplementation, since
this variant affects the 25 hydroxylation of vitamin D, which is the step which converts dietary
vitamin D to 250HD. If successful, this project may also have direct clinical impact, since
early identification and treatment of individuals carrying this variant (~5% of the general
European population) with the active form of vitamin D (1,25 dihyxroxyvitamin D or
calcitriol), will allow for prevention of vitamin D insufficiency and of all the negative health

outcomes causally related with low 250HD in this patient group.

In summary, the scientific hypothesis of this Thesis was twofold: First, that through large
GWAS we could gain a better knowledge of the genetic architecture of vitamin D levels.
Second, that by using the genetic determinants (common, low-frequency or rare) of vitamin D

status we could test causal associations between vitamin D levels and human diseases.



Chapter 2: Low Frequency Synonymous Coding Variation in CYP2R1 has Large

Effects on Vitamin D Level and Risk of Multiple Sclerosis.

This chapter contains a manuscript published under the same title in the American Journal of
Human Genetics in 2017.

Date of publication: Aug 3 2017; Epub date: Jul 27 2017

Volume 101(issue2), pages 227-238

doi: 10.1016/j.ajhg.2017.06.014.

PMID: 28757204

Preface: Bridge Between Chapter 1 and Chapter 2

Until 2017, our knowledge on common genetic variation affecting vitamin D levels was mainly
the result of a large GWAS meta-analysis on 250HD levels, published in 2010 in Lancet by
the SUNLIGHT consortium, co-led by Dr. Brent Richards at McGill University. Given the
previous success of our research group in collaborating with the SUNLIGHT consortium, we
aimed to expand our knowledge on low-frequency and rare genetic variation of vitamin D,
taking advantage of the recent availability of whole genome sequencing data from some of the
SUNLIGHT consortium studies, and of recent advances in genomic imputation. We thus
performed a GWAS on 250HD levels, with the largest to date number of SNPs, using imputed
and whole genome sequencing data of up to 42,326 participants, and focusing on discovery of
low-frequency and rare genetic variants with large effects on 250HD levels, in novel or

previously known vitamin D loci.
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2.1 Abstract

Vitamin D insufficiency is common, correctable and influenced by genetic factors, and it has
been associated with risk of several diseases. We sought to identify low-frequency genetic
variants that strongly increased the risk of vitamin D insufficiency and tested their effect on
risk of multiple sclerosis, a disease influenced by low vitamin D concentrations. We used
whole-genome sequencing data from 2,619 individuals through the UK10K program and deep
imputation data from 39,655 genome-wide genotyped individuals. Meta-analysis of the
summary statistics from 19 cohorts identified a low-frequency synonymous coding
p.-Asp120Asp variant (rs117913124[A], minor allele frequency=2.5%) in CYP2RI[ which
conferred a large effect on 25-hydroxyvitamin D (250HD) levels (-0.43 standard deviations of
standardized natural log-transformed 250HD, per A allele, P-value = 1.5 x10™**). The effect
on 250HD was four-times larger and independent of the effect of a previously described
common variant near CYP2R1. By analyzing 8,711 individuals we showed that heterozygote
carriers of this low-frequency variant have an increased risk of vitamin D insufficiency
(OR=2.2, 95% CI 1.78-2.78, P=1.26 x 10™'%). Individuals carrying one copy of this variant had
also an increased odds of multiple sclerosis (OR=1.4, 95%CI 1.19-1.64, P=2.63 x 10”) in a
sample of 5,927 cases and 5,599 controls. In conclusion, we describe a low-frequency coding
variant in CYP2R1, which exerts the largest effect upon 250HD levels identified to date in the

general European population and implicates vitamin D in the etiology of multiple sclerosis.



2.2 Introduction

Vitamin D insufficiency affects approximately 40% of the general population in developed
countries '. This may have important public health consequences, since vitamin D insufficiency
has been associated with musculoskeletal consequences and several common diseases, such as
multiple sclerosis (MIM:126200), types 1 and 2 diabetes (MIM:222100 and MIM:125853) and
several cancers . Further, repletion of vitamin D status can be achieved safely and
inexpensively. Thus, understanding the determinants of vitamin D insufficiency, and their
effects, can provide a better understanding of the role of vitamin D in disease susceptibility

with potentially important public health benefits.

Approximately half of the variability in the concentration of the widely accepted biomarker for
vitamin D status, 25-hydroxyvitamin D (250HD), has been attributed to genetic factors in twin
and family studies * *. Four common genetic variants (minor allele frequency [MAF] >5%) in
loci near four genes known to be involved in cholesterol synthesis (DHCR7 [MIM;602858]),
hydroxylation (CYP2RI [MIM:608713]), vitamin D transport (GC [MIM:139200]) and
catabolism (CYP24A41 [MIM:126065]) are strongly associated with 250HD levels, yet explain
little of its heritability °. Low-frequency and rare genetic variants (defined as variants with a
MAF of <5% and <1% respectively) have recently been found to have large effects on clinically
relevant traits ©® providing an opportunity to better understand the biologic mechanisms

influencing disease susceptibility in the general population.

Therefore, the principal objective of the present study was to detect low-frequency and rare
variants with large effects on 250HD levels, through a large-scale meta-analysis and describe

their biological and clinical relevance. Similar to an earlier genome-wide association study



(GWAS) studying common genetic variation (MAF >5%) by the SUNLIGHT Consortium °,
we sought to increase understanding of the genetic etiology of vitamin D variation within the
general population, however, our current study focused on genetic variation with a MAF <5%.
This has only recently been made possible through whole-genome sequencing and the use of
improved genotype imputation for low frequency and rare variants, with the recent availability
of large whole genome sequencing reference panels °. The second objective of this study was
to better understand if low-frequency genetic variants with large effects on 250HD could
predict a higher risk of vitamin D insufficiency in their carriers, and whether vitamin D intake
through diet may interact with such genetic factors to prevent, or magnify, vitamin D
insufficiency. Finally, we sought to understand whether these genetic determinants of 250HD

levels are implicated in multiple sclerosis, a disease influenced by low 250HD levels'’.

To do so, we first undertook an association study of whole-genome sequence data and deeply
imputed genome-wide genotypes to identify novel genetic determinants of vitamin D in 42,274
individuals. We next tested if these genetic variants conferred a higher risk of vitamin D
insufficiency in 8,711 subjects and whether this insufficiency showed effect modification by
dietary intake. Last we assessed their effect on multiple sclerosis in a separate sample of 5,927

cases and 5,599 controls.



2.3 Material and Methods

2.3.1 Cohorts

All human studies were approved by each respective institutional or national ethics review
committees, and all participants provided written informed consent. To investigate the role of
rare and low-frequency genetic variation on 250HD levels in individuals of European descent,
we used whole genome sequencing (WGS) data at mean read depth of 6.7 x in 2,619 subjects
from two cohorts in the UK10K project ' with available 250HD phenotypes (Table 1). We
also used imputation reference panels to impute variants that were missing, or poorly captured,
from previous GWAS in 39,655 subjects (Table 1 and Figure 1). The participating individuals
were drawn from independent cohorts of individuals of European descent. Detailed description

of each of the participating studies is provided in Table S1.

2.3.2 250HD Measurements

The methods applied to measure 250HD levels differed among the participating cohorts
(Tables S1 and S6). The four methods used were tandem mass spectrometry (in BMDCS,
MrOS and BPROOF), combined high-performance liquid chromatography with mass
spectrometry (in ALSPAC, BPROOF, CHS, ULSAM, NEO, Generation R),
chemiluminescence immunoassay (DiaSorin, Inc, Stillwater, MN) (in TUK, PIVUS, FHS,
MrOS Malmo, MrOS GBG and GOOD) and an electrochemiluminescence immunoassay
(COBAS, Roche Diagnostics GmbH) (in RSI, RSII and RSIII). Detection limits for the

different methods are provided in the Table S6.



2.3.3 Whole-Genome Sequencing, Genotyping and Imputation

ALSPAC WGS and TUK WGS cohorts had been sequenced at an average read depth of 6.7x
through the UK10K consortium (www.UK10K.org) using the Illumina HiSeq platform, and
aligned to the GRCh37 human reference using Burrows-Wheeler Aligner 31'2. Single-
nucleotide variant (SNV) calls were completed using samtools/bcftools'?, and VQSR'* and
GATK were used to recall these variants. The whole genome sequencing for the ALSPAC and
TwinsUK cohorts has been described in detail in a previous publication from our group’. Table

S8 summarizes the data generation method for sequencing-based cohorts.

Participating studies separately genotyped samples and imputed them to WGS-based reference
panels. The most recent imputation panels, such as the UK10K and 1000Genomes Project (v3)
combined panel, which in total contained 7,562 haplotypes from the UK10K Project and 2,184
haplotypes from the 1000 Genomes Project °, and the Haplotype Reference Consortium (HRC)
panel, with 64,976 haplotypes'®, enabled more accurate imputation of low frequency variants,
when compared to the UK10K or the 1000Genomes reference panel alone’. Specifically, 11
out of the 17 participating cohorts were imputed to the UK10K and 1000 Genomes reference
panel (total number of imputed individuals included in the meta-analysis N=25,589). Three of
the participating cohorts were imputed using the HRC panel (total number of imputed
individuals N=5,717). Finally, 2 cohorts were imputed to the 1000Genomes panel (N=7,536),
and 1 cohort was imputed to the UK10K panel (N=863). (Table S1). Details on genotyping
methods and imputation for the 17 participating cohorts are presented in Table S6. Info scores
for the imputed SN'Vs per participating cohort are presented in Table S7. To assess the quality
of imputation, we tested the non-reference discordance rate for the low frequency genome-

wide significant SN'Vs and found this to be 0% (Table S9).



2.3.4 Association Testing for 2SOHD levels and Meta-analysis

A GWAS was conducted separately by each cohort using an additive genetic model for 2SOHD
levels. Because 250HD concentrations were measured using different methods, log-
transformed 250HD levels were standardized to z-scores, after being adjusted for age, sex,
BMI, and season of measurement. Specifically, the phenotype for each GWAS study was
prepared according to the following steps:1) 250HD levels were log-transformed to ensure
normality 2) Linear regression models were used to generate cohort-specific residuals of log
transformed 250HD levels adjusted for covariates (age, sex, BMI and season). Season was
treated as a non-ordinal categorical variable (summer: July to September, fall: October to
December, winter: January to March, and spring: April to June). 3) The mean of log
transformed 250HD levels was added to the residuals to create the adjusted 250HD
phenotype. 4) The above phenotype was then normalized within each cohort (mean of zero
with SD of one) to make the phenotype consistent across cohorts, since 250HD levels have
been measured in different cohorts in our consortium using different methods. 5) Finally,

outliers beyond 5 standard deviations were removed from step (4).

For comparison purposes, we computed the average 250HD levels, adjusted for age, sex, BMI
and season of measurement, in one cohort of our meta-analysis (TUK WGS) in carriers and

non-carriers of the lead SNV(s).

The software used by each cohort to perform a GWAS is listed in Table S1. Single variant
tests were undertaken for variants with MAF>0.1%, using an additive effect of the minor allele

at each variant in each cohort. The type of software employed for single variant testing for each



cohort is shown in Table S1. Studies with related individuals used software that accounted for
relatedness. Cohort-specific genomic inflation factors (lambdas) are also shown in Table S1

(the mean lambda was 1.015).

We then meta-analyzed association results from all discovery cohorts (N total =42,274). This
stage included validation of results file format, filtering files by the above QC criteria,
comparison of trait distributions among different studies, identification of potential biases
(large betas and/or standard errors, inconsistent effect allele frequencies, extreme lambdas).
Meta-analysis quality control of the GWAS data included the following SNV-level exclusion
criteria: i) Info score <0.4, ii) HWE P-value <107 iii) Missingness >0.05, and iv) MAF <0.5%.
Alignment of the SNVs across studies was done using the chromosome and position
information for each variant according to genome build hgl9. SNVs in the X chromosome
were not included in the meta-analysis. Fixed—effects meta-analysis was performed using the
software package GWAMA'® adjusting for genomic control. We tested bi-allelic SNVs with
MAF > 0.5% for association, declaring genome-wide statistical significance at P < 1.2 x 10™°
for variants present in more than one study. This stringent p-value threshold was set to adjust

for all independent SNVs above the MAF threshold of 0.5%."”

Conditional analysis was undertaken for the four previously described lead vitamin D SNV
from the SUNLIGHT consortium using the GCTA package '°. This method uses an
approximate conditional analysis approach from summary-level statistics from the meta-
analysis and linkage disequilibrium corrections between SNVs estimated from a reference
sample. We used UKI10K individuals as the reference sample to calculate the linkage

disequilibrium information of SNVs. The associated regions flanking within 400kb of the top



SNVs from SUNLIGHT were extracted and the conditional analyses were conducted within
these regions. Conditional analyses of individual variants presented in Table 2 and Table S5
were conducted using GCTA v 0.93.9 using default parameters. Haplotype block analyses were
used for the candidate variants of interest by deriving phased haplotypes from 1013 individuals

from the TUK WGS cohort using a custom R package.

2.3.5 Effects on Vitamin D insufficiency

To investigate the effect of genome-wide significant SN'Vs on vitamin D insufficiency (defined
as 250HD levels below 50 nmol/L), we used data from 4 cohorts: TUK Imputed, TUK WGS,
BPROOF and MrOS (n,=8,711). Logistic regression of this binary phenotype was performed
against the SNVs, adjusting for the following covariates: age, sex, BMI, and season of
measurement. Meta-analysis of cohort-level summary statistics was performed in R ' using

the epitools *° and metafor packages”'.

2.3.6 Interaction analysis with Vitamin D intake

We undertook an interaction analysis of our candidate SNV(s) with vitamin D dietary intake
(continuous and tertiles) in 9,224 individuals from five of the cohorts participating in our
discovery phase (Framingham, PIVUS, ULSAM, BPROOF and RSIII). A detailed description
of the method to capture vitamin D intake in each one of the participating cohorts appears in
Table S6. Linear regression was conducted in each of these studies under an additive genetic
model. The following variables and co-variables were included in the model: log-transformed
serum 250HD as the dependent variable; SNV genotype (coded as 0, 1 or 2) as an independent
variable; SNV (genotype)* dietary vitamin D intake (continuous or tertiles respectively) as an

interaction term; age, sex, BMI, season of 250HD measurement, dietary vitamin D intake



(continuous or tertiles), supplemented vitamin D (yes/no), and total energy intake as covariates.
The results from the 5 studies were meta-analyzed using a fixed-effects model using the

metafor tool of the R statistical package.

2.3.7 Effects on Multiple Sclerosis

We tested the effect of the genome-wide significant SN'Vs on the risk of multiple sclerosis in
5,927 cases and 5,599 controls, assuming an additive genetic model. Controls were obtained
from the UK Biobank ** by random selection of participants without multiple sclerosis. The
cases were obtained from UK Biobank®*, previously published MS GWAS**** and newly
genotyped UK patients. Prior to genotype imputation of the genotyped cases, numerous quality
control criteria were applied to ensure unbiased genotype calls between cohorts. These
included retaining only SNVs with MAF > 1% and excluding SNVs or samples with high

. . 25
missingness

Further, samples were assessed for population stratification using
EIGENSTRAT **?7 and outliers were removed. Genotype data was then imputed using the
Sanger Imputation Service'> with the combined UK 10K and 1000 Genomes Phase 3 reference

panels” **

, the same reference panel used for the UK Biobank controls. Genotype data was
phased using EAGLE2* and imputed using PBWT?". Association testing was undertaken
using SNPTEST?' on the combined case/control dataset, testing the additive effect of each

allele on multiple sclerosis status, and including the top 10 principal components from

EIGENSTRAT **?’ to adjust for population stratification and batch effects.

2.4 Results



2.4.1 GWAS

After strict quality control, the genomic inflation factor for the meta-analysis of 19 GWAS
studies was 0.99, suggesting lack of bias due to population stratification (Figure 2). Through
meta-analysis of 11,026,511 sequenced and imputed variants from our discovery cohorts
(Table 1), we identified a signal at the chromosome 11p.15.2 locus, harboring variants
associated with 250HD levels (lead low-frequency SNV p.Asp120Asp [rs117913124(A)],
MAF =2.5%, allelic effect size = -0.43 standard deviations of the standardized log-transformed
250HD levels [SD], P = 1.5x10 ", Figure 3 and Table 2). The direction of effect was
consistent across all discovery cohorts (Table 3 and Figure 3A) and the mean imputation
information score for the imputed studies was 0.97. This low-frequency synonymous coding
variant is in exon 4 of the CYP2RI and is ~14 kb from the previously identified common
CYP2RI variant, 1s10741657 (+ between these two SNVs= 0.03) (Figure 4). To our
knowledge, the rs117913124 SNV has not previously been associated with any vitamin D-

related traits in humans.

A comparison of the average 250HD levels, adjusted for age, sex, BMI and season of
measurement, in non-carriers and heterozygote carriers of the A allele of rs117913124 in the
TUK WGS appears in Figure S1. The average 250HD levels, adjusted for age, sex, BMI and
season of measurement were computed in 542 individuals from the Twins UK WGS cohort,
among which 510 were no carriers and 32 were heterozygote carriers of the A allele of
rs117913124 (no homozygote carriers present in this cohort). After removing outliers (adjusted
250HD levels below and above 3 SD from the mean), we included in our analysis 449 non-
carriers and 30 heterozygote carriers (for a total of 479 individuals). A linear regression model
with the adjusted 250HD levels as the dependent variable and the dose of the “A” allele of

rs117913124 (numeric factor, 1 or 0) as the independent variable demonstrated a 8.3 nmol/L



decrease in the adjusted 250HD levels per “A” allele. The mean adjusted 250HD levels were

64.3 nmol/L in non-carriers vs 56.0 nmol/L in heterozygote carriers.

Two-way conditional analysis between the CYP2R1 common (rs10741657) and low-frequency
(rs117913124) variants revealed that the two association signals are largely independent.
Specifically, after conditioning on rs10741657, rs117913124 remained strongly associated
with 250HD level (Peona = 2.4x107%); after conditioning on rs11791324, the effect of
rs10741657 on 250HD level remained significant (Peong= 4.0 X107 versus Ppre.cond= 8.8 X 10°
*) (Table 2 and Table S5). Further, no other low frequency variant in the region remained
significant when conditioning on rs117913124 (Table 2). To further disentangle the role of
rs117913124 from rs10741657 on 250HD levels, we undertook a haplotype analysis based on
WGS data from 3,781 individuals from the TUK WGS and ALSPAC WGS cohorts. We found
that the 250HD decreasing allele A of rs117913124 was always transmitted in the same
haplotype block with the 250HD decreasing allele G of the common CYP2RI variant
rs10741657. By using 250HD data from the TUK WGS cohort, we compared the 250HD
levels among carriers of the various haplotype blocks. We observed evidence of decrease in
the 250HD levels in carriers of the A allele of the rs117913124 compared to non-carriers
independent of the presence of the effect allele G of the common CYP2R] variant (Table 4)
No other low-frequency or rare variants were identified in the three previously described
vitamin D-related loci at DHCR7, GC and CYP24A1. The mean effect size of the four
previously reported common genome-wide significant SNVs (MAF > 5%) from the
SUNLIGHT consortium was -0.13 SD and the largest effect size was -0.25 SD (for the GC
variant) in our meta-analysis (Table S3 and Figure 3B). The effect size of rs10741657(G), the
known common CYP2RI variant, was -0.09 SD. Hence, the observed effect size of

rs117913124 is 3-fold larger than the above mean, 4-fold larger that of the common CYP2RI



variant and almost twice that of the largest previously reported effect of the GC variant. Last,
the percentage of the variance of the 250HD phenotype explained by the low-frequency
CYP2RI variant was more than double than the percentage of the variance explained by the

CYP2RI common variant (0.9% vs 0.4%).

We also identified 18 genome-wide significant low-frequency and rare SNVs on the same
chromosome 11 region as rs117914124 located in the neighboring PDE3B (MIM:602047)
(Table 2, Table S4 and Figure 4B). Signals from these SNVs in PDE3B were independent of
the common variant at CYP2R (Table 2). We then created haplotype blocks with rs117913124
and SNVs at PDE3B based on haplotype information from the 3,781 individuals from the TUK
WGS and ALSPAC WGS cohorts (Table S2). We found that the 250OHD decreasing allele (A)
of the rs117913124 was always inherited with the 250HD decreasing allele (A) of its perfect
proxy rs116970203 (+°=1). Therefore, rs116970203 is not likely to have a distinct effect from
rs117913124 on 250HD levels. On the other hand, the 250HD decreasing alleles of the
remaining four low-frequency variants (all having a MAF of approximately 1.4%) were not
always inherited in the same haplotype block as the rs117913124 and rs116970203 and were
in moderate linkage disequilibrium with the rs117913124 (all 7°< 0.6, Figure 4B and Figure
4C). Each of the four alleles is in almost perfect linkage disequilibrium with the remaining
three (all #* >0.96). This implied that these four SNVs might influence 250HD levels
independently of the rs117913124. Nevertheless, as mentioned above, when conditioning on
the lead low-frequency CYP2RI SNV rs117913124, the P-values of the 4 PDE3B SNVs
became non-significant and their betas decreased substantially (Table 2), demonstrating that

they likely do not represent an independent signal at the chromosome 11 locus.



