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Abstract

Context: Single nucleotide polymorphisms (SNPs) in vitamin D metabolism pathway genes are associated with circulating 25-hydroxyvitamin D
(25(0OH)D) in adults. Less is known about the relationships between mother and offspring SNPs and umbilical cord blood 25(0OH)D.

Objective: (1) To undertake a meta-analysis of the relationships of maternal and offspring SNPs in the vitamin D metabolism pathway and cord
blood 25(0OH)D in pregnant women including novel data; and (2) to examine these relationships in women who received antenatal cholecalciferol
supplementation in a clinical trial.

Methods: Novel data analysis from an observational mother—offspring cohort study (Southampton Women's Survey) and the MAVIDOS
double-blind, randomized, placebo-controlled trial of 1000 IU/day cholecalciferol supplementation in pregnancy, and an electronic literature
search of published studies in PubMed up to 31 July 2021. Studies reporting associations between rs12785878 (DHCR?), rs10741657 (CYP2R1),
rs6013897 (CYP24A1), or rs2282679 (GC) and cord blood 25(0H)D. One published study was included in addition to the novel data analysis.
Associations between both maternal and offspring SNPs at rs2282679 (GC) and rs12785878 (DHCR?7), and cord blood 25(0OH)D were identified.
When maternal genotype was adjusted for offspring genotype, and vice versa, there was persisting evidence for associations with maternal
rs12785878 (B [95% Cl] 1.6 nmol/L [0.3, 2.8] per common allele), and offspring rs2282679 ( 3.1 nmol/L 12.0, 4.4] per common allele). Maternal
and offspring SNPs at rs1074657 and rs613897 were not associated with cord blood 25(0OH)D.

Result: Associations between both maternal and offspring SNPs at rs2282679 (GC) and rs12785878 (DHCR?), and cord blood 25(0H)D were
identified. When maternal genotype was adjusted for offspring genotype, and vice versa, there was persisting evidence for associations with
maternal rs12785878 (8 [95% CI] 1.6 nmol/L [0.3, 2.8] per common allele), and offspring rs2282679 ( 3.1 nmol/L ]12.0, 4.4] per common allele).
Maternal and offspring SNPs at rs1074657 and rs613897 were not associated with cord blood 25(0OH)D.

Conclusion: Common genetic variation in the vitamin D metabolism pathway is associated with umbilical cord blood 25(0OH)D.

Key Words: 25-hydroxyvitamin D, DHCR7, GC, single nucleotide polymorphism, umbilical cord blood, vitamin D

Abbreviations: 7-DHC, 7-dehydrocholesterol; 25(0H)D, 25-hydroxyvitamin D; DBP, vitamin D binding protein; GWAS, genome-wide association study; SNP,
single nucleotide polymorphism; SWS, Southampton Women'’s Survey; UVB, ultraviolet B.

Vitamin D deficiency at birth is associated with an increased
risk of rickets and symptomatic neonatal hypocalcemia,
including seizures and cardiomyopathy. This can be prevented
with antenatal vitamin D supplementation (1). There is also
growing evidence that antenatal vitamin D supplementation
might have positive effects on offspring anthropometry, bone
mineralization, and body composition (2, 3).

Recognized risk factors for vitamin D deficiency in-
clude nutritional deficiency, variations in ultraviolet B

(UVB) exposure, including living at northerly latitudes,
skin pigmentation, extent of skin covering sunscreen use,
and also greater adiposity. Genetic variation in the form
of single nucleotide polymorphisms (SNPs) in genes in the
vitamin D metabolism pathway are also associated with
25-hydroxyvitamin D [25(OH)D] status in both adults (4)
and pregnant women (5).

The fetus is dependent on placental transfer of 25(OH)
D from the maternal circulation for its source of vitamin
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D. However, data are currently sparse on whether maternal
and/or offspring SNPs in genes in the vitamin D metabolism
pathway are associated with fetal 25(OH)D status (as meas-
ured in umbilical cord blood), or how this is modified by ante-
natal vitamin D supplementation. One study by Sterdal et al
reported associations between maternal and offspring vari-
ation in SNPs at rs2282679 in the GC gene (encoding vitamin
D binding protein, DBP) and rs12785878 near DHCRY7 (in-
volved in the synthesis of vitamin D in the skin) and umbilical
cord blood 25(OH)D (6).

