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Genetic correlates of vitamin D-binding
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The vitamin D binding protein (DBP), encoded by the group-specific compo-
nent (GC) gene, is a component of the vitamin D system. In a genome-wide
association study of DBP concentration in 65,589 neonates we identify 26
independent loci, 17 of which are in or close to theGC gene, with fine-mapping
identifying 2 missense variants on chromosomes 12 and 17 (within SH2B3 and
GSDMA, respectively). When adjusted for GC haplotypes, we find 15 indepen-
dent loci distributed over 10 chromosomes. Mendelian randomization ana-
lyses identify a unidirectional effect of higher DBP concentration and (a)
higher 25-hydroxyvitamin D concentration, and (b) a reduced risk of multiple
sclerosis and rheumatoid arthritis. A phenome-wide association study con-
firms that higher DBP concentration is associated with a reduced risk of vita-
min D deficiency. Our findings provide valuable insights into the influence of
DBP on vitamin D status and a range of health outcomes.

The vitamin D binding protein (DBP) is a highly polymorphic protein
best known for its role related to the transport of 25-hydroxyvitamin D
(25OHD) and 1,25-dihydroxvitamin D (1,25OHD)1. DBP, which is an
abundant circulating (plasma) protein structurally related to albumin,
is encoded by the group-specific component (GC) gene. Haplotypes
determined by two missense variants in the GC gene (rs7041 and
rs4588) determine key isoforms of the DBP protein, which are labeled
according to their electrophoretic properties (1S, 1F, 2). Apart from
these haplotypes, there are many additional variants in humans1.

While DBP also has a range of additional roles (e.g., actin
scavenging after tissue injury, C5a-mediated chemotaxis, T-cell
response, macrophage activation2), most research has focused on
the contribution of DBP to overall vitamin D status. It is known from
related steroid hormones and their binding proteins, that the con-
centration of the binding protein can influence the bioavailability of

the target hormone. Much of this research has been informed by the
free hormone hypothesis3, which proposes that the biological activity
of a hormone is related to the unbound (i.e., free) rather than the
protein-bound concentration in the plasma1. With respect to the total
25OHD, on average only 0.03% is free, 85% is bound to DBP, and the
remainder is bound (less strongly) to albumin4. Apart from some tis-
sues which can retrieve protein-bound 25OHD via endocytosis (e.g.,
distal renal tubules, the placenta), free/unbound 25OHD is thought to
be the biologically active fraction. Recently, an individual with a
homozygous deletion ofGCwas identified, and shown tohaveDBP and
25OHD concentrations below the limit of detection (the concentration
of 1,25OHD was low but detectable)5. Interestingly, the affected indi-
vidual did not display adverse bone outcomes traditionally associated
with vitamin D deficiency. Combined with evidence from transgenic
animal models of GC knock-outs6, this indicates that DBP is not

Received: 17 June 2022

Accepted: 30 January 2023

Published online: 15 February 2023

Check for updates

A full list of affiliations appears at the end of the paper. e-mail: j.mcgrath@uq.edu.au

Nature Communications | (2023)14:852 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0000-0002-3166-4120
http://orcid.org/0000-0002-3166-4120
http://orcid.org/0000-0002-3166-4120
http://orcid.org/0000-0002-3166-4120
http://orcid.org/0000-0002-3166-4120
http://orcid.org/0000-0002-6783-3037
http://orcid.org/0000-0002-6783-3037
http://orcid.org/0000-0002-6783-3037
http://orcid.org/0000-0002-6783-3037
http://orcid.org/0000-0002-6783-3037
http://orcid.org/0000-0003-3725-4533
http://orcid.org/0000-0003-3725-4533
http://orcid.org/0000-0003-3725-4533
http://orcid.org/0000-0003-3725-4533
http://orcid.org/0000-0003-3725-4533
http://orcid.org/0000-0002-0026-3711
http://orcid.org/0000-0002-0026-3711
http://orcid.org/0000-0002-0026-3711
http://orcid.org/0000-0002-0026-3711
http://orcid.org/0000-0002-0026-3711
http://orcid.org/0000-0001-7421-3357
http://orcid.org/0000-0001-7421-3357
http://orcid.org/0000-0001-7421-3357
http://orcid.org/0000-0001-7421-3357
http://orcid.org/0000-0001-7421-3357
http://orcid.org/0000-0003-3204-5396
http://orcid.org/0000-0003-3204-5396
http://orcid.org/0000-0003-3204-5396
http://orcid.org/0000-0003-3204-5396
http://orcid.org/0000-0003-3204-5396
http://orcid.org/0000-0002-0479-5379
http://orcid.org/0000-0002-0479-5379
http://orcid.org/0000-0002-0479-5379
http://orcid.org/0000-0002-0479-5379
http://orcid.org/0000-0002-0479-5379
http://orcid.org/0000-0001-7772-3264
http://orcid.org/0000-0001-7772-3264
http://orcid.org/0000-0001-7772-3264
http://orcid.org/0000-0001-7772-3264
http://orcid.org/0000-0001-7772-3264
http://orcid.org/0000-0002-2849-524X
http://orcid.org/0000-0002-2849-524X
http://orcid.org/0000-0002-2849-524X
http://orcid.org/0000-0002-2849-524X
http://orcid.org/0000-0002-2849-524X
http://orcid.org/0000-0001-8627-7219
http://orcid.org/0000-0001-8627-7219
http://orcid.org/0000-0001-8627-7219
http://orcid.org/0000-0001-8627-7219
http://orcid.org/0000-0001-8627-7219
http://orcid.org/0000-0001-5928-3517
http://orcid.org/0000-0001-5928-3517
http://orcid.org/0000-0001-5928-3517
http://orcid.org/0000-0001-5928-3517
http://orcid.org/0000-0001-5928-3517
http://orcid.org/0000-0003-1829-0766
http://orcid.org/0000-0003-1829-0766
http://orcid.org/0000-0003-1829-0766
http://orcid.org/0000-0003-1829-0766
http://orcid.org/0000-0003-1829-0766
http://orcid.org/0000-0003-2277-9249
http://orcid.org/0000-0003-2277-9249
http://orcid.org/0000-0003-2277-9249
http://orcid.org/0000-0003-2277-9249
http://orcid.org/0000-0003-2277-9249
http://orcid.org/0000-0002-4792-6068
http://orcid.org/0000-0002-4792-6068
http://orcid.org/0000-0002-4792-6068
http://orcid.org/0000-0002-4792-6068
http://orcid.org/0000-0002-4792-6068
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-023-36392-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-023-36392-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-023-36392-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-023-36392-5&domain=pdf
mailto:j.mcgrath@uq.edu.au


necessary for the transport of 25OHD throughout the body, nor is DBP
necessary for general bone health. It is now appreciated that the
concentration of DBP can influence the half-life of 25OHD5,7. When the
concentration of DBP is lower, thenmore 25OHD is free/unbound, and
this fraction of the total 25OHD is more rapidly transferred to target
cells and subsequently catabolized, thus shortening the functional
half-life of 25OHD.

Despite concerns about the accuracy of someDBP assays (assays
based on monoclonal antibodies have underestimated DBP con-
centration in African-Americans8), it is clear that there is appreciable
variation in DBP concentration within groups sorted by DBP isoform
type8. Some of this variation may be related to genetic factors. To
date, we are aware of only one genome-wide association study
(GWAS) ofDBP concentration, based on 1380men9. This study, which
used a monoclonal antibody, identified two genome-wide significant
loci, both of which were within theGC gene (rs7041 and rs705117). Of
particular interest, variants in GC are also strongly and consistently
associated with the concentration of 25OHD10–13, indicating a critical
role for the binding protein in predicting the total 25OHD con-
centration. In light of the importance of DBP concentration for
influencing vitamin D status, there is a need to undertake GWAS
analyses of DBP concentration in larger samples, and to explore
analytic methods that can take into account potential isoform-
specific assay biases. The summary statistics from this type of study
could then be used in a range ofMendelian randomization studies (in
particular, the association between DBP concentration and 25OHD
concentration) and phenome-wide association studies (PheWAS).
While many disorders have been linked to vitamin D-related
pathways14–16, in the Mendelian randomization studies we will focus
on (a) a set of neurological, psychiatric and cognitive phenotypes
that have been linked to vitamin D pathways (schizophrenia17,18,
major depression19, bipolar disorder20, ASD21–25, ADHD26,27, Alzhei-
mer’s disease28,29, amyotrophic lateral sclerosis30, educational
attainment11) and (b) selected autoimmune disorders also linked to
vitamin D pathways (multiple sclerosis31,32, type 1 diabetes [T1D]33,34,
Crohn’s disease35, ulcerative colitis35, and rheumatoid arthritis36). We
will explore a much wider range of outcomes in the PheWAS (1027
disease phenotypes).

