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We investigated the association between genetic polymorphisms in cytochrome P450 (CYP2R1, CYP24A1, and
the CYP3A family) with nonsummer plasma concentrations of vitamin D metabolites (25-hydroxyvitamin D5 (25(OH)
D3) and proportion 24,25-dihydroxyvitamin D3 (24,25(0OH).D3)) among healthy individuals of sub-Saharan African
and European ancestry, matched on age (within 5 years; n = 188 in each ancestral group), in central suburban Penn-
sylvania (2006—-2009). Vitamin D metabolites were measured using high-performance liquid chromatography with tan-
dem mass spectrometry. Paired multiple regression and adjusted least-squares mean analyses were used to
test for associations between genotype and log-transformed metabolite concentrations, adjusted for age, sex, pro-
portion of West-African genetic ancestry, body mass index, oral contraceptive (OC) use, tanning bed use, vitamin
D intake, days from summer solstice, time of day of blood draw, and isoforms of the vitamin D receptor (VDR) and
vitamin D binding protein. Polymorphisms in CYP2R1, CYP3A43, vitamin D binding protein, and genetic ancestry pro-
portion remained associated with plasma 25(OH)D5 after adjustment. Only CYP3A43 and VDR polymorphisms were
associated with proportion 24,25(0OH),D3. Magnitudes of association with 25(0OH)D3 were similar for CYP3A43, tanning
bed use, and OC use. Significant least-squares mean interactions (CYP2R1/0OC use (P = 0.030) and CYP3A43/VDR
(P = 0.013)) were identified. A CYP3A43 genotype, previously implicated in cancer, is strongly associated with biomar-
kers of vitamin D metabolism. Interactive associations should be further investigated.

25(0OH)Dy; 25(0OH)D3; CYP2R1; CYP3A43; group-specific component; proportion 24,25(0OH),D3; vitamin D
binding protein; vitamin D receptor

Abbreviations: 25(0OH)D, 25-hydroxyvitamin D; 24,25(0OH),Ds, 24,25-dihydroxyvitamin Ds; Ala, alanine; Arg, arginine; Asn,
asparagine; BMI, body mass index; CYP, cytochrome P450; dbSNP, database of single nucleotide polymorphisms; Gc, vitamin D
binding protein; GC, group-specific component (vitamin D binding protein); Gin, glutamine; U, international units; Met, methionine;
OC, oral contraceptive; Pro, proline; SIFT, Sorting Intolerant From Tolerant; Thr, threonine; VDR, vitamin D receptor.

Human and in vitro studies have established the cytochrome (i.e., 1,25(0OH),D3), and it produces both 24,25-dihydroxyvita-
P450 (CYP) family 2 subfamily R member 1 (CYP2R1) as min D5 (24,25(OH),D3) from 25(0OH)D; and 1,24,25(0OH);D5
a vitamin D3 25-hydroxylase (1), contributing to the production from the active form (6). Elevated genetic CYP24A1 expression
of 25-hydroxyvitamin D3 (25(OH)D;). Epidemiologic studies is implicated in disease-related alterations in circulating vitamin
have identified associations between genetic polymorphisms D metabolites, including 25(OH)D; and 24,25(OH),D; (7). The
near the CYP2R]1 gene and circulating concentrations of role of CYP24A1 polymorphic variants in humans is not well
25-hydroxyvitamin D (25(OH)D) (2—4). While other 25- understood.
hydroxylases are known, they are currently considered to play Cytochrome P450 family 3 subfamily A (CYP3A) enzymes
a lesser role in vitamin D metabolism (5). comprise CYP3A4, CYP3AS, CYP3A7, and CYP3A43, which

The 1,25-dihydroxyvitamin D3 24-hydroxylase enzyme are heme-containing monooxygenases that catalyze hydrox-

(CYP24A1) is highly inducible by the active form of vitamin D ylation of a wide range of substrates (8). CYP3A4 has been
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characterized as a 24- and 25-vitamin D5 hydroxylase (5).
CYP3A4 is the most abundant P450 enzyme in the liver and
is involved in xenobiotic metabolism of over half of prescrip-
tion drugs (8). Pharmacologic induction of CYP3A4 gene
expression in healthy volunteers is associated with alterations in
circulating vitamin D metabolites (9). In contrast, CYP3A43,
CYP3AS, and CYP3A7 enzymes have no established role
in vitamin D metabolism, yet amino acid homology with
CYP3A4is >70% (10, 11).

Polymorphic variants in CYP2R1, CYP24A1 and the CYP3A
family are known to vary by race/ethnicity, with the greatest fre-
quency of variants among individuals of African ancestry. In
addition, with a difference of approximately 2-fold, circulating
concentrations of 25(OH)D among racial/ethnic groups in the
United States are known to be lowest among African Americans
and highest among white Americans.

The purpose of this study was to determine the association
between genetic polymorphisms in the CYP3A family of en-
zymes (CYP3A4, CYP3AS, CYP3A7, and CYP3A43) and circu-
lating vitamin D metabolites, including plasma 25(OH)D5 and
the proportion of plasma 24,25(0OH),D; (relative to circulating
25(0OH)D3) among individuals of African-American and Euro-
pean ancestry.

METHODS
Subjects

Healthy individuals aged 18-55 years, self-reporting at least
50% European or at least 50% African ancestry and providing
written informed consent, were enrolled (PSU IRB No. 36350).
These 2 racial/ethnic groups were chosen because of the limited
number of studies of vitamin D among African Americans and
the large difference in serum 25(OH)D between these groups
(approximately 2-fold). Individuals were excluded if they had
fever (37.78°C or higher) or severe chronic disease (chronic
kidney disease, liver disease, chronic obstructive pulmonary
disease, human immunodeficiency virus/acquired immune defi-
ciency syndrome), were unable to provide a blood sample, or
were currently undergoing chemotherapy or radiation treatment
for cancer. European-American participants were matched in a
1:1 ratio by age (within 5 years) with African-American partici-
pants. All but 1 pair was also matched on sex (n = 188 in each
ancestral group).