In the MAVIDOS randomized, placebo-controlled trial
of antenatal vitamin D supplementation, we documented
an association between rs12785878 (DHCR7) and baseline
25(OH)D in pregnant women, but this association was no
longer evident in late pregnancy after cholecalciferol supple-
mentation (5). In contrast, maternal genotype at rs2282679
(GC) and at rs10741657 in the CYP2R1 gene (encoding
25-hydroxylase) were associated with maternal 25(OH)D
status in late pregnancy in women who received vitamin D
supplementation, but not in the placebo group (5). These find-
ings highlight the importance of assessing the modifying ef-
fect of vitamin D supplementation on these relationships.

The aim of this study was 2-fold: first, to undertake a meta-
analysis of the relationships of SNPs in genes in the vitamin
D metabolism pathway in mother and offspring and um-
bilical cord blood 25(OH)D utilizing novel data from the
Southampton Women’s Survey (SWS) (7) and the placebo arm
of the MAVIDOS trial (8) in addition to previously published
data, and, second, to examine these relationships in women
who received cholecalciferol supplementation within a ran-
domized controlled trial (MAVIDOS).

Materials and Methods

The meta-analysis includes previously unpublished data from
the SWS, an observational mother—offspring birth cohort from
Southampton, UK, and the MAVIDOS trial of vitamin D sup-
plementation in pregnancy, carried out at 3 centers in the UK
(Southampton, Sheffield, and Oxford; ISRCTN:82927713;
EUDRACT:2007-001716-23). Details of both studies have
been published previously (7, 8).

The relationships of umbilical cord blood 25(OH)D with
4 SNPs in the vitamin D metabolism pathway were con-
sidered. These loci were identified as associated with 25(OH)
D concentrations in a previous large genome-wide associ-
ation study (GWAS) (4). These were rs12785878 (DHCRY7;
7-dehydrocholesterol reductase), rs10741657 (CYP2RI;
25-hydroxylase), rs6013897 (CYP24A1; 24-hydroxylase),
and rs2282679 (GC; DBP).

Southampton Women'’s Survey

Women aged 20-34 years were recruited into the study
prepregnancy (n=12 579), and those that reported a
singleton pregnancy (n=3158) had extensive phenotyping
during pregnancy. Maternal venous blood was collected at 34
weeks’ gestation and umbilical cord blood at delivery. Serum
was stored at -80°C.

Serum 25(OH)D concentration was assessed by liquid chro-
matography tandem mass spectrometry by the Cork Centre
for Vitamin D and Nutrition Research laboratory (accredited
by the CDC Vitamin D Standardization-Certification program
and participates in the Vitamin D External Quality Assessment
Scheme). Briefly, total 25(OH)D was calculated by summation

The Journal of Clinical Endocrinology & Metabolism, 2022, Vol. 107, No. 8

of individually quantified 25(OH)D, and 25(OH)D, meas-
ured by liquid chromatography tandem mass spectrometry on
a Waters Acquity UPLC system coupled to an Acquity Triple
Quadrupole mass spectrometer detector (Waters, Milford,
MA). The limits of detection for 25(OH)D, and 25(OH)D,
were 0.31 and 0.44 nmol/L, respectively. The limits of quantita-
tion for 25(OH)D, and 25(OH)D, were 1.03 and 1.43 nmol/L,
respectively. Intra- and interassay coefficients of variation for
both metabolites were <6% and <5%, respectively.

Maternal genotyping was performed using the Infinium
Global Screening Array v.1.0; SNPs rs10741657,rs12785878,
and rs2282679 were directly genotyped, and rs6013897
was imputed. Umbilical cord blood (offspring) genotyping
was performed using the Infinium OmniExpress-24 v1.2
Array; rs2282679 was directly genotyped and rs10741657,
rs12785878, and rs6013897 were imputed. Imputation for
offspring and maternal SNPs was performed separately on
SANGER imputation servers using the UK10 + 1000 Genome
Phase 3 reference panel, and prephased using the EAGLE2
pipeline. All imputed SNPs in this study had an INFO score
>0.9, indicating high-quality imputation.

