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Abstract Vitamin D deficiency is a common public
health problem in the US. It is related to the high risk of
rickets, osteoporosis and other diseases. Currently, serum
25-hydroxy vitamin D [25(OH)D] concentration is the best
indicator of vitamin D status, and determination of its
deficiency or sufficiency. This level has high heritability
(28-80%). However, genes contributing to the wide vari-
ation in serum 25(OH)D are generally unknown. In this
study, we screened nine important genes in vitamin D
metabolic pathways using 49 single nucleotide polymor-
phism (SNP) markers in a group of 156 unrelated healthy
Caucasian subjects. Significant confounding factors that
may affect serum 25(OH)D variations were used as covari-
ates for the association analyses. An association test for
quantitative trait was performed to evaluate the association
between candidate genes and serum 25(OH)D levels. Per-
mutation was conducted for correcting multiple testing
problems. Evidence of association was observed at SNPs
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in the CYP2R1 (cytochrome P450, family 2, subfamily R,
polypeptide 1) and the GC (vitamin D binding protein)
gene. Next, we performed a replication study for six
promising SNPs in the gene CYP2R1 and GC, using another
group of 340 unrelated healthy Caucasian subjects. Associ-
ation analyses were conducted in the replication cohort
(n = 340) and the pooled cohort (n = 496). The CYP2RI1
gene and the GC gene remain significant in the pooled
cohort. The results suggest that the CYP2R1 and GC genes
may contribute to the variation of serum 25(OH)D levels in
healthy populations.

Introduction

Vitamin D deficiency is a common public health problem
in the United States. It is reported that 40—100% elderly US
and European men and women suffer from vitamin D
deficiency (Holick 2007). This deficiency has been dem-
onstrated to relate to bone health problems like rickets and
osteoporosis because of reduced calcium absorption
(Rovner and Miller 2008; Sahota 2000; Simonelli 2005;
Wharton and Bishop 2003). Additionally, recent data
indicate that vitamin D deficiency may relate with other
diseases like diabetes, cardiovascular disease, renal dis-
ease, and some cancers (Borkar et al. 2009; Feskanich et al.
2004; Kilkkinen et al. 2009; Melamed et al. 2009).
Serum 25-hydroxy vitamin D [25(OH)D] concentration
is the best indicator of Vitamin D status, and determination
of its deficiency or sufficiency. Recent studies indicate that
genetic factors may play an important role in the deter-
mination of serum 25(OH)D levels. Wjst et al. performed a
genome-wide linkage scan in asthma families for serum
25(0OH)D. Results show that serum 25(OH)D levels have a
heritability of 80% in these families (Wjst et al. 2007).
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In two other studies performed in 226 adolescent twins by
Arguelles et al. (2009), and in 1,762 participants by Shea
et al. (2009), the genetic factors accounting for the vari-
ability in serum 25(OH)D levels were estimated as 68.9
and 28.8%, respectively.

Although serum 25(OH)D has a high genetic determi-
nation, few genes have been identified. We conducted a
cross-sectional study in healthy Caucasian subjects to
investigate the association between variation in serum
25(OH)D levels and nine prominent candidate genes,
which involve synthesizing, transporting, degrading vita-
min D, or activating downstream signaling pathways for
vitamin D. Next, we conducted a replication study in
another independent cohort of healthy subjects to confirm
possible significant results.

Methods and materials
Participants

Subjects for the discovery cohort were 156 unrelated non-
Hispanic white men and women, randomly selected from
three vitamin D studies in the Osteoporosis Research Center
(ORC) at Creighton University. Details of the recruitment
criteria have been reported in previous reports (Lappe et al.
2006). The subjects for the discovery cohort were randomly
recruited from three locations: Alaska (41 subjects), Hawaii
(23 subjects), and Nebraska (92 subjects). Subjects for the
replication study were 340 unrelated non-Hispanic white
postmenopausal women, randomly recruited from a rural
area of eastern Nebraska (Lappe et al. 2006). All the sub-
jects were generally healthy. Subjects who had diseases that
may affect vitamin D metabolism were excluded. These
diseases included: (1) any chronic kidney disease, (2)
Paget’s or other metabolic bone diseases, and (3) all known
cancers. All subjects provided written informed consent,
and the Institutional Review Board at Creighton University
approved the project. The characteristics of the discovery
and replication cohorts are presented in Table 1.