2.4.2 rs117913124 and risk of vitamin D insufficiency

To further investigate the clinical significance of the low-frequency CYP2RI variant
rs117913124, we tested its effect on a binary outcome for vitamin D insufficiency (defined as
250HD levels < 50 nmol/L) in 8,711 individuals from 4 studies (TUK WGS, TUK IMP,
BPROOF and MROS). rs117913124 was strongly associated with an increased risk of vitamin
D insufficiency (OR = 2.20, 95% CI 1.8-2.8, P =1.2 x 10™'%) (Figure 5), after control for

relevant covariates as described in the Methods section.

2.4.3 Common 250HD-associated SNVs

We report two additional loci associated with 250HD levels (Table 5). Variants leading these
associations were common and exerted a rather small effect on 250HD: first, a variant in
chromosome 12 (rs3819817[C], intronic to HAL [MIM:609457]), with a MAF of 45%, a beta
of 0.04 and a P-value of 3.2 x 107'°. Second, a variant in chromosome 14 (rs2277458[G],
intronic to GEMIN2 [MIM:602595]), with a MAF of 21%, a beta of -0.05 and a P-value of 6.0
x 10”. Both variants were present in all 19 studies, and the direction of the effect was the same
among the 19 studies (Figure 6). Neither the HAL nor the GEMIN? loci are previously known
to be associated with 250HD levels. Of note, neither variant was present in the HapMap

imputation reference used in the SUNLIGHT study.

2.4.4 Interaction analysis

CYP2RI encodes the enzyme responsible for 25-hydroxylation of vitamin D in the liver **, a
necessary step in the conversion of dietary vitamin D and vitamin D oral supplements to the
active metabolite, 1,25 dihydroxy-vitamin D. Therefore, we hypothesized that individuals
heterozygous or homozygous for rs117913124 in CYP2R1 would not show a response in their

250HD levels to vitamin D intake compared to non-carriers. In other words, we expected



carriers of the effect allele of rs117913124 to have steadily lower 25SOHD levels, independently
of their vitamin D intake. To investigate this hypothesis, we tested the presence of interaction
of rs117913124 with vitamin D dietary intake (continuous values and tertiles) on 25OHD levels
in 9,224 individuals from 5 studies (Figure S2). We found no interaction between rs117913124
and dietary vitamin D intake (beta = -0.0002; P-value for interaction = 0.41 for continuous
vitamin D intake and beta = 0.012; P-value = 0.60 for tertiles of vitamin D intake). Since the
two common 250HD-associated SNVs are located in genes (HAL and GEMIN2) with no
known role in the processing of dietary vitamin D, we found no biological rationale for

undertaking a gene-diet interaction analysis for these variants.

2.4.5 250HD-associated variants and risk of multiple sclerosis

We tested whether the CYP2R1 low-frequency variant rs117913124 and the common variants
rsrs3819817 and rs2277458 in HAL and GEMIN2, respectively, influenced the risk of multiple
sclerosis. In a sample of 5,927 multiple sclerosis cases and 5,599 controls, we found that the
250HD decreasing allele at rs117913124[A], was associated with an increased odds of
multiple sclerosis: OR = 1.40 (95%CI: 1.19-1.64); P-value = 2.6 x 10°. By way of comparison,
the OR of multiple sclerosis for the common CYP2R/ variant was 1.03 (95%CI: 0.97-1.08); P-
value 0.03 in the same multiple sclerosis study, and has previously been reported to be 1.05
(95%CI: 1.02-1.09); P-value 0.004 in a separate study >°. Thus, the effect per allele of
rs117913124 on multiple sclerosis was 12.4-fold larger than that attributed to the already
known common variant at CYP2R1. With regards to the two common SNVs, the 250HD
decreasing allele [T] at the HAL variant rs3819817 was not clearly associated with risk of
multiple sclerosis, however there was a trend in the expected direction: OR = 1.05 (95%ClI:

1.00-1.11); P-value = 0.07. We found no association between the 250HD decreasing allele



G] at the GEMIN?2 variant rs2277458 and risk of multiple sclerosis: OR = 1.03 (95%CI: 0.96-
[G] p (

1.11); P-value = 0.34.

2.5 Discussion

Through the largest meta-analysis of genome-wide association studies for 250HD levels in
European populations to date, we have identified a low-frequency, synonymous coding genetic
variant of large effect that strongly associates with 250HD levels. This variant has an effect
size four-fold larger than that described for the common variant in the same gene (CYP2RI)
and is associated with two-fold increase in risk of vitamin D insufficiency and a 40% increase
in the odds of developing multiple sclerosis. The biologic plausibility of these findings is
supported by the fact that the low-frequency variant is located in CYP2R1, the major hepatic
25-hydroxylase for vitamin D **. These findings are of clinical relevance since 5% of the
general European population carry this variant in either the homozygous or heterozygous state,

and it is associated with a clinically relevant increase in the risk of multiple sclerosis.

Our study was enabled by large imputation reference panels (UK10K/1000 Genomes and
HRC), which offer at least 10-fold more European samples than the 1000 Genomes reference
panel alone. We did not identify genome-wide significant variants of large effect on 250HD
in novel genes in Europeans, although we found variants with smaller effects in two loci not
previously known to be associated to 250HD. Yet we did identify low-frequency variants in a
known vitamin D related-gene with much larger effects than the previously described common

variants.



CYP2RI encodes the enzyme responsible for 25-hydroxylation of vitamin D, and is one of the
two main enzymes responsible for vitamin D hepatic metabolism ** (Figure 7). Rare mutations
in CYP2RI have already been described to cause rickets (MIM: 27744) ****. Due to the
important role of CYP2RI in the conversion of dietary vitamin D and vitamin D oral
supplements to the active form of vitamin D, we hypothesized that carriers of the low-
frequency CYP2R 1 variant might respond poorly to vitamin D replacement therapy. We tested
this hypothesis by undertaking an interaction analysis between the CYP2RI low frequency
variant and dietary vitamin D intake, which showed no clear interaction. However, we note
that gene by environment interaction studies are generally underpowered, measurement error
in dietary data is common, and this interaction was further limited by time differences between
dietary intake assessment and measurement of 250HD levels. Therefore, whether this genetic

variant influences 250HD response to vitamin D administration requires further study.

Although the aim of the present study was to describe variants of low MAF and large effect on
250HD, we report two common genetic variants of small effect size on chromosome 12 (HAL
gene) and chromosome 14 (GEMIN2 gene) that reached genome-wide level significance in our
meta-analysis. Although there is no existing evidence of implication of GEMIN2 in vitamin D
related physiologic pathways, HAL is expressed in the skin and is involved in formation of

» 3% 3% Thus, this could constitute a plausible

urocanic acid, a “natural sunscreen
pathophysiologic mechanism implicating HAL in vitamin D synthesis in the skin. Additional

functional follow-up of the signals in chromosomes 12 and 14 is needed to characterize the

genes and/or mechanisms underlying these associations.



Our findings may have clinical relevance for several reasons: First, individuals carrying at least
one copy of the low-frequency CYP2R] variant have lowered levels of 250HD by a clinically
relevant degree. Specifically, the risk of vitamin D insufficiency is doubled in these individuals.
Second, their risk of multiple sclerosis is also increased in accordance with previous evidence
supporting a causal role for vitamin D in the risk of multiple sclerosis'’. Third, these findings
affect ~5% of individuals of European descent. And last, rs117913124 could be used as an
additional genetic predictor of low 250HD levels, along with the previously identified
common vitamin D-related variants, in Mendelian randomization studies investigating the

causal role of low vitamin D levels in human disease.

Our study also has its limitations. First, although the scope of our study was detection of low-
frequency and rare variants, we opted to include in our meta-analysis two whole genome
sequencing studies with a relatively low read depth of 6.7x, as well as three studies imputed to
older imputation panels (1000Genomes and UK10K). These studies have a limited capacity to
capture very rare variants, which might explain why we failed to identify such associations.
The gene-diet interaction analysis, as mentioned above, may have lacked statistical power, in
addition to the limitations arising from the time-difference between dietary vitamin D intake
assessments and 250HD measurements. Since our analysis is restricted to populations of
European ancestry, we cannot make any assumptions concerning the effect of rs117913124 in
non-European populations. Nonetheless, based on the 1000Genomes reference, this variant is
rare in Africans (MAF = 0.3%) and has not been described in East Asians (MAF = 0%).
Therefore, large sample sizes of these populations will be required to describe with any
certainty the effect of this variant on 250HD level in these populations. Finally, in the absence
of functional experiments showing the exact function of the rs117913124 on CYP2RI and

given that this synonymous polymorphism does not affect protein sequence, we cannot



unequivocally confirm that this low-frequency variant is causal, however, given that this is a
coding variant in a well-documented 250HD-associated gene, it seems most likely that it exerts

its effect on CYP2R]1.

In conclusion, our findings demonstrate the utility of whole-genome sequencing-based
discovery and deep imputation to enable the characterization of genetic associations, offering
an improved understanding of the pathophysiology of vitamin D, an enriched set of genetic
predictors of 250HD levels for future study, and enabling the identification of groups at

increased risk for vitamin D insufficiency and multiple sclerosis.
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2.10 Tables and Figures

2.10.1 Tables

Table 1. Participating cohorts and number of DNA samples per cohort.

WGS: Whole-Genome Sequenced

Study Acronym* | Imputed WGS TOTAL
ALSPAC 3,679 1,606
TUK 1,919 1,013
Generation R 1,442
BPROOF 2,514
FHS 5,402
MrOS 3,265
RSI 3,320
RSII 2,022
RSIII 2,913
CHS 1,792
BMDCS 863
MrOS GBG 945
GOOD 921
MrOS Malmo 893
PIVUS 943
ULSAM 1,095
NEO 5,727
TOTAL 39,655 2,619 42,274

*For full names of the studies see Table S6



Table 2: Association results for genome-wide significant low-frequency variants from discovery 250HD meta-analysis, before and after

conditioning on the lead common CYP2R1 SNP, rs10741657, and the lead low-frequency CYP2R1 variant, rs117913124.

SNV Chr | Position | EA¥* EAF# Cag(el:iate Function Beta$ P-value Beta$ P -value Beta$ P-value N
Conditional on Conditional on
rs10741657 rs117913124
exon 4
rs117913124 14900931 A 0.025 CYP2RI |(synonymous| -0.43 1.5x10%8 -0.39 24x107 NA NA 41,336
codon)
rs116970203 | |, |14876718| A 0.025 Intron ltl -0.43 2.2x10™ -0.40 3.3 x10™ NA NA | 41,138
CYP2R1 varian
(nearest
rs117361591 14861957 T 0.014 gene: Intron 11 -0.44 9.1 x10™ -0.40 2.2 x10% -0.05 0.017 | 38,286
PDESB) variant
rs117621176 14861320 G 0.014 I‘i:fiznltl -0.44 8.7 x10™ -0.40 2.1 x10™% -0.05 0.016 | 38273
rs142830933 14838760 | C 0.014 I?;ﬁ’;nf -0.44 1.4x10™ -0.40 1.7 x10%2 -0.05 0.03 |37,541
Intron 1 45 39
5117672174 14746404 T 0.014 . -0.43 2.8x10 0.39 2.9x10 -0.04 0.062 | 37,209

*Effect allele is the 250HD decreasing allele

# Effect allele frequency

$ Betas represent changes in standard deviations of the standardized log-transformed 250HD levels
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Table 3. Summary statistics results for the CYP2R1 low-frequency variant, rs117913124, from 19 studies.

STUDY 250HD N Effect Allele A* Beta$ Standard P-value Information
ALSPAC Imputed MS 3,675 0.028 -0.59 0.07 3.43x107"% 0.99
ALSPAC WGS MS 1,606 0.028 -0.65 0.11 8.23x10™"° NA
BPROOF MS 2,512 0.027 -0.4 0.09 4.99x10° 0.97
BMDCS MS 863 0.019 -0.11 0.06 0.058 0.98
CHS MS 1.581 0.022 -0.55 0.11 5.15x10” 0.88
FHS CLIA 5.402 0.021 -0.45 0.07 2.32x107"° 0.97
GenerationR MS 1.442 0.033 -0.66 0.1 1.78x10° 1
GOOD CLIA 921 0.028 -0.14 0.14 0.31 0.96
MrOS MS 3.265 0.018 -0.76 0.09 5.63x10™"° 0.96
MrOS Malmo CLIA 893 0.033 -0.33 0.14 0.016 0.94
MrOS GBG CLIA 945 0.026 -0.61 0.14 7.87x10° 1
NEO MS 5727 0.025 -0.54 0.06 2.73x107" 1
PIVUS CLIA 943 0.028 -0.66 0.14 2.56x10° 0.99
RSI ECLIA 3.320 0.025 -0.19 0.08 0.019 0.98
RSII ECLIA 2,022 0.033 -0.37 0.09 2.38x10° 0.99
RSIII ECLIA 2913 0.027 -0.51 0.08 4.61x10™"° 0.98
TUK Imputed CLIA 1919 0.021 -0.1 0.11 0.35 0.98
TUK WGS CLIA 1,013 0.025 -0.39 0.14 0.006 NA
ULSAM MS 1,095 0.025 -0.33 0.14 0.02 1

*Effect allele is the 250HD decreasing allele # MS: mass spectrometry, CLIA: chemiluminescence immunoassay, ECLIA: electrochemiluminescence

immunoassay $ Betas represent changes in standard deviations of the standardized log-transformed 250HD levels
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Table 4. Effect of different haplotype combinations of the low frequency (rs117913124) and the common (rs10741657) CYP2R1 variants on

250HD levels.

Results are based on individuals from the Twins UK Whole Genome Sequenced cohort (the first allele in each block is the rs117913124, the second
allele is the rs10741657 for both chromatids). The two “AG” blocks in bold contain the 2SOHD decreasing allele (A) of the low-frequency variant,

which is always inherited with the 250OHD decreasing allele (G) of the common variant.

Haplotype Beta$ P-value N
rare/common® rare/common®
GA GA -0.02 0.79 156
AG GA -0.49 0.02 23
AG GG -0.3 0.13 27
GA GG 0.01 0.87 477
GG GG 0.05 0.58 330

* The first allele in each chromatid corresponds to the low-frequency variant rs117913124; the second allele corresponds to the common variant

rs10741657. 250HD decreasing alleles appear in bold for both variants.

$ Betas represent changes in standard deviations of the standardized log-transformed 250HD level
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Table 5. Main findings of the GWAS meta-analysis

Candidate Effect | Effect allele
SNP Chr Gene allele frequency Beta$ P-value N
rs117913124) 11 CYP2RI A 0.025 043 | 1.5x10°%| 41,336
rs3819817 12 HAL C 0.45 0.04 |32 xlO_10 41,071
1s2277458 14 GEMIN2 G 0.21 -0.05 |6.0 xlO_09 39,746

$ Betas represent changes in standard deviations of the standardized log-transformed 250HD

levels, while controlling for age, sex, BMI and seas
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2.10.2 Figures

Figure 1: Schematic of the discovery single variant meta-analysis
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Figure 2: Discovery single-variant meta-analysis.

Legend: A. Quantile-quantile plot for the single SNV meta-analysis. B. Manhattan plot of the
meta-analysis. The plot depicts variants with MAF > 0.5% across the 22 autosomes against the —

log10 p-value from the meta-analysis of 19 cohorts, which included 42,274 individuals.
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Figure 3: Forest Plot by Cohort for rs117913124 and Forest Plot of the rs117913124 and

the Previously Described Common 250HD-related Variants from Discovery Meta-analysis

Legend: A. Forest plot of estimates from all 19 studies for the low-frequency CYP2R1 variant

rs117913124 B. Forest-plot of the effect of the four common SUNLIGHT variants and of the

CYP2RI low-frequency variant rs117913124 on log-transformed 250HD levels.

A

STUDY Beta (95% CI)
ALSPAC Imp ——y -059[-0.73,-0.45]
ALSPAC WGS [— -0.65[-0.87, -0.43]
BPROOF —e— -0.40[-058, -022]
BMDCS . -0.11[-0.23. 0.01]
cHs — -055[-0.77,, -0.33]
FHS - -0.45[-059.-031]
GenerationR —a— -0.66[-0.86. -0.46]
GoOoD —_—i —0.14[-0.41, 0.13]
wos —— -0.76[-0.94 . -058]
MIOS Maimo [ -0.33[-0.60. -0.06]
MrOS GBG —_— -0.61[-0.88, -034]
NEO [E— -0.54[-0.66, -0.42]
PIVUS [ — -0.66[-0.93,-039]
RSl —— -0.19[-0.35, -0.03]
RS1 —— —037[-055.-0.19]
RSl —e— -0.51[-0.67,-035]
T mp —e—iri -0.10[-0.32, 0.12]
TUKWGS _— -0.30[-0.66, -0.12]
ULSAM [ —1 -0.33[-0.60, -0.06]
Summary Estimate > -043[-047.-039]

 —
-1.00 -060 -020 020

Beta (95% Cl)

P=15x10e8

SNP LOCUS

rs2282679 GC

rs12785878 DHCR7

rs10741657 CYP2R1

rs6013897

rs117913124 CYP2R1

CYP24A!

0.28

0.30

0.59

0.21

0.025

Beta (95% Cl)

-023[-024,-022]

-010[-0.11,-009]

-009[-0.10,-008]

-007[-009,-005]

043[-047,-039]

Beta (95% Cl)

73



Figure 4: Association Signals from 11p.15.2

Legend: A. Snapshot from the UCSC genome-browser including the top low-frequency SNVs (see
Table 2) and the lead common variant rs10741657 at the CYP2RI locus. The position of
rs117913124 is highlighted in light blue. B. Regional disequilibrium plot showing the
rs117913124 (purple dot), its perfect proxy rs11670203 (red dot) and the other genome-wide
significant SNVs in the same locus (blue and green dots). The plot depicts SNVs within 1 Mb of
a locus’ lead SNV (x-axis) and their associated meta-analysis p value (-logl10) (for more details
see Table $10). SNV are color coded according to ° with the lead SNV (labelled, /° calculated
from UK 10K whole genome sequencing dataset). Recombination rate (blue line), and the position
of genes, their exons and the direction of transcription are also displayed (below plot). C. Linkage
disequilibrium plot indicating the »° values between the SNVs of Table 2 (top low-frequency
variants) and between these low-frequency SNVs and the lead common variant (rs107416570) at

the same CYP2RI locus (+ calculated from the 1000 Genomes dataset).

| h
|
14,990,608 14,360, 096|

rE1176TRs

ucse senes cen s s= cenonics
,,,,, ! e e A caLcnkh
t t t firott H caLch i

FOESE 4f CALCA netr
28 N CALCA
ceLch

ananananananan

B 100 I 100 C

rs117913124
%

15117672174
1s142630033
rs117621176 |
rS1L7361551
15116670203
rs117613120
rs10741657

- log (p-value)

=
N
w
&
v
o
~

SPONT— = < COPBT PDESB—+ CALCE— LOC102724957 —

14 145 15 155
sition on chr11 (Mb)

74



Figure 5: Effect of the rs117913124 on Vitamin D Insufficiency

Legend: Forest-plot of the effect of the low-frequency CYP2R1 variant rs117913124 on vitamin

D insufficiency in 4 studies.
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Figure 6: Association Signals from Chromosomes 12 and 14

Legend: Forest plots with A. estimates for the chromosome 12 common variant rs3819817 and

B. estimates for the chromosome 14 common variant rs2277458 from all 19 studies of the meta-

analysis where both variants were present.
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Figure 7: Schematic of the Vitamin D Metabolic Pathway

Legend: UVB: ultraviolet B rays.
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2.11 Supplementary Material

Supplementary Methods, Tables and Figures can be downloaded from the open access

publication Manousaki et al. in AJHG available here:

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC 28757204/
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Chapter 3: Mendelian Randomization Studies do not Support a Role for Vitamin D in

Coronary Artery Disease

This chapter contains a manuscript published under the same title in Circulation: Cardiovascular
Genetics in 2016.