The Maternal Vitamin D Osteoporosis Study

The MAVIDOS study is a double-blind, randomized, placebo-
controlled trial of 1000 IU/day cholecalciferol supplementation
during pregnancy. Women with a singleton pregnancy and a
baseline serum 25(OH)D 25 to 100 nmol/L at 11 to 14 weeks’
gestation were eligible to participate. Participants were ran-
domized in a 1:1 ratio to either cholecalciferol 1000 IU/day or
matched placebo from 14 weeks’ gestation until delivery. The
participants, individuals providing antenatal and intrapartum
care, and all field researchers involved in data collection and
sample analysis were blinded to the assignment to placebo or
intervention. All participants received standard antenatal care
and could continue self-administration of dietary supplements
containing up to 400 IU/day vitamin D. Detailed phenotyping
was undertaken at 11 to 14 and 34 weeks’ gestation, including
assessment of diet, health, lifestyle, and anthropometry, and
collection of venous blood samples. Umbilical cord blood was
collected at delivery and serum stored at —-80°C.

25(OH)D concentration was assessed by liquid chromatog-
raphy tandem mass spectrometry at the clinical biochemistry la-
boratory at University Hospital Southampton NHS Foundation
Trust, which participates in the Vitamin D External Quality
Assessment Scheme. Briefly, total 25(OH)D was calculated by
summation of individually quantified 25(OH)D, and 25(OH)
D, measured by liquid chromatography tandem mass spectrom-
etry on a Waters Triple Quadrupole system (Waters, Milford,
MA). The limits of detection for 25(OH)D3 and 25(OH)D2
were 1.21 and 1.64 nmol/L, respectively. The limits of quantita-
tion for 25(OH)D3 and 25(OH)D2 were 4.05 and 5.26 nmol/L,
respectively. Intra- and interassay coefficients of variation for
both metabolites were <8% and <10%, respectively.

Maternal and offspring genotyping was undertaken by
LGC Genomics (Hoddeston, UK) using KASP competitive
allele-specific polymerase chain reaction.

Search Strategy for Similar Studies

An electronic literature search of published studies was per-
formed on PubMed up to 31 July 2021. The literature search
was based on the following search strategy: “vitamin D” and

“pregnancy,” together with associated terms, in combination
with 1 of the following: rs12785878,rs10741657,rs6013897,
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rs2282679, DHCR7, CYP2R1, CYP24A1, GC. After removal
of duplicates, 97 abstracts were screened; only 2 studies exam-
ined the associations between 1 or more of the SNPs in either
mother or offspring and umbilical cord blood 25(OH)D (6,
9), of which only the work of Sterdal et al presented data that
could be combined with our data from SWS and MAVIDOS
in meta-analysis (6). The other study could not be used due to
a different approach to statistical analysis (9).

Statistical Analysis

Data were analyzed separately for each of the 3 novel datasets
(SWS, MAVIDOS placebo group, MAVIDOS cholecalciferol).
For the MAVIDOS study, an intention to treat approach was
used with all women analyzed in the group to which they
were originally assigned.

Characteristics of the participants included for each study,
and between the 2 treatment arms of MAVIDOS were com-
pared using t, Mann—Whitney U, and chi-squared tests for
normally distributed, non-normally distributed, and categor-
ical variables, respectively.

For each dataset, Fourier analysis was used to model the
seasonal variation in 25(OH)D; from this a deseasonalized
cord blood 25(OH)D was generated by subtracting the ex-
pected 25(OH)D for the infant’s date of birth from the actual
25(OH)D (10). Linear regression was used to examine the as-
sociation between SNPs and umbilical cord blood 25(OH)D
using an additive model with the homozygous low-frequency
allele for the cohort as the reference group. The low-frequency
alleles were consistent across the 3 datasets used in this ana-
lysis. The additive model thus expresses the change in out-
come per additional common allele. Analyses are presented
as both unadjusted relationships, and maternal genotype ad-
justed for fetal genotype at the same SNP and vice versa, using
the same additive model approach.

A meta-analysis including the findings from SWS,
MAVIDOS placebo group, and the 1 previously published
paper reporting on these relationships (6) was undertaken.
Heterogeneity of effect estimates from the 3 studies was as-
sessed by the Cochran’s Q-statistic and quantified using the I?
statistic. The I? statistic measures the percentage of the total
variation across the studies due to heterogeneity. As there was
no statistical evidence of heterogeneity, the effects were com-
bined in a fixed-effect meta-analysis model to estimate the
pooled effect of maternal and offspring genotype and cord
blood 25(OH)D. Forest plots were used as graphical repre-
sentation of the results of the meta-analysis.

