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Highlights

e We review a total of 120 genetic association studies on vitamin D pathway SNP

e Significant associations reported for a total of 55 SNP in 11 vit D pathway genes

e 44 studies report 114 findings of SNP which determine metabolite concentration

e 76 studies report 105 findings of SNP which affect non-skeletal health outcomes

e Infectious and auto-immune related disease were most frequent to associate with SNP
e Limited overlap of SNP predicting vit D status and SNP affecting disease outcomes



Abstract

Polymorphisms in genes encoding proteins involved in vitamin D metabolism and transport are
recognised to influence vitamin D status. Syntheses of genetic association studies linking these variants
to non-skeletal health outcomes are lacking. We therefore conducted a literature review to identify
reports of statistically significant associations between single nucleotide polymorphisms (SNP) in 11
vitamin D pathway genes (DHCR7, CYP2R1, CYP3A4, CYP27A1, DBP, LRP2, CUB, CYP27B1, CYP24A1,
VDR and RXRA)and non-bone health outcomes and circulating levels of 25-hydroxyvitamin D (25[OH]D
and 1,25-dihydroxyvitamin D (1,25[0OH],D). A total of 120 genetic association studies reported positive
associations, of which 44 investigated determinants of circulating 25(0OH)D and / or 1,25(0H),D
concentrations, and 76 investigated determinants of non-skeletal health outcomes. Statistically
significant associations were reported for a total of 55 SNP in the 11 genes investigated. There was
limited overlap between genetic determinants of vitamin D status and those associated with non-
skeletal health outcomes: polymorphisms in DBP, CYP2R1 and DHCR7 were the most frequent to be
reported to associate with circulating concentrations of 25(0OH)D, while polymorphisms in VDR were
most commonly reported to associate with non-skeletal health outcomes, among which infectious and

autoimmune diseases were the most represented.

Keywords: Vitamin D; Single Nucleotide Polymorphism; Vitamin D status; Non-skeletal diseases;

Candidate Gene Association Studies; Genome-wide Association Studies



1. Introduction

Genetic variation in the vitamin D pathway was first reported to influence human health more than 20
years ago, when Morrison and colleagues found associations between allelic variants in the gene
encoding the vitamin D receptor (VDR) and bone density (1, 2). Since then the scope of genetic
association studies in the vitamin D field has widened to investigate the effects of variation in other
genes in the vitamin D pathway on both skeletal and non-skeletal health outcomes. Several systematic
reviews of the literature linking VDR polymorphisms to various disease outcomes have been
performed to date (3-7). Reviews of studies investigating the influence of variation in other vitamin D
pathway genes on bone health have also been performed (8). However, reviews of studies that have
investigated associations with non-skeletal health and variants in vitamin D pathway genes other than
VDR are lacking. This is a significant omission, because genome-wide association studies have reported
that polymorphisms in the genes encoding enzymes responsible for both synthesis and catabolism of
25-hydroxyvitamin D influence vitamin D status (9, 10). Such variants might therefore be expected to
influence non-skeletal health outcomes in their own right, or to modify the effects of vitamin D
supplementation on risk of extra-skeletal disease — a hypothesis that we have addressed in clinical

trials (11, 12).

We therefore conducted a literature review to identify genetic association studies reporting positive
associations between risks of non-skeletal disease outcomes and single nucleotide polymorphisms
(SNP) in the following genes encoding key players in the vitamin D pathway: DHCR7, CYP2R1, CYP3A4,
CYP27A1, DBP, LRP2, CUBN, CYP27B1, CYP24A1, VDR and RXRA. The role for each of these genes in the

vitamin D metabolic, transport and signalling pathways is illustrated in Figure 1.

2. Methods

2.1. Search Method

To identify eligible studies we searched the Pubmed database using the following terms: ‘DHCR7’;
‘CYP2R1’; ‘CYP3A4’; ‘CYP27A1’; ‘DBP’; ‘LRP2’; ‘Megalin’; ‘CUBN’; ‘Cubilin’; ‘CYP27B1’; ‘CYP24A1’; ‘VDR’;
‘RXRA’. Our initial search was conducted in April of 2012 and captured manuscripts published from

2000-2012; we then conducted the same search in June of 2015 to capture manuscripts published



from 2012-2015. Abstracts and titles were reviewed to select studies on the basis of inclusion /
exclusion criteria below. All articles were assessed for eligibility by one author (DAJ); those selected for

inclusion were re-assessed by a second (ARM).

2.2. Inclusion/exclusion criteria

2.2.1 Inclusion criteria: Candidate and genome-wide association studies in which SNP in the genes
above were reported to associated with:

Circulating concentrations of 25-hydroxyvitamin D

Circulating concentrations of 1,25-dihydroxyvitamin D

Susceptibility to, severity of, or prognosis of any non-skeletal health outcome.

2.2.2. Exclusion criteria:
- Studies in which SNP in the above genes were reported to be associated with skeletal health
outcomes
- Studies which investigated associations between a given polymorphism and a given health
outcome which had been previously reviewed in a meta-analysis. In which case, we reviewed
the meta-analysis instead.

3. Results

3.2. Identification and selection of studies

Fig. 2 depicts the study selection process. Our initial search identified 3,828 publications of which 120,

containing a total of 55 individual SNP, met eligibility criteria.

3.3. Study characteristics

Of the 120 studies selected for inclusion, 44 studies reported a combined 114 findings of significant
association between the concentration of 25-hydroxyvitamin D or 1,25-dihydroxyvitamin D and
genotype of 35 vitamin D pathway SNP. Of these 35 SNP, 13 were in DBP; 7 in CYP2R1; 7 in DHCR7; 4 in
CYP27B1; 2 in CYP24A1 1 in RXRA; and 1 in VDR. The remaining 76 studies reported a combined 105
reports of significant association between non-skeletal health outcomes (50 different diseases) and
genotype of 29 vitamin D pathway SNP. Of these 29 SNP, 12 were in VDR; 4 in DBP; 3 in CYP24A1; 3 in
CYP27B1; and 1 in each of: CYP2R1, CYP3A4, CYP27A1, DHCR7, LRP2, CUBN and RXRA. 11 SNP

associated with both vitamin D metabolite concentration and susceptibility to non-skeletal disease.