Serum samples for 25(OH)D measurements were col-
lected at the initial visit. Total serum 25(OH)D levels,
including both 25(OH)D2 and 25(OH)D3, were measured
by radioimmunoassay (Nichols/Quest Diagnostics, San
Clemente, CA, USA) in a single laboratory participating in
the international quality assessment process for 25(OH)D
(DEQAS) assays (Carter et al. 2004). Other important facts
possibly influencing variation in serum 25(OH)D levels
were also collected, such as age, date of blood collection,
serum 25(OH)D measurement date, height, weight, habit-
ual Vitamin D supplementation and other medication
intake.

Candidate genes, tag SNPs selection

We selected nine candidate genes according to the fol-
lowing criteria: (1) evidence of significant association in
previous studies; (2) biological importance in vitamin D
metabolism, transportation, degradation, or downstream
signaling activation. The genes selected are ALPL (alka-
line phosphatase), CYP24A1 (vitamin D 24-hydroxylase),
CYP27A1 (vitamin D3 25-hydroxylase), CYP27B1
[25(OH)D-1-alpha hydroxylase], CYP2R1 (cytochrome
P450, family 2, subfamily R, polypeptide 1), CYP3A4
(cytochrome P450, family 3, subfamily A, polypeptide 4),
GC (vitamin D binding protein), VDR (vitamin D recep-
tor), PTH (parathyroid hormone). The basic characteristics
of the nine genes are tabulated in Table 2.

We used the software program SNPbrowser (v4.0.1) to
select tag SNPs within and around the nine candidate
genes, which have minor allele frequency (MAF) >10% in
the HapMap CEU population. The tag SNP selection is
based on the HapMap database (release 20, January 24,
2006) with two methods: pair-wise 7 (r* > 0.8) and hap-
lotype R? (R2 > 0.8) (De La Vega et al. 2006). In addition
to tag SNPs, we chose other SNPs in the promoter,
including 3'UTR, and exons region that indicate potential
functional importance. All chosen SNPs were confirmed
from NCBI (http://www.ncbi.nlm.nih.gov/SNP/) and Hap-
Map (http://www.hapmap.org).

Table 1 Participants
characterization

Discovery cohort Replication cohort

Male (n = 66) Female (n = 90) Female (n = 340)
Mean (SD) Mean (SD) Mean (SD)
Age (years) 44.03 (14.72) 60.69 (12.82) 65.29 (6.72)
Height (m) 1.65 (0.08) 1.65 (0.08) 1.63 (0.06)
Weight (kg) 73.53 (20.65) 74.10 (13.71) 77.71 (15.00)
Body mass index (kg/mz) 26.85 (7.17) 27.18 (4.29) 29.18 (5.35)

Habitual VD supplement per day (IU)

Serum 25(OH)D (nmol/L)

204.31 (176.67)
73.35 (20.93)

142.27 (249.81)
73.48 (25.98)

173.52 (209.96)
73.58 (18.93)

@ Springer


http://www.ncbi.nlm.nih.gov/SNP/
http://www.hapmap.org

Hum Genet (2010) 128:549-556

551

Table 2 Basic characteristics of the nine candidate genes

Acronym Full name Reference for the Region Length  Number Selected
gene’s function (kb) of exons SNPs