All analyses were performed in Stata v17.0 (StataCorp,
College Station, TX). P <.05 was considered statistically
significant.

Results

Maternal Characteristics in SWS and MAVIDOS

In the SWS 633 mother—offspring pairs had maternal SNP
data and cord blood 25(OH)D measurements and 795
mother—offspring pairs had offspring SNP data and cord
blood 25(OH)D. SWS mother-offspring pairs included in
this analysis tended to be of slightly older maternal age,
higher maternal educational achievement, less likely to smoke
in late pregnancy, and have higher birth weight than those
not included in this analysis (Supplementary Table 1 (11)).
Distribution of the SNPs in the cohort are shown elsewhere
(Supplementary Table 2 (11)). Mean (SD) umbilical cord
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blood 25(OH)D for the included mother—offspring pairs was
31.9 (18.3) nmol/L.

A total of 965 infants were born to participants in the
MAVIDOS study. This analysis included 350 mother—off-
spring pairs (36%). Those who delivered a liveborn infant
but who were not included in this analysis due to missing
umbilical cord blood 25(OH)D were of similar age, smoking
status, and body mass index to those included in the ana-
lysis (P > .05 for all). Baseline characteristics of the women
and their offspring at birth were similar in those randomized
to placebo and cholecalciferol (Supplementary Table 3 (11)).
The distributions of alleles within the SNPs of interest for
both the mother and offspring were also similar between the
2 groups (Supplementary Table 4 (11)). Umbilical cord blood
25(OH)D was higher in the cholecalciferol group (mean [SD]
42.3 [13.1] nmol/L) than the placebo group (mean [SD] 28.6
[12.1] nmol/L, P < .001).

Included Data from Published Studies

One previously published study is included in the meta-
analysis (6); this included 1073 mother-offspring pairs living
in Norway (95% were of Norwegian origin). Mean (95% CI)
cord blood 25(OH)D was 35.2 (33.6, 36.8) nmol/L, higher
than observed in SWS and the MAVIDOS placebo arm but
lower than in the infants born to women supplemented with
vitamin D in MAVIDOS.

Meta-analysis of Relationships Between SNPs and
Umbilical Cord Blood 25(0OH)D

Meta-analysis of unadjusted relationships showed the
common alleles in maternal rs2282679 (GC) and rs12785878
(DHCRY7) were positively associated with cord blood 25(OH)
D (Fig. 1A). Similar relationships were observed for the
offspring genotype at rs2282679 (GC) and rs12785878
(DHCR?7) (Fig. 1B). There were no associations of mother or
offspring rs1074657 (CYP2R1) and rs6013897 (CYP24A1)
with cord blood 25(OH)D (Figure 1 (11)).

In meta-analysis of associations where maternal genotype
was adjusted for offspring genotype, and vice versa, the asso-
ciation between maternal rs12785878 (DHCR7) remained (f3
[95% CI] 1.6 [0.3, 2.8] nmol/L per common allele), but the
association with the offspring genotype was attenuated (Fig.
2A). The association with maternal rs2282679 (GC) was no
longer evident after adjustment for the offspring SNP at this
locus (B [95% CI] 0.8 [-0.4, 2.1] nmol/L per common allele).
In contrast, for the offspring SNPs, the association between
rs2282679 (GC) and 25(OH)D remained positive (f [95%
CI] 3.1 [2.0, 4.4] nmol/L per common allele) but the associ-
ation with rs12785878 (DHCR?7) was attenuated (§ [(95%
CI] 0.8 [-0.4, 2.1] nmol/L per common allele) (Fig. 2B).
Similar to the unadjusted models, there were no associations
between either maternal or offspring rs1074657 (CYP2R1)
or 156013897 (CYP24A1) and 25(OH)D (Figure 2 (11)).