3.4. Study findings

Table 1 presents results of 44 studies to have reported at least one association between a SNP in the
vitamin D pathway and vitamin D metabolite concentrations: the majority of findings relate to
variation in DBP gene, though a significant number were also identified for CYP2R1 and DHCR7 genes.
Tables 2 & 3 present results from 76 studies to have reported at least one association between a SNP
in the vitamin D pathway and susceptibility to non-skeletal health outcomes: variation in VDR
represents the bulk of the findings. Of note, four of the most commonly investigated VDR
polymorphisms (Fokl, Apal, Bsml and Taql) account for 64% of the identified associations. Of the fifty
different disease states identified as being associated with genetic variation in the vitamin D pathway,
infectious and auto-immune diseases represent the most reported category (24/50), followed by

cancers (12/50).

4. Discussion

To our knowledge, this is the first literature review to synthesise the literature reporting positive
associations between genetic variation in the vitamin D pathway as a whole and biochemical and non-
skeletal health outcomes. As might be expected, mutations in DBP, which encodes the binding protein
that maintains serum concentration of 25(0OH)D, is the most widely investigated source of variation in
circulating concentrations of vitamin D metabolites. Mutations in CYP2R1 and DHCR7, which encode
the major enzymes ‘upstream’ of 25(0OH)D, were also consistently shown to be determinants of
vitamin D status. This review also highlights a considerable number of SNP within these and other
vitamin D pathway genes that were not identified as determinants of vitamin D status by the major
GWAS. In many cases they have been validated and remain significant in different ethnic groups: this
highlights the value of candidate-gene approaches in identifying rarer SNP whose effects may not be
detected in genome-wide studies. A large number of studies (76 - of which 19 were meta-analyses)
reported associations between genetic variation in the vitamin D pathway and susceptibility, severity,
or prognosis of extra-skeletal disease. The largest disease group for which such associations were
reported are infectious and auto-immune related disorders (48%): this finding highlights the growing
appreciation of the immunomodulatory effects of vitamin D and their importance for human health.
The observation that there is limited overlap between genetic determinants of vitamin D status and

those associated with non-skeletal health outcomes is striking. This may reflect the relative lack of



studies investigating influence of variation in genes other than VDR on health outcomes; alternatively
it may have biological significance, suggesting that variation in VDR is a more important determinant of

phenotype than circulating 25(0OH)D concentrations.
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Figure.1: A diagram depicting vitamin D metabolic and signalling pathways and genes encoding key players (in blue): DHCR7
(A) encodes the 7-dehydrocholesterol reductase enzyme, which catalyses the conversion of 7-dehydrocholesterol to
cholesterol; CYP2R1, CYP3A4, and CYP27A1 (B) encode 25-hydroxylating cytochrome P450 enzymes; the vitamin D binding
protein gene (DBP, [C]) encodes the principle vitamin D transport protein; LRP2 & CUBN (D) encode the proteins megalin and
cubilin, respectively, involved in renal re-absorption of 25(0OH)D via receptor-mediated endocytosis; CYP27B1 (E) encodes the
cytochrome P450 enzyme which 1-alpha-hydroxylates 25(0OH)D to form 1,25(0OH),D; CYP24A1 (F) encodes the cytochrome
P450 enzyme responsible for 24-hydroxylating vitamin D metabolites including 25(OH)D and 1,25(0OH),D; VDR (G) encodes the
vitamin D receptor, which binds 1,25(0H),D and forms a heterodimer with the gene product of RXRA (H) — the retinoid X

receptor — to mediate the biological actions of vitamin D.
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Figure.2: Flow diagram depicting the literature search and SNP selection process.
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Tables

Table 1. Single nucleotide polymorphisms in vitamin D metabolic, transport and signalling pathways reported to associate with 25-hydroxyvitamin D (25D) and/or 1,25-dihydroxyvitamin D (1,25D)

concentrations.