ALPL Alkaline phosphatase Bang et al. (2009) 1p36.1 69.0 12 6

CYP24Al1 Vitamin D 24-hydroxylase Sawada et al. (2004) 20q13.2  20.5 12 6

CYP27A1 Vitamin D(3) 25-hydroxylase Gottfried et al. (2006) 2q35 329 9 6

CYP27B1 25(OH)D-1-alpha hydroxylase Akiba et al. (1980) 12q13.1 49 9 2

CYP2R1 Cytochrome P450, family 2, subfamily R, Cheng et al. (2003) 11p15.2 14.2 5 4
polypeptide 1

CYP3A4 Cytochrome P450, family 3, subfamily A, Gupta et al. (2005) 7921.1 272 13 5
polypeptide 4

GC Vitamin D binding protein Ahn et al. (2009) 4ql3.3 42.5 13

VDR Vitamin D receptor Newton-Bishop et al. (2009) 12q13.1 63.5 11

PTH Parathyroid hormone Pita Martin Portela et al. (2009) 11pl15.2 4.0 3 4

SNP genotyping

DNA was extracted from peripheral blood using the Gentra
Puregene Blood kits (Qiagen Inc.), following the provided
protocol. DNA samples were diluted to 20 pg/ml and
shipped to KBioscience Company (http://www.kbioscience.
co.uk) for SNP genotyping using the KASPar assay. Forty-
six of the 49 selected SNPs were successfully genotyped
and used for data analysis. Analysis showed that SNPs
rs3782130 and rs2853562 were monomorphic in the dis-
covery cohort; genotyping for SNP rs4646535 failed. After
excluding the three SNPs, the genotype call rate for the 46
successfully genotyped SNPs is 97.8%.

Statistical data analyses in the discovery cohort

To illuminate the potential effect of covariates on serum
25(OH)D levels, a Pearson correlation was conducted
(SPSS, version 13.0). Age, gender, BMI (body mass index),
habitual vitamin D supplementation, and blood collecting
season (December—February, March-May, June—August,
September—-November) were considered as potential
covariates. Subsequently, the serum 25(OH)D levels were
adjusted by the significant covariates using a linear
regression approach (SPSS, version 13.0). The adjusted
serum 25(OH)D levels were used for the data analyses.

Several statistical data analyses were conducted in the
discovery cohort. The Hardy—Weinberg equilibrium (HWE)
of the genotypic frequencies among subjects was examined.
Association between the adjusted serum 25(OH)D level
(a quantitative trait) and SNPs were tested by using the Wald
test implemented in PLINK (Purcell et al. 2007).

To control family-wise error rate, the Max(T) permu-
tation procedure in PLINK was performed for correcting
multiple testing and adjusting P values. We conducted
10,000 permutations (by shuffling the phenotypes in each
permutation) to generate 10,000 replicated datasets. The

observed Wald test statistic at each SNP was compared
against the maximum of all statistics (over all SNPs) for
each single replicate. Let n denote the number of replicates
for which the maximum statistic is greater than or equal to
the observed statistic at the SNP. The adjusted P value for
the SNP was estimated as the ratio of n/10,000.

Replication and pooled analyses

The replication analyses were conducted in the replication
cohort for significant SNPs found in the discovery cohort.
Significant SNPs were genotyped in the replication cohort
using the same method in the same company as the dis-
covery cohort. Age, BMI, habitual vitamin D supplemen-
tation, and phlebotomy season were tested as potential
covariates for serum 25(OH)D concentrations. Significant
covariates were used for adjusting serum 25(OH)D levels.
The same statistical approaches and tools were used for
replication analyses to identify genetic variants important
for serum 25(OH)D variation. In addition, a one-way
ANOVA was performed on the three genotype groups (GG,
AA, and AG) of the most significant SNP rs12794714 to
compare the difference of serum 25(OH)D levels.

A pooled analysis of the groups was conducted involv-
ing all 496 subjects. The same phenotypes of the groups
and the genotypes of replicated SNPs were combined as
one set to perform the analysis. Significant covariates were
evaluated and used for adjusting serum 25(OH)D levels.
Association tests were conducted using PLINK (version
1.0.7) by the same methods, as for the discovery cohort.