In thiswork,wemeasurebothDBP and 25OHDconcentrations in a
large sample of neonatal dried blood spots37. Because these samples
have previously been genotyped,wewere able to undertake aGWASof
DBP (Fig. 1). The aims of this study are to (a) describe the distribution
and epidemiological correlates of DBP in neonatal dried blood spots,
(b) examine single-nucleotide polymorphism (SNP)-based and family-
based heritability of DBP, and (c) undertake a GWAS of DBP. Based on
the results of the GWAS, we (d) use bioinformatics tools to explore
properties of the genome-wide significant loci, (e) use Mendelian
randomization to explore the association between DBP and 25OHD
concentration, and between DBP and a range of potential vitamin
D-related candidate disorders and traits (including neuropsychiatric
and autoimmune-related disorders), and (f) conduct a phenome-wide
association study (PheWAS)38 to examine the relationship between the
genetic correlates of DBP and a wide range of health phenotypes.

Results
25OHD and DBP phenotypes
Of the 71,944 and 71,212 individuals who hadDBP and 25OHD neonatal
blood concentrations respectively, 65,694 had data on both. Dis-
tributions of bothmeasures were right-skewed (Supplementary Fig. 6)
with a Pearson’s correlation coefficient between them of 0.19 (P value
<2.2 × 10−16) (Supplementary Fig. 7). As expected, 25OHD concentra-
tion showedprominent seasonalfluctuation, but therewasno seasonal
fluctuation in DBP concentrations (Supplementary Fig. 8). Based on
the sample used in the GWAS study, the mean, median, standard
deviation and interquartile range of 25OHD were 23.66, 22.12, 14.06,
14.04–145.19 nmol/L, respectively. These values, which are lower than
concentrations generally found in adult samples39, are consistent with
previous Danish studies of 25OHD based on neonatal dried blood
spots32,40.

Three main haplotypes were inferred from the two well-
characterized loci within the GC gene (rs7041 and rs4588; Supple-
mentary Tables 1, 2)1. The distributions of DBP and 25OHD for each of
the six possible haplotype combinations (i.e., diplotypes reflecting the
contribution of the different haplotypes on each chromosome) for the
European ancestry subsample is shown in Fig. 2 (the samefigure for the
entire sample can be found in the Supplementary Fig. 9).

Fig. 1 |Methodsfigure. FUMA functionalmapping and annotationof genome-wide
association studies, SMR summary-data–based Mendelian randomization, GSMR
generalized summary-data-based Mendelian randomization, PheWAS phenome-

wide association study, SNP single-nucleotide polymorphism, LDSC LD-score
regression, mtCOJO multi-trait-based conditional and joint association analysis
using GWAS summary statistics, SuSiE “sum of single effects”.
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The sixGC diplotypes were significantly associated with both DBP
and 25OHD levels in the entire sample and European ancestry sub-
sample (ANOVA P value <2 × 10−16; Fig. 2 and Supplementary Fig. 9). In
keeping with previous literature based onmonoclonal antibodies8, the
1 S GC isoform was associated with higher DBP concentrations. The
proportion of DBP variance explained by theGC haplotypes was 52.6%,
while it was only 0.8% for the 25OHD levels. For completeness, we also
show the relative proportion of GC haplotypes in the non-European
sample. As expected, the 1 F isoformwas more prevalent in those with
African ancestry (Supplementary Fig. 10).

To estimate the heritability of 25OHD and DBP, we used GCTA-
GREML41, and obtained SNP-heritability estimates from GREML,
SBayesS, and LDpred2-auto. The last two can model sparse genetic
architectures, while GREML assumes an infinitesimal architecture. For
the family-based heritability estimate, we used a set of 6313 related
individuals with a coefficient of relationship (r) >0.2 to at least one
other person in the set (all relatives). For 25OHD, the family-based
heritability (and standard error) was 0.36 (0.03) and 0.35 (0.03) after
adjustment for GC haplotypes (Supplementary Data 2).

With respect to DBP, the phenotypic variance dramatically
declined from 1.0 to 0.47 after the adjustment, because of the sub-
stantial contribution of GC haplotypes (Fig. 3). Heritability is a ratio
statistic, subject to phenotypic variance. Therefore, we reported
additional components of heritability. Before the adjustment of GC
haplotypes, the heritability (and standard error) of DBP was 0.68
(SE =0.02), the genetic variance explained by SNPs =0.58 (SE =0.01)
and the shared environment = 0.10 (SE = 0.02). When adjusted for GC
haplotypes, the genetic variance explained by SNPs decreased to 0.05
(SE =0.002) while the contribution of shared environment was com-
parable, 0.12 (SE = 0.02) (Supplementary Data 2). These findings indi-
cate that the suggested heritability of DBP is 0.68 and 58% of the
variance in DBP was captured by SNPs, 53% attributed to GC haplo-
types, and 5% attributed to additional genetic variation. These results
are consistent with the estimates from SBayesS and LDpred2-auto
(Supplementary Data 2) and lend weight to the potential informative
value of both the DBP and DBP analysis adjusted for GC haplotypes
(henceforth DBP_GC).

Genome-wide association study (GWAS) analysis and fine
mapping
A total of 6,091,695 SNPs with MAF ≥0.01 were tested in the GWAS
analysis. Based on GCTA–COJO we identified one independent SNP

associated with 25OHD concentration, 26 independent SNPs asso-
ciated with DBP levels (24 of which were on chromosome 4), and 15
independent SNPs (distributed over 10 chromosomes) associatedwith
DBP levels after adjusting for the GC haplotypes (Fig. 4). The inde-
pendent loci for 25OHD located in the GC gene on chromosome 4
(rs1352846) had been previously identified11. For DBP, we further fine-
mapped the genome-wide significant regions in chromosomes 4, 12,
and 17 using a combination of PolyFun and SuSiE42. For chromosome4,
the key GC haplotype-determining rs7041 had a posterior causal
probability (PIP) of 1 (Supplementary Data 11). In the GWAS for
DBP_GC, an intergenic locus (rs112704913, chromosome 4:
72,571,221 bp, hg19) located 36 kb upstream from the start position of
GC gene (chromosome 4: 72,607,410-72,669,758bp, hg19, Ensembl)
was also identified (PIP = 0.87). From the 26COJO-independent hits for
DBP, 17 loci were in or close to GC (nine upstream, seven within, and
one downstreamofGC, all within a 400 kb range). For chromosome 12,
there was a credible set of four SNPs with cumulative PIP >0.95, where
the leading SNP rs3184504 (PIP = 0.5) is a missense variant in SH2B3.
When adjusting DBP for the GC haplotypes, the fine-mapped results
decreased the credible set to 3 SNPs, and the PIP of the missense
variant increased to 0.78. This shows how the adjusted GWAS
increased the power to fine-map potentially causal variants. For
chromosome 17 we observed a similar effect. The fine-mapping algo-
rithm did not output a credible set for this region, and the leading SNP
rs56030650 (a missense variant in GSDMA) had a low PIP of 0.2.
Nevertheless, after adjusting for theGChaplotypes, the cumulative PIP
of the credible set of nine SNPs was 0.95, with the missense variant
increasing its PIP to 0.26. FUMA gene-based analysis also showed that
the SNPs in GC, SH2B3, and GSDMA were over-represented (Supple-
mentary Data 3). Additional results are shown in Supplementary
Data 11). Locus zoom plots for these three regions are shown in Sup-
plementary Figs. 11–13.

Replication, out-of-sample genetic risk prediction, and sensi-
tivity analysis
We examined if the genetic architecture of 25OHD in our neonatal
sample was broadly consistent with that found in the large
(n = 417,580) UKB adult sample11. Of the 143 genome-wide significant
COJO SNPs in the UKB 25OHD GWAS, only the most highly significant
one was replicated in our 25OHD sample. However, the Pearson’s
correlation coefficient between the allele effect sizes for the union of
both GWASs genome-wide significant SNPs (i.e., the significant find-
ings from both UKB and the current sample) was 0.66 (P value
<2.2 × 10−16; Supplementary Fig. 11), supporting the hypothesis that the
neonatal and adult genetic correlates of 25OHD are broadly
comparable.

In order to examine the influence of DBP on 25OHD concentra-
tion, we used mtCOJO to condition the UKB 25OHD GWAS summary
statistics on our DBP summary statistics. When assessed with and
without adjustment for the GC haplotypes, we confirmed that the
genetic correlates of DBP GWAS were highly influential on 25OHD
concentration in an external sample, with only 76 and 79 SNPs out of
the 143 COJO SNPs in the UKB 25OHD GWAS remaining genome-wide
significant, respectively (Supplementary Data 4).