Gene SNP SNP Location/ Reference Findings/Comments
(Location) description
VDR rs10783219 Intron 0, A>T. 1.Engelman, 2008 (13); 2.Lee, 2014 (14) 1. Associates with 25D levels in San Antonio Hispanics (P=0.004); not San Luis Valley Hispanics, or Los Angeles African Americans. 2. Associates
(chr12q13.11) with 25D levels in largely white cohort: TA more frequent in deficient group (63%); AA more frequent in replete group (70%), P=0.013.
DBP rs4588 Exon 11, C>A. 1.Lauridsen, 2005 (15); 2. Kurylowicz, 2006 (16); 1-11. Minor allele (A) consistently associates with lower 25D/1,25D levels. rs4588-rs7041 haplotype: Gcls-1s (CC rs4588; GG rs7041) associates
(chr4q13.3) Defines Gc 3.Wjst, 2007 (17); 4.Engelman, 2008 (13), 5.Abbas, with higher 25D status; Gc2-2 (AA rs4588; TT rs7041) associates with lower 25D status; Gels-1s (CC rs4588; GG rs7041) associates with higher
phenotype with 2008 (18); 6.Fu, 2009 (19); 7.Sinotte, 2009 (20); 1,25D concentration; Ge2-2 (AA rs4588; TT rs7041) associates with lower 1,25D concentration.
rs7041. 8.Fang, 2009 (21); 9.Janssens, 2010 (22); 10.Ahn,
2010 (10); 11.Robien, 2013 (23)
rs7041 Exon 11, T>G. 1.Lauridsen, 2005 (15); 2.Engelman, 2008 (13); 1-9. Minor allele (G) consistently associates with higher 25D/1,25D levels. rs4588-rs7041 haplotype: Gcls-1s (CC rs4588; GG rs7041)
Defines Gc 3.Abbas, 2008 (18); 4.Sinotte, 2009 (20); 5.Fang, 2009 associates with higher 25D status; Gc2-2 (AA rs4588; TT rs7041) associates with lower 25D status; Gecls-1s (CC rs4588; GG rs7041) associates
phenotype with (21); 6.Janssens, 2010 (22); 7.Ahn, 2009 (10); 8.Wang, with higher 1,25D concentration; Gc2-2 (AA rs4588; TT rs7041) associates with lower 1,25D concentration.
rs4588. 2010 (9); 9.Robien, 2013 (23);
rs1155563 Intron 1, T>C. 1.Ahn, 2009 (10); 2.Hibler, 2012 (24); 3.Lu, 2011 (25); 1&2. GWAS HIT: associates with 25D levels in predominantly white participants. In high LD with rs2282679 and rs7041. 3&4. Haplotypes
4.Zhang, 2013 (26); 5.Perna, 2013 (27); 6.Suaini, 2014 including rs1155563 associates with 25D levels in Chinese cohorts. 5. Season-specific association with 25D levels in German older adults. 6.
(28); 7.Elkum, 2014 (29); 8.Anderson, 2014 (30) Minor allele associates with greater odds of vitamin D insufficiency (<50 nmol/L) in 12 mo Caucasian infants. 7. Associates with 25D levels in
Arab (P=0.03), but not South Asian or Southeast Asian participants. 8. GWAS in children: associates with 25D levels in those aged 14 yrs old.
rs17467825 3'UTR, A>G. 1.Wang, 2010 (9); 2.Suaini, 2014 (28); 3.Elkum, 2014 1. GWAS HIT associates with 25D levels; replicated. Overall P=6.75x10""*. 2. Minor allele associates with greater odds of vitamin D
(29); 4.Anderson, 2014 (30); 5.Nissen, 2014 (31) insufficiency (<50 nmol/L) in 12 mo Caucasian infants. 3. Associates with 25D levels in Arab (P=0.02) and South Asian participants (P=0.001),
but not Southeast Asians. 4. GWAS in children: associates with 25D levels in 6 yr olds. 5. Associates with 25D levels in Danish children and
adults (P<0.0001): GG (Minor hom) -13.7 nmol/L vs. AA.
rs2070741 A>C. Wood et al., 2010 (32) Minor allele (C) allele mildly associates with decreased 25D levels in Caucasians (p=0.05)
rs2298849 Intron 1, T>C. 1.Signorello, 2011 (33); 2.Robien, 2013 (23); 3.Xu, 1. Associates with 25D levels in African Americans (P=0.01): AA (Minor hom) -8.2 nmol/L vs. GG. No association in Caucasian participants. 2.
2014 (34) Associates with 25D levels in Chinese adults (P=0.001): CC (Min hom) +8.3 nmol/L vs. TT. 3. Associates with 25D levels in post-menopausal
Chinese Hans (P<0.001).
rs16846876 AST. 1.Hibler, 2012 (24); 2.Nissen, 2014 (31) 1. Associates with 25D levels. Mean change under additive model: -2.95 (units not reported) (95% Cl -4.27 to -1.63, P<0.001). 2. Associates
with 25D levels in Danish children and adults (P<0.001): TT (Minor hom) -11.2 nmol/L vs. AA.
rs842999 G>C. 1.Hibler, 2012 (15); 2.Nissen, 2014 (31) 1. Associates with 25D levels. Mean change under additive model: -1.92 (units not reported) (95% Cl -3.10 to -0.73, P=0.002). 2. Associates
with 25D levels in Danish children and adults (P<0.001): CC (Minor hom) -11.1 nmol/L vs. GG.
rs222035 Intron 8, A>C. Hibler, 2012 (24) Associates with 25D levels. Mean change under additive model: -2.21 (units not reported) (95% Cl -3.46 to -0.95, P=0.001).
rs3755967 G>A. 1.Wang, 2010 (9); 2.Suaini, 2014 (28); 3.Elkum, 2014 1. GWAS HIT: associates with 25D levels; replicated. Overall P=2.42x10"". 2. Minor allele associates with greater odds of vitamin D
(29) insufficiency (€50 nmol/L) in 12 mo Caucasian infants. 3. Associates with 25D levels in Arab (P=0.04) and South Asian participants (P=0.0007),
but not Southeast Asians.
rs2298850 G>C. 1.Wang, 2010 (9); 2.Elkum, 2014 (29) 1. GWAS HIT: associates with Vit D levels; replicated. Overall P=2.03x10"". 2. Associates with 25D levels in Arab (P=0.04) and South Asian
participants (P=0.01), but not Southeast Asians.In high LD (r*>0.8) with rs4588.
rs12512631 3'UTR, T>C. 1.Ahn, 2009 (4); 2.Perna, 2013 (27); 3.Nissen, 2014 1. Associates with 25D levels (P=0.0004): CC (Minor hom) +8.2 nmol/L vs. TT. 2. Season-specific association with 25D levels in German older

(31); 4.Barry, 2014 (35)