Date of publication: Aug 9 2016; Epub date: Jul 14 2016

Volume 4, pages 349-56. Wolters Kluwer Health©

doi: 10.1161/CIRCGENETICS.116.001396.

PMID: 27418593

Preface: Bridge between Chapter 2 and Chapters 3 and 4

In the previous Chapter, we performed a large GWAS meta-analysis aiming to identify low-
frequency and rare variants with large effects on 250HD levels. In the next two Chapters (3 and
4), we used vitamin D SNPs identified by previous GWAS in two Mendelian randomization
studies, testing causal associations between vitamin D and coronary artery disease (in Chapter 3),
and atopic outcomes, such as asthma, atopic dermatitis, and IgE levels (in Chapter 4). It is
important to underline that these two Mendelian randomization studies were published before the
250HD GWASes of Chapters 2 and 5, and thus they do not include the novel variants described
in these studies. Although the results of these MR studies might have changed by including an
enhanced set of genetic instruments, it is important to underline that the 4 common variants from
SUNLIGHT, which are used as instruments in these two MR papers, still explain a large part of

the variance in 250HD levels (2.4% vs 4.9% of all 138 conditionally independent variants
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identified in Chapter 5). Also, since these SNPs map directly in or near genes involved in vitamin
D synthesis or metabolism, they minimize the risk of pleiotropy, a considerable limitation of the
MR study design. Thus, we believe that these studies continue to provide valid evidence refuting
causal effects of low vitamin D levels in the studied outcomes. It is also important to note that the
results of the MR study on coronary artery disease presented in Chapter 3 were replicated in a
large randomized controlled trial published two years later (Vitamin D and Omega-3 Trial-
VITAL), which reported a hazard ratio very comparable to the MR estimate provided in our

Circulation: Cardiovascular Genetics paper.
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3.1 Abstract

Background: Observational studies support a possible association between decreased vitamin D
levels and risk of coronary artery disease (CAD), however it remains unclear whether this
relationship is causal. We aimed to evaluate whether genetically lowered vitamin D levels

influence the risk of CAD using a Mendelian randomization (MR) approach.

Methods and Results: In this two-stage MR study, we first identified SNPs associated with 25-
hydroxyvitamin D (250HD) levels in the SUNLIGHT consortium (n=33,996), then tested them
for possible violation of MR assumptions. A count of risk alleles was tested for association with
250HD levels in a separate cohort (n = 2,347). Alleles were weighted by their relative effect on
250HD and tested for their combined effect on CAD in the CARDIoGRAM study (22,233
cases/64,762 controls). Four SNPs were identified to be associated with 250HD levels, all in or
near genes implicated in 250HD synthesis, transport or metabolism. A count of these risk alleles
was strongly associated with 250OHD (n= 2,347, F-test statistic = 49.7, P = 2x10™'"%). None of the
SNPs associated with 250HD levels were associated with CAD (all P-values >0.6). The MR odds
ratio for CAD was 0.99 (95% CI 0.84-1.17, P=0.93, I’=0) per standard deviation decrease in log
transformed 250HD levels. These results persisted after sensitivity analyses for population

stratification and pleiotropy.

Conclusions: Genetically lowered 250HD levels were not associated with increased risk of CAD
in a large, well-powered study, suggesting that previous associations between circulating 250HD

levels and CAD are possibly confounded or due to reverse causation.
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3.2 Introduction

Despite increasing public awareness and major therapeutic progress, coronary artery disease
(CAD) remains the international leading cause of morbidity and mortality '. Growing evidence
suggests that vitamin D deficiency is associated with CAD development **. Specifically, the

results from many”*, although not all *'?

, observational studies investigating this relationship
suggest that low levels of vitamin D, as measured by serum total 25-hydroxy vitamin D (250HD)
concentrations, are associated with increased risk of CAD-related outcomes. These findings may
have important public health impact since vitamin D insufficiency and deficiency is common

(affecting one third of Americans in 2001-2006)"*, and vitamin D replacement therapy is relatively

safe and inexpensive.

Such findings have motivated inquiry into the biological plausibility of this relationship and some
evidence has suggested that vitamin D may influence CAD directly through the vitamin D receptor
in smooth muscle cells of the cardiac vasculature, or indirectly by promoting calcium absorption
at the expense of lipid absorption or excretion in the gut '*. Other mechanistic explanations have
been proposed, including endothelial dysfunction from lack of adequate vitamin D, vascular
compliance impairment due to smooth muscle changes, enhanced inflammation, effects related to
high levels of PTH, or the renin-angiotensin system'~". Finally, some studies have suggested that
vitamin D supplementation could lower vascular risk by improving glucose tolerance and/or

inhibiting inflammatory components in the metabolic syndrome'*>’,

85



Recent meta-analyses of observational studies have reported, on balance, a significant relationship

between 250HD levels and composite cardiovascular events >

. Meta-analyses of the few
randomized controlled trials that have assessed the effect of vitamin D administration on risk of
CAD have not produced conclusive results, possibly because of heterogeneity of outcomes and

interventions®’ 2! 3,

Given this uncertainty, clinical practice guidelines do not support vitamin D supplementation for
CAD risk reduction and conclude that additional research, particularly from randomized trials, is
needed** *°. Given the high prevalence of low vitamin D levels such randomized controlled trials
would be relevant, yet large, long-term RCTs are difficult to fund since vitamin D therapy cannot

be patented.

In the absence of high-quality RCT data and given the inconclusive results from the existing
observational studies, the principles of Mendelian randomization (MR) can be applied to
strengthen, or refute, the causality of biomarkers in disease etiology*®. MR analysis uses genetic
associations to test the relationship between biomarkers, such as 250HD, and risk of disease, such
as CAD. This approach, which is conceptually similar to an RCT, is based on the principle that
genetic variants are randomly allocated at gamete formation and consequently these genetic
variants are independent of confounding factors that bias observational studies. Further, MR is free
of reverse causation since genotypes are assigned prior to the onset of CAD. A recent MR study
found no relationship between 250HD levels and CAD risk, but only used two of four well-

validated 250HD genetic loci in a smaller sample size of 14,455 cases” .
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In the present study, we adopted an MR design to estimate the effect of genetically lowered
250HD levels on CAD susceptibility combining data from several large-scale studies. We first
selected genome-wide significant single nucleotide polymorphisms (SNPs) as identified by the
SUNLIGHT consortium, the largest genome-wide association study (GWAS) published to date
for 250HD levels (n=33,995)*. Next, we used the estimates of the effect of each of these SNPs
upon 250HD levels in the Canadian Multicentre Osteoporosis Study (CaMos)*, which we had
generated in a previous MR study. The CaMos cohort was used since effect sizes could not be
estimated from the SUNLIGHT consortium, because of different 250HD measurement methods
used in SUNLIGHT cohorts. Finally, we applied the principles of MR to test whether a lifetime of
genetically lowered 250HD levels influence CAD risk using data from the largest meta-analysis
of GWAS studies assessing the CAD risk, the Coronary ARtery DIsease Genome wide Replication

and Meta-analysis (CARDIoGRAM, n=86,995)31.
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3.3 Methods

3.3.1 SNP selection and Data Sources

We used the SUNLIGHT Consortium®®, a genome-wide association (GWAS) study consisting of
33,996 individuals of European descent from 15 cohorts, to obtain genetic variants associated with
250HD levels at a genome-wide significant level (P <5x10®). 250HD levels in this study were
measured either by radioimmunoassay, chemiluminescent assay, ELISA or mass spectrometry.
Given that different cohorts used different methods to measure 250HD levels, results were
combined across cohorts in the SUNLIGHT Consortium using Z-score-weighted meta-analysis.
While other GWAS for 250HD have been reported®*?*, the SUNLIGHT consortium offers the

largest sample size and no other loci have been genome-wide significant, to our knowledge.

Data from the Canadian Multicentre Osteoporosis Study (CaMos)*’ were used to estimate the
effect of each genome-wide significant SNP on 250HD levels, since the effect of each SNP upon
250HD levels could not be used from the SUNLIGHT Consortium, due to the Z-score meta-
analytic approach employed. CaMos is a large population-based cohort, and was amongst the
largest included in the replication phase of the SUNLIGHT consortium. It includes 2,347
individuals who were genotyped using TagMan genotyping at the same genome-wide significant
vitamin D loci found in the SUNLIGHT consortium. Serum total 25OHD was measured using
chemiluminescent immunoassay technology. We have previously reported the effects of these

SNPs in CaMos>’.
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To obtain precise estimates for the association of 250HD on CAD, we tested the effect of each
genome-wide significant SNP for vitamin D levels in Coronary ARtery DIsease Genome wide
Replication and Meta-analysis (CARDIOGRAM)’', a meta-analysis of 22 GWAS studies of
European descent imputed to HapMap 2 involving 22,233 cases and 64,762 controls. CAD
outcomes were defined as one of the following: MI, >50% stenosis in at least one coronary vessel
at angiography, history of percutaneous transluminal coronary angioplasty or coronary artery
bypass graft surgery, angina or death due to CAD. Genotyping in individual discovery GWA
studies was carried out on Affymetrix or [llumina platforms. Data from the more recent and larger
CARDIoGRAMplusC4D Metabochip meta-analysis3 > involving 63,746 cases and 130,681
controls, could not be used in the present MR analysis, as no estimates for the SNPs of interest for
vitamin D levels were found on the Metabochip, whereas all four SNPs were present in the original
CARDIOGRAM GWAS. Moreover, no proxies of the four SNPs with an appropriate level of

(>0.8) were found in Metabochip.

3.3.2 SNP Validation

MR analysis requires genetic variants used as instrumental variables to be evaluated for the several
MR assumptions: linkage disequilibrium, population stratification and pleiotropy. For the four
SUNLIGHT 250HD SNPs, linkage disequilibrium and population stratification has been already
tested in our previous MR study’’. Our population stratification assessment showed that only the
DHCR?7 SNP was strongly associated with non-European ancestry in the CaMos cohort (P=2.7
X10™7). In the present study, we performed an assessment for pleiotropy, in order to assure that
the chosen SNPs do not exert effects on CAD through biologic pathways independent of 25OHD
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levels. Although findings from the 1958 British Birth Cohort *® did not support any association
between the SUNLGHT 250HD SNPs and relevant pleiotropic pathways, such as sun exposure,
time outside, physical activity, fish oil consumption, smoking, alcohol consumption and
BMI, some of these factors could act at least partially through the vitamin D pathway. In order to
assess for additional possible pleiotropy, we looked at the association between the vitamin D-
related SNPs and major risk factors for CAD: LDL cholesterol, systolic and diastolic blood
pressure, as well as diagnosis of type 2 Diabetes and BMI in four large GWAS consortia (the
Global Lipids Genetic Consortium®’, the International Consortium for Blood Pressure consortium
(ICBP)*, the Dlabetes Genetics Replication And Meta-analysis consortium (DIAGRAM)*® and
the The Genetic Investigation of ANthropometric Traits (GIANT)* respectively). These CAD risk
factors may represent possible pleiotropic pathways if the 250HD-associated SNPs influence
CAD through these risk factors, independently of 250OHD. We further explored for pleiotropy by
conducting a literature search of gene name and gene mutation to identify published possible

pleiotropic mechanisms for any of the selected SNPs and CAD.

3.3.3 Association of 2SOHD-Associated SNPs with CAD Susceptibility

In order to increase study power and obtain the most precise estimates of the association of
250HD-associated SNPs upon risk of CAD, we used summary-level data from the
CARDIoGRAM study (as described above). We assessed whether each SNP was associated with

risk of CAD, applying a Bonferroni correction, where statistical significance was declared at P

<0.05/4 since four SNPs were associated with 250HD levels from the SUNLIGHT consortium.
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3.3.4 Mendelian Randomization Estimates

We assessed the effects of the SNPs upon risk of CAD, weighting the effect of each SNP by the
magnitude of its effect upon 250HD levels using a two-sample MR approach*'. According to this
study design, the independent SNPs were used to evaluate the association of exposure to
genetically lowered 250HD based on data from one study (CaMos) with CAD risk in another
study (CARDIOGRAM). The SNP alleles were aligned in the two studies, to ensure that the
estimates represent the effects of 250HD decreasing alleles for each SNP. These individual
estimates were then pooled using statistically efficient estimators formally analogous to those of
inverse-variance weighted meta-analysis **. We next meta-analyzed the estimates obtained from
individual 250HD decreasing alleles, using a fixed-effects model with an I estimate to account

for heterogeneity in the effect size™ **

The effect-size for the meta-analysis is reported in the main
results as the effect of a standard deviation (SD) change in natural log-transformed 250HD levels,
since this metric is more interpretable than an arbitrary difference. Next, we undertook power

calculations™ to test whether our study was adequately powered to detect clinically relevant

changes in CAD risk.

To better understand the meaning of a one standard deviation change in natural log-transformed
250HD levels, we report data from a previous MR study published from our group™. In this
study’”, the effect of 1 SD increase in log-transformed 250HD levels on 250HD levels in vitamin
D sufficient individuals (defined as individuals with 250HD levels between 50 and 75nmol/l) was
35.6 nmol/L. The same effect on vitamin D insufficient individuals (250HD levels between 25

and 50nmol/l) was 23.72 nmol/L and on vitamin D deficient individuals (250HD levels
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<25nmol/l) was 11.86 nmol/l. Therefore, in the vitamin D insufficient and sufficient groups, a 1
SD increase in log-transformed 250HD levels results in normalization of 250HD levels, effect

comparable to that achieved with supplementation™.

3.3.5 Sensitivity Analyses

We then recalculated our MR estimates after exclusion of SNPs potentially influenced by
pleiotropy or population stratification. Since SNPs associated with 250HD levels in the
SUNLIGHT consortium influence either 250HD synthesis or 250HD metabolism®’, we elected
to perform a stratified MR analysis where SNPs involved in either 25SOHD synthesis or metabolism

were analyzed separately.
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3.4 Results

3.4.1 SNP Selection and Validation

SNP selection

All the data sources used in the present study are generated from populations of European descent
(Fig. 1). The SUNLIGHT Consortium identified four SNPs as genome-wide significant for
250HD levels **: 1s2282679 in GC (association with 250HD P = 1.9x10™"%), rs12785878 near
DHCR7 (P =2.1x107"), 1s10741657 near CYP2RI (P = 3.3x10") and rs6013897 in CYP24A1 (P
= 6.0x10'%). In addition to this strong statistical evidence of association, all SNPs map to genes
implicated in the modulation of 250HD levels through distinct mechanisms, and more specifically
transport (GC), synthesis (DHCR7), hepatic hydroxylation (CYP2RI) and catabolism
(CYP24A41)". Notably, all 4 SNPs lie in intergenic or intronic regions, yet the exact effect of each
SNP on these enzymes is unknown. Nevertheless, all SNPs reside near genes strongly implicated

in vitamin D synthesis or metabolism®’.

Linkage Disequilibrium and Pleiotropy Assessment

We found no evidence of LD between any of these SNPs (all pairwise 7° < 0.01) in the 1000
Genomes Project CEU samples **. Of note, only two of our SNPs, rs10741657 and rs12785878
were located on the same chromosome, which greatly decreases risk of confounding by LD.
Among the five vitamin D- associated SNPs reported in the GWAS catalog, only the rs3829251
on chromosome 11 was not reported as genome-wide significant in the SUNLIGHT study and thus
not included as instrumental variable in our MR analysis. We did not find evidence of LD between

this SNP and our two chromosome 11 SNPs rs10741657 and rs12785878 (+*<0.2 for both).
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We undertook a literature review for possible pleiotropic pathways influencing cardiometabolic
traits, assessing associations between the four SNPs with known CAD risk factors such as
hypertension, hyperlipidemia, type 2 diabetes and obesity. We found no evidence for pleiotropic
mechanisms for the vitamin D metabolism SNPs: rs10741657 (CYP2RI) and rs6013897
(CYP24A1). Interestingly, a GWAS study by Shen et al*’ has demonstrated a marginal association
between another SNP (rs2762939) in the CYP24A1 gene and coronary artery calcification with a
p-value of 2.9 x 10, but there was no correlation between this SNP and 250HD levels in the
SUNLIGHT Consortium’. Also, we did not detect any LD between the rs2762939 SNP and the
250HD-associated CYP24A41 SNP, rs10741657. A recent MR study using as instrumental
variables the rs12785878 (DHCR?7) and rs10741657 (CYP24A1), along with two other SNPs on

the GC and CYP24A1 genes, did not demonstrate any association with type 2 diabetes °'.

Although it has been argued that vitamin D binding protein, encoded by GC, can act independently
of vitamin D to produce clinical phenotypes, this does not appear to be the case for CAD. For
rs12785878 (DHCR?7), a large MR study on vitamin D levels and blood pressure showed a small
but significant association with hypertension®® (OR 0.92, 95% CI 0.87-0.97, p=0.001), a major risk
factor for CAD**. By querying the association of rs12785878 in the International Consortium for
Blood Pressure consortium (ICBP)*®, a large GWAS meta-analysis of 200,000 subjects of
European descent, we found that this SNP was not associated with systolic or diastolic blood
pressure (p=0.703 and p=0.121 respectively). Genetic variation in DHCR?7 also appears to cause

Smith-Lemli-Opitz syndrome, a clinical phenotype relating to cholesterol deficiency. Given that

94



several studies suggest an inter-dependence of cholesterol and vitamin D pathways in the etiology
of CAD>’, we queried the association of rs12785878, in the largest publically available GWAS
consortium results for lipids, the Global Lipids Genetics Consortium®’, and found that this SNP
was associated with a minimum p-value of 0.043 across all lipid traits, suggesting that the SNP is

weakly associated with cholesterol.

Finally, as part of our assessment for pleiotropy we queried all four SNPs from the SUNLIGHT
consortium in the Global Lipids Genetics Consortium®’, the International Consortium for Blood
Pressure (ICBP)®, the DIabetes Genetics Replication And Meta-analysis consortium
(DIAGRAM)” and the The Genetic Investigation of ANthropometric Traits (GIANT)"
consortium (Table 1). Given the threshold of a P-value of <0.0125 (0.05/4 ) set in the context of
our study , we found no significant association between the GC, DHCR7, CYP24A1 and CYP2RI
SNPs and the clinical outcomes of the four consortia (LDL cholesterol, systolic/diastolic blood

pressure, type 2 diabetes and BMI).

Population Stratification Assessment

Given that CAD varies by geographical location and such location might be a surrogate for
ancestry, we assessed whether any of the 25-OHD SNPs was associated with non-European
ancestry. We have previously demonstrated that only rs1278578 may be associated with non-

European ancestry™° and thus undertook sensitivity analyses excluding this SNP.
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3.4.2 Association of SUNLIGHT SNPs with 250HD Levels

The association of the four SNPs that achieved genome-wide significance for 250HD levels in the
SUNLIGHT consortium with 250HD levels is described in Table 2. Each of these SNPs explained
an important proportion of the population-level variance in 250HD levels, as reflected by the F-
statistics. As already shown in our previous study™’, the count of 250OHD decreasing alleles across
these four SNPs was strongly associated with lower total 250HD levels in the 2,347 CaMos

participants (Table 2).

3.4.3 Association of SUNLIGHT SNPs with CAD Susceptibility

Summary statistics for the four 250HD-associated SNPs, (rs2282679 at GC, rs10741657 at
CYP2RI, rs12785878 at DHCR7, rs6013897 at CYP24A1) and their association with CAD was
taken from the CARDIOGRAM study. All four 250HD-decreasing alleles were not associated

with risk of CAD (Table 2) and the 95% confidence intervals were tight around the null.