Results
Table 3 lists the basic information of the 46 successfully

genotyped SNPs. All of them passed the HWE test. The
average MAF of the 46 SNP markers are 31.5%, ranging
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Table 3 Results of single SNP association with serum 25(OH)D level in the discovery cohort (n = 156)

Gene Locus SNP Allele Location (bp) Function MAF HWE BETA R® P EMP1 EMP2
ALPL Intron rs1472563 AIG 21,840,498 046 0.19 —5.00 0.03 0.047 0.046 0.785
ALPL Intron rs12141569  T/C 21,873,002 046  0.87 —2.82 0.01 0232 0.232 1.000
ALPL Intron rs1767429 T/C 21,889,340 041  0.50 —-278 0.01 0.270 0.265 1.000
ALPL Intron rs10917008  T/C 21,894,307 026 0.53 0.05 0.00 0.984 0983 1.000
ALPL Exon rs3200254 T/C 21,894,735 Synonymous 0.12 0.13 6.30 0.02 0.068 0.068 0.890
ALPL Intron rs1780320 C/IT 21,899,491 0.33  1.00 2.56 0.01 0.307 0305 1.000
CYP24A1 Exon rs4809957 AIG 52,771,171 3’ UTR 024 0.83 —1.68 0.00 0.543 0.541 1.000
CYP24A1 Exon 1s2296239 C/T 52,775,528 Synonymous 024 0.83 —1.68 0.00 0.541 0.540 1.000
CYP24A1 Exon rs6068816 C/T 52,781,091 Synonymous 0.11 1.00 —-0.97 0.00 0.807 0.808 1.000
CYP24A1 Intron 152244719 T/C 52,782,858 045 0.75 0.73 0.00 0.755 0.759 1.000
CYP24A1 Exon 1s2296241 G/A 52,786,219 Synonymous 048 043 0.01 0.00 0.998 0.999 1.000
CYP24A1 5" Near gene  rs2248359 C/IT 52,791,518 Promoter 035 0.86 373 002 0.123 0.123  0.983
CYP27A1 5 Near gene rs7603709 G/A 219,642,601 Promoter 0.47 0.08 —0.85 0.00 0.697 0.697 1.000
CYP27A1 Intron rs17470271 AIT 219,651,995 040 0.87 0.08 0.00 0.973 0974 1.000
CYP27A1 Intron rs4674344 AIT 219,669,875 048 0.15 —-2.02 0.01 0361 0.362 1.000
CYP27A1 Intron rs6709815 G/T 219,675,067 049 0.15 —-3.55 0.02 0.103 0.101 0.965
CYP27A1 3/ Near gene rs645163 G/A 219,682,257 0.13 048 —-5.13 0.02 0.120 0.117 0.981
CYP27B1 Intron rs4646536*  C/T 58,157,988 033  1.00 —296 0.01 0234 0.237 1.000
CYP27B1 5 Near gene rs10877012  G/T 58,162,085 Promoter 0.33  1.00 -3.16 0.01 0.209 0.210 0.999
CYP2R1 Exon rs12794714  G/A 14,913,575 Synonymous 043  0.05 —7.63 0.08 0.001 0.001 0.022
CYP2R1 5" Near gene 1810741657* G/A 14,914,878 Promoter 0.40 0.87 7.56 0.07 0.001 0.002 0.051
CYP2RI 5" Near gene  rs1562902 T/C 14,918,216 Promoter 047  0.63 6.08 0.04 0.011 0.011 0.311
CYP2R1 5" Near gene 1s10766197* G/A 14,921,880 Promoter 045 0.63 —6.45 0.05 0.005 0.005 0.153
CYP3A4 3’ Near gene rs12333983  T/A 99,354,114 0.10  1.00 —-3.18 0.00 0421 0426 1.000
CYP3A4  Intron rs3735451 A/IG 99,355,975 0.11 1.00 —3.30 0.00 0.396 0.399 1.000
CYP3A4  Intron rs6956344 C/T 99,359,151 0.08  0.60 -390 0.01 0378 0.378 1.000
CYP3A4  Intron rs4646437 C/T 99,365,083 0.10  0.67 —5.10 0.01 0.180 0.182 0.998
CYP3A4  Intron 1$2246709 AIG 99,365,719 028 043 276 0.01 0.305 0307 1.000
GC Intron 1s2282679*  A/C 72,608,383 0.30  0.05 —-2.47 0.01 0305 0.300 1.000
GC Exon rs4588 C/A 72,618,323 Missense Thr > Lys  0.29  0.08 —1.73 0.00 0471 0466 1.000
GC Exon 1s7041* G/T 72,618,334 Missense Glu > Asp 0.50  0.87 294 0.01 0.203 0204 0.999
GC Intron 1s222020 T/C 72,636,272 0.14 0.52 842 0.04 0.010 0.009 0.286
GC Intron rs1155563*  T/C 72,643,488 0.28  0.02 —2.47 0.01 0.293 0.294 1.000
GC Intron rs2298849 T/C 72,648,851 020 0.80 638 0.03 0.026 0.026 0.574
GC 5" Near gene rs16847039  C/T 72,654,267 Promoter 020 1.00 5.80 0.03 0.052 0.052 0.817
PTH Exon 156256 C/A 13,514,053 Synonymous 0.17  0.57 1.70  0.00 0.609 0.611 1.000
PTH Intron 156254 G/A 13,514,263 0.30  1.00 047 0.00 0.858 0.856 1.000
PTH Intron rs177706 A/IG 13,514,505 0.37 0.86 —-0.89 0.00 0.722 0.725 1.000
PTH Intron rs3099597 T/C 13,517,404 037 048 —1.21 0.00 0.643 0.644 1.000
VDR Exon 1s731236 T/C 48,238,757 Synonymous 035 0.29 —2.63 0.01 0270 0.274 1.000
VDR Intron 1s7975232 A/IC 48,238,837 048  0.63 -3.15 0.01 0.169 0.172 0.997
VDR Intron rs1544410 G/A 48,239,835 0.36  0.86 —-2.66 0.01 0.278 0.282 1.000
VDR Intron 1s2239186 T/C 48,269,410 0.20  0.80 —439 0.01 0.150 0.150 0.994
VDR Exon rs2228570 C/IT 48,272,895 Missense Thr > Met 046  0.74 0.74 0.00 0.758 0.755 1.000
VDR Intron rs10783219  A/T 48,295,488 034 0.11 1.77 0.00 0.512 0514 1.000
VDR 5’ Near gene 1s11568820* G/A 48,302,545 Promoter 0.21 1.00 —2.80 0.01 0335 0.335 1.000