adults. 3. Associates with 25D levels in Danish children and adults. 4. Associates with 25D levels in White adults, US (P<0.0001).
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rs2282679 Intron 12, A>C. 1.Ahn, 2009 (4); 2.Wang, 2010 (9); 3.Signorello, 2011 1. Associates with 25D levels (P=0.00004): CC (Minor hom) -6.6 nmol/L vs. AA. 2. GWAS hit: strong association with 25D levels (P=1.9x10"%);
(33); 4.Perna, 2013 (27); 5.Cheung, 2013 (36); is in LD with rs7041 and rs1155563. 3. Associates with 25D levels in African Americans (P=0.03): GG (Minor hom) -8.3 nmol/L vs. TT. No
6.Suaini, 2014 (28); 7.Elkum, 2014 (29); 8.Nissen, association in Caucasian participants. 4. Season-specific association with 25D levels in German older adults. 5. Minor allele associated with
2014 (31) greater odds of vitamin D insufficiency (<50 nmol/L) in adult Chinese females: OR 1.51 (95% Cl 1.19 - 1.93, P=8.6x10™). 6. Minor allele
associates with greater odds of vitamin D insufficiency in 12 mo Caucasian infants. 7. Associates with 25D levels in Arab and South Asian
participants. 8. Associates with 25D levels in Danish children and adults.
CYP2R1 rs10741657 G>A. 1.Ramos-Lopez, 2007 (37); 2.Wang, 2010 (9); 1. Associates with 25D levels (P=0.003). 2. GWAS Hit: associates with 25D levels; replicated (OverallP=3.3x102°). 3. Associates with 25D levels
(chri1p15.2) 3.Robien, 2013 (23); 4.Hassanein, 2014 (38); 5.Barry,  in Chinese adults (P=0.2): AA (Min hom) +5.1 nmol/L vs. GG. 4. Associates with 25D levels in males. 5. Associates with 25D levels in White
2014 (35); 6.Batai, 2014 (39); 7.Nissen, 2014 (31); adults, US (P<0.0001). 6. Minor allele (A) associates with increased 25D levels in African Americans (P=0.01) and European Americans (0.003).
8.Ye, 2015 (40) 7. Associates with 25D levels in Danish children and adults (P<0.0001): AA (Min hom) +9.4 nmol/L vs. GG. 8. Associates with 25D levels in
large combined dataset of participants of European descent: -3.22 nmol/L per risk allele (95% CI 1.79 - 4-66, P<0.05).
rs2060793 5'UTR, G>A. 1.Ahn, 2010 (10); 2.Zhang, 2012 (26) 1. GWAS Meta-analysis: associates with 25D levels (Overall P=1.4x10"). 2. Associated with 25D levels in Chinese Hans (9.4x10™). In perfect
LD (r’=1.0) with rs10741657.
rs1993116 Intron 1, C>T. 1.Wang, 2010 (9); 2.Ahn, 2010 (10); 3.Robien, 2013 1&2. GWAS HIT: associates with 25D levels (Overall P=6.25x10 " in Wang, 2010). 3. Associates with 25D levels in Chinese adults (P=0.4): TT
(23); 4.Batai, 2014 (39) (Min hom) +3.9 nmol/L vs. CC. 4. Minor allele (T) associates with increased 25D levels in African Americans (P=0.02) and European Americans
(0.0006).
rs7116978 C>T. 1.Wang, 2010 (9); 2.Nissen, 2014 (31) 1. GWAS HIT: associates with 25D levels (Overall P=4.99x107). 2. Associates with 25D levels in Danish children and adults (P<0.0001): TT (Min
hom) +10.7 nmol/L vs. CC.
rs12794714 Exon 1,G>A. 1.Wang, 2010 (9); 2.Robien, 2013 (23); 3.Barry, 2014 1. GWAS HIT: associates with 25D levels (Overall P:1.84x1079). 2. Associates with 25D levels in Chinese adults (P<0.001): AA (Min hom) -10.6
(35); 4.Batai, 2014 (39) nmol/L vs. GG. 3. Associates with 25D levels in White adults, US (P<0.0001). 4. Minor allele (A) associates with decreased 25D levels in African
Americans (P=0.01) and European Americans (P=0.005).
rs10500804 A>C. 1.Wang, 2010 (9); 2.Azad, 2012 (41); 3.Elkum, 2014 1. GWAS HIT: associates with 25D levels (Overall P=2.67x107). 2. CC (Min hom) associates with lower 25D levels vs. AA in Canadians
(29) (P=0.001). 3. Associates with 25D levels in Arab (P=0.04), but not South Asian, or South East Asian participants.
rs10766197 G>A. 1.Zhang, 2012 (26); 2.Barry, 2014 (35); 3.Nissen, 2014 1. Associates with 25D levels in Chinese Hans (P=0.004). 2. Associates with 25D levels (P=0.0002) and differential response to vitamin D
(31) supplementation (P=0.02) in White adults, US. 3. Associates with 25D levels in Danish children and adults (P<0.0001): AA (Min hom) -7.4
nmol/L vs. GG.
CYP24A1 rs6013897 G>A. 1.Wang, 2010 (9); 2.Cooper, 2011 (42); 3.Barry, 2014 1. GWAS HIT: associates with 25D levels (Overall P=6.0x10'°). 2. Associates with 25D levels in UKBS-CC cohort (P=0.02). 3. Associates with
(chr20q13.2) (35) differential response to vitamin D supplementation in White adults, US (P=0.04).
rs2248137 C>G. Pillai, 2011 (43) Minor allele associates with decreased 25D levels (P=0.006).
CYP27B1 rs10877012  Promoter region,  1.Hypponen, 2009 (44); 2.Signorello, 2011 (33); 1. Associates with 25D levels: 1.9% difference for A vs. C allele (P = 0.01). 2. Minor allele associates with higher 25D levels in African
(chr12q14.1) C>A. 3.Lange, 2011 (45) Americans; no association in Caucasians. 3. Associates with 1,25D levels: 72, 61, and 60 pmol/ml for AA, AC, and CC, respectively (P=0.04).
rs118204009 C>T. Ramagopalan, 2011 (46) Associates with 1,25D levels. Causes complete loss of CYP27B1 function
rs703842 5" UTR, T>C. Orton, 2008 (47) Associates with 25D levels in Canadian twins (P<0.001): TT genotype +27 nmol/L vs. CC genotype
rs4646536 Intron 6, T>C. Orton, 2008 (47) Associates with 25D levels in Canadian twins (P<0.001): TT genotype +24 nmol/L vs. CC genotype
DHCR7 rs12785878 Intron 2, G>T. 1.Wang, 2010 (9); 2.Zhang, 2012(2) (48); 1. GWAS Hit: associates with 25D levels; replicated (OverallP=2.12x10"""). 2. Associated with 25D levels in Chinese Han children (P=0.01).
(chri1q13.4) 3.Cheung, 2013 (36); 4.Strawbridge, 2014 (49); 3. Associated with vitamin D insufficiency (<50 nmol/L) in Southern Chinese women (P=0.04). 4. G allele associates with decreased 25D levels
5.Voipio, 2015 (50) (P=0.0006). 5. G allele associates with increased odds of vitamin D insufficiency (<50 nmol/L) in Finnish adults: OR 1.31 (95% CI 1.00 - 1.70,
P<0.05)vs. T allele.
rs3829251 G>A. 1.Ahn, 2010 (10); 2.Lu, 2011 (25); 3.Zhang, 2012(2) 1. GWAS Meta-analysis: associates with 25D levels (Overall P=8.8 x 107). 2. Risk alleles (AG) for rs3829251 and rs1790349 associate with
(48); 4.Strawbridge, 2014 (49) decreased 25D levels in Chinese Han adults. 3. Associated with 25D levels in Chinese Han children (P=0.001). 4. Minor allele (A) associates
with decreased 25D levels (P=0.0004).
rs7944926 Intron 1, G>A. 1.Wang, 2010 (9); 2.Davies, 2011 (51) 1. GWAS Hit: associates with 25D levels; replicated (OverallP=8.96x10'°). 2. Associates with 25D levels in UK participants: AA genotype-6.0
nmol/L vs. GG (P=0.03).
rs12800438 G>A. 1.Wang, 2010 (9); 2.Batai, 2014 (39) 1. GWAS Hit: associates with 25D levels; replicated (OverallP=2.54x10"). 2. Risk genotype associated with increased odds of vitamin D

insufficiency (<50 nmol/L) in African Americans: OR 0.76 (95% Cl 0.58 — 0.99, P=0.04). In perfect LD with rs12785878 (r2=1.0).
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rs3794060 C>T. Wang, 2010 (9) GWAS Hit: associates with 25D levels; replicated (OverallP=3.38x10™"). In perfect LD with rs12785878 (r’=1.0).

rs4945008 G>A. Wang, 2010 (9) GWAS Hit: associates with 25D levels; replicated (OverallP=4.55x10""). In high LD with rs12785878 (r’=0.95).
rs4944957 G>A. Wang, 2010 (9) GWAS Hit: associates with 25D levels; replicated (OverallP=8.70x10™"). In perfect LD with rs12785878 (r’=1.0).
RXRA rs9409929 G>A. Hibler, 2010 (52) Associates with 1,25D levels: increasing concentration with increasing no. copies of the A allele (p-trend=0.003).