With respect to out-of-sample prediction (the European sample
predicting into the excluded near-European sample), the proportion
of DBP variance explained by the effect of themain SNP rs7048 alone
from the DBP GWAS was 54%, while adding more SNPs to the poly-
genic score (PRS COJO, LDpred2-auto, SBayesS) decreased the r2 to
47%. The maximum variance explained by the P + T PRS was 44% by
the smallest threshold p value <5e-8, which included 111 SNPs. The
proportion of DBP variance explained by the DBP GWAS results
adjusted for the GC diplotypes was not significantly different from 0
for any of the PRSs but the SBayesS, which had an r2 of 9% (Supple-
mentary Data 5).

Fig. 2 |Distributionsof transformed25-hydroxyvitaminD (25OHD) andvitamin
D binding protein (DBP) by the six diplotypes, within the European ancestry
subgroup. The colors represent the six diplotype combinations. The center lines
show the medians; box limits indicate the 25th and 75th percentiles; whiskers
extend 1.5 times the interquartile range from the 25th and 75th percentiles; outliers
are representedbydots. The sample sizes for the 1 F/1 F, 1 F/1 S, 1 F/2, 1 S/1 S, 1 S/2NS
2/2 diplotypes for a 25OHD are 1452, 10,986, 5262, 21,694, 20,644, and 4950
respectively; andbDBPare 1501, 11,077, 5314, 21,883, 20,801, and 5013 respectively.

Article https://doi.org/10.1038/s41467-023-36392-5

Nature Communications | (2023)14:852 3



With respect to the planned sensitivity analyses where we com-
pared GWAS findings based on the entire case-cohort versus the sub-
cohort only, we found that the SNP effect sizes had a Pearson’s
correlation coefficient of 0.99 (P value <2.2 × 10−16, 3839 SNPs) for DBP
GWAS and of 0.97 (P value <2.2 × 10−16, 412 SNPs) for the DBP_GC
GWAS. This result supports the hypothesis that the findings based on
the overall case-cohort sample are comparable to that found in the
nested (smaller) general population sample. GWAS findings from the
subcohort are shown in Supplementary Data 6.

Functional mapping of GWAS findings
Weperformed gene-based and gene-set analyses, forwhich results can
be found in Supplementary Data 7, 8. As expected, the gene-based
analyses identified many genes on chromosome 4 proximal to the GC
gene. With respect to gene ontology, the top pathway we identified
was related to polysaccharide metabolic processes, which may reflect
post-translational glycosylation of the DBP protein (a process that
influences the properties and elimination of DBP)4.

We used SMR to explore the pleiotropic genes that are associated
with DBP. Based on both GC-adjusted and unadjusted summary sta-
tistics, loci on chromosome 17 in close proximity to the adjacent genes
MED24 and GSDMA were identified (Supplementary Data 9, 10). These
results are consistent with the genes identified by the FUMA gene-
based analysis.

GSMR analyses between DBP and 25OHD
The genetic correlation between summary statistics based on GWAS
analyses for unadjusted DBP and 25OHD based on bivariate GREML
was 0.58 (SE =0.05). When estimated at the GWAS summary statistics
level with bivariate LDSC regression, it was 0.34 (SE =0.09) and 0.24
(SE =0.11) when using the unadjusted and GC-adjusted DBP summary
statistics respectively, confirming the substantial contribution of DBP
to 25OHD concentration (Supplementary Data 2).

We used bi-directional GSMR to investigate the relationships
between DBP and 25OHD. In the following text, we will focus on the
findings with HEIDI filtering (which reduces the potential influence of
pleiotropy in the analyses; See Supplementary Data 12 for more
details). We found strong support for the hypothesis that high DBP is
associated with higher 25OHD levels (Fig. 5). Concerning the forward

GSMR (i.e., DBP predicting UKB 25OHD), we found a highly significant
association (bxy=0.08, SE = 0.005, P value = 8.2 × 10−55, NSNPs = 40).
Concerning the reciprocal (reverse) relationship (UKB 25OHD pre-
dictingDBP), therewasno significant association (bxy =0.03, SE = 0.02,
P value = 0.14, NSNPs = 201). After adjusting the GC haplotypes, the
general pattern of finding persisted (forward GSMR: bxy = 0.06, SE =
0.02, P value = 0.01, NSNPs = 10; reverse GSMR: bxy = 0.003, SE =0.01,
P value = 0.82, NSNPs = 222). Figure 5b, d suggest that one SNP
(rs116970203)mayhave unduly influenced the findings. The pattern of
findings remained unchanged after we repeated these analyses with-
out this SNP (Supplementary Table 3). These results suggest that a 1 SD
unit (1.44ug/L) increase in DBP concentration results in an increase of
0.06–0.08 × SD unit (14.1 nmol/L) of 25OHD concentration (i.e.,
0.85–1.13 nmol/L).

GSMR relationships with other traits
There were no significant associations based on forward or reverse
GSMR between GWAS summary statistics based on either DBP or
DBP_GC versus any of the neuropsychiatric disorders. With respect to
forward GSMR based on summary statistics based on DBP, there were
no significant findings for any of the phenotypes.

With respect to forwardGSMRbasedonGWAS summary statistics
for DBP_GC, we found evidence to support causal associations
between this phenotype and two autoimmune disorders (Fig. 6a, b).
First, we found a negative (i.e., protective) association between
DBP_GC and multiple sclerosis (logOR =0.65, SE = 0.18, P value = 1.9 ×
10−4, NSNPs = 13). Second, there was a negative association between
DBP_GC and rheumatoid arthritis (logOR =0.69, SE = 0.20, P value =
7.4 × 10−4, NSNPs = 12). No pleiotropic SNPs were identified by HEIDI-
outlier in either multiple sclerosis or rheumatoid arthritis GSMR
analyses.

In addition, we found evidence to support the hypothesis that
pleiotropic variants may influence the association between DBP_GC
and two additional autoimmunedisorders (Supplementary Fig. 15a–d).
When potentially pleiotropic SNPs were removed, we found a positive
association between DBP_GC and a higher risk of Crohn’s disease
(logOR =0.65, SE = 0.19, P value = 7.6 × 10−4, NSNPs = 11). This relation-
ship was not apparent in analyses that included two potentially
pleiotropic SNPs (rs11745587, rs56326707; logOR = −0.20, SE = 0.18,

Fig. 3 | Heritability and SNP-based heritability of DBP. Heritability (a) and SNP-
based heritability (b) estimates for DBP, with and without adjustment for GC
haplotypes (adjusted values shown with cross-hatching). The family-based herit-
ability and GREML estimates are based on the European ancestry subset of

individuals (n = 65,589) and the LDpred2-auto and SBayesS based on the same
sample filtered for unrelatedness (n = 48,842). Heritability and SNP-based herit-
ability estimates are presented with 95% confidence intervals.
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P value = 0.28,NSNPs = 13). In general, the large positive GSMR estimate
(when two pleiotropic SNPs were excluded) and the change in sign of
the beta estimate when the 2 pleiotropic SNPs were included, suggests
that we should be cautious in our interpretation of any potential
association between DBP concentration and Crohn’s disease.

Furthermore, we identified a negative association between
DBP_GC and risk of Type 1 diabetes when assessed without the HEIDI-
outlier test (logOR = −0.95, SE = 0.17, P value = 1.2 × 10−8, NSNPs = 13
SNPs). When one pleiotropic SNP was removed from the analysis, the
association became non-significant (logOR =0.36, SE = 0.19, P value =
0.06,NSNPs = 12 SNPs). The identified pleiotropic SNPwas rs3184504, a
missense variant in SH2B3. For both the findings related to Crohn’s
disease and Type 1 diabetes, the opposite direction of beta coefficients
in the presence or absence of potentially pleiotropic variants weakens
the hypothesis that there is a direct influence of DBP_GC on these two
disorders. Full details of the GSMR analyses are shown in Supple-
mentary Data 13, 14.

PheWAS findings
Finally, we examined the association between the two DBP-related
summary statistics and phenotypes in the UKB. For the GWAS sum-
mary statistics based on DBP, only one finding was significant (after
Bonferroni adjustment for multiple comparisons) (Supplementary

Data 15). We found a highly significant association with measured
25OHD concentration (part of theUKBbiomarker set—Field ID: 30890;
beta = 0.09, SE = 0.002, P value <1.0 × 10−100, N = 317,064). Note that
the positive effect size (beta value) indicates that variants associated
with higher DBP concentrations were associated with higher observed
25OHD concentrations in UKB. Reassuringly, the association with a
clinical diagnosis of “vitamin D deficiency” (ICD-10 E55; Ncases = 3150,
Nnoncases = 344,619) was negative and nominally significant (i.e., higher
DBP associated with a reduced risk of a clinical diagnosis of vitamin D
deficiency; beta = −0.07, standard error = 0.02, P value < 1.9 × 10−4).