Bold numbers represent significant P values

Allele major allele/minor allele, MAF minor allele frequency, HWE P values for Hardy—Weinberg Equilibrium test, BETA regression coefficient, R*
regression r-squared, P Wald test asymptotic P value, EMP1 empirical P value (point-wise), EMP2 adjusted empirical P value by using Max(T) in PLINK

for correcting for multiple testing

* SNPs referred from previous studies: rs4646536 (Orton et al. 2008); rs10741657 (Ramos-Lopez et al. 2007) ; rs10766197 (Wjst et al. 2006); rs2282679,

rs7041, rs1155563 (Ahn et al. 2009); rs11568820 (Mikhak et al. 2007)
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from 10 to 50%. We adjusted serum 25(OH)D concentra-
tion using significant covariates. In the discovery cohort,
BMI (correlation coefficient r = —0.253, P = 0.001)
and habitual vitamin D supplementation (r = 0.281, P =
0.001) had significant effects on serum 25(OH)D levels.
These two covariates account for 14% of variation in serum
25(OH)D levels. We tested the effects of potential covar-
iates for serum 25(OH)D in the replication cohort. As in
the discovery cohort, BMI (r = —0.307, P = 7.7¢e—-9)
and habitual vitamin D supplementation (r = 0.247,
P = 4.1e—6), were significantly correlated with serum
25(OH)D levels in replication cohort. Age, gender, and
phlebotomy season were not significant in either the dis-
covery cohort or replication cohort.