Relationships Between SNPs and Umbilical Cord
Blood 25(0OH)D in Pregnancies Supplemented with
Cholecalciferol

Maternal and offspring SNP data were available for 157 and
144 pregnancies supplemented with cholecalciferol, respect-
ively. Only the maternal SNP at rs2282679 (GC) was asso-
ciated with cord blood 25(OH)D (3 [95% CI] 4.1 [1.2, 7.1]
nmol/L per common allele), and this was attenuated by ad-
justment for offspring genotype (Table 1). The only offspring
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rs2282679 in GC

%

study ES (95% CI) Weight study ES (95% Cl) Weight
MAVIDOS PLACEBO —_— 1.10(-1.00,320) 2477 MAVIDOS PLACEBO —_— 1.14(-099,326)  25.06
STORDAL ET AL e 290(1.30,4.50) 4260 STORDAL ET AL _— 320(150,490) 3921
sws B S — 224(042,407) 3263 sws —_— 230(051,408) 3572
Overall (I-squared = 0.0%, p = 0.409) @ 224(1.20,328)  100.00 Overall (1-squared =9.5%, p = 0.331) <> 236(1.30,342)  100.00
T T T T
6.1 0 6.1 6.1 0 6.1
(B) Offspring Genotype
rs12785878 in DHCR7 % rs2282679 in GC %
study ES (95% CI) Weight study ES (95% Cl) Weight

MAVIDOS PLACEBO : 005(237,228) 1924 MAVIDOS PLACEBO __.— 170(-0.38,379) 2286
STORDAL ETAL —-—o— 290 (1.30, 4.50) 4067 STORDAL ET AL ——o— 440(280,600) 3886
sws —o— 1.80 (0.18, 3.41) 40.08 sws —o— 407(246,569) 3829
Overall (-squared = 52.4%, p = 0.122) Q 1.89 (0.87,2.91) 100.00 Overall (-squared = 55.1%, p = 0.108) @ 366(266,4.66)  100.00
T T T T
6.1 0 6.1 6.1 0 6.1

Figure 1. Associations between (A) maternal and (B) offspring genotype at rs12785878 and rs2282679 with umbilical cord blood 25(0OH)D (nmol/L).

SNP associated with cord blood 25(OH)D was rs12785878
in DHCR7 (B [95% CI] 4.3 [1.1, 7.6] nmol/L per common
allele), which similarly was attenuated by adjustment for ma-
ternal genotype (Table 1).

Discussion

In this study we have demonstrated associations between ma-
ternal and offspring genetic variation in the vitamin D metab-
olism pathway and umbilical cord blood 25(OH)D. Thus, in
women who were not routinely supplemented with vitamin D
during pregnancy, an SNP near the maternal DHCR7 gene,
which has a role in cutaneous synthesis of vitamin D, and
an SNP in the offspring GC gene, encoding DBP, were as-
sociated with cord blood 25(OH)D. In contrast, in women
who were supplemented with vitamin D during pregnancy as
part of an intervention trial, maternal rs2282679 (GC) and
offspring rs12785878 (DHCR?7) were associated with umbil-
ical cord blood 25(OH)D, although these associations in the
supplemented pregnancies were attenuated by mutual adjust-
ment. The effect of each single genetic variation on umbilical
cord blood 25(OH)D is small, between 4 and 7 nmol/L for
a homozygous carrier of the common allele compared with
the minor allele. Importantly, however, we were only able to
assess the effects of 4 selected SNPs within the vitamin D me-
tabolism pathway, and the combined effect of these and other
SNPs not assessed here (4, 12) might have a clinically im-
portant effect size.

Previous studies have demonstrated associations between
maternal SNPs in the vitamin D metabolism pathway and ma-
ternal circulating 25(OH)D in pregnancy (5, 6, 13), but there

is much less evidence pertaining to associations between these
SNPs and cord blood 25(OH)D. Only the study by Sterdal
et al (6), which was included in this meta-analysis, has pre-
viously been reported; the findings were consistent with the
meta-analysis results. It is perhaps not unsurprising that the
rs12785878 (DHCR?7) genotype in the mother was associ-
ated with umbilical cord blood 25(OH)D in the women who
did not receive high-dose vitamin D supplementation consid-
ering the greater relative importance of skin biosynthesis of
vitamin D in those not receiving vitamin D supplementation.
This gene encodes 7-dehydrocholesterol (7-DHC) reductase,
which converts 7-DHC (the precursor to vitamin D) to chol-
esterol, thereby limiting substrate availability for vitamin
D synthesis. This is consistent with our previous finding in
the MAVIDOS study in which this SNP was associated with
maternal serum 25(OH)D status in early pregnancy prior to
supplementation, although of slightly smaller magnitude: as-
sociation with maternal serum 25(OH)D was 3.7 nmol/L per
common allele (95% CI 1.5, 5.8) compared with 2.2 nmol/L
per common allele (95% CI 1.2, 3.3) for umbilical cord blood
25(OH)D in this meta-analysis (5). There was no association
observed between maternal rs12785878 and umbilical cord
blood 25(OH)D in the MAVIDOS pregnancies supplemented
with cholecalciferol when the relative contribution of cuta-
neous vitamin D biosynthesis to the total circulating vitamin
D pool is lower. This is also similar to our observations with
maternal late pregnancy 25(OH)D (35).