We dichotomized the continuous measure of 25OHD concentra-
tion in the UKB according to the Institute of Medicine definition of
vitamin D deficiency (i.e., <25 nmol/L)43. We then divided the PRS for
DBP into 11 bins (quantiles). The sixth (central) bin was set as the
reference category.We tested the odds ratio of each binned PRS to the
reference bin with logistic regression adjusted for sex, age and 20 PCs.
Compared to the reference category, those in each of the five upper
quantiles had significantly reduced odds of having vitamin D defi-
ciency, while those in the two lowest quantiles had significantly
increased odds of having vitamin D deficiency (Fig. 7 and Supple-
mentary Data 16). Compared to the highest quantile, those in the
lowest quantile has 57% increased odds of having vitamin D deficiency
(odd ratio = 1.57, 95% confidence intervals 1.49–1.65).

Fig. 4 | Manhattan plots for 25-hydroxyvitamin D (25OHD), vitamin D binding
protein (DBP), and DBP adjusted for GC haplotypes in the iPSYCH case-cohort
study.PanelA shows theManhattanplot for 25OHD,with oneprominentpeak over

the GC gene Chromosome 4. Panel B shows theManhattan plot for DBPwith a very
large peak over the GC gene on Chromosome 4. Panel C shows the Manhattan plot
for DBP_GC. Note, the Y axis for –log10(p) varies between the panels.
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For the DBP_GC DBP summary statistics, we found a range of
associated phenotypes (Supplementary Data 17). For example, summary
statistics based on DBP_GC were protective for the clinical diagnosis of
essential (primary) hypertension (logOR=−0.03, SE =0.004, P value =
2.52 × 10−11; Ncases = 104,892, Nnon-cases = 242,876). Consistent with this
finding, DBP_GC was also negatively associated with both observed
diastolic and systolic blood pressure in a large UKB subsample
(N ~253,370, bdiastolic = −0.02, SE =0.002, P value = 1.7 × 10−23;
bsystolic = −0.01, SE =0.002, P value = 5.1 × 10−11 respectively). In addition,
DBP_GC was associated with: (a) reduced pulse rate (b=−0.01, SE =
0.002, P value =8.3 × 10−9; N= 324,967), (b) gastritis and
duodenitis (logOR=−0.03, SE =0.01, P value = 7.5 × 10−7; Ncases = 39,620,
Nnon-cases = 308,147); and associated with an increased risk of (c) vaso-
motor and allergic rhinitis (logOR = 0.03, SE =0.01, P value = 6.08× 10−6;
Ncases = 34,276, Nnon-cases = 313,476), and (d) agranulocytosis (logOR=
0.06, SE=0.01, P value = 1.5 × 10−5; Ncases = 4919, Nnon-cases = 342,850).

There was no association between higher DBP_GC and observed 25OHD
concentration (b =0.003, SE=0.002, P value =0.11; N=317,064), but
again we found a nominally significant association with a prior clinical
diagnosis of vitamin D deficiency (logOR=−0.04, SE =0.02, P value =
0.02; Ncases = 3150, Nnon-cases = 344,619). Finally, DBP_GC was associated
with (a) an education-related measure (higher concentration of DBP
associated with more years in education), (b) birthweight (higher con-
centration of DBP associated with higher birthweight), and (c) two adult
anthropometric measures (higher concentration of DBP associated with
reduced body fat percentage). PheWAS plots for both the DBP and
DBP_GC-based analyses can be found in Supplementary Figs. 16, 17
respectively.

Discussion
We identified 26 independent loci associated with DBP concentration,
24 of which were either in or in close proximity to the GC gene. When
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Fig. 5 | The associationofDBP and 25OHD. Panels (a, b) show the GSMR results of
DBP concentration, a the effect of DBP on 25OHD (SNPs n = 40); and b the effect of
25OHD on DBP (SNPs n = 201). The GSMR estimates are shown in each panel. The
plots show the GSMR estimate of effect, and SE and P value, all of which were
calculated by GSMR. P value was estimated from a two-tailed test. The dashed line
represents the GSMR estimate of effect. The summary statistics of DBP is from this
study, conducted in iPSYCH2012. The summary statistics of 25OHD is from the
study of Revez et al., conducted in UKB. Panels (c, d) are the GSMR results of DBP

concentration adjusted for GC genotypes, c the effect of DBP adjusted for GC on
25OHD (SNPs n = 10) and d the effect of 25OHD on DBP adjusted for GC (SNPs
n = 222). The GWAS of adjusted DBP was conducted by fitting the GC diplotypes as
covariates. The summary statistics of 25OHD are the same as above, from the study
of Revez et al. All the GSMR analyses were conducted with HEIDI-outlier. The SNPs
which were identified as pleiotropy were excluded. The bar shown in the graph
represents the GWAS SE at each SNP with its center being the GWAS effect of SNP.
The Bonferroni-corrected threshold was 0.025 (=0.05/2).
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we adjusted for key GC haplotypes, we identified 15 loci distributed
over 10 chromosomes. We confirm the robust influence of GC-related
variants on the concentration of DBP, and provide clues as to the
genetic complexity of this highly polymorphic protein. Mendelian
randomization suggests that variants related to increased DBP con-
centration are associated with higher 25OHD concentration, but not
vice versa. Our findings related to autoimmune disorders were of
particular interest—Mendelian randomization analyses lend weight to
the hypotheses that DBP-related mechanisms influence the risk of
multiple sclerosis and rheumatoid arthritis. The following discussion
focuses on six key findings.

First, we confirm that the genetic architecture of DBP con-
centration is characterizedby highly influential loci within or near the
GC gene. In particular, over half (52.6%) of the variance in DBP con-
centration is explained by two canonical missense variants (rs7041
and rs4588). Consistent with previous literature, we found that the
proportions of the different haplotypes varied by genetically-defined
ancestry (Supplementary Fig. 10). While each of the six key GC-rela-
ted diplotypes was detected within the group defined as European
ancestry, DBP concentrations still showed appreciable variation
within eachof these groups. The genetic correlates underpinning this
additional variation were foregrounded in the GC-adjusted GWAS,
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Fig. 6 | The GSMR effects of DBP concentration onmultiple sclerosis (MS) and
rheumatoid arthritis (RhA).The GSMR estimates are shown forMS (Panel a; SNPs
n = 13) and RhA (Panel b; SNPs n = 12). These GSMR estimates include estimate of
effect, SE, and P value, all of which were calculated by GSMR. The P value was
estimated from a two-tailed test. The dashed line represents the GSMR estimate of
effect. Datasets used in GSMR were from GWAS summary statistics. GWAS of DBP

adjusted for GCwas conducted in iPSYCH2012. Details of GWAS summary statistics
for MS and RhA are provided in Methods. No pleiotropic SNPs were identified by
HEIDI-outlier for these two disorders. The bar shown in the graph represents the
GWAS standard error for each SNP with its center being the GWAS effect of SNP.
The Bonferroni-corrected threshold was 1.9 × 10−3 (=0.05/(13 × 2).

Fig. 7 | Odds ratio (OR) ofDBP PRS on vitamin D deficiency. The PRS of DBP was
divided into 11 bins. The sixth bin with the average of PRS is set as the reference
category (odds ratio = 1).Weconducted a logistic regression for eachbin to test the
odds ratio of PRS forbin of interest compared to the referencebin. The sample size
was 31,615 for each bin. The number of cases/controls of vitamin D deficiency
(vitamin D <25nmol/L) were bin #1 = 4207/24,604, bin #2= 4058/24,752, bin
#3= 3684/25,105, bin #4= 3595/25,115, bin #5= 3525/25,308, bin #6= 3622/25,251,
bin #7 = 3329/25,474, bin #8 = 3307/25,518, bin #9 = 2982/25,820, bin #10 = 2906/

26,000, bin #11 = 2823/26,078. The vertical bars represent the 95% confidence
interval for the bins (except for the sixth bin which is the reference category). A
two-tailed P value was estimates for the odds ratio of each bin of interest. P values
for lower PRS categories (bins 1–5) were 8.9 × 10−13, 3.7 × 10−8, 0.48, 0.83, and 0.21,
respectively. P values for higher PRS categories (bins 7–11) were 2.1 × 10−4, 3.2 × 10−5,
5.1 × 10−17, 2.7 × 10−21, and 6.3 × 10−25, respectively. The Bonferroni corrected
threshold was 0.005 (= 0.05/10).
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which identified 15 COJO-independent loci distributed over 10
chromosomes (only twowere on chromosome 4, in proximity toGC).