Three P values are reported for the association results.
We set the nominal significance level as 0.05 for Wald test
for individual SNP. Six SNPs in the CYP2R1 and GC genes
were identified to be significantly associated with serum
25(0OH)D levels (Table 3). Three SNPs in the promoter
of the CYP2RI1 gene, rs10741657 (Pgiscovery = 0.001),
11562902 (Pgiscovery = 0.011),andrs10766197 (Pgiscovery =
0.005) showed evidence of association. SNP rs12794714,
which is a synonymous mutation of Ser to Ser in exon 1 of
the CYP2R1 gene, reached the lowest P value among all
tested SNP markers. For the GC gene, SNPs 15222020
(Pdgiscovery = 0.010) and 152298849 (Pgiscovery = 0.026)

were significantly associated with serum 25(OH)D con-
centrations. If we set the family-wise error rate (i.e. sig-
nificance level for all SNPs) as 0.05, after adjusting the
multiple testing, SNP rs12794714 of CYP2R1 gene main-
tained significance (adjusted Pgiscovery = 0.022) (Table 3).

Replication analyses were conducted on the six signifi-
cant SNPs identified at the nominal significance level of 0.05
for single SNP association test. The call rate was 95% for the
genotyping experiment for the six SNPs. At the nominal
significance level of 0.05 for single tests, SNPs rs12794714
(Prepiication = 0.018) and rs10766197 (Pyepiication = 0.022)
in the CYP2R1 gene were confirmed to be significantly
associated with the variation in serum 25(OH)D levels
(Table 4). The SNP marker rs222020 (Prepiication = 0.037)
in the GC gene was confirmed to be marginally significant.

All six replicated SNPs were used to construct the pooled
dataset of the two groups. After correcting for multiple
testing, SNPs rs12794714, rs10741657 and rs10766197 of
CYP2R1 gene, and rs222020 of GC gene were found to
have a significant association with serum 25(OH)D levels
(Table 5). The SNP rs12794714 in the CYP2RI1 gene
reached the lowest adjusted P value at 1.00 x 10™%.

We compared the raw serum 25(OH)D levels in the
three genotypes on the most significant SNP rs12794714 of
the CYP2R1 gene using one-way ANOVA (Fig. 1). For
SNP 1512794714, significant difference of average serum

Table 4 Replication results of single SNPs association analyses for the serum 25(OH)D level in the replication cohort (n = 340)

Gene Locus SNP Allele MAF HWE BETA R? P EMP1 EMP2
CYP2R1 Exon rs12794714 G/A 0.40 0.49 —3.61 0.02 0.018 0.016 0.114
CYP2R1 Promoter rs10741657 G/A 0.39 0.47 2.33 0.01 0.149 0.146 0.640
CYP2R1 Promoter rs1562902 T/C 0.49 0.12 1.28 0.00 0.377 0.378 0.954
CYP2RI1 Promoter rs10766197 G/A 0.41 0.64 —3.55 0.02 0.022 0.024 0.145
GC Intron rs222020 T/C 0.14 0.82 442 0.01 0.037 0.038 0.224
GC Intron rs2298849 T/C 0.21 1.00 2.17 0.00 0.243 0.245 0.831

Bold numbers represent significant P values

Allele major allele/minor allele, MAF minor allele frequency, HWE P values for Hardy—Weinberg Equilibrium test, BETA regression coefficient,
R? regression r-squared, P Wald test asymptotic P value, EMPI empirical P value (point-wise), EMP2 adjusted empirical P value by using
Max(T) in PLINK for correcting multiple testing

Table 5 Results of single SNPs association analyses for the serum 25(OH)D level in the pooled dataset of the groups (n = 496)