3.4.4 Mendelian Randomization Analysis for the Association of 250HD with CAD Risk

In order to estimate the association of genetically lowered 250HD upon CAD, we used a fixed-
effects model in which all four 250HD-decreasing alleles of the MR set were included. A decrease
in 250HD levels by one standard deviation on the natural log scale was not associated with CAD
and the 95% confidence interval limits were close to the null (OR = 0.99, 95% CI: 0.84-1.17; P=
0.93 I” = 0) (Table 3 and Fig. 2). We note that since our model included only 4 SNPs, the 95%

CIs of the I’ statistic are wide and consequently heterogeneity cannot be accurately measured using
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this parameter. In addition, due to potential effects of population stratification, we undertook a
sensitivity analysis by excluding the rs12785878 SNP (DHCR7). Despite removal of this variant,
we again observed no association of genetically lowered 250HD levels with risk of CAD (OR=
1.04, 95% CI: 0.85-1.27; P=0.724; I = 0%, 95% CI: 0%-84.7%) (Table 3 and Supplemental Fig.
1), To further assess the effect of the independent vitamin D pathways on risk of CAD, we analyzed
SNPs near genes implicated in 250HD synthesis (DHCR7 and CYP2R1) and metabolism (GC,
and CYP24A1) separately and found that both were again not associated with increased risk of
CAD (Supplemental Table 1). Lastly, since the CYP2441 SNP has a low F-statistic for 250HD
and may lead to weak instrument bias, and therefore mask a true causal effect’®, we undertook
further sensitivity analyses after removing this variant. The results were again consistent (Table
3). Given these null results, we undertook a power calculation®”. Based on our sample size of
86,995 individuals (22,233 cases and 64,762 controls from the CARDIoGRAM study) and setting
alpha to 0.05, our study had 98% power to detect an OR of 1.02 for the effect of 250HD on CAD

risk and 100% power to detect and OR of 1.2.
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3.5 Discussion

Using summary level data for CAD and total 250HD levels from large populations of European
descent, our study provides evidence against a causal role for vitamin D in CAD susceptibility.
These findings suggest that previous observational epidemiologic associations may have been
influenced by confounding or reverse causation. The 95% confidence intervals of our summary
estimates do not include clinically relevant effects of vitamin D on CAD, despite the large change

in vitamin D levels. These results provide no rationale for the use of vitamin D to prevent CAD.

The discrepancy between the findings of many observational studies and of our MR study is likely
due to residual confounding. Adiposity predisposes to CAD and lowers 250HD levels®’. Indeed,
while most observational studies adjust for BMI, very few studies adjust for DXA measured
percent fat mass; contrary to body fat, BMI is not specific for adiposity and thus residual
confounding cannot be eliminated’®. This concept is supported by a recent observational study in
a lean and physically active population®, where although a strong association between serum
250HD and DXA-assessed body fat in both sexes was found, no association between 250HD
concentrations and CV indexes was demonstrated after adjusting for body fat. Physical activity
might be another strong confounder in observational studies, because it is associated with both
CAD risk and sunlight exposure, which in-turn influences vitamin D status. Most of the existing
observational studies accounted for self-reported physical activity, which is, in general, a poor

measure of physical activity®.
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Our results are in accordance with the most recent meta-analysis of randomized trials>, which
showed no association between 250HD and three different cardiovascular outcomes (death, MI
and stroke). They are also in agreement with an MR analysis published by our group studying the
association of vitamin D binding protein (DBP), a key determinant of 250HD levels, with the risk
of CAD?. Using the single polymorphism rs2282679 near the GC gene as instrumental variable
(whose effect allele was associated with an age- and sex-adjusted decrease in DBP level of 27.4
mg/1), this study investigated the relationship of DBP with multiple cardiometabolic outcomes in
the CARDIoGRAM consortium and found no association (OR = 1.02; 95%CI 0.99-1.05; p=0.31).
Using an approach related to MR, Jorde et al.®’ examined causal associations of 250HD with risk
of CAD on 9,528 subjects, but could not establish or exclude any causal relationship, possibly
because of their relatively small sample size. In agreement with our findings, a recent MR study
using 14,455 ischemic heart disease Danish cases’’ showed that genetically lowered 250HD
concentrations were not associated with increased myocardial infarction. Another MR study used
3,231 cases of death from CVD® from the same Danish population and reported no association
between low 250HD levels and cardiovascular mortality®®. The instrumental variables used for
both studies were only SNPs near the DHCR7 and CYP2RI genes, involved only in vitamin D
synthesis, but did not include either GC SNPs, which have been shown to have the largest impact
on 250HD levels®, or those at CYPR24A1. Our study thus provides a more thorough examination
of the effects of 250HD on CAD risk by using a substantially larger sample size, including all

250HD-associated loci, in a general European-ancestry population.
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MR analyses assessing the effect of 250HD on cardiometabolic outcomes, other than CAD have
also been described. We and others have recently provided evidence from MR that low vitamin D
levels do not increase insulin resistance or the risk of type 2 diabetes’', but do increase the risk of
type 1 diabetes® and blood pressure™. Interestingly MR evidence has shown that 250HD levels
are directly influenced by body mass index (BMI), and converse effects are likely to be small®’.

Our analysis has several strengths. First, using data from a large genetic consortium for 250HD
levels (n=33,996) and CAD risk (up to 22,233 cases and 64,762 controls) has enabled us to more
precisely test our study hypothesis than if we had used individual-level data from a small study.
The null association between 250HD and CAD, as reflected in an OR close to 1 and with a tight
confidence interval, indicates that our study had enough power to rule out clinically relevant effects
of a large change in 250HD levels. This observation is also supported by the high statistical power
of our study to detect a potential effect. Second, previous work has shown that the use of estimates
from meta-analytic data for uncorrelated genetic variants are similarly efficient to individual-level
data in MR studies*'. Lastly, the findings from this study represent the association of a life-long
exposure to reduced vitamin D levels in the general European population and in the absence of
large-scale, long-term RCT data, our findings provide strong evidence against a causal role for low

vitamin D levels in CAD susceptibility.

Our study also has limitations. Pleiotropy is difficult to exclude in any MR study; however, our
sensitivity analyses demonstrated no evidence of pleiotropic effects. The null result could also be

explained by canalization, which is defined as compensatory feedback interactions®® ** . Similar
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to previous studies, our MR analysis might be limited in its ability to elucidate the causal role of
biologically active vitamin D, reflected by the levels of the active metabolite 1,25-
dihydroxyvitamin D (1,25[OH],D). Thus, although genetically lowered total 250HD levels do not
appear to be associated with increased risk of CAD, our study still leaves open the possibility that
reduced lifelong total 250OHD is not associated with reduced production of 1,25[OH],D. In this
respect, concentrations of total 250HD and 1,25[OH],D are weakly correlated (r<0.3)°°. However,
1,25[OH],D remains understudied because of its short half-life and its low concentration in
blood®. Furthermore, although developmental differences in prenatal and postnatal expression of
the vitamin D receptor through which 1,25[OH],D acts has been well demonstrated and reflect
developmental differences in vitamin D function®’, developmental differences in synthesis of
1,25[OH],D have not been well studied. Consequently, it is also possible that in lifelong low total
250HD states, a compensatory increase in conversion of free 250HD to 1,25[OH],D could result
in a new steady state with low free 250HD but normal 1,25[OH],D; however, the same
compensation might not occur with acquired 250HD deficiency later in life or the mechanism of
this compensation may be different and more deleterious to the vasculature. Finally, the results of
our MR study are generalizable only in populations of European ancestry and only in generally

healthy adults.

In conclusion, evidence from the largest existing genetic consortia, provides no support for a causal

role for 250HD levels in risk of CAD in individuals of European descent. Instead, association of

250HD levels with CAD may be attributable to confounding by lifestyle factors such as obesity
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and physical inactivity, which may provide more fruitful targets for cardiovascular disease

prevention than vitamin D supplementation.
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3.11 Tables and Figures

3.11.1 Tables

Table 1: P-values of the association of the SNPs used as instrumental variables with the

cardiometabolic outcomes

SNP (gene) LDL cholesterol| Systolic/diastolic BMI Type 2
(Global Lipids | blood pressure 40 diabetes
Consortium®’) (ICBP*) (GIANT) (DIAGRAM™)

1s2282679 (GC) 0.29 0.47/0.64 0.91 0.76

rs6013897 0.53 0.05/0.02 0.61 0.06

(CYP24A41)

rs10741657 0.16 0.99/0.59 0.29 0.23

(CYP2RI)

rs12785878 0.04 0.70/0.12 0.78 0.14

(DHCR7?)
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Table 2: Characteristics of SNPs used as instrumental variables

Vitamin D Results

CAD Results (CARDIOGRAM)

Locus |Chr| 250HD 250HD Allele | Effecton| Standard | P-value for F- SUNLIGHT P- P-Value for| Sample size
Associated [Decreasing|Frequency| 25OHD* | error of the | Association |Statistic value for Association (cases)
SNP Allele effect on |with 250HD| for Association OR 95% CI | with CAD
250HD* * 250HD*| with 25OHD+

CYP2R1 | 11 |rs10741657 C 0.62 -0.052 0.012 1.6x107 18.78 3.3x107%° 1.00 [0.97-1.03 0.90 80,677 (19,739)
DHCR7 | 11 |rs12785878 G 0.27 -0.056 0.013 2.0x107 18.29 2.1x107% 0.99 10.96-1.02 0.53 83,295 (21,369)
GC 4 | 152282679 C 0.30 -0.047 0.013 2.6x10™ 13.38 1.9x10™% 0.98 [0.96-1.01 0.31 82,323 (20,728)
CYP24A1| 20 | rs6013897 A 0.19 -0.027 0.015 7.7x107 3.13 6.0x10"° 0.99 10.96-1.02 0.60 84,099 (21,840)

*Effect on Multiply Adjusted Natural Log-Transformed 250HD levels, standard error, p-value and F-statistic of the association in the

CaMos Cohort (n=2,347)

1P-values derived from the SUNLIGHT Consortium (n=33,996)
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Table 3: MR estimate of the association of decreased 250HD on the risk of CAD

Model OR (95%CI)* P-Value I’ (95% CI)
Fixed Effects (including the DHCR7 locus) | 0.99 (0.84-1.17) 0.93 0 (0-84.7)
Fixed Effects (excluding the DHCR7 locus) | 1.04 (0.85-1.27) 0.72 0 (0-84.7)
Fixed Effects (excluding the CYP24A41 locus) | 1.00 (0.85-1.19) 0.96 0 (0-84.7)

*OR is expressed as the odds of CAD for a one standard deviation decrease in natural log-

transformed 250HD levels. Estimates of the effect of the SNPs on 250HD were derived from the

CaMos Cohort, and estimates of the effect of the SNPs on CAD were derived from the

CARDIOGRAM consortium.

115



3.11.2 Figures

Fig. 1: Schematic representation of Mendelian Randomization analysis.

The box on the left describes SNPs which were genome-wide significant for 250HD levels in the
SUNLIGHT Consortium. The blue arrow represents the effect of the SNPs on multiply-adjusted,
natural log-transformed 250HD levels using data from the Canadian Multicentre Osteoporosis
Study (CaMos). The green arrow represents the causal effect of decreased 250HD levels on the

risk of CAD using data from the CARDIoGRAM consortium.

Confounders
” il ~ ~
- .7 . s A
rs12785878 (DHCR7) 4 CAD
rs10741657 (CYP2R1) J  250HD s (CARDIOGRAM
rs2282679 (GC) (CaMos, n=2,347) | n=22,233 cases/
rs6013897 (CYP24A1) ~ | 64,762 controls)
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Fig. 2: Mendelian Randomization Estimate of the Association of 250HD Levels with Risk
of CAD.

Estimates obtained from using a fixed-effects model. Estimates of the effect of the SNPs on
250HD were derived from the CaMos Cohort, and estimates of the effect of the SNPs on CAD

were derived from the CARDIOGRAM consortium.

Locus SNP OR (95% CD P 2 (95% CD

-
G

DHCR7 1512785878 0.91(0.69-1.21) —.-—

CYP2R1 1510741657 0.98(0.75-1.3) —.—

GC 152282679 1.19(0.85-1.67) B

CYP24A1 r1s6013897 0.84(0.44-1.60)

Summary 0.99(0.84-1.17) 0.932 0% (0-84.7) —

| I T 1

0.0 05 10 15 20
OR (95% CI) for CAD per SD decrease in natural log—transformed 250HD
Estimates obtained using a fixed effects model
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Chapter 4: Vitamin D levels and susceptibility to asthma, elevated IgE levels and atopic

dermatitis: a Mendelian Randomization Study.

This chapter contains a manuscript published under the same title in PLoS Medicine in 2017.
Date of publication: May 9 2017

Volume 14 (issue 5): €1002294.

doi: 10.1371/journal.pmed.1002294

PMID:28486474

Preface: Bridge Between Chapter 3 and Chapter 4

See bridge between Chapter 2 and Chapter 3.
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4.1 Abstract

Introduction: Low circulating vitamin D levels have been associated with risk of asthma, atopic
dermatitis and elevated total IgE. These epidemiological associations, if true, would have public

health importance, since vitamin D insufficiency is common and correctable.

Methods and Results: To control bias due to confounding and reverse causation we applied
Mendelian randomization (MR) to test whether genetically lowered vitamin D levels were
associated with risk of asthma, atopic dermatitis or serum IgE levels. Using four single nucleotide
polymorphisms (SNPs) strongly associated with 25-hydroxyvitamin D (250HD) levels in 33,996
individuals, we conducted MR studies to estimate the effect of lowered 250HD on the risk of
asthma (n=146,761), childhood onset asthma (n=15,008), atopic dermatitis (n=40,835) and IgE
level (n=12,853) and tested MR assumptions in sensitivity analyses. None of the four 250HD-
lowering alleles were associated with asthma, atopic dermatitis or IgE levels (P-values >0.2). The
MR odds ratio per standard deviation decrease in log transformed 250HD was 1.03 (95% CI
0.90,1.19, P=0.63) for asthma, 0.95 (95% CI 0.69,1.31, P=0.76) for childhood-onset asthma, 1.12
(95% C10.92,1.37, P=0.27) for atopic dermatitis and the effect size on log-transformed IgE levels
was -0.40 (95% CI -1.65, 0.85, P =0.53). These results persisted in sensitivity analyses assessing
population stratification and pleiotropy and vitamin D synthesis and metabolism pathways. The
main limitations of this study are that the above results do not exclude an association between the
studied outcomes and 1,25-dihydoxyvitamin D, the active form of vitamin D, the study was
underpowered to detect effects smaller that an OR of 1.33 for childhood asthma, and the analyses

were restricted to white populations of European ancestry.
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Conclusions: In this study, we found no evidence that genetically-determined reduction in 250HD

levels conferred an increased risk of asthma, atopic dermatitis or elevated total serum IgE,

suggesting that efforts to increase vitamin D are unlikely to reduce risks of atopic disease.

4.2 Author Summary

Why Was This Study Done?

1.

Observational epidemiological studies have associated low vitamin D levels with risk of
asthma, atopic dermatitis and elevated IgE levels, however these studies are susceptible to
confounding and reverse causation and thus it remains unclear whether these associations
are true.

The randomized controlled trials published to date on this topic have been inconclusive.
If vitamin D insufficiency did cause atopic diseases, this would be of clinical relevance,

since vitamin D insufficiency is common and safely correctable.

What Did Researchers Do and Find?

We applied a Mendelian randomization study design, which greatly limits bias due to
confounding and prevents bias due to reverse causation, to understand if vitamin D levels
are associated with a higher risk of adult and pediatric asthma, atopic dermatitis and
elevated IgE levels.

Despite high statistical power, our study showed no evidence of an unconfounded

association between vitamin D and the studied outcomes.
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What Do These Findings Mean?

1. Our findings suggest that the previous epidemiological associations between vitamin D and
atopic diseases could be due to confounding.

2. Efforts to increase vitamin D levels will probably not result in decreased risk of adult and

pediatric asthma, atopic dermatitis, or elevated IgE levels.
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4.3 Introduction

Atopy refers to the shared predisposition to develop allergic diseases, such as asthma and atopic
dermatitis, and is characterized by increased serum IgE levels. Observational studies have
identified a controversial association between low vitamin D status (as measured by serum 25
hydroxyvitamin D (250HD) levels) and risk of asthma, atopic dermatitis and elevated serum IgE
levels [1-9]. If low vitamin D were a causal risk factor for atopic diseases, this would be important
for public health because vitamin D insufficiency is common, affecting 42% of Americans [10]

and correctable using vitamin D supplementation.

The immune system appears to play an important role in atopy pathogenesis, and vitamin D, a
proposed modulator of the immune system response, may influence the development of atopic
susceptibility [11]. Although two randomized controlled trials (RCTs) [12,13] and a recent
Cochrane meta-analysis of RCTs for asthma [14] showed a role for vitamin D supplementation in
the reduction of atopic exacerbations, other recent data do not support its benefits for asthma,
[12,13,15,16] atopic dermatitis or IgE levels [17-19]. Given this lingering controversy, clinical
practice guidelines do not support vitamin D supplementation to prevent atopic disease [1,4].
However, RCT evidence is typically of low quality in vitamin D trials, because of their small
sample size and limited duration; since vitamin D therapy cannot be patented, large-scale trials

would rely upon the limited means of the public purse.
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Given the inconclusive results from the existing RCTs and observational studies, the principles of
Mendelian randomization (MR) can be applied to test the role of biomarkers in disease etiology
[20]. MR uses genetic data to ascertain whether a given biomarker, such as 250HD, is implicated
in disease etiology, relying on a simple tenet: if a biomarker is etiologically involved in a disease
process, then the genetic factors which influence the biomarker will influence disease risk. This
established technique greatly limits confounding, since genotypes are randomly assorted at
conception; further, it is free of reverse causation since genotypes are always assigned prior to the
onset of disease. Thus, MR studies overcome the above limitations of observational studies and
are conceptually similar to RCTs, but provide a life-long assessment of exposure to a biomarker,
such as low 250HD levels. Further, recent advances in genotyping enable the application of MR

methods in sample sizes that are not realistic for RCTs of vitamin D therapy.

In the present study, we adopted an MR design to estimate the effect of genetically lowered
250HD levels on atopic susceptibility combining retrospective data from several large-scale
studies in Europeans. Our MR instruments were single nucleotide polymorphisms (SNPs)
identified by the SUNLIGHT consortium, the largest genome-wide association study (GWAS)
published to date for 250HD levels (n=33,995) [21]. We then applied MR to test whether
genetically lowered 250HD levels influence asthma and atopic dermatitis susceptibility, and total
serum IgE levels, using data from the largest GWAS meta-analyses to date: the asthma GABRIEL
consortium [22], combined with the UK Biobank [23], for a total sample size of 25,471 cases and
121,290 controls for asthma; childhood asthma in 7,047 cases and 7,961 controls from the

GABRIEL consortium; 10,788 cases and 30,047 controls for atopic dermatitis in the The EArly
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Genetics and Lifecourse Epidemiology (EAGLE) Eczema Consortium [24]; and the GABRIEL

consortium for IgE levels (5,888 asthma cases and 6,965 controls).

4.4 Methods

An ethics statement was not required for this work.

4.4.1 SNP selection and Data Sources

This study did not have a prospective analysis plan, since it was based on already available data
from large GWAS meta-analyses. Specifically, we selected the lead genome-wide significant
SNPs (P values < 5 x 10-8) associated with 250HD from the SUNLIGHT Consortium [21] as

instruments in the present MR analysis.

The estimates of the effect of each SNP on 250HD levels were obtained using data from the
Canadian Multicentre Osteoporosis Study (CaMos) [25], since the effect of each SNP on 250HD
levels was not reported in the SUNLIGHT, due to the different 250HD measurement methods
used among individual cohorts, and because CaMos was among the largest replication cohorts in
the SUNLIGHT Consortium, thereby providing more accurate effects of SNPs on 250HD. The

effects of these SNPs in CaMos have been previously reported [26].
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To obtain precise estimates of the genome-wide significant SNP for vitamin D levels on asthma,
we tested the effect of each of these SNPs in a meta-analysis of the UK Biobank Asthma GWAS

[27] with the GABRIEL consortium [22] (S1 Text).

The association between vitamin D levels and asthma may be stronger in children [28] than adults
[29]. Therefore, we conducted a separate analysis in a subsample of the GABRIEL consortium,

including 15,008 individuals (7,047 cases / 7,961 controls) with childhood-onset asthma.

For atopic dermatitis, we obtained the effects of the selected SNPs from The EAGLE Eczema
Consortium [24]. For naturally log-transformed total serum IgE levels, the same estimates were
obtained from the GABRIEL consortium. A description of the participating studies and definitions

of the asthma, atopic dermatitis and IgE phenotypes appear in the S1 Text.

4.4.4 SNP Validation

To validate the four SUNLIGHT 250HD SNPs as instruments for our MR analysis, we tested
them for the three MR assumptions: strong association with the exposure (250HD), absence of
association with known confounders of the exposure—outcome association, and absence of
pleiotropy, where the genetic variant influences the atopic outcome through mechanisms that are
independent of the vitamin D. Bias due to linkage disequilibrium (LD) and population stratification

has been previously tested for the four 2SOHD-associated SNPs [26].
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Due to randomization of alleles at conception, confounding is greatly minimized in MR studies,
however, we have examined if 250HD-associated SNPs may influence important known
confounders that may link vitamin D to common disease [30]. Specifically, these SNPs were not

associated with sun exposure, time outside, physical activity, smoking and BMI [30].