Second, we show that DBP is highly heritable. Using related indi-
viduals, the narrow-sense heritability was 68%. The estimate is similar
to the heritability (60%) reported by ref. 9. When we examined how
much of the variance in DBP concentration could be attributed to
common single-nucleotide variants included in the GWAS, the pro-
portions remained appreciable, 53% for the GC gene and 5% for the
remaining genotypes. The results were consistent across the three
methods with different assumptions of genetic architecture, GCTA-
GREML, SBayesS, and LDpred2-auto. Moreover, we identified 15 inde-
pendent COJO loci after the adjustment for the GC haplotypes. These
15 COJO SNPs explained a 0.49% variance of DBP in total. The
remaining ~4.5% of the variance is likely to be captured by SNPs which
were not significant in the current GWAS. These findings suggest DBP
has polygenic features, in addition to the very large genetic variance
encoded by the GC gene. These findings reinforce the value of the GC-
adjusted GWAS and related post-GWAS analyses.

Third, based on our sample of ~65,000 European-ancestry indi-
viduals, we found that the genetic architecture of 25OHD in neonates
was consistent with that reported by similar-sized GWAS studies based
on adults10,12. We found one quasi-independent locus in the GC gene.
Furthermore, based on the correlation between the effect sizes for the
SNPs identified in the UKB-based GWAS (n ~350,000 adults)11 and the
subset of these SNPs available in our neonatal sample, a significant
positive association was found (Pearson r = 0.66, P value <2.2 × 10−16).
The family-based heritability for 25OHD was comparable to that
reported by Revez et al. in the UKB sample11 (current study = 36%;
UKB = 32%). It is important to note that neonatal 25OHD concentration
is entirely reliant on maternal 25OHD concentrations44 and while the
correlation between the maternal and offspring genotypes would be
0.5, the genetic correlates of neonatal 25OHD may be more strongly
correlated with the (unobserved) maternal genotype, rather than the
(observed) neonatal genotype. Because maternal DBP does not cross
the placenta1, this is not an issue when examining the genetic corre-
lates of DBP in neonates.

Fourth, we identify new candidate loci that influence DBP con-
centration. As expected with a highly polymorphic protein like DBP,
many of the quasi-independent loci (17 of 26 in themain analysis) were
in or very close to the GC gene (including the canonical missense
variant rs7041). Fine-mapping identified: (a) a missense variant in
SH2B3 (rs3184504), which encodes a widely-expressed protein
involved in the activation of kinase signaling activities, and which has
been linked to a range of disorders, including diabetes45, and (b) a
missense variant in GSDMA (rs56030650) which encodes a precursor
of a pore-forming protein that can influence membrane permeabili-
zation. Variants in this gene have been linked to pyroptosis (inflam-
matory cell death) and inflammatory bowel disease46, however, it is
currently unclear how variants in this gene may influence DBP
concentration.

Fifth, our findings provide convergent evidence that variants that
influence DBP concentration influence 25OHD concentration, but not
vice versa. Apart from the findings fromMendelian randomization, we
found no significant variation in DBP concentration by month of
testing (in contrast to 25OHD, which shows marked seasonal varia-
tion). The PheWAS results confirm that variants related to higher DBP
concentration are associatedwith (a) a higher concentration of 25OHD
and (b) a reduced risk of receiving the clinical diagnosis of vitamin D
deficiency. In light of evidence from clinical trials indicating that vita-
min D supplementation does not impact DBP concentration47, our
findings lend additional support to the unidirectional nature of the
relationship between DBP and 25OHD.

It has long been appreciated that: (a) variants in the GC gene
influence the concentration of DBP and (b) that variants within the GC
gene are robustly and consistently associated with 25OHD

concentration. Over the last fewdecades, therehas been a focus on the
relationship between (a) total 25OHD (i.e., the value routinely mea-
sured by laboratories measures both protein-bound and free 25OHD)
and (b) free 25OHD (directly observed by specialized assays or esti-
mated based on prediction models)2,48. It is clear that free 25OHD
concentration is strongly correlated with the total 25OHD
concentration7. Our Mendelian randomization findings lend weight to
the hypothesis that the higher concentration of DBP is associated with
a higher concentration of (total) 25OHD. In light of (a) recent clinical
evidence from individuals with homozygous deletions or pathogenic
variants of the GC gene5,49 and (b) findings from GC knock-out animal
models6, the concentration of DBP has been proposed to be a key
factor in determining the half-life of vitamin D metabolites, as
unbound 25OHD is more rapidly transferred to target cells and
catabolised5,7. By extension, those with a lower concentration of DBP
would be more likely to experience vitamin D deficiency, because this
would shorten the functional half-life of 25OHD. A study tracking the
excretion of deuterium-labeled 25OHD supports this hypothesis50. If
two individuals have an identical concentration of total 25OHD (free
and bound) at baseline, then in the absence of new vitamin D pro-
duction, over a given period the individual with a higher concentration
of DBP would be less likely to subsequently develop vitamin D defi-
ciency because of the longer half-life of 25OHD. While DBP is not
directly involved in pathways leading to the synthesis or catabolism of
25OHD, higher DBP concentration acts as a larger reservoir for 25OHD,
extending the effective half-life of 25OHD, and thus provides a more
effective ‘buffer’ against future vitaminDdeficiency.We speculate that
(a) observed lower DBP concentration and/or (b) lower polygene risk
scores based on summary scores from DBS-related GWASs, may pro-
vide an informative proxy measure related to an increased future risk
of vitamin D deficiency. In addition, our findings may cast light on the
observation that the concentration of DBP increases substantially
during pregnancy4,51,52. Increased concentrationof DBPmay reduce the
risk of both maternal vitamin D deficiency and prenatal exposure to
developmental vitamin D deficiency.

Sixth, we provide evidence from Mendelian randomization that
links DBP concentration and the risk of several autoimmune disorders.
There is already a strong body of literature based on observational
epidemiology and Mendelian randomization linking low vitamin D
status and an increased risk of multiple sclerosis31,32,53–57. Based on
Mendelian randomization, we also found that increased DBP con-
centration was associated with a reduced risk of rheumatoid arthritis.
In keepingwithourfindings related tomultiple sclerosis, the effect size
of this association was substantial (logOR = −0.65, SE = 0.18, P value =
1.9 × 10−4). There is evidence linking vitamin D deficiency and an
increased risk of rheumatoid arthritis58,59. The active form of vitamin D
(1,25OHD) is an immuno-modulator and has anti-inflammatory
effects60. Because we identified these autoimmune-related findings
only in the summary statistics generated from the DBP_GC analysis
(which is a weaker instrument for 25OHD concentration compared to
the unadjusted DBP), this raises the possibility that these findings may
reflect non-vitaminD-associated properties of DBP (e.g., C5a-mediated
chemotaxis, T-cell response, macrophage activation1,61). It could also
be argued that the established links between 25OHD concentration
and the risk of several autoimmune disorders provide a more parsi-
monious explanation for these particular findings. We hope that our
findings can stimulate hypothesis-driven research focused on the role
of DBP for multiple sclerosis and rheumatoid arthritis.

Our study has several strengths. Our sample was over 30 times
larger than the only other published GWAS of DBP9. We were able to
assess 25OHD in the same large sample, and also confirm our findings
within a subcohort representative of the general population. Our
findings also have several important limitations. The sample were
neonates at the time of testing, and it remains to be seen if the genetic
architecture of DBP identified in our study will generalize to adult

Article https://doi.org/10.1038/s41467-023-36392-5

Nature Communications | (2023)14:852 8



populations. We know that certain factors (e.g., pregnancy, use of the
oral contraceptive pill) and several disorders that lead to proteinuria
can impact DBP concentration in adults62. For the assessment of DBP,
we used a monoclonal antibody pair, which resulted in a similar bias
towards the 1S-isoform of DBP as previously reported in studies
comparingAmericans of African andCaucasianorigin (which alsoused
immunoassays based on monoclonal antibodies)8,63–66. However, we
restricted the sample to those with European ancestries and con-
ducted theGWASwith andwithout adjustment forGC haplotypes. Our
sample is enriched with people with mental disorders; however, we
found no forward or reverse GSMR association between mental dis-
orders and DBP. In addition, we did a planned sensitivity analyses
where we ran the GWAS again only in the population-based subcohort
(a rare resource that is free of ascertainment bias). TheGWAS results in
the entire case cohort versus the subcohort sample were comparable.
In addition, because our main analyses were restricted to Europeans,
there is a need to examine the genetic correlates of DBP concentration
in more diverse ancestry groups. Finally, the DBP_GC analysis also
identified anSNP (rs635634) that is ~4 kb upstream from theABO gene.
We noticed that recent studies of the genetic correlates of the human
plasma proteome have identified genes that encode for “master reg-
ulator” proteins—variants in these genes have widespread correlations
with the concentration of other circulating proteins67,68. SH2B3 and
ABO were both identified as having associations with over 50 other
protein concentrations, thus variants in these genes could directly or
indirectly influence generic protein metabolic pathways (e.g. meta-
bolism, protein degradation, and excretion). However, variants in
these same genes have also been associated with hematocrit69, which
may have downstream consequences on the accuracy of a range of
sera-based70 and dried blood spot-based assays71. The influence of
genetic variants related to hematocrit on (a) the accurate quantifica-
tion of blood-based biomarkers, and (b) subsequent GWASs based on
these measurements, warrants additional investigation.