(chr9g34.3)

Abbreviations: Cl: confidence interval, Min hom: minor homozygous, VDR: vitamin D receptor, DBP: vitamin D binding protein, Gc: group-specific component; GWAS: genome-wide association study, LD: linkage disequilibrium, 3’UTR: 3-prime

untranslated region, CYP2R1: cytochrome P450-2R1, 5’UTR: 5-prime untranslated region, UKBS-CC: U.K. Blood Services Common Controls, CYP24A1: cytochrome P450-24A1, CYP27B1: cytochrome P450-27B1, DHCR7: 7-dehydrocholesterol reductase,
RXRA: retinoid-X receptor A.
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Table 2. Single nucleotide polymorphisms in the vitamin D signalling pathway, reported to associate with non-skeletal health outcomes

Gene

SNP (description)

Disease association

Reference

Findings/Comments

VDR
(chri2g13.1
1)

rs10735810
(Exon 2, C[F]>T[f],
Fokl restriction
endonuclease.

Severe RSV infection

Kresfelder, 2011 (53)

f allele associates with increased risk in South African children: OR 1.820 (95% CI 1.183 - 2.801, p=0.006) vs. F allele.

Tuberculosis

1.Wilkinson, 2000(54)
2.Zhang, 2010 (55)
3.Sharma, 2011 (56)

1. ff genotype or undetectable serum 25D levels associate with increased risk in Gujarati Asians living in West London: OR 5.1 (95% Cl 1.4—- 18.4,
P=0.008) vs. FF. 2. ff genotype associates with increased spinal TB susceptibility in Chinese Hans: OR 2.18 (95% Cl 1.24 - 3.83, P<0.05) vs. FF. 3, ff
genotype associates with increased risk of MDR smear +ve TB in North Central Indian castes: OR 3.4 (P=0.01) vs. FF.

Previously Psoriasis Lee, 2012 (57) Meta-analysis: ff genotype associates with increased risk in Turkish cohorts: OR 3.58 (95% Cl 1.60 — 8.01, P=0.002) vs. FF.
rs2228570) Hepatitis B Li, 2006 (58) fF/ff genotypes associate with increased risk: OR 1.70 (P=0.02) vs. FF.
Acute Lower Respiratory Roth, 2012 (59) ff genotype associates with increased risk in early childhood: OR 7.38 (95% Cl 1.17 - 46.55, P=0.03) vs. FF.
Infection
Urinary Tract Infection Aslan, 2012 (60) ff genotype associates with increased risk in children: OR 3.94 (95% ClI 1.71 - 9.09, P<0.01) vs. FF.
Asthma 1.Pillai, 2011 (43) 1. Associates with IgE concentration (P=0.002); pre-bronchodilator and change in FEV,/FVC (P=0.02), in young African Americans. 2. ff genotype
2.Samir, 2014 (61) associates with increased IgE and Th2 cytokine concentrations in Egyptian children (P=0.007).
Hypertension Swapna, 2011 (62) FF genotype associates with increased risk: OR 1.20 (95% Cl 1.23 - 3.93, P<0.01) vs. ff.
Systemic Lupus Luo, 2011 (63) F allele associates with increased risk: RR 1.630 (95% Cl 1.21 - 2.20, P=0.001) vs. f allele
Erythematosus
Renal Cell Carcinoma Arjumand, 2011 (64) ff genotype combined with bb genotype for Bsm/ associates with increased risk in North Indians: OR 1.88 (95% Cl 1.05 - 3.63, P=0.04) vs. FF+BB
genotypes.
Rheumatoid arthritis Lee, 2010 (65) Meta-analysis: F allele associates with increased risk in Europeans: OR 1.50 (95% Cl 1.16 -1.95, P=0.002) vs. f allele.
Breast cancer Mun, 2015 (66) Meta-analysis: ff genotype associates with increased risk (P<0.05) vs. FF.
Thyroid cancer Penna-Martinez, 2009 (67) ff genotype associates with increased risk in Germans (P=0.04) vs. FF.
Diabetes (type 1) Panierakis, 2009 (68) F allele associates with decreased risk in Cretan Greeks: OR 0.52 (95% Cl 0.32 - 0.85, P=0.008) vs. f allele.
Ovarian cancer Mun, 2015 (66) Meta-analysis: ff genotype associates with increased risk (P<0.05) vs. FF.
RSV-related disease Kresfelder, 2011 (53) Associates with risk in South African children (P=0.008).
Parkinson’s Disease Gao, 2014 (69) Meta-analysis: f allele associates with increased risk: OR 1.41 (95% C| 1.14—1.75, P=0.001) vs. F allele.
S.qureus carriage Messaritakis, 2014 (70) ff genotype associates with increased risk in Cretan Greeks with Type 2 Diabetes (P<0.001) vs. FF.
Diabetic Retinopathy Zhong, 2015 (71) f allele associates with increased risk in Chinese Hans with Type 2 Diabetes: OR 1.47 (P<0.01) vs. F allele.
rs1544410 HIV 1.Moodley, 2013 (72) 1. BB genotype associates with more rapid disease progression in Hispanic children: HR 6.60(P=0.03) vs. bb. 2. bb genotype associates with delayed
(Intron 8, 2.Torres, 2010 (73) progression to AIDS and increased resistance to HIV-1.
A[B]>GIb], Bsm/ Psoriasis Lee et al., 2012 (57) Meta-analysis: B allele associates with decreased risk in Asians: OR 0.64 (95% Cl 0.41 - 0.98, P=0.04) vs. b allele.
restriction Autoimmune thyroid Feng, 2013 (74) Meta-analysis: B allele associates with decreased risk of autoimmune thyroid diseases (Graves’ disease & Hashimoto’s thyroiditis): OR 0.80 (95% Cl

endonuclease. In
high LD [r’=0.9]
with rs731236)

diseases

0.71-0.91, P=0.001) vs. b allele.