Pleiotropy may bias results if the chosen SNPs exert effects on asthma, atopic dermatitis and IgE
levels independently of 250HD levels. In this study, pleiotropy is less likely since all 250HD-
associated SNPs map to genes strongly implicated in 250HD physiology. Nonetheless, we

conducted a PubMed literature search to identify possible pleiotropic mechanisms (S1 Text).

4.4.5 Statistical analysis
Association of SUNLIGHT SNPs with Asthma, Atopic Dermatitis and IgE Level

We first assessed whether each SNP was associated with risk of asthma, atopic dermatitis or IgE
level, applying a Bonferroni correction, where statistical significance was declared at P <0.05/4

since four SNPs were used as instruments.
Mendelian Randomization Estimates

We assessed the effects of the SNPs upon the four outcomes, weighting the effect of each SNP by
the magnitude of its effect upon 250HD levels. In the absence of available data on 250HD levels

in the GWAS assessing the four outcomes, the instrumental variable estimates of genetically
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determined odds ratios and betas were calculated by using the two sample MR approach [31]. To
provide a summary measure for the effect including all SNPs genome-wide significant for 250HD,
we combined weighted estimates using fixed effects models, and used 12 estimate as a measure of
heterogeneity [32,33]. The effect-size for the meta-analysis is reported in our results as the effect
of a standard deviation (SD) change in natural log-transformed 250HD levels, since this metric is
more interpretable than an arbitrary difference. Finally, we undertook power calculations [34] to
test whether our study was adequately powered to detect clinically relevant change in the

outcomes.
Sensitivity Analyses

Our MR estimates were recalculated after exclusion of SNPs potentially influenced by pleiotropy
or population stratification. We also performed a stratified MR analysis where SNPs involved in

either 250HD synthesis or metabolism were analyzed separately [30].

4.4.5 Ethical Approval

All human studies were approved by their institutional ethics review committees, and all

participants provided written consent.

4.5 Results

4.5.1 SNP Selection and Validation

SNP selection
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The SUNLIGHT Consortium identified four genome-wide significant vitamin-D associated
SNPs[21]: 1s2282679 in GC (vitamin D binding protein), rs12785878 near DHCR7 (7-
dehydrocholesterol reductase), rs10741657 near CYP2R1 (cytochrome P450 family 2 subfamily R
member 1) and rs6013897 in CYP24A1 (cytochrome P450 family 24 subfamily A member 1)
(Table 1). All four SNPs map near or in genes implicated in mechanisms modulating 250HD
levels, and more specifically transport (GC), synthesis (DHCR?7), hepatic hydroxylation (CYP2R1)

and catabolism (CYP24A1) [35].

LD, Confounding and Pleiotropy Assessment
We found no evidence of LD between any of these SNPs (all pairwise r2 < 0.01).

In our literature search for potential confounders, obesity and smoking were identified as risk
factors for asthma [36] that have been associated with vitamin D levels [30]. We found no
association between these SNPs and BMI (all P-values> 0.29) in The Genetic Investigation of
ANthropometric Traits (GIANT) [37] consortium, or with smoking in the Tobacco and Genetics

Consortium [38] (all P-values> 0.18) (S1 Table).

The 250HD-associated SNPs may also influence risk of atopic disease, independently of 25OHD,
through pleiotropy (Fig. 1, Fig. 2, Fig. 3). Two CYP2R1 SNPs (rs2060793 and rs1933064) have
been associated with increased eosinophil counts, while the GC SNP rs7041 and the CYP2RI SNP
1s7935792 may modulate total IgE [39]. Therefore, to assess for possible pleiotropy, we tested the

CYP2R1 SNP for LD with the aforementioned CYP2RI SNPs. We found evidence for strong LD
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between the SUNLIGHT SNP rs10741657 and the eosinophil-related rs2060793 (+°=0.96), but no
evidence for linkage between the rs10741657 and the two other SNPs (+7<0.2). We also found
weak LD between the SUNLIGHT GC SNP and the rs7041 influencing IgE levels (+’=0.5).
Additionally, our literature review showed an association in children between CYP2441 mRNA
and LL-37, an immuno-modulating peptide potentially related to asthma [29]. Therefore, we
performed sensitivity analyses excluding the CYP2RI and CYP24A1 SNPs from our MR
instruments in our asthma analysis, and excluding the CYP2R1 SNP in our atopic dermatitis and

IgE analysis.
Population Stratification Assessment

Based on our previously published results[26], only rs12785878 at DHCR7 was strongly
associated with non-European ancestry. Given that the prevalence of both asthma and atopic
dermatitis is increased in the individuals of African ancestry [40] we undertook sensitivity analyses

excluding this SNP.

4.5.2 Association of SUNLIGHT SNPs with 250HD Levels

The association of the four genome-wide significant SNPs from SUNLIGHT with 250HD levels
is described in Table 1. The proportion of the population-level variance in 250HD levels explained
by the four SNPs is reflected by the F-statistics. Although the low F-statistic of the CYP2441 SNP
suggests that this might be a rather “weak” MR instrument, it is important to note that these F-
statistics are derived from CaMos, a subsample of the SUNLIGHT study, and consequently the F-

statistics would tend to increase if they were tested in the entire SUNLIGHT study. We have

131



previously shown [41] that the count of 250HD decreasing alleles across these four SNPs was

strongly associated with lower total 250HD levels in CaMos (P = 2.4 x 10"?) (Table 1).

4.5.3 Association of SUNLIGHT SNPs with Asthma and Atopic Dermatitis Susceptibility and

IgE levels

Summary statistics for the four 25OHD-associated SNPs and their associations with asthma were
taken from the fixed-effects meta-analysis of the UK Biobank and GABRIEL studies. Since the
CYP24A41 SNP was absent in the UK Biobank genotypic dataset, we used the estimate of its perfect
proxy 1517217119 (+* = 1.0). All four 250HD-decreasing alleles were not associated with risk of
asthma, childhood asthma, atopic dermatitis or IgE levels (Table 1) and the 95% confidence

intervals were generally tight around the null.

4.5.4 Mendelian Randomization Analysis for the Association of 250HD with Asthma Risk

In order to estimate the association of genetically lowered 250HD upon asthma, we used a fixed-
effects model including all four 250HD-decreasing alleles. A decrease in 250HD levels by one
SD on the natural log scale was not associated with asthma (OR = 1.03, 95% CI: 0.90,1.19; P=
0.63 I’= 0%) (Table 2 and Fig. 4). Since our model included only 4 SNPs, the 95% ClIs of the I*
statistic were wide (0%-85%) and consequently heterogeneity could not be accurately measured
using this parameter. In addition, due to potential population stratification, we undertook
sensitivity analyses by excluding the DHCR7 SNP and again observed no association with asthma

(Table 3), To assess the effect of the independent vitamin D pathways on risk of asthma, we
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analyzed SNPs near genes implicated in 250HD synthesis (DHCR?7 and CYP2R1) and metabolism
(GC, and CYP24A1) separately and found that both were again not associated with increased risk
of asthma (Table 3). Also, because of evidence of possible pleiotropy for the CYP2RI and
CYP24A41 SNPs, we performed a sensitivity analysis after removing these two variants. The results
again showed no evidence of an effect (Table 3). Testing the effect of genetically reduced 250HD
on risk of childhood asthma, we found that each SD increase in natural log-transformed 250HD

was not associated with risk of asthma (OR = 0.95, 95% CI: 0.69,1.31; P=0.76 F= 0%).

Given these null results, we undertook a power calculation [34]. Based on a clinically relevant
effect of an OR of 1.6 for asthma [1], a sample size of 144,243 individuals and setting alpha to
0.05, our study had a power of 100% to detect an OR of 1.6 for a one SD change in log transformed
250HD levels on asthma risk, and a 80% power to exclude effects as small as an OR of 1.12. The
same power calculation for a sample size of 15,008 individuals for childhood asthma gave to our
study 100% power to detect an OR of 1.6 for a one SD change in log transformed 250HD levels

on childhood asthma risk and 80% power to exclude effects as small as an OR of 1.33.

4.5.5 Mendelian Randomization Analysis of the Association of 25OHD with Atopic

Dermatitis

A decrease in 250HD levels by one SD on the natural log scale was not associated with atopic
dermatitis (OR = 1.12, 95% CI: 0.92,1.37; P=0.27 I’= 15%) (Table 3 and Fig. 5). Similar to the

previous analysis for asthma, we undertook sensitivity analyses by excluding the DHCR7 SNP to
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control for possible population stratification, and by removing the CYP2RI SNP, because of
potential pleiotropy, and the results were similar (Table 3). Analyzing SNPs near genes implicated
in 250HD synthesis and metabolism separately, again no association was found (Table 3). Based
on a previously reported OR of 1.5 for atopic dermatitis in vitamin D insufficient individuals [5],
a sample size of 40,835 individuals and setting alpha to 0.05, our study had a power of 100% to
detect an OR of 1.5 for one SD decrease in log-transformed 250HD levels on atopic dermatitis

risk, and a 80% power to observe effects down to an OR of 1.21.

4.5.6 Mendelian Randomization Analysis of the Association of 250HD with IgE levels

MR analyses for IgE levels showed that a decrease in 250HD levels by one SD on the natural log
scale was not associated with naturally log-transformed total serum IgE levels (beta = -0.40 natural
log-transformed units, 95% CI -1.65,0.85, P=0.54, 12=0) (Table 2 and Fig. 6). After sensitivity
analyses excluding the DHCR?7 or the CYP2RI SNP, and analyzing separately 250HD synthesis
and metabolism SNPs, the results still included the null (Table 3). Based on a previously reported
beta of -0.43 for log-transformed total IgE levels per SD increase in log-transformed 250HD
levels[42], our sample size of 12,853 individuals, and setting alpha to 0.05, our study had a power

of 86%.

134



4.6 Discussion

Using large populations of individuals of European descent, our study failed to provide evidence
supporting a role for vitamin D in adult and childhood onset asthma, atopic dermatitis and IgE
levels, although small effects cannot be excluded. These findings provide no rationale for the use

of vitamin D for prevention of these conditions.

Residual confounding may account for a large part of the discrepancy between our findings and
these of observational studies. For instance, adiposity predisposes to asthma [43] and lowers
250HD levels [44]. While previous studies have controlled for BMI, it is a poor measure of
adiposity [45]. Physical activity might also be a strong confounder in observational studies,
because it is associated with asthma [46] and sunlight exposure, which in-turn influences vitamin
D status. Another possible explanation of the discrepancy between MR results and observational
studies could be reverse causation, since asthmatic individuals tend to be less active [46] and are
therefore less exposed to sunlight. Further, steroid therapies used in asthma may result in low
vitamin D levels [47]. Last, individuals with darker skin are at increased risk of atopic dermatitis

and asthma [40], while they are also more susceptible to develop vitamin D insufficiency [48].

Our results are in accordance with two recent meta-analyses of RCTs [15,16], which conclude that
evidence is lacking to support a regular use of vitamin D supplements for prevention of asthma
exacerbations, but are in contrast with the findings of a recent Cochrane meta-analysis of RCTs

[14]. Our findings for atopic dermatitis and IgE agree with recent observational studies and RCTs
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[3,4,9]. In contrast, we have used the same methods to provide strong evidence supporting a causal
role for 250HD in risk of multiple sclerosis [41]. Thus, it would appear that immuno-modulatory

effects of 250HD do not uniformly influence immune-mediated diseases.

Previous studies have explored effects of vitamin D-related genes and risk on atopic phenotypes,
without applying an MR approach [7,39,49-52]. SNPs in the vitamin D pathway (CYP2741,
CYP27BI1, CYP2RI, CYP24A1, GC) affecting 250HD levels demonstrated moderate effects on
risk of asthma in a prior adult study [49], but the role of these variants on asthma risk later in life
is unknown. A recent study provided evidence of an association between the vitamin D receptor
genes and asthma in adolescents with normal 250HD levels [50]. Another study reported an
association between a CYP2R] variant and FEV1 in children and between specific haplotypes on
CYP2RI and CYP27A1 and asthma phenotypes [51]. With regards to atopic dermatitis, a
polymorphism in the CYP24A41 gene has been associated with severe atopic dermatitis in adults
[52]. A vitamin D-related SNP on CYP27A41 was also found to be protective against eczema,
whereas CYP2R1 and VDR haplotypes appear to alter eczema susceptibility. In regards to IgE
levels, carrying a rare variant on CYP27A1 appears to increase the risk of elevated total serum IgE
levels (above 1000IU/ml) and a CYP27BI allele has also been associated to IgE levels [53].
Nevertheless, other than testing genetic associations, the above studies were not designed to test

the causal relationship between 250HD levels and atopy.
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Other MR studies have been carried out in asthma and have provided evidence supporting a causal
role for increased BMI in asthma [43], and evidence against a causal role of prenatal alcohol
exposure in asthma and atopy in childhood [54]. A recent MR study used a smaller sample of 1,208
cases and 3,877 controls for childhood asthma in individuals of European and non-European
ancestry [55] and did not find any evidence for a causal role of vitamin D in asthma. The
instruments used in this childhood MR asthma study were only the CYP2R/ and GC SNPs, and
did not include the SNPs near DHCR7 and CYP24A1. Our study thus provides a more thorough
examination of the effects of 250HD on asthma risk by using a substantially larger sample size,

including all 250HD-associated loci, in both adult and childhood asthma.

Strengths of this study include the large sample size of the adult cohorts, which enabled us to more
precisely test our study hypothesis than if we had used individual-level data from small studies.
Although the findings from this study were null, the high statistical power and tight confidence
intervals exclude most clinically relevant effects of 250HD on risk of asthma, atopic dermatitis
and IgE levels. Importantly, our findings represent the association of a life-long exposure to

reduced vitamin D levels in the general adult population.

This study also has limitations. While we controlled for pleiotropy, residual bias is possible since
the exact function of these SNPs is unknown. However, all SNPs lie in, or near, genes well
validated for their role in vitamin D physiology. The null result could also be explained by

canalization, which is a phenomenon resulting in compensatory feedback mechanisms [20]. Our
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childhood asthma MR study was underpowered to exclude effects of vitamin D on pediatric asthma
smaller than an OR less than 1.33 per SD change in log vitamin D. There was heterogeneity in the
definition of the different atopic outcomes, since in some GWAS used for this MR study the
outcomes were self-reported and in others physician- diagnosed (see S1 Text). Our MR analysis
might also be limited in its ability to elucidate a possible role of biologically active vitamin D,
reflected by the levels of the active metabolite 1,25-dihydroxyvitamin D. Although genetically
lowered total 2SOHD levels do not appear to be associated with increased risk of the studied atopic
phenotypes, we have not assessed whether reduced lifelong 1,25-dihydroxyvitamin D could
influence these outcomes, since levels of total 250HD and 1,25-dihydroxyvitamin D are weakly
correlated [56]. As well, our study can only comment on the role of circulating 250HD level, and
not on the action of 250HD at the cellular level. Our analyses were restricted to white populations
of European ancestry, and further work will be required to investigate their relevance in

populations of different ethnicity, or in those with frank vitamin D deficiency.

In conclusion, our MR study provides no support for an unconfounded relationship between
250HD levels and risk of atopic disease in individuals of European descent. Instead, association
of 250HD levels with atopic diseases in the general population is more likely to be attributable to

confounding by lifestyle factors such as obesity and physical inactivity.
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4.9 Tables and Figures

4.9.1 Tables

Table 1: Characteristics of SNPs used as instrumental variables and their association with Asthma, Atopic Dermatitis and IgE

levels
. . Childhood Asthma Atopic Dermatitis
Vitamin D (25OHD) Results Asthma Results Results§ Resultsoo IgE Results§
Variance
250HD in 250HD
X Effect on 4 F- . OR OR OR Beta
Locus Associated | EA | EAF 250HD* P Statistich explained (95% CI) P N (95% CI) P N (95% CI) P N (95% CI) P N
SNP by each
SNP (%)
20 0.99 1.02 1.02 -0.02
CYP2R1 |rs10741657| C [0.62 | -0.052 | 3.3x10 18.78 0.13 (0.97,1.01) 0.541142,551 (0.96.1.07) 0.56 [15,008 (0.99,1.05) 0.27 140,834 (-23.0.19) 0.86 | 12,853
27 1.01 0.95 1.02 -0.15
DHCR7 |rs12785878| G | 0.27 | -0.056 | 2.1x10 18.29 0.12 (0.98,1.03) 0.64 1142,551 (0.90.1.01) 0.11 [15,008 (0.98,1.06) 0.32 140,834 (-36.0.06) 0.20 | 12,853
1109 1.01 1.00 0.98 0.06
GC rs2282679 | C | 0.3 | -0.047 | 1.9x10 13.38 0.09 (0.99,1.04) 0.31 ] 144,243 (0.95.1.06) 0.96 [15,008 (0.94.1.02) 0.32 140,531 (-17,0.29) 0.60 | 12,853
10 1.02 1.03 1.03 0.02
CYP24A41 | rs6013897 | A 10.19] -0.027 | 6.0x10 3.13 0.02 (0.99,1.05) 0.14 | 144,243 (0.97.1.10) 0.38 [15,008 (0.99,1.07) 0.22 140,529 (-25,0.29) 090 | 12,853

EA: Effect allele. EAF: Effect Allele frequency
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*Effect on Natural Log-Transformed 250HD levels in the CaMos Cohort, adjusted for age, agez, sex, season of blood draw and BMI.
#P-values derived from the SUNLIGHT Consortium

gF-Statistic derived from Multiply-Adjusted Natural Log-Transformed 250HD levels in the CaMos Cohort
b Results are derived from the meta-analysis of UKBIOBANK study and GABRIEL asthma consortium

§ Results are derived from the GABRIEL asthma consortium

oo Results are derived from the EAGLE eczema consortium
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Table 2: MR Estimates of the Association of Decreased 25OHD on the Risk of Asthma, Atopic dermatitis and IgE Levels

MR Estimate
Outcome Odds Ratio or Beta P F (95% CI)
(95% CI)

Asthma 1.03 (0.90,1.19)* 0.63 0 (0-85)
Childhood Asthma 0.95 (0.69,1.31)* 0.76 0 (0-85)
Atopic Dermatitis 1.12 (0.92,1.37)* 0.27 15 (0-87)

IgE Levels -0.40 (-1.65,0.85)** 0.54 0 (0-85)

*OR is expressed as the odds of asthma or atopic dermatitis per standard deviation decrease in natural log-transformed 250HD levels.

**beta is the effect per standard deviation decrease in natural log-transformed 250HD levels on natural log-transformed total IgE

levels.
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Table 3: Sensitivity Analyses Testing MR Assumptions.

Asthma Atopic Dermatitis IgE levels
el e . OR OR Beta

Sensitivity Analysis Model (95% CI) * P (95% CI) * P (95% CI) ** P
Excluding the DHCR7 locus 1.02 (0.86,1.22) 0.8 1.08 (0.85,1.39)| 0.53 0.17 (-1.41,1.75) 0.83
Synthesis loci (CYP2R1 and DHCR?7) 0.99 (0.85,1.15)| 0.89 |1.20(0.94,1.52)] 0.14 |-0.80(-2.28,0.68) 0.29
Metabolism loci (GC and CYP24A1) 1.20 (0.96,1.51) | 0.12 0.95(0.65,1.37) 0.77 0.63 (-1.73,2.99) 0.60
Excluding the CYP2R1 and CYP24A1 loci | 1.09 (0.92,1.30) | 0.31 NA NA NA NA
Excluding the CYP2RI locus NA NA 1.07 (0.83,1.38)| 0.27 |-0.50(-2.04,1.04) 0.53

*OR is expressed as the odds of asthma or atopic dermatitis per standard deviation decrease in natural log-transformed 250HD levels.

**beta is the effect per standard deviation decrease in natural log-transformed 250HD levels on natural log-transformed total IgE

levels.

“NA” is denoted when potential bias was not detected for the analysis
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4.9.2 Figures

Figure 1: Direct acyclic graph (DAG) of the Mendelian Randomization analysis for Asthma
Blue arrows represent the effect of SNPs on the change in natural log-transformed 250HD

levels. Green arrows represent the causal effect of genetically decreased 250HD levels on the

risk of Asthma.
Confounders
(BMI, smoking)
Vitamin D SNPs e i
(SUNLIGHT Consortium, 250HD Asthma
n=33,996) e "I (n=146,761)

Pleiotropy
(eosinophils, LL-37)
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Figure 2: Direct acyclic graph (DAG) of the Mendelian Randomization analysis for Atopic
Dermatitis

Blue arrows represent the effect of SNPs on the change in natural log-transformed 250HD
levels. Green arrows represent the causal effect of genetically decreased 250HD levels on the

risk of Atopic Dermatitis.