Our findings may have clinical consequences—those with genetic
variants associated with lower DBP concentrations may have a parti-
cular requirement for vitamin D supplementation over the course of
winter (compared to thosewith genetic variants associatedwith higher
DBP concentrations). If our Mendelian randomization findings related
to multiple sclerosis and rheumatoid arthritis are replicated in future
studies, there may be a case to ensure that those with a genetic pre-
disposition to lower DBP concentrations are encouraged to take reg-
ular vitaminD supplements.Wehope that the research communitywill
use our findings to examine the relationship between the genetic
correlates of DBP concentration and a wider range of disorders. We
notewith interest that a recent large randomized controlled trial found
that vitamin D supplementation reduced the incidence of several
autoimmune disorders33. If previously completed randomized con-
trolled trials of vitamin D supplementation have access to the geno-
type of their participants, we speculate the use of supplementsmay be
associated with superior outcomes in those with lower genetically-
predicted DBP concentration.

Methods
Samples
This study was based on the Lundbeck Foundation Initiative for Inte-
grative Psychiatric Research (iPSYCH) sample37, a population-based
case-cohort design to study the genetic and environmental factors
associated with severe mental disorders. The iPSYCH2012 sample is
nested within the entire Danish population born between 1981 and
2005 (N = 1,472,762). In total, 86,189 individuals were selected; with
57,377 individuals diagnosed with at least one major mental disorder
(schizophrenia, bipolar disorder, depression, autism spectrum dis-
order (ASD), attention deficit hyperactivity disorder (ADHD)) and a
random population cohort of 30,000 individuals sampled from the
same birth cohort. By design, there were individuals overlapping

between the case sub-cohorts and the random population subcohort.
We also included 4791 anorexia nervosa cases (AN; ANGI-DK) from the
Anorexia Nervosa Genetics Initiative (ANGI)72, which has the same
design as iPSYCH2012. Henceforth, we refer to iPSYCH2012 as the
combined dataset with the ANGI samples. Blood spots for the indivi-
duals included in iPSYCH2012were obtained from theDanishNeonatal
Screening Biobank73 and subsequently genotyped and assayed for the
concentrations of 25OHD and DBP. Dried blood spot samples have
been collected from practically all neonates born in Denmark since 1
May 1981 and stored at −20 °C. Samples are collected 4 to 7 days after
birth. Material from these samples has been primarily used for
screening for congenital disorders, but are also stored for follow-up
diagnostics, screening, quality control, and research. According to
Danish legislation, material from The Danish Neonatal Screening Bio-
bank canbe used for research after approval from theBiobank, and the
relevant Scientific Ethical Committee. There is also a mechanism in
place ensuring that one can opt out of having the storedmaterial used
for research. Additional details of the Danish Neonatal Screening Bio-
bank are available in the iPSYCH methods paper37.

Blood spot extraction
Two 3.2mmdisks from neonatal dried blood spot (DBS) samples were
punched into each well of polymerase chain reaction plates
(72.1981.202, Sarstedt). About 130 µL extractionbuffer (PBS containing
1% BSA (Sigma Aldrich #A4503), 0.5% Tween-20 (#8.22184.0500,
Merck Millipore), and complete protease inhibitor cocktail
(#11836145001, Roche Diagnostics)) was added to each well, and the
samples were incubated for 1 h at room temperature on a microwell
shaker set at 900 rpm. After separating the extract from the filter
paper into sterile Matrix 2D tubes (#3232, Thermo Fisher Scientific),
the extracts were stored at −80 °C for 6–7 years before analysis. DNA
was extracted according to previously published methods74. After
storage, the protein extracts were aliquoted and were subjected to
DBP and 25OHD analysis. Thus, all experimental data originates from a
single DBS extraction. Additional details related to blood spot
extraction and storage are provided in Supplementary Methods 1.

Assay of DBP concentration
The extracts were analyzed with a multiplex immunoassay using
U-plex plates (Meso-Scale Diagnostics (MSD), Maryland, US) employ-
ing antibodies specific for DBP (HYB249-05 and HYB249-01), as well as
measuring complement C3 and C4 (results will be reported in a
separate manuscript). The antibodies were purchased from SSI Anti-
bodies (Copenhagen, Denmark). Extracts were analyzed diluted 1:70 in
diluent 101 (#R51AD, MSD). Capture antibodies (used at 10 ug/mL as
input concentration) were biotinylated in-house using EZ-Link Sulfo-
NHS-LC-Biotin (#21327, Thermo Fisher Scientific) and detection anti-
bodies were SULFO-tagged (R91AO, MSD), both at a challenging ratio
of 20:1. As a calibrator, we used recombinant human DBP #C953 (Bon
Opus, Millburn, NJ, USA). Calibrators were diluted in diluent 101 and
detection antibodies (used at 1 ug/mL) were diluted in diluent 3
(#R50AP, MSD). Controls were made in-house from part of the cali-
brator solution in one batch, aliquoted in portions for each plate, and
stored at −20 °C until use. The samples were prepared on the plates as
recommended by the manufacturer, and were read on the QuickPlex
SQ 120 (MSD) 4min after adding 2x Read buffer T (#R92TC, MSD).
Analyte concentrations were calculated from the calibrator curves on
each plate using 4PL logistic regression using the MSD Workbench
software.

Intra-assay variations were calculated from 38 measurements
analyzed on the same plate of a pool of extracts made from 304 sam-
ples. Inter-assay variations were calculated from controls analyzed in
duplicate on each plate during the sample analysis (1022 plates in
total). The lower limit of detection was calculated as 2.5 standard
deviations from 40 replicatemeasurements of the zero calibrator. The
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higher detection limit was defined as the highest calibrator con-
centration. The lower andupper detection limits forDBPwere 2.07 µg/L
and 79.8mg/L respectively, and the intra-assay and inter-assay coeffi-
cient of variancewas 7.6 and22.4% respectively. To validate the stability
of the samples during storage, we randomly selected 15–16 samples
from five years (1984, 1992, 2000, 2008, and 2016; a total of 76 sam-
ples). After extracting the samples and adding them to an MSD plate,
the rest of the extractswere frozen for 2months, thawed andmeasured
as described above to imitate the freeze-thaw cycle of the samples in
the study. The oldest samples (from 1984) recorded higher con-
centrations (Supplementary Fig. 1), most probably due to a change in
the type of filter paper after 1989 (Schleicher & Schuell grade 2992 was
replaced by Schleicher & Schuell grade 903). In light of this artifact, we
adjusted all DBP values by plate (the sequence of testing followed the
date of birth of the sample). This is described in further detail below.
The protein quantification assays were completed between September
2018 and October 2019. Additional details related to pre-analytic var-
iation are provided in Supplementary Methods 2.

Assay of 25OHD concentration
Detailed methods for the main assay of 25OHD75 and an additional
method to correct for exposure to bovine serum albumin76 have been
published elsewhere. We adapted previously published methods
(including comparisons between cord serum andneonatal dried blood
spots)77–80 in order to assay 25OHDbased on protein pellets previously
extracted from dried blood spots.

For the assay of 25OHD, 30 µL of each sample was transferred to a
Thermo Scientific 96-well polypropylene storage microplates before
120 µL internal standard (reconstituted in acetonitrile and diluted to a
working solution of 1:100 compared to the kit insert) was added. After
centrifugation, the sampleswereprepared for a liquid-liquid extraction
procedure. About 200 µL of the upper organic phase (containing the
purified vitamin D metabolites) was transferred to a Thermo Scienti-
ficTM WebSeal Plate+ 96-Well Glass-Coated Microplate. The samples
were dried down in an Eppendorf Bench Top Concentrator PlusTM

(60 °C) before the vitaminDmetaboliteswere derivatizedwith 20 µL of
the commercial PTAD reagent (reconstituted in ethyl acetate and
diluted to a working solution of 1:12). After incubation and quenching
(by the addition of 50 µL ethanol), samples were dried down in a con-
centrator before being reconstituted in 80 µL 1:1 acetonitrile/deionized
water solution. After reconstitution, 40 µLwas injected into the LC-MS/
MS system. The LC system is a Thermo TLX2 Turboflow system,
comprised of a CTC Analytics HTS PAL autosampler, a dual LC system
(one Agilent 1200 quaternary and one Agilent 1200 binary pump) and
two Thermo Scientific hot pocket column heaters. The LC systems are
interfaced with a triple quadrupole mass spectrometer (Thermo Sci-
entific TSQ Quantiva) equipped with a heated electrospray ionization
probe. The LC system is controlled by AriaMXDirect Control software,
whereas the mass spectrometer is controlled by the TSQ Quantiva
Tune Application software (version 2.0.1292.15). Thermo Trace-
FinderTM 3.2 application software is used to acquire and process data.