The relationship between fetal rs12785878 (DHCR?7) geno-
type and umbilical cord blood 25(OH)D is more intriguing
considering the fetus has no exposure to UVB to enable cu-
taneous vitamin D synthesis. Smith et al also reported an
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(B) Offspring Genotype Adjusted for Maternal Genotype
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Figure 2. Associations between (A) maternal adjusted for offspring and (B) offspring adjusted for maternal genotype at rs12785878 and rs2282679 with

umbilical cord blood 25(OH)D.

Table 1. Associations between maternal and offspring single nucleotide polymorphisms in the vitamin D metabolism pathway and umbilical cord blood

25(0OH)D in pregnancies supplemented with 1000 IU/day cholecalciferol

Maternal single nucleotide polymorphism

Offspring single nucleotide polymorphism

Unadjusted Adjusted for offspring genotype Unadjusted Adjusted for maternal genotype
rs12785878 (DHCR7) 0(=3.3,3.3) 7 (-3.4,4.8) 3(1.1,7.6) 5(=0.3,7.2)
151074657 (CYP2R1) 0 (-2.9,2.9) 1(-3.3,3.5) 2(-2.7,3.2) ~0.4 (-3.9,3.1)
rs6013897 (CYP24A1) 6 (-2.8,4.7) 0(-3.3,5.3) -0.6 (-4.8,3.5) -1.5 (-6.8,3.8)
152282679 (GC) 1(1.2,7.1) 4(=0.3,7.0) 6 (-1.5,4.8) -0.0 (<3.7,3.7)

Results are shown as beta coefficients (95% CI) representing the change in 25(OH)D (nmol/L) per additional common allele.

association between this offspring SNP and 25(OH)D on
dried blood spots collected within 2 days of birth (14). This
relationship may be explained by genetic overlap between
mother and offspring as the association was attenuated by the
inclusion of maternal genotype in both the meta-analysis of
unsupplemented pregnancies and those that received 1000 IU/
day cholecalciferol supplementation in MAVIDOS, but also
questions whether 7-DHC reductase affects de novo vitamin
D synthesis without a requirement for UVB or has other roles
in placental function. For example, DHCR?7 is important for
cholesterol metabolism and gene expression is upregulated
in cellular models of placental syncytiotrophoblast devel-
opment (15) and expression of the transcript for DHCR7 is
detected within ex vivo term placental fragments (GEO ac-
cession GSE167431; Ashley et al (16)). Therefore, the effect
of the fetal DHCR7 genotype on cord blood 25(OH)D might

be through an indirect effect via improved placental function
or structure. Traglia et al also identified through GWAS a
number of SNPs not in the vitamin D metabolism pathway
but with potential roles in immune function and placenta-
tion that were associated with neonatal 25(OH)D, although
rs12785878 (DHCR7) was not identified in that study (17).
The rs2282679 (GC) SNP has previously been associated
with maternal 25(OH)D status in pregnancy in both White
and Chinese women (3, 18, 19), with an interaction between
genotype and vitamin D supplementation observed (5, 19).
This SNP is located within an intron of the GC gene. The exact
function of this SNP is unknown, but its intronic position may
indicate possible functional effects, alternative splicing or af-
fecting transcript stability (20). This SNP differs to the 2 most
commonly known SNPs in GC, rs4588 and rs7041, which
determine the 3 major polymorphic isoforms of DBP (GC1EF,
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GC1S, and GC2). These isoforms vary in terms of serum DBP
concentration and associated serum 25(OH)D concentrations
(21), and it is possible that the rs2282679 SNP has an add-
itional role in modulating the expression of the DBP isoform.
Indeed, in nonpregnant adults, the serum concentration of
DBP varies by rs2282679 genotype (the common A allele as-
sociated with higher DBP) and DBP concentration is strongly
associated with serum 25(OH)D (22, 23). Pregnancy is asso-
ciated with higher DBP concentrations (24), but the effects of
the rs2282679 genotype on DBP concentration in pregnancy
is unknown. It is often debated whether total 25(OH)D or
the free hormone (fraction not bound to DBP or albumin)
is important to clinical outcomes (25). However, the associ-
ation of the rs2282679 genotype observed in our study, and
other SNPs in the GC gene identified through GWAS (12),
with cord blood 25(OH)D suggests a possible function of
DBP in the transfer of 25(OH)D to or across the placenta.
Park et al showed that placental 25(OH)D was correlated
with maternal serum 25(OH)D, and this was stronger for
total serum 25(OH)D than free 25(OH)D (26); therefore, the
higher cord blood 25(OH)D might simply reflect greater ma-
ternal 25(OH)D. DBP is also present within placental tissue
(27) and our recent data suggest that that the interaction of
25(OH)D bound to DBP with megalin/cubilin in the placenta
might facilitate uptake of vitamin D into the placenta and its
transfer to the fetal circulation (16). Furthermore, maternal
plasma DBP levels correlate more strongly with placental
gene expression than maternal vitamin D (28).