Tuberculosis

Sharma, 2011 (56)

bb genotype associates with risk of smear +ve & MDR TB in three Central India populations: Tribes (OR 3.7, P=0.002); South Eastern-Castes (OR 2.1,

P=0.0004); and Muslims (OR 6.7 P=0.01) vs. BB.

SLE & Lupus Nephritis

Lee, 2011 (65)

Meta-analysis: B allele associates with increased risk of SLE (OR 3.58, 95% Cl 1.41 - 9.13, P=0.007) and LN (OR 3.65, 95% Cl 1.35 - 9.90, P=0.011) in
Asians, vs. b allele.

End-stage renal disease

Testa, 2010 (75)

Associates with risk of ESRD, as measured by left-ventricular mass index (P=0.006).

Diabetes (type 1)

Panierakis, 2009 (68)

B allele associates with decreased risk in Cretan Greeks: OR 0.65 (95% Cl 0.44 - 0.97, P=0.04) vs. b allele.

Osteoporosis

Jia, 2013 (76)

Meta-analysis: bb genotype associates with decreased risk across 26 studies: OR 0.61 (95% Cl 0.40 - 0.92, P<0.05) vs. BB.

Colorectal cancer

Jenab, 2009 (77)

BB genotype associates with decreased risk in Europeans: RR, 0.76 (95% CI 0.59 - 0.98, P<0.05) vs. bb.

Melanoma Orlow, 2012 (78) bb genotype associates with increased risk in multi-centre study; predominantly Caucasians: OR 1.30 (95% Cl 1.04 - 1.63, P<0.05) vs. BB.
Periodontitis Deng, 2011 (79) Meta-analysis: bb genotype associates with decreased risk in Asians: OR 0.63 (95% Cl 0.42 - 0.94, p=0.02) vs. BB.
Vitiligo Li, 2015 (80) Meta-analysis: bb genotype associates with increased risk in East Asians: OR 1.32 (95% CI 1.09 — 1.59, P<0.01) vs. BB.

Renal Cell Carcinoma

Ou, 2014 (81)

Meta-analysis: BB genotype associates with risk in Asians (P<0.05) vs. bb.
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Gout Liu, 2015 (82) b allele associates with increased risk in male Chinese Hans: OR 1.57 (95% Cl 1.14 - 2.18, P=0.006) vs. B allele.
rs7975232 HAM/TSP Saito, 2005 (83) AA genotype associates with reduced risk of HAM/TSP: OR 0.28 (95% Cl 0.13 - 0.63, P=0.001) vs. aa.
(Intron 8, Colorectal Cancer Mahmoudi, 2010 (84) aa genotype associates with increased risk of CRC in Iranians: OR 2.32 (95% Cl 1.19 - 4.54, P=0.014) vs. AA.
A[A]>C[a], Apal Graves’ Disease Abd El Gawad, 2011 (85) aa genotype associates with increased risk of GD: OR 2.79 (95% Cl 1.12 - 6.93, P<0.05) vs. AA.
restriction Psoriasis Lee, 2012 (57) Meta-analysis: A allele associates with decreased risk of psoriasis in Turkish populations: OR 0.68 (95% CI 0.48 - 0.99, P=0.04) vs. a allele.
endonuclease) Asthma Saadi, 2009 (86) AA genotype associates with increased risk of asthma in Chinese Han population: OR 1.33 (95% Cl 1.10 - 1.60, P=0.002) vs. aa.

Thyroid cancer

Penna-Martinez, 2009 (67)

aa genotype associates with increased risk in Germans (P=0.04) vs. AA.

Diabetes (type 1)

Panierakis, 2009 (68)

A allele associates with increased risk in Cretan Greeks: OR 1.61 (95% Cl 1.07 - 2.41, P=0.02) vs. a allele.

Prostate cancer

1.0nen, 2008 (87)
2.Jingwi, 2015 (88)

1. Associates with risk of sporadic PCa (P=0.009). 2. Associates with PCa risk in African Americans (P<0.05).

Periodontitis

Deng, 2011 (79)

Meta-analysis: AA genotype associates with increased risk in Asians:OR 2.20 (95% Cl 1.39 - 3.48, P<0.001) vs. aa.

Hepatitis C

Baur, 2012 (89)

aa genotype associates with rapid fibrosis progression: OR 2.32 (95%Cl 1.05 — 5.10, P=0.04); increased risk of cirrhosis: OR 2.67 (95% Cl 1.29 - 5.51,
P=0.009) vs. AA, in >90% Caucasian Swiss patients.

Atopic Dermatitis

Heine, 2013 (90)

a allele associates with increased risk: OR 1.57 (95% CI 1.10 — 1.96, P=0.006) vs. A allele.

Breast cancer

Dalessandri, 2011 (91)

aa genotype associates with increased risk (P=0.0003) vs. AA genotype.

Hepatocellular carcinoma

Hung, 2014 (92)

aa genotype associates with increased development: OR 3.02 (95% Cl 1.65 — 5.51, P<0.05) vs. AA.

Leprosy

Neela, 2015 (93)

A allele associates with increased risk in Indians (P=0.001) vs. a allele.

Vitiligo

Li, 2015 (80)

Meta-analysis: aa/aA genotypes associate with increased risk in East Asians: OR 1.40 (95% Cl 1.01 — 1.96, P<0.05) vs. AA.

Renal Cell Carcinoma

Ou, 2014 (81)

Meta-analysis: AA genotype associates with risk in Asians (P<0.05) vs. aa.

Dengue fever

Alagarasu, 2012 (94)

a allele associates with decreased risk: OR 0.54 (95% Cl 0.36 —0.82, P=0.01) vs. A allele.

rs731236

(Exon 9,T[T]>C[t],
Tagl restriction
endonuclease)

Oral Squamous Cell
Carcinoma

Bektas-Kayhan, 2010 (95)

Associates with risk (P<0.05).

Graves’ Disease

Abd El Gawad, 2011 (85)

TT genotype associates with increased risk: OR 3.05 (95% Cl 1.48 - 6.28, P<0.05) vs. tt.