Gene Locus SNP Allele MAF HWE BETA R? P EMPI EMP2
CYP2R1 Exon 1s12794714 G/A 0.41 0.07 —5.03 0.03 5.74e—-5 1.00e—4 1.00e—4
CYP2R1 Promoter rs10741657 G/A 0.39 0.69 4.12 0.02 0.002 0.002 0.010
CYP2R1 Promoter 1rs1562902 T/C 0.48 0.31 2.69 0.01 0.030 0.031 0.124
CYP2R1 Promoter rs10766197 G/A 0.43 0.51 —4.53 0.03 4.04e—4 3.00e—4 0.002
GC Intron 1222020 T/C 0.14 0.57 5.79 0.02 0.001 0.002 0.006
GC Intron 12298849 T/C 0.20 1.00 3.59 0.01 0.021 0.020 0.090

Bold numbers represent significant P values

Allele major allele/minor allele, MAF minor allele frequency, HWE P values for Hardy—Weinberg Equilibrium test, BETA regression coefficient, R> regression r-
squared, P Wald test asymptotic P value, EMPI empirical P value (point-wise), EMP2 adjusted empirical P value by using Max(T) in PLINK for correcting for
multiple testing
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Fig. 1 The raw serum 25(OH)D means (£SE) in the three genotypes
of SNP 1512794714 in the discovery cohort, replication cohort and
pooled dataset. X axis stands for three genotypes in the two cohorts;
Y axis stands for the raw serum 25(OH)D concentrations (nmol/L);
Error bar stands by standard error of average serum 25(OH)D
concentrations. One-way ANOVA was conducted to compare the
serum 25(OH)D levels grouped by genotypes (SPSS 13.0)

25(0OH)D levels was shown in the discovery cohort (AA:
62.03 + 17.82 nmol/L, GA: 70.65 + 21.70 nmol/L, GG:
77.82 + 21.96 nmol/L, P = 0.001) and the replication
cohort (AA: 66.13 £ 16.18 nmol/L, GA: 74.94 £ 19.90
nmol/L, GG: 75.09 + 23.67 nmol/L, P = 0.017). By
pooling two cohorts into a dataset, the lowest P value of
one-way ANOVA was gained (AA: 65.20 £ 16.96 nmol/L,
GA: 74.44 £+ 20.83 nmol/L, GG: 76.62 £ 23.32 nmol/L,
P = 0.0002). The results indicate that raw serum 25(OH)D
levels are significantly different between GG, AA, and GA
genotypes of SNP rs12794714 in both discovery and repli-
cation cohorts.

Discussion

The present study investigated the association of nine
prominent candidate genes with serum 25(OH)D levels. The
GC and CYP2R1 genes were shown to be associated with
serum 25(OH)D levels in the discovery cohort at nominal
significance level of 0.05 for single tests. Further replication
analysis and pooled dataset analysis confirmed the associ-
ation between the CYP2RI and GC genes and serum
25(0OH)D concentrations, suggesting that the CYP2R1 and
GC genes play an important role in regulating serum
25(OH)D levels in the non-Hispanic white population.
CYP2R1 is a member of CYP2 family encoding cyto-
chrome P450 proteins. It is a key vitamin D 25-hydroxylase
which hydroxylates vitamin D at the 25-C position for
25(OH)D synthesis in the liver (Cheng et al. 2003; Shinkyo
et al. 2004). Previous data show that the CYP2R1 gene is
associated with several vitamin D related diseases, such
as type 1 diabetes (Ramos-Lopez et al. 2007), ovarian
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cancer (Downie et al. 2005), and asthma and atopy (Bosse
et al. 2009).