Vitamin D SNPs _ 250HD Atopic Dermatitis
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Figure 3: Direct acyclic graph (DAG) of the Mendelian Randomization analysis for IgE
Levels

Blue arrows represent the effect of SNPs on the change in natural log-transformed 250HD
levels. Green arrows represent the causal effect of genetically decreased 250HD levels on IgE

levels.
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Figure 4: Mendelian Randomization Estimate of the Association of 2SOHD Levels with

Risk of Asthma

SNP locus chr : OR [95% CI] P p-value
152282679 GC 4 —— 1.14(0.75, 1.73]

1510741657 CYP2R1 1M —a— 0.93(0.76, 1.15)
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rs6013897 CYP24A1 20 - & 1.45(0.88, 2.39)

<
Summary : 1.03 [0.90, 1.19] 0% 0.630
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Estimates obtained from using a fixed-effects model
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Figure 5: Mendelian Randomization Estimate of the Association of 2SOHD Levels with

Risk of Atopic Dermatitis
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Figure 6: Mendelian Randomization Estimate of the Association of 250HD Levels with IgE

levels
SNP Kcus ohr beta (95% CI) I° p-value
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4.10 Supplemental Material

4.10.1 S1 Text

Phenotype Definition in the Participating Studies

The UK Biobank Asthma GWAS was conducted using baseline phenotypic data collected in the
UK Biobank study. UK Biobank' comprises ~500,000 people aged between 40-69 years, recruited
between 2006 and 2010 across Great Britain®. Genotypic data were available in 120,286 UK
Biobank participants with known asthma status (15,106 cases/105,180 controls). Asthma was

defined as self-reported asthma, without further specification on the age of asthma onset.

The GABRIEL study is a meta-analysis of 37 GWAS studies of individuals of European descent
(10,003 cases/13,954 controls), of which 20 studies included individuals with childhood-onset
asthma (7,047 cases/7,961 controls), aiming to identify risk factors for asthma®. Asthma was
considered present if diagnosed by a physician. Childhood-onset asthma was defined as onset of
asthma before the age of 16 years. After quality control and filtering, genotypes were retained on
10,365 asthma cases and 16,110 controls from 37 different studies, including studies with both
childhood onset and adult onset asthma. Only one of the four SUNLIGHT SNPs used as
instruments for the MR was present in the published genotyped dataset of the GABRIEL
consortium. Thus, we opted to use estimates on the effect of the four SUNLIGHT SNPs on asthma
from a meta-analysis of Hapmap2-imputed GABRIEL data (unpublished), comprising all 37
studies of the original GABRIEL meta-analysis. We used a meta-analysis of data imputed in the

same panel for the 20 childhood-onset asthma studies for our secondary analysis. The UK Biobank
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and GABRIEL summary level results for the four SNPs were then pooled in a fixed-effects meta-

analysis using the GWAMA software”.

For atopic dermatitis, we obtained the effects of the four SUNLIGHT 250HD-associated SNPs on
this disease using data from The EAGLE Eczema Consortium’. EAGLE is a large meta-analysis
of 26 studies, including 116,863 individuals (21,399 cases/95,464 controls), imputed to the 1000
Genomes Project Phase 1 reference panel. The data used in this MR study were obtained from the
fixed-effect meta-analysis of 22 European studies (excluding 23andMe). This resulted in a sample
of 10,788 cases and 30,047 controls. Phenotype definition of atopic dermatitis differed among

studies and was either self-reported or based on dermatological exam.

For IgE levels, we obtained the effects for the four SUNLIGHT SNPs from 34 of the 37 studies of
the GABRIEL consortium. The GWAS for IgE was conducted separately in studies with asthma
cases only (total n=5,888) and in studies with controls only (n=6,965), and the results were
combined by fixed-effects meta-analysis within cases (17 datasets) and within controls (17
datasets). The combination of these two pooled results, inversely weighted for their variance, is
arithmetically equivalent to doing a single fixed-effects meta-analysis of all the study-stratum-
specific results (from 34 datasets) in one calculation. Therefore the betas from this analysis
represent the pooled estimates of the effect of the SNPs on naturally log transformed total IgE,
derived from a fixed-effects (inverse-variance-weighted) meta-analysis of the results from the

asthmatics and from the controls.
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PubMed Search for Pleiotropy

The following terms were searched on the PubMed database to investigate possible pleiotropic
mechanisms of our chosen SNPs corresponding to gene name, gene mutations, encoded protein,
encoded protein with asthma, atopic dermatitis and IgE levels.

For 1s2282679: “GC”, “GC gene”, “GC gene mutations”, “vitamin D binding protein”, “vitamin
D binding protein asthma”, “vitamin D binding protein atopic dermatitis”, “vitamin D binding
protein IgE levels”

The search term GC uncovered 69,152 results, most of which were not relevant to genetics,
therefore the search term “GC gene” was used instead to refine search results.

For rs12785878: “DHCR7”, “DHCR7 mutations”, “7-dehydrocholesterol reductase”, “7-
dehydrocholesterol reductase asthma”, 7-dehydrocholesterol reductase atopic dermatitis™, “7-
dehydrocholesterol reductase IgE levels”.

For rs6013897: “CYP2441”, “CYP244l mutations”, ‘“1,25-dihydroxyvitamin D3 24-
hydroxylase”, “1,25-dihydroxyvitamin D3 24-hydroxylase asthma” “1,25-dihydroxyvitamin D3
24-hydroxylase atopic dermatitis”,*1,25-dihydroxyvitamin D3 24-hydroxylase IgE levels”

For rs10741657: “CYP2RI1”, “CYP2RI mutations”, “vitamin-D hydroxylase”, “vitamin-D
hydroxylase asthma”, “vitamin-D hydroxylase atopic dermatitis”, “vitamin-D hydroxylase IgE
levels”.

Abstracts were selected for further review if they made reference to the search term and a pathway

distinct from vitamin D or vitamin D insufficiency/ deficiency on the three outcomes. Only studies

in mammals were considered. Findings are reported in the Results section.
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4.10.2 S1 Table

S1 Table. P-values of the association of the SNPs used as instrumental variables with

potential confounders

250HD-SNP Look-up in GWAS Consortia

p for association

p for association

p for association

p for association

Trait with GC with CYP2RT | . porons | with CYP24A41
(rs2282679) | (rs10741657) | (rs12785878) (rs6013897)
BMI* 0.91 0.29 0.78 0.61
Smoking
0.80 0.90 0.18 0.73
Quantity”

* p-value for association between 250HD SNP and BMI obtained from the GIANT Consortium[1]

®p-value for association between 250HD SNP and smoking quantity obtained from the Tobacco

and Genetics Consortium[2]
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Chapter 5: Genome-wide association study for vitamin D levels reveals 63 novel loci

Preface: Bridge between Chapters 2, 3, 4 and Chapter 5

In Chapter 5, we took advantage of the UK Biobank’s 250HD levels release, which came out two
years after the GWAS meta-analysis of Chapter 2, to perform the largest to date GWAS on 250HD
levels. In collaboration with some of the authors of our previous GWAS, we analyzed data from
the UK Biobank under a very competitive environment. We therefore identified 69 vitamin D loci,
among which 63 are novel, harboring 138 independent common, low frequency and rare variants.
This manuscript is currently under review at the American Journal of Human Genetics. Chapters
3 and 4 showed that identifying genetic determinants of vitamin D enables interrogation of a causal
role of vitamin D in health outcomes through MR. In Chapter 5, we unveil an enhanced set of
genocopies of vitamin D status, which can be used in the future to test causal associations between
vitamin D levels and complex human diseases and traits. At the same time, we highlight that these
novel genetic instruments for 250HD should be used with caution in future MR analyses, given
that they lie mostly in genes outside the canonical vitamin D metabolic pathway, and therefore

they carry with them an increased risk for pleiotropy.
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Abstract

We aimed to increase our understanding of the genetic determinants of vitamin D levels by
undertaking a large-scale genome-wide association study (GWAS) of serum 25 hydroxyvitamin
D (250HD). To do so, we used imputed genotypes from 401,460 white British UK Biobank
participants with available 250HD 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 250HD, 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 enrichment in gene sets, pathways and expression in tissues, and to
investigate the partitioned heritability of 250HD, and its shared heritability with other traits. Using
this approach, the SNP heritability of 250HD was estimated to 16.1%. 138 conditionally
independent SNPs were detected (p-value< 6.6 x10™) among which 53 had MAF<5%. Single
variant association signals mapped to 69 distinct loci, among which 63 were novel. We identified
enrichment in hepatic and lipid metabolism gene pathways, and enriched expression of the 250HD
genes in liver, skin and gastrointestinal tissues. We observed partially shared heritability between
250HD and socio-economic traits, a feature which may be mediated through time spent outdoors.
Therefore, through the largest 2S0HD GWAS to date, we identified 63 novel loci, which underline
the contribution of genes outside the vitamin D canonical metabolic pathway to the genetic

architecture of 250HD.
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5.2 Introduction

Vitamin D status, as ascertained by 25-hydroxy-vitamin D level (250HD), is associated with
numerous health outcomes'. However, it is unclear if lowered 250HD level plays a causal role in
these outcomes and its exact biological mechanisms of action remains unknown® >. 250HD is a
steroid pro-hormone and a fat-soluble metabolite of cholecalciferol, which is predominately
synthesized by exposure to ultra-violet light or obtained from dietary sources including fortified
foods, supplements and oily fish. It plays an important role in regulating calcium and phosphorus
concentrations and influences cell proliferation, differentiation, apoptosis and has immune
modulating effects’. 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 250HD, which is influenced not only by
diet and exposure to ultra-violet light, but also by age, body mass index, skin color, and numerous
factors regulating exposure to ultra-violet B radiation (including season, geographical latitude,
skin coverage)> °. In addition to these environmental factors, classical twin studies show that 50-
80% of the variability in the concentration of 250HD is explained by genetic factors” ® indicating

that this is a highly heritable trait.

In recent years, several genome-wide association studies (GWAS) of serum 250HD have been
conducted on participants of Europeans ancestry, with the largest including 79,366 individuals’.

These studies have identified six independent common genetic variants (minor allele frequency
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[MAF] >5%) which are associated with 250HD level.”'* These variants are in loci near genes
having an established role in vitamin D synthesis (DHCR7/NADSYNI [MIM: 602858]
(rs12785878) and CYP2RI [MIM: 608713] (rs10741657)), transportation (GC [MIM: 139200]
(rs2282679)) and degradation (CYP24A41 [MIM: 126065] (rs17216707)), as well as outside of
known vitamin D metabolism pathways, such as SEC234 (Sec23 homolog A, coat protein complex
I component [MIM: 610511], rs8018720), involved in endoplasmic reticulum (ER)-Golgi protein
trafficking, and AMDHDI (amidohydrolase domain containing 1, rs10745742) an enzyme
involved in the histidine, lysine, phenylalanine, tyrosine, proline and tryptophan catabolic
pathway’. Additionally, a low frequency genetic variant (MAF <5%) at CYP2RI (rs117913124),
with a four-fold larger effect than common variants at that locus was identified through whole-

. . . . 12
genome sequencing and deep imputation for low-frequency and rare variants .

An improved understanding of the genetic determinants of 250HD has helped re-assess the role

of vitamin D in the aetiology of complex diseases, such as musculoskeletal disorders', autoimmune

13-23

. . . 24 .
disease, such as multiple sclerosis and cancer”" , through methods for causal inference, such

25; 26

as Mendelian randomization (MR) . For example, four separate MR studies have supported a

121427 "and these results have clinical

protective effect of vitamin D against multiple sclerosis
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®. More than 60 MR

studies have been published to date utilising genetic variants associated with 250HD to aid causal

effect estimation®”*®. A deeper understanding of the genetic determinants contributing to variation
p g g g
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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 250HD GWAS study on 79,366 Europeans’ had double the sample size
of the previous GWASs, it yielded only two new 250HD loci (the SEC234 and AMDHDI),
indicating that 250HD may be a metabolite with a simple oligogenic architecture. In the same
study, little of the 250HD 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 investigate the genetic architecture of 25OHD by increasing substantially the GWAS sample

size.

We hypothesized that we could identify new enzymes, or carrier proteins affecting the levels of
this metabolite, unveiling a classical polygenic architecture, or confirm its oligogenic architecture.
We therefore undertook a GWAS of serum 250HD 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
previously described 250HD loci and identified novel genetic determinants of vitamin D. To gain

further insight into the genetic control of the vitamin D metabolic pathway, we looked for overlap

172



of our findings with those of the an unpublished GWAS on 1,25-dihydroxyvitamin D, the active
form of vitamin D, which is downstream from 250HD in the vitamin D metabolic pathway (Figure
1). Finally, we undertook an in silico functional follow-up of our GWAS findings, to identify
enrichments in gene sets, pathways, and expression in tissues, and explore the partitioned

heritability of 250HD and its shared genetic architecture with other GWAS traits.

5.3 Methods

5.3.1 Phenotype

Between 2006 and 2010 approximately half a million British adults were recruited by UK
Biobank®’. Participants provided biological samples, physical measurements, and answered
questionnaires relating to general health and lifestyle. Ethical approval was granted by the
Northwest Multi-Centre Research Ethics Committee, and informed consent was obtained from all

participants prior to participation.

Data on 250HD 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 250HD measurements from 401,460 individuals from the White British subset of UK
Biobank, as defined below. To account for vitamin D supplement use, we adjusted 250HD levels

by subtracting 21.2 nmol/L from the 250HD measurement for vitamin D supplement users (see
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Supplemental Material and Methods for definition of vitamin D supplementation). We used
21.2 nmol/L because it is the mean increase in 250HD levels conferred by taking daily 400IU of
cholecalciferol, the amount of vitamin D most often found in vitamin D supplements*®. Whenever
250HD levels were lower than 10nmol/L (the detection threshold for Diasorin assay) after
subtraction, they were set to 10nmol/L. 250HD levels were then log transformed and standardized
to a mean of 0 and standard deviation of 1 (because of skewness in the distribution of 250HD
levels, and to allow comparison with previous 250HD GWAS). Distribution of the 250HD levels

appears in Figure S1.

5.3.2 GWAS

After stringent quality control, the UK Biobank genotypes, imputed to the combined Haplotype
Reference Consortium (HRC)* and UKI10K haplotype resource panel, provided 20,370,874
genetic variants from the autosomes and the X chromosome to test for their association with
250HD levels. This quality 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 > 1x 107°. For details on genotyping and imputation in UK Biobank see the

Supplemental Material and Methods.

To minimize bias from population stratification, an issue which is particularly relevant in the

search for rare genetic variants associated with traits and disease™, analysis was restricted to
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individuals 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. Specifically, we previously defined this White
British subset using high-quality genotypes, employing FlashPCA *' and linkage-disequilibrium-
pruned HapMap3 SNPs (MAF > 1%, minor allele count > 5, Hardy-Weinberg Equilibrium P > 1x
10°), which were projected onto previously computed principal components using the same SNPs
set from 1000 Genomes Phase 3 dataset (N=2,504)>2. Henceforth, whenever the term “White
British” appears 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 250HD levels, using a linear mixed-model
in the BOLT-LMM software’®. The model-fitting was performed on hard-called genotypes from
488,377 participants consisting of 803,113 SNPs. Age, sex, season of 250HD 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 [Oct to Dec]), genotype 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 x 10~ 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™’.
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5.3.3 Meta-analysis

We compared the results of the GWAS on UK Biobank to those of a previous 250HD GWAS
published by our group (n=42,274 samples of European ancestry)'?, by performing Pearson
correlation of the betas of all variants with p-values <1 x 10 in both GWAS using the cor.test’
function in R. We then combined the summary level results of the two GWAS in an inverse

variance weighted fixed effects meta-analysis, using the GWAMA™ software.

Approximate conditional association analysis

To identify conditionally independent SNPs from this meta-analysis, we used GCTA-COJO
version 1.91.1°*°, which conditions upon the lead SNP per locus by approximating the genotype-
phenotype covariance with correlation matrices and summary statistics (Supplemental Material
and Methods). Variants with high collinearity (multiple regression R* > 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 GWAS™, 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 positionally and functionally
annotated to the physically closest gene using the hgl9 gene range list, and the Variant Effect

Predictor’’ as implemented in PhenoScanner v2.>®
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5.3.4 Estimation of variance explained by significant variants and SNP heritability

We estimated the proportion of 250HD phenotypic variance tagged by all SNPs on the genotyping
array (that is, the SNP heritability) using BOLT-REML function > 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 explained =~ 28* f(1— f), where Sand
f denote the effect estimate and the effect allele frequency of the allele on a standardized

phenotype, respectively”’.

5.3.5 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'.
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5.3.6 In silico functional follow-up

Functional follow-up of the meta-analysis summary statistics was performed using Complex Trait
Genomic-Virtual Lab® web application (https:/genoma.io), which implements a variety of
follow-up methods for GWAS summary statistics output from the COJO analysis (Supplemental
Material and Methods). In brief, association between predicted gene transcription and 250HD
was estimated using S-MultiXcan®' in the MetaXcan package with the default options
implemented. Association statistics for the 48 tissues were combined accounting for correlation
between tissues to give transcript-level results, and a Bonferroni correction was applied to account
for the number of gene transcripts tested. Gene prioritisation, gene set and tissue enrichment
analysis were performed using DEPICT (Data-driven Expression-Prioritized Integration for

Complex Traits)**

to identify likely causal genes at associated loci, highlight gene pathways
which are over-represented by associated loci in the single variant results and test whether
expression of these genes is enriched in specific tissue types. Genetic correlation between 250HD
and a range of other traits available as publicly available GWAS summary statistics was examined
using bivariate LDSR®* implemented in the LD Hub platform®. 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)*
% 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

. . 65 . .
of microarray gene expression) . These final two analyses were restricted to common variants
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present in HapMap3 (approximately 1,500,000 SNPs), excluding those within the HLA region

defined as Chr6: 25000000 to 34000000 bases inclusive.

5.3.7 GWAS on 1,25-dihydroxyvitamin D
Study participants, genotyping and imputation

The Ely Study, established in 1990, is a prospective study of the aetiology of type 2 diabetes and
has been described in detail elsewhere. We studied Ely participants with measures of 1,25-
dihydroxyvitamin 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 3 phases. All participants of the Ely Study
gave their written informed consent and the study was approved by the local ethics committee.
Participants at Phase 3 were genotyped using the HumanCoreExome-24 and InfiniumCoreExome
arrays. Details of the genotype quality control 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”. Additional variants not captured by the HRC
reference panel were imputed using a combined UK10K and 1000 Genomes Phase 3 reference

panel resulting in data available for >14 million variants.
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1,25-dihydroxyvitamin D phenotype and look-up for the 250HD 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
inclusion of age, sex, body mass index and season as covariates. Residuals from the regression
were standardised and used as the final 1,25-dihydroxyvitamin D phenotype. Genetic association
analysis was performed for the conditionally independent variants from the 250HD GWAS meta-
analysis using SNPTEST v2.5.4-beta3”. Bonferroni adjustment was applied to association test p-
values such that variants with GWAS p-values <4.10x10™* (0.05/122) were considered to meet the

corrected significance threshold.

5.4 Results

5.4.1 GWAS for 250HD 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. We found a strong
correlation between the effect sizes of the UK Biobank GWAS with our previous GWAS meta-
analysis'”. Specifically, we compared the betas of 20,787 SNPs achieving p-values < 1 x10 in
both GWAS (minimum MAF 0.3%) and found a coefficient of correlation (r) of 0.88 (Figure S3).
We then performed a meta-analysis of the two GWAS 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
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implemented by GCTA-COJO, we observed 138 conditionally independent signals (pre- and post-
conditioning p-value< 6.6 x10), 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 250HD GWAS
(Table S2). Of these conditionally independent SNPs, 53 (38%) had MAF<5%, and 85 (62%)
were common (MAF>5%). The 53 SNPs with MAF <5% conferred an average absolute effect of
0.23 standard deviations on standardized log transformed 250HD levels per effect allele,

compared to 0.03 standard deviations for the 85 SNPs with MAF>5%.

The total variance explained by the 138 conditionally independent 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-frequency and rare variants explained 1.8% of the variance in
250HD 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
independent variants capture less than a third of the variance explained in 250HD levels by all

directly genotyped markers.

5.4.2 Look-up of the 2SOHD GWAS variants in the 1,25-dihydroxyvitamin D GWAS

We tested 122 out of the 138 conditionally independent variants from the 250HD GWAS for

genetic association with 1,25-dihydroxyvitamin D. The 16 variants that were not tested were not
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available in the Ely dataset, either because they were not reliably captured through imputation, 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-duhydroxyvitamin D,
only one rs6127099 in the CYP24A41 locus on chromosome 20 reached the multiple testing

corrected threshold for significance (20:52731402: T A; p=0.231; p=2.5 x 10™* )( Table S2).