Diabetes (type 1)

Panierakis, 2009 (68)

T allele associates with increased risk in Cretan Greeks: OR 2.24 (95% Cl 1.49 - 3.36, P=0.0001) vs. t allele.

Autoimmune Thyroid
Diseases

Feng, 2013 (74)

Meta-analysis: t allele associates with decreased risk: OR 0.85 (95% CI 0.76 — 0.96, P=0.01) vs. T allele.

Systemic Lupus
Erythematous

Carvalho, 2014(96)

TT genotype associates with increased disease severity in North Portugese (P=0.046) vs. tt.

Primary Biliary Cirrhosis

Li, 2014 (97)

T allele associates with decreased risk in Europeans and Asians: OR 0.75 (95% CI 0.63 — 0.89, P=0.001) vs. t allele.

Breast cancer

Perna, 2013 (98)

tt genotype associates with increased risk of breast cancer mortality: HR 2.80 (95% CI 1.10 — 7.20, P<0.05) vs. TT.

Obesity

Vasilopoulos, 2013 (99)

T allele associates with increased risk in Greeks: OR 2.07 (95% Cl 1.12 - 3.82, P=0.02) vs. t allele.

Periodontitis

Tanaka, 2013 (100)

tt genotype associates with increased risk in Japanese women: OR 3.68 (95% CI 1.06 — 12.78, P<0.05) vs. TT.

Tuberculosis

Martineau, 2011 (11)

tt genotype associates with increased effect of vitamin D supplementation on sputum culture conversion time: 8.09 (95% Cl 1.36 — 48.01, P=0.02)
vs. TT.

Multiple Sclerosis

Agliardi, 2011 (101)

TT genotype associates with decreased risk in HLA-DRB1*15-positive MS patients: OR: 0.53 (95% Cl 0.33 - 0.83, P=0.004) vs. tt.

rs11568820
(Promoter, G>A,
cdx2)

Rubella Ovsyannikova, 2010 (102) Minor allele (A) associates with decreased TNF-a concentration post rubella vaccination (P=0.02) vs. G allele.

Alzheimer's Disease Wang, 2012 (103) Minor allele (A) associates with increased risk of late-onset AD: OR 1.69 (P=9.1x10"°) vs. G allele

Gout Liu, 2015 (82) Minor allele (A) associates with increased risk in male Chinese Hans: OR 1.25 (95% Cl 1.05 - 1.49, P=0.01) vs. G allele.
(

rs7976091 Alzheimer's Disease Wang, 2012 (103) Minor allele (T) associates with increased risk of late-onset AD: OR 1.55 (P=8.9x107) vs. C allele. In perfect LD (r’=1.0) with rs11568820.
(Promoter, C>T)

rs11574010 Multiple sclerosis Dickinson, 2009 (104) G allele associates with increased risk of MS in those with low sun exposure during childhood (P=0.01).

rs4516035 HIV Torre, 2008 (105) Ina 5 SNP haplotype which associates with risk of HIV-1 infection: OR 0.4 (95% Cl 0.22 - 0.72, P=0.003).

(EcoRV, A>G)

Non-Hodgkin Lymphoma

Kelly, 2012 (106)

Associates with modified effect of early life sun exposure on risk of non-Hodgkin lymphoma (P for interaction=0.006).

Melanoma

Orlow, 2012 (78)

GG genotype (min hom) associates with increased risk in predominantly Caucasian cohort: OR 1.25 (95% CI 1.01 - 1.55, P=0.05) vs. AA.

rs7970314

Rubella

Ovsyannikova, 2010 (102)

Minor allele (G) associates with decreased TNF-a concentration post rubella vaccination (P=0.03) vs. A allele. In high LD (r’=0.92) with rs11568820.
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(Promoter,A>G) Parkinson’s Disease Gao, 2014(69) Meta-analysis: Minor allele (G) associates with increased risk: OR 1.32 (95% Cl 1.17 — 1.50, P<0.001) vs. A allele.

rs2238136 Colorectal cancer Mahmoudi, 2010 (84) AA genotype associates with increased risk of colorectal cancer: OR 2.09 (95% CI 1.15 - 3.78, P = 0.02) vs. GG.
(Intron 2, G>A) Melanoma Kosiniak-Kamysz, 2014 (107) GCCC haplotype for rs2238136-rs4516035-rs7139166-rs11568820 associates with increased risk: OR 5.65 (1.79 — 17.81, P=0.003).
rs2853559 Myopia Mutti, 2011 (108) T allele associates with increased risk of myopia in Caucasians: OR = 1.99 (P= 0.003).
(T/C)
rs4334089 Parkinson’s Disease Butler, 2010 (109) Associates with age-at-onset (P=0.02).
(G/A)
RXRA rs7861779 Colorectal Cancer Jacobs, 2010 (110) A allele associates with increased risk: OR 1.42 (95% Cl 1.03 - 1.97, P=0.03) vs. G allele.

(chr9g34.3) (G>A)

Abbreviations: VDR: vitamin D receptor, RSV: respiratory syncytial virus, OR: odds ratio, Cl: confidence interval, TB: tuberculosis, MDR: multi-drug resistant, +ve: positive, IgE: Immunoglobulin E, Th2: T helper cell type-2, RR: risk ratio, PD: Parkinson’s disease, S.aureus: Staphylococcus
aureus, HIV: human immunodeficiency virus, LD: linkage disequilibrium, AIDS: acquired immune deficiency syndrome, AITD: autoimmune thyroid disease, SLE: systemic lupus erythematous, LN: lupus nephritis, HAM/TSP: HTLV-I(Human T-lymphotropic virus I)-associated
myelopathy/tropical spastic paraparesis, PCa: prostate cancer, HR: hazard ratio, TNF-a: tumour necrosis factor-alpha, Cdx-2: caudal type homeobox-2, HIV-1: human immunodeficiency virus-1.
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Table 3. Single nucleotide polymorphisms in pathways of vitamin D metabolism and transport, reported to associate with non-skeletal health outcomes

Gene

SNP (description)

Disease association

Reference

Findings/Comments

DBP
(chr4q13.3)

rs7041/rs4588

(Exon 11, T>G; C>A)

Breast cancer

Anderson, 2011 (111)

TT genotype associates with increased risk of breast cancer in female Caucasians in Ontario: OR 1.23 (95% Cl 1.01 - 1.51, P<0.05) vs. GG.