The development of the new assay was validated following the
Clinical and Laboratory Standards Institute´s approved guideline for
liquid chromatography-mass spectrometry methods (C62-A) ((CLSI),
2014). Intermediate precision was obtained by quantifying the con-
centration of three stable isotope labeled external quality controls
(PerkinElmer) with a low, medium and high concentration of each
vitamin D metabolite. To examine intra- and inter-assay precision we
used control samples from adult volunteers and examined triplicate
samples within one assay run, and also examined these samples on
three consecutive days, respectively. In keeping with best practice, we
used Standard Reference Material (Vitamin D Metabolites in Frozen
Human Serum - SRM® 972 - from NIST). This material was mixed with
purified erythrocytes and then transferred onto filter paper. Based on
these samples, the accuracy of the assay was between 92 to 105% and

the coefficient of variance ranged from 4.7 to 13.2%. The relative
errors ranged from −7.9 to 5.7%. In order to determine the lowest level
of quantification, dilutions of the lowest stable isotope-labeled cali-
brator standards for both vitamin D metabolites (2H6-25OHD2 and
2H6-25OHD3) were prepared and quantified. The method was able to
reliably detect a concentration of both 25OHD2 and 25OHD3 down to
approximately 5 nmol/L in full blood. All analyseswere based on a total
of 25OHD (the sum of 25OHD2 and 25OHD3). In addition, our labora-
tory participates in the Vitamin D External Quality Assessment Scheme
(DEQAS)81. During the period when the iPSYCH samples were analyzed
(November 2018 to February2021), our laboratoryassessed9panelsof
5 DEQAS standard reference samples (total samples n = 45). Based on
these samples, the mean (and range) bias from the target values was
3.8% (−10.6, 12.6).

Genotyping and quality control
Individuals included in iPSYCH2012 were genotyped using the Infinium
PsychChip v1.0 array (Illumina, San Diego, CA, USA). In total, 80,873
individuals were successfully genotyped across 26 waves for ~550,000
variants37. We excluded SNPs with minor allele frequency (MAF) <0.01,
Hardy–Weinberg equilibrium (HWE) p value <1 × 10−5 or non-SNP alleles
(i.e., insertions and deletions, INDELs). About 245,328 autosomal SNPs
were retained in the backbone set. The backbone set was used to
impute the genotypes with the Haplotype Reference Consortium
reference panel82 following the RICOPILI pipeline83. Imputed best guess
genotypes were further filtered for imputation quality (INFO score
>0.8), genotype call probability (P >0.8), missing variant call rates
<0.05, Hardy–Weinberg equilibrium (HWE) P value ≥1 × 10−5 and minor
allele frequency (MAF) >0.01, resulting in 6,091,695 variants remaining.

Darker skin color can reduce actinic production of vitamin D, and
because non-European ancestry is associated with variants in DBP
(which can influence protein concentration), our primary analyses
were in those with European ancestry. We performed principal com-
ponent analysis (PCA) following ref. 84. The genetic ancestry of the
samples was inferred using R packages bigsnpr and bigutilse following
ref. 85, where 73,645 individuals were classified as having European
ancestry. The genetic relationshipmatrix (GRM) of the individuals was
estimated by GCTA v1.9386. There were 57,747 unrelated individuals
with a pairwise coefficient of genetic relationships <0.05.

Phenotype distributions and covariates
From the 77,482 individuals with genetic data, 71,944 and 71,212 had
DBP and 25OHD measurements respectively. The DBP and 25OHD
metabolites were quantified in 1030 and 1010 plates, respectively. The
quantification plates for DBP and 25OHD explained 11.8 and 55.6% of
the phenotypic variance respectively. Note that the sequence of test-
ing followed the date of birth, so the marked seasonal variation in
25OHD concentration would be captured in the between-plate var-
iance. We used linear mixed models to pre-regress the effect of the
quantification plates from DBP and 25OHD and applied a rank-based
inverse-normal transformation (RINT) to the model residuals. The raw
distributions of the neonatal DBP and 25OHD can be seen in Supple-
mentary Fig. 6. For DBP in the entire sample, the mean (and standard
deviation) was 2.24 (1.44) µg/L (median and interquartile range: 2.00,
1.19–2.98 µg/L). For DBP in the European subsample, the mean (and
standard deviation) was 2.25 (1.44) µg/L (median and interquartile
range: 2.01, 1.21–2.99 µg/L). We examined the association between (a)
sex, year andmonth of birth, gestational age,maternal age, and (based
on infant genotype) the first 20 principal components (PCs) on (b)
25OHD and DBP concentrations. After, adjusting for the plate effect,
none of these variables were significantly associated with DBP levels,
while the month of birth, year of birth, gestational age, and maternal
age were still significantly associated with 25OHD levels. Additional
details for all covariate associations and distributions can be found in
Supplementary Data 1.
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Genome-wide association study (GWAS) analyses
To identify genetic variants associated with neonatal DBP and 25OHD
blood concentrations, we performed a linear mixed model GWAS
implemented in fastGWA87 on the subset of European ancestry indi-
viduals (NDBP = 65,589, N25OHD = 64,988). After pre-adjusting for the
quantification plates, we fitted sex, year of birth, genotyping wave and
the first 20 PCs as covariates in the model in the DBP genetic analyses,
and additionally month of birth, gestational age and maternal age in
the 25OHD genetic analyses. In light of the strong influence of the GC
haplotypes of DBP concentration9, and the potential haplotype-related
bias in ourmonoclonal assay8, we also performed a GWAS adjusted for
the 6 GC diplotypes, which were fitted as a covariate in the fastGWA
model. Henceforth, we will label the twoDBP GWASs and related post-
GWAS analyses as (a) DBP (unadjusted GWAS) and (b) DBP_GC (GWAS
for DBP adjusted for GC haplotypes).

To identify independent associations, we conducted a conditional
and joint (COJO; GCTA–cojo-slct) analysis88 using default settings and
the European ancestry subset of individuals as LD reference. In addi-
tion, we conducted a multi-trait conditional and joint (mtCOJO)
analysis89 to condition results from the UK Biobank (UKB) 25OHD
GWAS11 on (a) DBP and (b) DBP_GC with fastGWA.

The iPSYCH case-cohort study is enriched with individuals with
psychiatric disorders (i.e., the cases) but also contains a uniform
randomly-selected population-based subcohort. To explore if case-
enrichment in the sample may have biased the findings from the
GWAS, as a planned sensitivity analysis, we ran the GWAS again only
within the population-based subcohort. Based on the union of the
genome-wide significant loci from the entire case-cohort and the
subcohort samples, we examined the correlation between the effect
sizes (beta values) using Pearson’s correlation coefficients90.

Heritability and SNP-based heritability
Our sample had 23,126 individuals that shared at least one off-diagonal
GRM value >0.05, of which 6313 had a (off-diagonal) GRM value >0.2
with at least one other individual in the sample. We estimated the
heritability of both 25OHD andDBP usingmethods described by ref. 41,
within the subset with European ancestry. This method estimates
pedigree-based and SNP-based heritability simultaneously in one
model using family data and is implemented in GCTA86.

Finally, we estimated the SNP-based heritability using LD-score
regression91, SBayesS92, and LDpred2-auto93 from the GWAS summary
statistics. We also estimated the polygenicity (p) parameter with
SBayesS and LDpred2-auto. In order to derive these estimates, we used
linear regression GWAS summary statistics from unrelated European
individuals (NDBP = 48,842, N25OHD = 48,643) and filtered down to the
intersection with the HapMap3 set of variants (https://www.sanger.ac.
uk/resources/downloads/human/hapmap3.html).

Fine-mapping and functional annotation
Fine-mapping of the GWAS summary statistic results was performed
using a combination of (a) PolyFun42 for computing prior causal
probabilities based on functional annotations and (b) SuSiE94 which
fine-maps the variants and provides posterior inclusion probabilities
(PIPs) and credible sets of variants. First, we estimated truncated per-
SNP heritabilities for both our GWAS summary statistics (DBP and
DBP_GC) using the L2-regularized S-LDSC method described in Poly-
Fun for the set of coding, conserved, regulatory and LD-related
annotations described in ref. 95 The LD-scores for these annotations
were computed using our subset of European ancestry individuals
belonging to the subcohort (N = 24,324). We then used the truncated
per-SNP heritabilities as prior causal probabilities in SuSiE for fine-
mapping. We only performed fine-mapping on the genome-wide sig-
nificant loci on the DBP GWAS summary statistics. The credible sets
obtained in SuSiE were functionally annotated using the Ensembl
Variant Effect Predictor (VEP) v8596.