5.4.3 In silico functional follow-up
Gene prioritisation and enrichment analyses

Gene prioritisation analysis suggested 70 genes with 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 candidates. For example, DEPICT
prioritized DHCR7 at the lead associated chrl11:70313961-71239227 locus and GC at
chr4:72607410-72669758 locus. Interestingly, ADH6 [MIM:103735] was a plausible candidate at
locus chr4:99916771-100274184 suggesting this locus may have pleiotropic effects on vitamin D

and alcohol metabolism (Table S3).

Gene set enrichment analysis identified enrichment in 418 pre-defined gene sets with a false
discovery rate (FDR) < 5%. The strongest statistical evidence for enrichment was in the following

gene sets: the alpha-2-HS Glycoprotein (AHSG), a negatively-charged serum glycoprotein that is

182



synthesized by hepatocytes involved in several processes, including endocytosis, brain
development, and the formation of bone tissue (p=4.18x107); the reactome gene set for
“metabolism of lipids and lipoprotein” (p=7.91x107); several genes involved in immune pathways
and therefore expressed in the blood such as ‘Elastase, Neutrophil Expressed (ELANE)’
(p=8.43x10'7); the ‘Serum albumin (ALB)’ (p=l.19x10'6), ‘Acidic form of complement factor 4
(C4A)’ (p=1.51x10"°) and ‘ENSG00000211949" gene sets, belonging to the immunoglobulin (Ig)
heavy chain locus (p=1.51x10); biosynethic pathways such as “G0:0044283, small molecule
biosynthetic process, p=1.89x10°”, "G0:0016053, organic acid biosynthetic process, p=2.29x10"
6. GO:0046394” and “carboxylic acid biosynthetic process, p=2.29x10°”; and finally liver
associated pathways including “MP:0000599, enlarged liver, p=1.33x10", “G0:0001889, liver
development, p=3.35x x10°” and “GO:0061008, hepatobiliary system development, p=4.15x10"
6> (Table S4). Collectively these results suggest that detectable serum levels of 250HD are

influenced by a range of metabolic processes extending within and beyond the canonical vitamin

D metabolic pathway.

Finally, expression of 250HD genes was enriched in 17 cell types with an FDR < 5%, including
cell lines representing the liver (hepatocytes, p=1.63x10) and skin (keratinocytes, p=7.73x107).
The tissue-specific analysis found greatest evidence for enrichment in the liver (p=1.34x10"®) and

the gastrointestinal tract (p=2.22x10'3) (Table S5).

Predicted gene transcription levels
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After applying a Bonferroni-corrected multiple testing threshold (p<1.94x10°), varying
expression levels at 377 gene transcripts were predicted to influence 250HD, 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-MulTiXcan® were consistent with the lead association signals in the
single variant results, for example identifying association at NADSYNI [MIM:608285](Z-test
p<1.81x107"); DHCR7 (Z-test p<1.15x107%); GC (Z-test p<1.81x107"%); CYP2RI (Z-test
p=2.85x10"""); UGTI144 [MIM:606429] (Z-test p=3.25x10""); PADII [MIM: 607934] (Z-test
p=3.64x10""). The S-MulTiXcan®' method integrates information from multiple tissue-specific
predictions improving the statistical power over the single variant method and highlights additional
transcripts associated with 250HD, with the strongest evidence in various forms of Keratin
Associated Protein 5 (KRTAP5 [MIM:608822]) (Z-test p<1.81x10’309), a protein coding gene
involved in keratinization and has been identified as a potential read through for NADSYNI. This
adds further evidence that 250HD is affected through processes beyond the established vitamin D

metabolic pathway. Results are shown in Table S6.

Genetic correlation

Genetic correlation results for 250HD were available for 774 traits from the LD hub catalogue®,

including 517 raw traits from UK Biobank and 257 from other GWAS studies and consortia
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(Figure 4). A total of 101 traits passed a multiple testing corrected Bonferroni p-value threshold
of p<6.46x10~. The strongest evidence of negative genetic correlation with 250HD were ‘Time
spent using a computer’ (r,=-0.22) and ‘Qualifications: College or University degree’ (r,=-0.17);
‘Intelligence’ (r,=-0.24). Traits pertaining to exercise (‘Duration of vigorous activity’ (r,=0.22)
and ‘Number of days/week walked 10+ minutes’ (r,=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” (r,=-0.14); ‘Triglycerides’ (r,=-0.25); ‘Type 2 Diabetes’ (r,=-0.19). A full list
of results can be found in Table S7. This highlights that the genetic determinants of 25S0OHD levels
capture biological influences that extend beyond the canonical synthesis and metabolic pathways

of this metabolite.

Tests for enrichment in functional annotations

Using information from all the SNPs in the 250HD GWAS summary statistics and modelling LD
with the 53 functional 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=l.48x10’5) (Table S8). There was little evidence from stratified LDSR® 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

185



expressed in hepatocytes (coefficient = 1.17x10™), liver (coefficient = 1.73 x10°*) and whole blood

(coefficient= 1.16 x10™), corroborating the cell and tissue predicted gene enrichment (Table S9).

5.5 Discussion

This large-scale GWAS meta-analysis identified 63 novel genetic loci which were associated with
250HD levels in people of European ancestry and at least doubled the estimate of SNP heritability
of 250HD levels. Our study also replicated the 6 known vitamin D loci (in or near CYP2RI,
DHCR7, GC, CYP24A1, AMDHDI, SEC23A). In silico follow-up identified enrichment in gene
sets and pathways mostly independent from canonical vitamin D synthesis and metabolism
pathways. Taken together, these results identify new biological pathways that influence 250HD

levels and demonstrate that this metabolite is moderately polygenic.

The hypothesis-free approach of GWAS has served to highlight the role of lipid biology in 250HD
levels—a fat-soluble hormone. Specifically, among the 69 identified 250HD loci, 22 loci are
related to serum lipid phenotypes. Examples of these loci are the lipase C gene (LIPC
[MIM:151670]) on chromosome 15, the low density lipoprotein receptor gene (LDLR
[MIM:606945]) and the apolipoprotein C1 gene (APOCI [MIM107710]) on chromosome 19, and
the cholesteryl ester transfer protein gene (CETP [MIM:118470]) on chromosome 16.
Additionally, our gene enrichment analysis prioritized the metabolism of lipids and lipoprotein

gene set, and lipid traits were strongly genetically correlated with 250OHD using LDSR. These
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findings suggest that 250HD levels share several of the same biological pathways influencing

circulating lipids.

We also found enrichment in loci harboring genes associated with skin keratinization. Among
these, an interesting finding was the FLG gene [MIM:135940] on the chromosome 1, which
encodes fillagrin, a protein which plays an important role in the skin barrier’s function, and
deregulation 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 gene, which was prioritized by
our in silico analyses. However, functional follow-up of these novel loci is required, to characterize
the causal genes and/or mechanisms underlying the associations with 250HD levels. Also, we
observed enrichment in loci associated with traits outside the vitamin D pathway, which are not
directly linked to 250HD synthesis and metabolism. We can speculate on the exact mechanism of
action of these genes on 250HD—for instance through their effect on time spend outdoors and
consequently exposure to sunlight—but follow-up experiments are necessary to validate these
hypotheses. Collectively these results suggest that serum levels of 250HD are in crosstalk with a
range of metabolic processes extending within and beyond the canonical vitamin D metabolic
pathway. This highlights that the genetic instrument for vitamin D is instrumenting more than the
vitamin D pathway, and specifically also captures variance in traits that relate to environmental
confounders that could influence 250HD levels. Taken together, our findings present a cautionary
tale for future MR studies, since there is a risk of pleiotropic effects for a substantial number of

novel 250HD-related SNPs mapping to genes not directly involved in 25OHD biology.
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The findings of the look-up of the significant 250HD SNPs in the 1,25-dihyxroxyvitamin D
GWAS provide evidence 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 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-dihydroxyvitamin 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’® and the body’s
ability to buffer 1,25-dihydroxyvitamin D in deficient individuals by increasing parathyroid
hormone. In that aspect, any additional evidence, from larger 1,25-dihydroxyvitamin D GWAS,
linking 250HD 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.

In summary, we described 63 novel loci which are associated with 250HD levels in Europeans.
Further research is warranted to better characterize the novel genetic variants, validate these
findings in other ethnic groups, and to better understand the biological pathways influencing

250HD levels. The novel genetic instruments for 250HD identified here should be used with
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caution in future MR analyses assessing the association between vitamin D and other complex

traits and diseases.
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5.10 Web resources

OMIM, http://www.omim.org/

The GWAS summary-level results will become available through GRASP

https://grasp.nhlbi.nih.gov/
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5.12 Figures

Figure 1. The vitamin D metabolic pathway
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Figure 2. Genome-wide association of 2SOHD graphed by chromosome positions and
—log10 P-value (Manhattan plot), and quantile-quantile plot of all 20,370,874 SNPs from
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. The Y
axis shows —log10 P-values, and the X axis shows chromosome positions. Horizontal red dash
line represents the thresholds of P =6.6x10" 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 shows observed
—log10 P-values (it is truncated at 310), and 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.
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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 250HD.

KRTAP5-10 NPFFR2  KRTAPB-9 KRTAP5-7 NADSYN1
\o ) \ Y
3001 GC
CYP2R1 sLbapa
PDE3B DHCRY?
AP002387.1 \
2 / KRTAP5-8
p—v
o
5 RRAS2 CAJLCB
S
|
§ 200
kS
8 K RP11-7020.4
&
®©
N ANAPC15
L COPBH
[0]
(&)
C
Q
°
3
:o; 1001 HAL\ SULTZA:DHALSEP NSG CTD-3098H1.2
D v '
C
o
5 >
[ ]

Gene level association
(mean Z-score, averaged across all tissue-specific predictions)

205



Figure 4. Genetic correlation between 25SOHD levels and GWAS traits available within LD

hub. Each dot represented the Rg between 250HD and an individual trait. The red dashed line

represents the Bonferroni-corrected multiple testing threshold at the 5% level.
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5.13 Supplemental Material and Methods

5.13.1 Supplemental Text and Figures
UK Biobank data fields

Information on vitamin D supplementation in UK Biobank participants was retrieved from data
fields 20084 (Vitamin and/or mineral supplement use), using the code 479 (Vitamin D) and from

data field 6155 (Vitamin and mineral supplements), using the code 4 (Vitamin D).

The specific description for data field 20084 is: Category: Vitamin / mineral supplements

yesterday -Diet by 24-hour recall —online follow-up

For data field 6155, the description is as follows: Category: Medication-Health and medical

history-Touchscreen

Information on 250HD levels was retrieved from data field 30890.

250HD measurements

Blood was drawn from consenting participants and transported to the UK Biobank central
laboratory in Stockport, UK. The whole blood was aliquoted and frozen within an average time
of 24 hours (+/- 2.4 hours). 25(0OH)D was measured by immunoassay on a DiaSorin LIASON®
XL chemiluminescence analyzer with a detection range of 10 nmol/L < 25(OH)D < 375 nmol/L.

Where samples were above 375 nmol/L and sufficient sample remained, a dilution was
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performed and the sample reanalysed. During the automated aliquoting process, an unintended
dilution of the aliquots occurred however, approximately 92% of sample assay concentrations
are affected by less than 1% dilution, approximately 8% of assay concentrations are affected by
less than 10% dilution and very few are affected by more than this. Correction for this
unintentional dilution has been made centrally by UK Biobank and more details can be found

here: http://biobank.ndph.ox.ac.uk/showcase/docs/biomarker issues.pdf.

Genotype QC and Imputation in UK Biobank

In this study, we used the Version 3 of the imputed genotype data. Description of category can

be found through the following link: https://biobank.ctsu.ox.ac.uk/crystal/label.cgi?id=263)

Specifically, genome-wide genetic data is available for 488,000 UK Biobank participants.

Genotype calling was performed by Affymetrix (now part of ThermoFisher Scientific) on two
closely related purpose-designed arrays. ~50,000 participants were run on the UK BiLEVE
Axiom array (Resource 149600) and the remaining ~450,000 were run on the UK Biobank
Axiom array (Resource 149601). The dataset combines results from both arrays (data field
22000) and there are 805,426 markers in the released genotype data. The positions of markers in
the data are in GRCh37 coordinates. It was not possible to assay genotypes for some participants

(~3%) as sufficient DNA could not be extracted from their blood samples.
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The genotype data were quality controlled (QC). In addition, the dataset was phased and ~96M
genotypes were imputed using computationally efficient methods combined with the Haplotype
Reference Consortium and UK 10K haplotype resources. Classical allelic variations at eleven
HLA genes were imputed. Information from the QC pipeline, such as array, and important

genetic properties of the data such as population structure and relatedness are available.

Details of these analyses, and the methods used to derive other data such as imputation and

haplotypes, is given in the paper by Bycroft et al'.

Ancestry assignment

A sample of 409,728 White British individuals was identified centrally by the UK Biobank,

using a combination of self-reported ethnicity and genetic information. However, the
reliance on self-reported information was deemed too conservative and we chose to redefine a

White British sample (n=440,414) using genetic information only. The approach is described in
detail in a previous publication by our group”. Specifically, we projected the UK Biobank sample
onto the first 20 principal components estimated from the 1000 Genomes Phase 3 (1000G)
project data’ (where ancestry was known) using FastPCA version 2*. Projections used a curated
set of 38,551 LD-pruned HapMap 3 Release 3 (HM3)’ bi-allelic SNPs that were shared between
the 1000G and UK Biobank datasets (MAF>1%, minor allele count >5, genotyping call rate

>95%, Hardy-Weinberg p>1x10-6 and regions of extensive LD removed). Expectation
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Maximization (EM) clustering (implemented in R using EMCluster®) was used to compute
probabilities of cluster membership based on a finite mixture of multivariate Gaussian
distributions with unstructured dispersion. Eigenvectors 1, 2 and 5 were used for clustering as
they represented the smallest number of eigenvectors that were able to resolve the British 1000G
subpopulation (GBR) from other ethnicities. Twelve predefined clusters were chosen for EM
clustering as sensitivity analyses suggested that this number provided a good compromise
between model fit (as quantified by log likelihood, Bayesian information criterion, and Akaike
information criterion) and computational burden. UK Biobank participants (n=440,414) that
clustered together with the 1000G GBR subpopulation were termed White British and used for

downstream genetic analyses.

GWAS
Meta-analysis

Summary level files from the two GWAS were filtered using the following SNP-level exclusion
criteria: i) Info score <0.3, ii) HWE P-value <10 iii) MAF <0.1% and iv) being a bi-allelic
variant (indels were excluded). Alignment of the SNPs across studies was done using the
chromosome and position information for each variant according to genome build hg19. Fixed —
effects beta-based meta-analysis was performed using the software package GWAMA32’

without adjusting for genomic control. Meta-analysis results were combined across the two
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studies for consistency using inverse variance weighted fixed effects. QQ and Manhattan plots

for single variant associations with 250HD are shown in Figure 2a and 2b, respectively.

Approximate conditional association analysis

Conditional analyses for significant SNPs was performed using GCTAversion1.91.1%° This
method uses an approximate conditional analysis approach from summary-level statistics from
the meta-analysis and LD corrections between SNPs estimated from a reference sample. 50,000
unrelated white British individuals randomly selected from the UK Biobank was created for a
previous GWAS?, and was used to model patterns of LD between variants. We used the
following parameters: --cojo-wind 20000 --cojo-slct --cojo-collinear 0.9 --cojo-p 6.6e-9 in order
to extract associated regions flanking within 20kb of the top SNPs to then conduct conditional

analyses within these regions.

1,25-dihydroxyvitamin D GWAS
Study participants

The Ely Study, established in 1990, is a prospective study of the aetiology of Type 2 diabetes and

has been described in detail elsewhere '* '

. Briefly, the study comprises of three phases: Phase 1
(Baseline examination: 1990-1992), Phase 2 (1994-1996) and Phase 3 (2000-2003). At baseline,

European ancestry individuals aged 40-69 years registered at a single medical practice in Ely,

Cambridgeshire, UK were invited to participate. Baseline blood samples were collected after an
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overnight fast. Genotyping was performed for participants attending examination at Phase 3. All
participants of the Ely Study gave their written informed consent and the study was approved by

the local ethics committee.

Sample genotyping, genotype quality control and imputation

Samples were genotyped using the HumanCoreExome-24 and InfiniumCoreExome arrays.
Samples were excluded for: call rate <98% (11 samples); common variant heterozygosity outliers
(MAF >1%, heterozygosity <0.341 or >0.363 and not ethnic outlier; 7 samples), rare variant
heterozygosity outlier (MAF <1%, heterozygosity >0.005 and not ethnicity outlier; 19 samples);
rare allele count outlier and not ethnic outlier (6 samples); duplicate samples, lower call rate (5
samples) and sex mismatch (6 samples). Monoalleleic variants and variants with a call rate <95%
were excluded (705 variants). A total of 1,591 samples and 546,486 variants met the above 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. Additional variants
not captured by the HRC reference panel were imputed using a combined UK10K and 1000

Genomes Phase 3 reference panel resulting in data available for >14 million variants.

In-silico functional analysis
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Functional analysis of the meta-analysis summary statistics was performed using Complex Trait
Genomic-Virtual Lab'* web application (https://genoma.io) which implements a variety of follow-

up methods for GWAS summary statistics.

Association between predicted gene transcription and 250HD was estimated using S-MultiXcan'?
in the MetaXcan package with the default options implemented. This analysis uses genetically
predicted gene expression variation across multiple tissues as exposure and 250HD as outcome.
Elastic net prediction models for 48 tissues were trained using GTEx (version 7)'* data and
obtained from the PredictDB repository (http://predictdb.org). Association statistics for the 48
tissues were combined accounting for correlation between tissues to give transcript-level results,

and a Bonferroni correction was applied to account for the number of gene transcripts tested.

Gene prioritisation, gene set and tissue enrichment analysis were performed using DEPICT (Data-

driven Expression-Prioritized Integration for Complex Traits)'> '°

to identify likely causal genes
at associated loci, highlight gene pathways which are over-represented by associated loci in the
single variant results and test whether expression of these genes is enriched in specific tissue types.
First, DEPICT defines associated loci by clumping genome-wide single variant results. The default
criteria (p<5x107®, LDwindow< 1Mb, LD r*>0.1) were used for this step. Next, DEPICT looks for

co-expressed gene pairs present within these associated loci, using precomputed co-regulated

gene-networks defined using publicly available gene expression data. DEPICT anticipates that
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association signals for a biologically causal gene will co-localise with genes encoding other
members of a co-regulated gene network elsewhere in the genome. Finally, DEPICT tests for
enrichment in tissue/cell types by assessing whether genes in associated loci are highly expressed
in any of the 209 Medical Subject Heading (MESH) tissue and cell type annotations from human
gene expression microarrays. DEPICT constructs a tissue/cell type expression matrix by averaging
gene expression levels of microarray samples with the same MeSH annotation and uses this to
assess enrichment in an identical method to the gene set enrichment. To take sources of
confounding into account, DEPICT calibrates results against a null expectation from precomputed

GWAS based randomly distributed dummy phenotypes.

Genetic correlation between vitamin D and a range of other traits available as publicly available
GWAS summary statistics was examined using bivariate LD score regression'’ implemented in

the LD Hub platform'®.

Partitioned heritability by functional annotation with 53 overlapping categories was performed
using stratified linkage disequilibrium (LD) score regression (LDSR) using the baseline model
from 1000 Genomes phase 3 data (baselineLD v2.2, February 2019)'”'. 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

214



expression)™’. Both of these analyses are restricted to common variants in present in HapMap3

(approximately 1,500,000 SNPs) excluding those within the HLA.
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Figure S1. Density plot of the distribution of baseline standardized log-transformed 250HD
measurements from 401,460 White-British UK Biobank participants. The y-axis is the
probability density function for the kernel density estimation, whereas the x-axis depicts values of

the standardized log-transformed 250HD.
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Figure S2. Genome-wide association of 2SOHD graphed by chromosome positions and
—log10 P-value (Manhattan plot), and quantile-quantile plot of 20,370,875 SNPs from the
UK Biobank GWAS (QQ-plot) in 401,460 White-British individuals. a Manhattan plot: The
P-values were obtained from the BOLT-LMM. The Y axis shows —log10 P-values, and the X
axis shows chromosome positions. Horizontal red and blue dash line represents the thresholds of
P=6.6x10" and 5x10°® for genome-wide significant and genome-wide suggestive P-values. b
QQ-plot: The Y axis shows observed —log10 P-values (and is truncated at 350), and 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 1.2, suggesting that population stratification was

adequately controlled.
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Figure S3. Correlation between the betas of the UK Biobank GWAS and of a previous
250HD GWAS on 42,274 Europeans (Manousaki et al, AJHG 2017)*. 20,787 SNPs
achieving p-values < 1x 10 in both GWAS are included in this analysis The y-axis depicts the
betas from the BOLT-LMM in UK Biobank, whereas the x-axis depicts the betas from the

aforementioned GWAS meta-analysis.
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5.13.2 Supplemental Tables

Note: Due to size restrictions, Tables S3 to S9 are not included in the present e-Thesis file. They

can be found in a separate excel file submitted with the present e-Thesis.