Cancer Jorde, 2015 (112) Gce-1f/1f genotype associates with decreased risk in Norwegians: HR 0.74 (95% Cl 0.59 —0.93, P = 0.008), vs. Gc-2/2
COPD Janssens, 2010 (113) TT genotype associates with increased risk in Caucasians: OR 2.11 (95% CI 1.20 - 3.71, P=0.009) vs. GG.
HCC Peng, 2014 (114) G allele associates with increased risk of HCC in Chinese Han patients with HCV: OR 1.50 (95% CI 1.06 - 2.14, P=0.034) vs. T allele.

Lung cancer

Kong, 2015 (115)

GG genotype associates with decreased risk: OR 0.57 (95% Cl 0.35 - 0.93, P<0.001) vs. TT.

Tuberculosis

Martineau, 2010 (116)

Gc-2/2 associates with increased risk in Gujarati Asians, with 25D levels <20 nmol/L: OR 2.81 (95% CI 1.19 — 6.66, P=0.009) vs. Gc-1/1.

rs1155563 COPD Bakke, 2011 (117) Associates with clinical marker of disease severity (FEV4/FVC [P<0.05]).
(Intron 1, T>C)
rs17467825 COPD Bakke, 2011 (117) Associates with clinical marker of disease severity (FEV; % predicted [P<0.05]). In high LD with rs1155563 (r’=0.86).
(3'UTR, A>G)
rs2070741 Bronchiectasis/COPD Wood, 2010 (32) C allele associates with increased risk of bronchiectasis: OR 1.80 (95% Cl 1.02 - 3.19, P=0.03) and increased risk of airway bacterial colonisation: OR
(A>C) 3.84 (95% Cl 1.78 - 6.92, P=0.04).
CYP2R1 rs10766197 Asthma Pillai, 2011 (43) Associates with risk of asthma in young African Americans (P=0.04).
(chr11p15.2)  (G>A)
CYP3A4 rs2740574 Prostate Cancer 1.Tayeb, 2003 (118) 1. GG genotype associates with increased risk of prostate cancer: RR 2.7 (95% Cl 0.77 - 7.66) vs. AA. 2. AG/GG genotypes associate with increased
(chr7g21.1) (promoter, A>G, 2.Fernandez, 2012 (119) risk of prostate cancer in White and mixed ancestry South Africans: OR 3.27 (95% CI 2.30 - 4.65, P<0.004) vs. AA.
CYP3A4*1B)
CYP27A1 rs17470271 Asthma Leung, 2015 (120) Associates with clinical marker of asthma severity (FEV; [P=0.03]).
(chr2g35) (A>T)
CYP24A1 rs6127118 AMD Morrison, 2011 (121) Associates with risk of AMD in family cohort study (P=0.03).
(chr20913.2)  (Intron 7, G>A)
rs2762934 AMD Morrison, 2011 (121) Associates with risk of AMD in family cohort study (P=0.01).
(Exon 12, G>A) Breast cancer Fuhrman, 2013 (122) Minor allele associates with increased risk: OR 1.35 (95% CI 1.09 - 1.67, P for trend=0.005), for each additional allele.
rs2762939 Coronary Artery Shen, 2010 (123) Meta-analysis: C allele associates with decreased risk in 3 studies (Overall P:2.9x10'6)‘
(Intron 5, G>A) Calcification
CYP27B1 rs10877012 Autoimmune Addison's Fichna, 2010 (124) C allele associates with increased risk: OR 1.53 (95% Cl 1.07 - 2.19, P=0.02) vs. A allele.

(chri2q14.1)

(promoter, C>A,)

Disease

Hepatitis C

Lange, 2011 (45)

C allele associates with reduced ability to achieve sustained virologic response (P=0.02) vs. A allele.

rs4646536
(Intron 6, T>C,)

Diabetes(Type 1)

Bailey, 2007 (125)

TT genotype associates with increased risk: OR 1.20 (95% CI 1.07 - 1.36, P=0.01) vs. CC. In perfect (r*=1.0) LD with rs10877012.

Congestive Heart Failure

Wilke, 2009 (126)

CC genotype associates with increased risk in patients with hypertension, of predominantly European ancestry: OR 2.14 (95% Cl 1.05 - 4.39,
P<0.05), vs. TT.

rs4646537 Hypertension Wilke, 2009 (126) AC genotype associates with decreased risk in predominantly European ancestry participants: OR 0.35 (95% Cl 0.13 - 0.91, P<0.05) vs. AA.
(Intron 8, A>C)
DHCR7 rs12785878 Multiple Sclerosis Alloza et al., 2011 (127) Associates with risk (P<0.01).
(chri1q13.4) (G>T)
LRP2 rs3755166 Alzheimer's Disease 1.Wang, 2010 (128) 1. A allele associates with increased risk in Chinese Hans: OR 1.38 (95% Cl 1.02 - 1.87, P=0.04) vs. G allele. 2. AA genotype associates with increased
(chr4g35.1) (promoter, G>A) 2.Vargas, 2010(129) risk in Europeans without ApoE4 mutation: OR 1.41 (95% Cl 1.10 — 1.90, P=0.03) vs. GG.
CUBN rs3740165 Diabetes (Type 1) Ramos-Lopez, 2010 (130) AA genotype associates with increased risk (P=4x10"") vs. GG.
(chriopi12.3 (G>A)
1)
RXRA rs7861779 Colorectal Cancer Jacobs, 2010 (110) A allele associates with increased risk: OR 1.42 (95% Cl 1.03 - 1.97, P=0.03) vs. G allele.
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(chr9g34.3) (G>A)

Abbreviations: DBP: vitamin D binding protein, CYP2R1: cytochrome P450-2R1, CYP3A4: cytochrome P450-3A4, CYP27A1: cytochrome P450-27A1, CYP24A1: cytochrome P450-24A1, CYP27B1: cytochrome P450-27B1, DHCR7: 7-dehydrocholesterol reductase, LRP2: lipoprotein
receptor-related protein 2 (Megalin), CUBN: cubilin , OR: odds ratio, Cl: confidence interval, COPD: chronic obstructive pulmonary disease, HCC: hepatocellular carcinoma, HCV: hepatitis C virus, LD: linkage disequilibrium, FEV;: forced expiratory volume in 1 second, FVC: forced vital
capacity, AMD: age-related macular degeneration.
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