Genetic ancestry inference
By design, the iPSYCH case-cohort samples are born in Denmark. To
infer their genetic ancestry we used the sample’s parental country of
birth as a proxy, as determined by the Danish Registers. First, we
identified the subset of individuals in which both parents were born
in the same region (“Africa”, “Asia”, “Australia”, “Denmark”, “Eur-
ope”, “Greenland”, “TheMiddle East”, “N.America”, “S.America”, and
“Scandinavia”). The regions “Denmark”, “Europe”, “N.America”,
“S.America”, “Scandinavia”, and “Australia” were all re-defined as
“Europe”. We then looked at the country of birth of the father and
kept only countries where there were >10 individuals born in that
country.

Using the father’s country of birth as the grouping variable, we
calculated the geometric median of the first 20 principle compo-
nents (PCs) per country. Then we calculated the distance to all
country centers and applied a hierarchical clustering algorithm
(base r hclust function with method = “single”). The population
centers were then chosen based on a visual inspection of the clus-
ters as the country with the largest sample size. The following
countries were chosen as population centers: “Turkey”, “Kingdom
of Morocco”, “Islamic Republic of Pakistan”, “Denmark”, “The
Somali Republic”, “The Socialist Republic of Vietnam”, and “The
Gambia”. After choosing the cluster centers, all other samples were
assigned to the nearest cluster inside a threshold defined as
thr_sq_dist = 0.002 × (max(dist(all_centers)^2)/0.40) (Supplemen-
tary Fig. 2). The cluster tags were changed from country names to
geographical region names, as individuals from nearby countries
where clustered together in the final classification. The PC1 vs. PC2
plot of the different ancestry clusters is shown in Supplemen-
tary Fig. 3.

Out-of-sample genetic risk prediction
From the European ancestry definition described above, we identi-
fied a replication sample of nearly-European individuals by
expanding the threshold around the center of the European cluster
to thr_sq_dist = 0.002 × (max(dist(all_centers)^2)/0.10) (Supple-
mentary Fig. 4). This resulted in a sample of 1881 individuals of
nearly-European ancestry. From these, we identified 1529 indivi-
duals not related to each other or to anyone in themain analysis (i.e.,
all GRM off-diagonals <|0.05|). Supplementary Fig. 5 shows the PC1
vs. PC2 plot of the replication sample compared to the other
ancestry clusters.

These individuals were used as a pseudo-replication sample to
examine the out-of-sample prediction accuracy of polygenic risk
scores (PRSs). The PRS for 25OHD was computed with SBayesR97 and
downloaded from the PGSCatalog (ID PGS000882)98. The PRSs for the
four phenotypes (DBP, 25OHD and these two adjusted for the GC
haplotypes) were constructed using SBayesS92 and LDpred2-auto93

from our set of GWAS summary statistics. We used linear regression
GWAS summary statistics (with the sample filtered for relatedness) for
the PRS methods. For SBayesS, we used the provided UKB
HapMap3 shrunk sparse LD matrix as an LD reference. For LDpred2-
auto, we used the LD blocks based on the subset of HapMap3 variants
provided in the paper as LD reference.

We also calculated PRSs using the independent SNP weights
estimated by COJO88 and the clumping threshold (C+ T) method with
window size 250 kb and r2 < 0.1 (M= 201,402 SNPs)) and P value
thresholds (5 × 10−8, 1 × 10−6, 1 × 10−4, 0.001, 0.02, 0.05, 0.1, 0.2, 0.5, 1).
The prediction models examined the phenotypic variance explained
(r2) after adjusting for sex, age, and the first 20 PCs.

Genetic correlations
The genetic correlation between 25OHD and DBP was estimated in a
bivariate GREML analysis (GCTA–reml-bivar) and from GWAS sum-
mary statistics with bivariate LD-score regression99.
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FUMA, GSMR, SMR, and PheWas
Functional mapping and annotation of genome-wide association stu-
dies (FUMA)100 was used to examine gene-based and gene-set analyses.
We conducted generalized summary-based Mendelian randomization
(GSMR)89 to explore the causal relationship between (a) DBP and
25OHD blood concentrations and (b) between DBP concentration and
a range of psychiatric and cognitive phenotypes (schizophrenia,major
depression, bipolar disorder, ASD, ADHD, Alzheimer’s disease, and
educational attainment), and with selected autoimmune disorders
(multiple sclerosis, amyotrophic lateral sclerosis, type 1 diabetes,
Crohn’s disease, ulcerative colitis, and rheumatoid arthritis). All the
relevant GWAS summary statistics are publicly available
(schizophrenia101, major depression102, bipolar disorder103, autism
spectrum disorder104, attention deficit hyperactivity disorder105, Alz-
heimer’s disease106, educational attainment107, multiple sclerosis108,
amyotrophic lateral sclerosis109, type 1 diabetes110, Crohn’s disease111,
ulcerative colitis111, and rheumatoid arthritis112). As the effect of DBP
and 25OHD on these phenotypes may be driven by pleiotropy, the
analyses were conducted with and without applying the heterogeneity
in dependent instrument (HEIDI) outlier method, which removes loci
with strong putative pleiotropic effects89. We randomly sampled
10,000 unrelated European individuals from iPSYCH2012 as the LD
reference cohort. We used a Bonferroni-corrected threshold of
1.9 × 10−3 (0.05/(13 × 2)) in the GSMR analysis.

We performed summary-data-based MR (SMR) to identify genes
with causal/pleiotropic effects onDBP, using the eQTL data fromGTEx
v8113. For this analysis, we used the sameLD reference cohort as used in
the GSMR analysis. In total, there were 195,904 probes from49 tissues.
We accounted for multiple testing by using a Bonferroni-corrected
threshold of 2.6 × 10−7 (0.05/195,904).

The PheWAS analysis was conducted in the UKB using; (1) linear
model, yj = xj + cj + ej for quantitative traits or (2) logistic model,
logit(yj) = xj + cj + ej for dichotomous traits, where yj represents phe-
notype in UKB, xj represents the polygenic score of DBP or DBP
adjusted for GC genotypes, and cj represents the covariates. There
were 1149 phenotypes included in the PheWAS analysis, 1027 diseases,
52 anthropometric and brain imaging measures, and 70 infectious
disease antigens. The diseases were classified by using the Interna-
tional Classification of Diseases, 10th version (ICD-10) code. The
quantitative traits were normalized using RINT with mean 0 and var-
iance 1. The PRSs were generated using SBayesR97 with the reference
LD matrix estimated from 1,145,953 HapMap3 SNPs in the UKB. PRSs
were computed for 348,501 individuals of European ancestry. The
individuals were genetically unrelated (relationship <0.05). The cov-
ariates included in the model were sex, age and 20 PCs. The sig-
nificance threshold used was 4.4 × 10−5 (0.05/1149).

Ethics and data approvals
The study was approved by the Danish Data Protection Agency, and
data accesswas approved by Statistics Denmark and theDanishHealth
Data Authority. Approval by the Ethics Committee and written
informed consent were not required for register-based projects [Act
no. 1338 of 1 September 2020, section 10 on research ethics for
administration of health scientific research projects and health data
scientific research projects]. All data were de-identified and not
recognizable at an individual level.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data generated during this study are included in this published
article and its supplementary files, with the exception of the

person-level data and code related to the iPSYCH sample (including
DBP and 25OHD concentrations, genotypes, clinical, and demographic
data). Owing to the sensitive nature of these iPSYCH data (which
includes the ANGI subsample), individual-level data can be accessed
only through secure servers where the download of individual-level
information is prohibited. Each scientific project must be approved
before initiation, and approval is granted to a specific Danish research
institution. International researchers may gain data access through
collaboration with a Danish research institution. More information
about getting access to the iPSYCH data can be obtained at https://
ipsych.dk/en/about-ipsych.

eQTL data were based on GTEX version 8 (the data used for the
analyses described in this manuscript were obtained from the GTEx
Portal on 02/01/22). Summary statistics from the following studies
were used in the GSMR analyses and are publicly available:
schizophrenia101, major depression102, bipolar disorder103, autism
spectrum disorder104, attention deficit hyperactivity disorder105, Alz-
heimer’s disease106, educational attainment107, multiple sclerosis108,
amyotrophic lateral sclerosis109, type 1 diabetes110, Crohn’s disease111,
ulcerative colitis111, and rheumatoid arthritis112.

We used data from UK Biobank https://www.ukbiobank.ac.uk/
Application Number 12505.

The summary statistics from the GWAS for 25OHD, DBP, and
DBP adjusted for GC haplotypes are available via the GWAS Catalog
https://www.ebi.ac.uk/gwas/ (Accession numbers GCST90162562,
GCST90162563, and GCST90162564).
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