We did not identify associations between rs10741657
(CYP2R1) nor rs6013897 (CYP24A1) in either mother or
offspring and umbilical cord blood 25(OH)D, which was
consistent across the 3 cohorts included in our meta-analysis.
Although these SNPs have previously been associated with
25(OH)D in nonpregnant adults (4), the physiological
changes to vitamin D metabolism during pregnancy and fetal
life differ and may account for these different findings, or
these differences may reflect the lack of power of our study to
detect small effects.

To our knowledge, this is the most comprehensive study to
date characterizing associations between SNPs in the vitamin
D pathway and umbilical cord 25(OH)D concentrations.
However, there are limitations that should be considered in
interpretation of our findings. First, the cohorts included in
this meta-analysis included women mostly of White ethni-
city. Differences in associations between genetic variants and
25(OH)D between ethnic groups have been reported (29) and
care should be taken in extrapolating our findings to other
ethnicities. Second, due to ethical stipulations, the MAVIDOS
study only included women with a baseline 25(OH)D of 25 to
100 nmol/L. As such, confirmation of these findings in preg-
nancies of severely vitamin D—deficient women is needed as it
is possible that women with specific genotypes were selectively
excluded by this inclusion criterion and/or the effect of gen-
etic variation may differ when vitamin D levels are very low.
Third, the measures of 25(OH)D reflected different technical
approaches across the studies. However, associations were
examined within each study and then meta-analyzed at the
study level which mitigates any effect of differences in terms
of absolute levels. Fourth, offspring genotype was assessed
on umbilical cord blood samples. While maternal and fetal
blood would not be expected to mix, studies using sensitive
approaches do suggest that between 0 and 10% of cord blood
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samples may contain some maternal contamination, but this
is more common in low-resource environments with samples
collected by inexperienced researchers (30). In MAVIDOS and
SWS, samples were collected by experienced research nurses
following a carefully designed and standardized protocol;
therefore, we would expect cross-contamination to be un-
likely, but of course remains a possibility. Fifth, we selected
the SNPs to be assessed in the MAVIDOS and SWS cohorts
based on findings of their significance in previous GWAS of
25(OH)D, and this enabled meta-analysis with the work of
Stordal et al, who had assessed relationships with the same
SNPs. The datasets used here do not have sufficient power
to enable GWAS and many other SNPs have been associated
with 25(OH)D in adults and children, including other loci in
or near to the GC, CYP2R1, CYP24A1, and DHCR?7 genes
(31-33). They were not assessed in these datasets, and their
role in vitamin D physiology in pregnancy remains uncertain,
whereas our findings are an important contribution to the
understanding of vitamin D physiology in pregnancy. Finally,
the genotyping in the SWS was imputed using array data ra-
ther than directly assessed. However, the relevant checks indi-
cated high quality, reliable imputation.

In conclusion, common genetic variation in the vitamin D
metabolic pathway was associated with umbilical cord blood
25(OH)D, but the associations differed for maternal and fetal
genotype and in pregnancies with and without vitamin D sup-
plementation. These findings, taken with recent experimental
evidence, would be consistent with potential roles for fetal
DHCR7 and DBP in vitamin D transport across the placenta.
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