Table S1. UK Biobank Study descriptives.

UK BIOBANK COHORT
TRAIT UNIT MIN MAX RANGE MEDIAN MEAN SD
AGE years 39.0 73.0 34.0 58.0 56.8 8.0
MALE_SEX % 459
250HD nmol/L 10.0 130.0 120.0 69.9 70.0 34.7
VITD SUPPLEMEL% 6.2
SEASON_FALL |% 22.26
SEASON_WINTER% 25.28
SEASON_SPRIN({ % 28.92
SEASON_SUMMH % 23.43
MIN Minimum recorded value of trait
MAX Maximum recorded value of trait
RANGE Difference between maximum trait and minimum trait value
MEDIAN Median value of trait
MEAN Mean value of trait
SD Standard deviation
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Chapter 6: General Discussion

The purpose of this thesis was to advance the knowledge on the genetic control of vitamin D, using
methods from genetic epidemiology, bioinformatics, and statistical genetics. This thesis represents
a dramatic leap forward in identifying novel vitamin D genes and in characterizing variants of
large effects in known vitamin D genes. In Chapter 2, we identified a SNP in a known vitamin D
locus, the 25-hydroxylase gene, with effects on vitamin D levels comparable to those of oral
vitamin D supplementation. In Chapter 5, we identified tens of novel vitamin D genes. In Chapters
3 and 4, we used vitamin D genetic variants to interrogate the causal role of vitamin D in human

diseases. Below, we discuss the strengths or shortcomings of each chapter.

Chapters 2 and 5 were both genome-wide association studies (GWAS) of 250HD levels. They
differ in their sample sizes and the described follow-up analyses. In Chapter 2, we meta-analyzed
individuals from 19 European cohorts for a total of 42,326 participants. At the time, this was a
sample size greater than any other GWAS of 250HD, with the previous largest study reaching
33,996 participants’. The first strength of this study was the combination of our increased sample
size with deeper imputation, which provided insight into variants with MAF below 5% and as low
as 0.1%. The second strength, which will have important implications for the future aim described
in the Appendix, was that we showed the presence of a variant in 5% of the general European
population, with the largest effect on 250HD levels ever described (-0.43 standard deviations on
standardized log-transformed 250HD per effect allele). Carrying one copy of this variant doubles

the risk of vitamin D insufficiency and confers a 40% increase in the odds of multiple sclerosis,
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while it might as well reduce the response to conventional vitamin D supplementation. If this
hypothesis is confirmed by the pharmacogenetics trial described in Chapter 7, this might have
important public health consequences, given that vitamin D insufficiency in carriers of this low-

frequency variant can be easily treated using the active form of vitamin D (calcitriol).

In Chapter 5, by undertaking a GWAS on 401,460 UK Biobank participants, and combining these
results to our previous GWAS described in Chapter 2, we maximized our yield in common, low-
frequency and rare variants, and identified in total 69 250HD loci, among which 63 are novel.
These loci harbor 138 conditionally independent variants, among which 53 alleles with MAF <5%
(average absolute effect of 0.23 standard deviations on standardized log-transformed 250HD), and
85 alleles with MAF>5% (average absolute effect 0.03 standard deviations on standardized log-
transformed 250HD). Of note, the CYP2R1 variant described in Chapter 2 exerts the largest effect
(-0.35 standard deviations on standardized log-transformed 250HD per effect allele) upon 250HD
among all low-frequency variants in this larger and more recent GWAS. This study increased
substantially our knowledge on the genetic architecture of vitamin D, and confirmed that 250HD
is a moderately polygenic trait, affected by genes inside and outside the canonical vitamin D
metabolic pathway. Specifically, we described novel genes potentially involved in vitamin D
synthesis in the skin (such as the FLG and KRATPS), and in vitamin D catabolism (UGT1A44,
SULT2A1I), as well as genes not directly related to vitamin D metabolism, notably genes involved
in the lipid metabolism (such as the LIPC, CETP, PCSKY9, APOCI, LDLR). These results are

further supported by our in silico follow-up analyses using summary-level results of our GWAS,
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which showed increased expression of vitamin D genes in skin, liver and gut, and enrichments in
gene pathways involved in the lipid metabolism. However, in vitro and in vivo functional follow-
up of these novel loci is required, to characterize the causal genes and/or mechanisms underlying
the associations with 250HD levels. Also, using LD score regression, we observed genetic
correlation between 250HD and lifestyle traits, which are controlled by genes not directly linked
to 250HD metabolism. We can speculate on the exact mechanism of action of these genes on
250HD - for instance through their effect on time spend outdoors and consequently exposure to
sunlight- but follow-up experiments are necessary to validate these hypotheses. Collectively these
results suggest that serum levels of 250HD are in crosstalk with a range of metabolic processes
extending within and beyond the canonical vitamin D metabolic pathway. The findings of this
GWAS highlight that the genetic instrument for vitamin D is instrumenting more than the vitamin
D pathway, and specifically also captures variance in traits that relate to environmental
confounders that could influence 250HD levels. Taken together, these results present a cautionary
tale for future MR studies, since there is a risk of pleiotropic effects for a substantial number of

novel 250HD-related SNPs mapping to genes not directly involved in 250HD biology.

Both GWAS studies described in Chapters 2 and 5 have some limitations. We did not undertake
any statistical fine-mapping of the newly identified loci, or in vitro/ in vivo functional follow-up
experiments to identify causal variants. Although this should consist an aim for future studies, and
will allow a better characterization of the role of the newly identified genes in vitamin D status,

this exceeded the objectives of the present Thesis. Moreover, in regards to the CYP2RI
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synonymous low-frequency variant described in Chapter 2, since this variant maps in the hepatic
vitamin D hydroxylase, a gene with a well-established role in vitamin D synthesis, we judged that
functional follow-up experiments were not necessary for its validation. Although we cannot
unequivocally claim that this SNP is the causal variant in this locus, the fact that it replicated as
the lead conditionally independent low-frequency variant in this locus in the larger GWAS in UK

described in Chapter 5, supports this hypothesis.

In Chapters 3 and 4, we applied genomic discoveries from previous 250HD GWAS, and data from
the largest GWAS on 4 human diseases and traits, to test causal associations of low 250HD with
these outcomes in MR studies. This well-established study design typically overcomes the bias
from confounding and reverse causation of the observational studies. Our MR experiments failed
to provide evidence supporting a causal role of 250HD in all 4 studied outcomes (coronary artery
disease, asthma, atopic dermatitis, IgE levels), and exclude large effects (odds ratios > 1.3) of
250HD on these outcomes. The interpretation of these results is that the observational associations
of vitamin D status with these diseases are likely driven by environmental confounders, and
vitamin D supplementation will likely not affect the risk of developing these chronic conditions.
Contrarily, prevention efforts should rather target the environmental confounders that drive these
associations. It is important to underline that these two Mendelian randomization studies were
published before the GWASes of Chapter 2 and 5, and thus they do not include the novel variants
described in these chapters. Although the results of these MR studies might have changed by

including an enhanced set of genetic instruments, it is important to underline that the 4 common
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variants from SUNLIGHT, which are used as instruments in these two MR papers, still explain a
large part of the variance in 250HD levels (2.4% vs 4.9% of all 138 conditionally independent
variants identified in Chapter 5). Also, since these SNPs map directly in or near genes involved in
vitamin D synthesis or metabolism, they minimize the risk of pleiotropy, a considerable limitation
of the MR study design. Thus, we believe that these studies continue to provide valid evidence
refuting causal effects of low vitamin D levels in the studied outcomes. It is also important to note
that the results of the MR study on coronary artery disease presented in Chapter 3 were replicated
in a large randomized controlled trial published two years later (Vitamin D and Omega-3 Trial-
VITAL, N=25,871), which reported a hazard ratio very comparable to the MR estimate provided
in our Circulation: Cardiovascular Genetics paper (hazard ratio 0.97, 95% CI 0.85-1.12 compared

to an MR odds ratio of 0.99, 95% CI 0.94-1.17).

The MR studies described in Chapters 3 and 4, similar to other MR studies using 250HD levels
as an exposure, have some important limitations. First, they do not exclude effects of the active
form of vitamin D (1,25[OH];D) in the serum and of its intracellular concentrations on the
outcomes. Indeed, there is a poor correlation between 250HD and 1,25[OH],D levels™.
Nonetheless, measurement of 250HD remains the gold standard for tracking response to vitamin
D supplementation, and we showed in Chapter 2 that genetic effects on 250HD levels are
comparable in magnitude to the effects on 250HD of oral vitamin D supplementation. Another
limitation of the MR studies is that this design does not allow to interrogate non-linear effects,

meaning that having 250HD levels in the extremes of the normal distribution might affect the
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studied outcomes. MR does, though, provide insight in effects of 250HD within the normal
distribution, which represents the majority of the population. Finally, the results of our MR studies
are restricted to European populations, and cannot be generalized in other ancestries. A trans-
ethnic GWAS for 250HD, described in Chapter 7, might provide valid instruments to test causal
associations between vitamin D and outcomes, for which available GWAS studies in other

ancestries exist.
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Chapter 7: Conclusion and Future Directions

This thesis was an exploration of the genetic determinants of vitamin D through the study
of 250HD levels. The obtained findings demonstrate the clinical utility of characterization of
novel genetic associations, offer an improved understanding of the control of vitamin D, enable
the identification of groups at increased risk for vitamin D insufficiency, and help to interrogate

the causal role of low 250HD levels in vitamin D related clinical outcomes.

As we demonstrated in Chapter 5, 250HD level is a moderately polygenic trait with 69
associated genetic loci, among which loci including low-frequency and rare variants of large

effects. Several future aims can be suggested to continue this work.

Chapter 5 can be continued with trans-ethnic analyses. We restricted our GWAS to either
Europeans (Chapter 2) or White British participants in the UK Biobank (Chapter 5). GWAS of
250HD can and should be expanded to other ethnicities, however previous efforts had limited
statistical power in their discovery GWAS®®. These studies signal that large trans-ethnic GWAS
of 250HD may be on the horizon, therefore as these data become available, they should be
analyzed along with data from participants of various European ancestries from UK Biobank to

identify even more genetic determinants of vitamin D.

The discovery of a low-frequency variant on CYP2R1 with large effects on 250HD levels
described in Chapter 2 challenges the investigation of the impact of this variant on serum 250HD
in response to vitamin D oral supplementation. This is described in the proposal featuring in

Appendix 3, which was approved as an ancillary study to the VITAL RCT" .
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Hence, we have identified 63 novel loci for 250HD, and demonstrating the moderate
polygenicity of 250HD suggests that larger GWAS (e.g. sample sizes exceeding 500,000) will
continue to identify novel loci. Following our recent GWAS and future larger GWAS, we will
need methods to identify target genes and to discern their function, since many of the novel genes
are not directly involved in vitamin D synthesis and metabolism. Statistical fine-mapping of the
candidate loci using FINEMAP, in vitro and in vivo functional exploration, and genome-editing
through CRISPR-Cas9 are a few steps in this direction. This is a necessary follow-up of the results
of our study, with potentially major clinical implications. Also, since information on vitamin D
supplementation is available in UK Biobank (with ~25,000 individuals taking vitamin D
supplements in the White-British subset of 440,345 individuals), gene-diet interaction studies

could be well-powered to generate clinically relevant results.

Genetic prediction of vitamin D levels is another future aim, which can be enabled by the
large sample size of the 250HD GWAS of Chapter 5, and future larger 25SOHD GWASes.
Developing a polygenic risk score from 250HD levels is important, since it will allow a more
efficient identification and management of people at risk of vitamin D insufficiency and its
complications. We have generated preliminary results on a 250HD polygenic risk score, by using
a machine learning approach (the LASSO regression), which we had developed from UK Biobank
for ultrasound measured BMD (Forgetta et al, manuscript under review). To do so, we first used
data from UK Biobank for training of an algorithm. Specifically, we selected to include various
numbers of SNPs using 3 different p-value cut-offs from a GWAS performed on 80% of the White

British participants included in the GWAS of Chapter 5. We trained seven algorithms in total,
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using the various sets of SNPs, with and without covariates (age and sex). We then tested the
performance of these algorithms in a separate validation subset from UK Biobank (a 12.5% among
the remaining 20% of the White British participants). The performance of our polygenic risk score
was consistently low, with a maximum »* of 4.2% (obtained using a p-value cut-off of 5 x10® and
the including the covariates), which was significantly lower than the 250HD SNP heritability of
16% described in Chapter 5. We therefore decided not to proceed with testing this genetic predictor
in an independent cohort. Although we can speculate on various reasons behind the low
performance of our polygenic risk score, we believe that the high representation of low-frequency
and rare variants in our sets of 250HD SNPs, increases the “noise” in the lasso regression, since
the real effect of these SNPs on 250HD could be far from the one estimated in the GWAS. Thus,
our genetic predictor becomes less accurate. This problem can be overcome by increasing the

sample sizes in future 250HD GWAS.

Finally, the identification of novel genetic determinants of 250HD in Chapter 5 offers an
enhanced set of instruments for vitamin D. To date, more than 70 MR studies have been published
assessing the causal role of vitamin D in human diseases and traits’*. Nevertheless, given the large
body of evidence from observational studies linking vitamin D to a plethora of health outcomes,
and the shortage of high-quality vitamin D RCTs, we foresee that the newly identified 250HD
SNPs (explaining a larger portion of the variance in 250HD levels), will serve as instruments in
future MR experiments. These MR studies will focus on outcomes not assessed in previous vitamin
D MR papers, or will revisit the causal role of vitamin D in previously studied outcomes through

MR. At this point, it is important to highlight that many of these newly identified SNPs lie in genes
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not directly related to the vitamin D metabolic pathway. Some of these variants pertain to lifestyle
traits that could affect vitamin D levels indirectly, for instance through the time spent outdoors.
The risk of pleiotropy in MR studies using these variants as instruments is obvious, since some of
these traits (e.g. alcohol consumption, educational attainment) represent typical environmental
confounders, which bias observational associations with vitamin D. We therefore plan to
investigate the hypothesis that, expanding the variants for a metabolite, such as vitamin D, beyond
the classic ones directly involved in its metabolic pathway, might lead to a set of instruments which

are less reliable and more likely to be invalid.

In conclusion, the findings presented this thesis represent novel contributions to the
understanding of the genetic determinants of vitamin D in humans and a stepping stone for further

research on vitamin D genomics and their clinical applications.
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Appendix 3: Pharmacogenetics study proposal

Title of the proposal: Pharmacogenetic study exploring the impact of a genetic variant in the
CYP2R1 gene on the response to vitamin D replacement therapy
Despoina Manousaki, MD, PhD Candidate, McGill University & Brent Richards, MD, MSc,

Professor of Medicine, McGill University

Introduction: A recent Genome-Wide Association Study (GWAS)' has shown that a novel low-
frequency genetic variant in a gene called CYP2RI confers a substantial decrease in the blood
levels of 25-hydroxy-vitamin D (250HD), a biomarker of vitamin D status in humans, and is
associated with a two-fold increase in their risk of vitamin D insufficiency'. We hypothesize that
this genetic variant blocks the hepatic step of hydroxylation of vitamin D, one of the steps in the
production of vitamin D’s active form. In order to test this hypothesis, we will measure the
response in 250HD levels to oral vitamin D supplementation with cholecalciferol of individuals

carrying this variant compared to non-carriers.

Background: Vitamin D deficiency affects up to 50% of otherwise healthy adults with potential
public health consequences®. Almost half of the variability in the levels of 250HD has been
attributed to genetic factors > . In recent years, multiple GWAS of 250HD levels have been
conducted on participants of Europeans ancestry with the largest comprising of 79,366 individuals
and have identified six common genetic variants (minor allele frequency (MAF) >5%)" . In 2017,

we led a large meta-analysis of 19 GWAS studies (N=42,326 individuals of European ancestry)',
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aiming specifically to test the effect of rare and low frequency genetic variants (MAF<5%) on
250HD levels. This study identified a low-frequency variant (rs117913124, minor allele frequency
=2.5%) in a gene coding region of CYP2RI (which controls hepatic hydroxylation of
cholecalciferol, the form of vitamin D taken by diet or synthetized in the skin), which confers a
much larger effect on 250HD level than the common variant already described in the same locus,
and its effect is independent of the effect of any known common vitamin D variant. By analyzing
8,711 individuals from four of the participating studies, it was demonstrated that carriers of one
allele of this low-frequency variant have an increased risk of vitamin D insufficiency (OR=2.2,
95% CI 1.8-2.8, P-value=1.25 x 10™'%) (Figure 1). Also, carrying one copy of this variant increases
significantly the risk of multiple sclerosis, (OR=1.4, 95%CI 1.19-1.64, P=2.63 x 10™), a disease

shown to be strongly associated with low 250HD levels’.

Figure 1: Forest plot with the odds ratios of vitamin D insufficiency in carriers of the CYP2R1

variant from 4 studies, as well as the meta-analytic odds ratio.
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Figure 2: The vitamin D pathway. Inactivation of Vitamin D
CYP2RI encodes one of the 25 hydoxylases that transform cholecalciferol, (the form of vitamin D
produced in the skin after sun exposure or taken from the diet) to 250HD. Thus CYP2RI is
involved in a major step of 250HD synthesis (Figure 2). 250HD is then further metabolized to

1,25 dihydroxyvitamin D, the biological active form of vitamin D.

Given that: 1) the CYP2RI encodes the major 25-hydroxylase for vitamin D6 and 2) hepatic
hydroxylation is a necessary step in the conversion of dietary vitamin D to its active form, we
hypothesize that individuals heterozygous or homozygous for the CYP2R] variant are likely to
have less of an increase in 250HD after administration of cholecalciferol, than individuals without
this genetic variant. This is because these individuals have a coding genetic variant in a key

enzyme, CYP2RI, that is associated with lowered 250HD level and impairment of this enzyme
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would lead to less conversion of dietary vitamin D to 250HD. Given the large effect of this variant
on multiple sclerosis, restoring normal 250HD levels in the carriers could be crucial in preventing
this debilitating disease in those individuals. This study may have direct clinical relevance, since
carriers of the CYP2R] variant have a low level of vitamin D and efforts to increase their 250HD
level are likely to be hindered by this genetic variant. Consequently, these individuals should have
their low vitamin D levels treated with the active form of the vitamin D pathway, 1,25
dihydroxyvitamin D, rather than cholecalciferol, which is the current standard of care. Therapy
with 1,25 hydroxyvitamin D would enable individuals with the genetic variant to bypass the
CYP2RI and have the biologic effect of the active form of vitamin D. Importantly this genetic
variant affects ~5% of individuals of European descent, which could influence the clinical care of

hundreds of thousands of Canadians.

The recent VITAL NEJM article’ described, in a subgroup of 836 participants taking vitamin D
with repeated 250HD measurements, a change in 250HD levels of 30 nmol/l at 1 year. If the
standard deviation of this delta is 25nmol/I (or below), and assuming that the delta 250HD of the
CYP2RI variant carriers is 15 nmol/L instead of 30 nmol/L, (a reasonable assumption, given its
profound effect on 250HD levels), a sample size of 44 CYP2R1 variant carriers and 44 non-carriers
gives our study a statistical power of at least 80%. Clearly, the true effect size of this variant is not
known, but this is, of course, the reason why we are doing this study. Based on the above estimates,
40 to 50 participants per group (carriers /non-carriers) could be considered as a satisfying sample

size for this study. We estimate that in a sample of 836 VITAL participants, there are 42 carriers
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of the CYP2RI variant. Therefore, by genotyping the CYP2RI low-frequency variant in 836
VITAL participants on daily cholecalciferol, with available baseline and repeated 250HD
measurements, this study is powered to evaluate if individuals carrying this variant do not respond
as well to oral cholecalciferol compared to non-carriers. If this is shown, these individuals should

likely be treated with the active form of vitamin D (1,25 hydroxyvitamin D).
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