Our study found that the CYP2R1 gene is associated
with serum 25(OH)D levels. This finding is supported by
previous studies. Cheng et al. reported that a patient with
low circulating levels of serum 25(OH)D and classic
symptoms of vitamin D deficiency had a homozygous
mutation L99P in exon 2 of the CYP2R1 gene. This
homozygous mutation caused inactivation of CYP2RI1
(Cheng et al. 2004). Ahn et al. performed a combined
meta-analysis on 4,501 subjects of European ancestry from
five cohorts (Ahn et al. 2010). The significant findings were
replicated in 2,221 subjects. Results show that rs2060793
and rs1993116 in the CYP2R1 gene are associated with
serum 25(OH)D levels (Ahn et al. 2010). Interestingly, it is
consistent with our results. SNP rs2060793 is located in the
promoter region of the CYP2R1 gene. It has a high LD
value with SNP rs10741657 in Caucasian population
(D' =1, * = 1, HapMap Data Rel 24/phase II Nov 08).
Ramos-Lopez et al. tested the association of CYP2R1 gene
with variation in serum 25(OH)D concentration in 609
subjects from 203 type 1 diabetes families. The study found
that SNP rs10741657 is associated with serum levels of
25(OH)D (Ramos-Lopez et al. 2007). In addition, in a
recent genome-wide association study (GWAS), Wang
et al. (2010) found multiple SNPs (including rs12794714
and rs10741657) in the CYP2R1 gene that are significantly
associated with 25(OH)D levels in ~ 30,000 individuals of
European descent from 15 cohorts. The SNP rs10741657 is
significant in the association analyses in our pooled dataset,
and the SNP rs12794714 located in exon 1 of CYP2R1
gene, is significant in both the discovery cohort and the
pooled dataset in our study. In the work of Wjst et al.
(2006), SNP rs10766197 in the CYP2R1 gene was signi-
ficantly associated with the 25(OH)D levels in 872 parti-
cipants of the German Asthma Family Study. This same
SNP is also significant in the pooled dataset in our study.
Both of the SNPs rs10741657 and rs10766197 are located
in the promoter region of the CYP2RI1 gene. All these
aforementioned studies indicate that genetic variants of the
CYP2R1 gene are associated with serum 25(OH)D
variation.

Recent association studies revealed several important
genetic variants in the GC gene for the serum 25(OH)D
variation. Ahn J et al. (2009) suggested genetic markers
rs12512631, rs2282679, rs7041, and rs1155563. And in a
recent GWAS study for serum 25(OH)D in 4,501 persons
of European ancestry, SNP rs2282679 in the GC gene was
the most significant one (Ahn et al. 2010). Interestingly,
SNP rs2282679 is also significantly associated with serum
25(OH)D level in the GWAS on ~ 30,000 individuals in
the SUNLIGHT consortium (Wang et al. 2010). Our most
significant finding in the GC gene is SNP rs222020. Our
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Fig. 2 LD plots with 7 values of CYP2R1 (a) and GC (b) gene in
discovery cohort. The figure is generated by Haploview. D' values
were indicated by the dark depth. r* values multiplied by 100 were
shown as number in the diamonds

LD data analysis indicates low LD between SNP rs222020
and SNP rs2282679 (r* = 0.05) (Fig.2). Both SNP
rs222020 and SNP rs2282679 are located in the intron of
the gene. It is possible that an unknown functional genetic
variant, which is near the two SNPs, is important for the
regulation of serum 25(OH)D levels. Future sequencing
studies or large-scale association studies with dense
markers may reveal such genetic variance.

Compared to previous studies, our study has two
strengths: (1) This study, conducted in a healthy population
to analyze the genetic association with variation in serum
25(OH)D levels, eliminated potential impacts of diseases.
(2) Dense markers in nine important candidate genes
involved in vitamin D metabolism were selected. One limi-
tation of the study is that the sample size for the discovery
cohort is relatively small. Given the lack of knowledge

regarding genes regulating prevalent serum 25(OH)D levels,
more genetic association studies are needed.

In summary, after comprehensive screening of nine
functionally important vitamin D candidate genes, our
study suggests that the CYP2R1 and GC genes may be
important in regulating serum 25(OH)D levels in healthy
Caucasian subjects. It is important to confirm these findings
in other large-scale healthy populations or in other races.
Further studies are needed to identify the functional genetic
variants, and to characterize their functions.
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