Participants completed a questionnaire (including personal
medical history, current medication use, age, self-reported
race/ethnicity, sex, smoking status, and vitamin D exposure)
and had skin melanin index, height, weight, and blood pressure
(systolic and diastolic) measured at an in-person visit. All blood
samples were collected during nonsummer months in order to
minimize seasonal variation (i.e., blood was not collected from
May 15th to August 31st). Skin melanin index was measured
twice on the upper inner arm by light reflectance (DermaSpec-
trometer II; CyberDerm Inc., Media, Pennsylvania), as previously
described (12).

Sources of vitamin D included current tanning bed use (yes/
no), hours spent in a tanning bed per week over the prior month,
the number of hours outdoors in the prior month, current out-
door occupation (yes/no), dietary intake, and vitamin D intake
through supplements in international units (IU)/day.

Am J Epidemiol. 2018;187(4):754-766

Dietary intake

Dietary intake over the past year was estimated using a 24-
item calcium and vitamin D screener based on the Block food
frequency questionnaire for usual food intake frequency and
quantity, as modified by Dr. Hartman (13). Nutrients were cal-
culated using information from the National Cancer Institute’s
2009 Diet History Questionnaire Nutrient and Food Group
Database made available with Diet*Calc software, a compila-
tion of US Department of Agriculture’s Food and Nutrient
Database for Dietary Studies, and US Department of Agricul-
ture’s MyPyramid Equivalents Database (14).

Biomarker measurement

Three vitamin D metabolites (25(OH)D,, 25(OH)D3, and
24,25(0OH),D5) were measured using high-performance liquid
chromatography with tandem mass spectrometry, as previously
described (12). Plasma samples were prepared by solid phase
extraction, spiked with deuterated standards (dg-25(OH)D3,
dg-25(OH)D,, and dg-24,25(0OH),D3 (Chemaphor Inc., Ottawa,
Canada)). The percent coefficient of variation, assayed in 10
repeated samples of pooled plasma from healthy individuals on
separate days, was 2.7, 12.2, and 6.3 for 25(OH)D3, 25(OH)D,,
and 24,25(0OH),D3, respectively. The limit of quantitation for
all 3 metabolites was 10 pg/mL, with a standard curve range of
1-100 ng/mL for 25(OH)D, and 25(OH)Dj3 and 0.1-10 ng/mL
for 24,25(0OH),Dj;. Total serum calcium was measured in dupli-
cate using colorimetry (BioVision, Mountain View, California);
percent coefficient of variation = 3.5%.

Genotyping and genetic ancestry

DNA was extracted from whole blood in tubes with ethylene-
diaminetetraacetic acid using a QIAamp DNA Mini Kit (Qiagen
Sciences, Germantown, Maryland) and stored at —80°C. A
panel of 112 ancestry-informative markers was used to estimate
the proportion of West-African ancestry and proportion of
European ancestry, using the STRUCTURE algorithm and
frequencies in HapMap YRI (West African) and CEU (European)
trios (15, 16). This panel exhibits high agreement with other
ancestry panels (concordance correlation coefficient = 0.97)
(12).

Genotypes for CYP24A1 (database of single nucleotide poly-
morphisms (dbSNP) IDs rs6022990 (Met374Thr), rs16999131
(Thr248Arg), and rs35051736 (Arg157Gln)), CYP3A4 (dbSNP
ID 152740574 located in the promoter, 208 base pairs from
the start site (p-208) and intergenic with CYP3A43), CYP3A43
(dbSNP ID rs680055 (Ala340Pro)), CYP3A5 (dbSNP ID
rs28365083 (Thr398Asn) and rs776746 (located in the pro-
moter, 237 base pairs from the start site (p-237)), and CYP3A7
(dbSNP ID 152257401 (Arg409Thr)) were determined using the
Mlumina BeadXpress assay (Illumina Inc., San Diego, Califor-
nia). Genotypes for CYP24A1 (dbSNP ID 152762943 (p-262)),
15111622401 (p-280)), CYP2RI (dbSNP ID rs10741657 (p-
1127), rs2060793 (p-1559), rs16930609 (p-2157)), and GC
(rs7041 and rs4588) (the gene encoding for the vitamin D bind-
ing protein (Gc)), were determined using TagMan assays
(Applied Biosystems, Foster City, California). Genotyping clus-
ter algorithm outputs were visually inspected, and genotyping
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calls were adjudicated by laboratory personnel blinded to the
vitamin D status and study characteristics of participants. Sam-
ples and assays with >10% unreadable genotyping calls were
excluded from the analysis. Genotypes for CYP3A5 and CYP3A4
occur proximal to vitamin D response elements (17).

Statistical methods

Because a lower reservoir of 25(OH)Dj is possibly a function
of its downstream metabolite 24,25(0OH),D5, we calculated the
proportion 24,25(0OH),D5 as a proportion of total 25(OH)D3
serum concentrations (18). Major circulating Ge-isoform diplo-
types were estimated using genotype information for the 2
coding-region polymorphisms (rs4588 and rs7041), as previously
described (19). The x* test for deviation from Hardy-Weinberg
equilibrium was used to calculate the observed versus expected
distribution of genotypes, stratified by self-reported race/ethnic-
ity. In order to better understand genetic linkage, Lewontin’s D’
and the * statistics were used to estimate linkage disequilibrium
between polymorphic variants among African-American parti-
cipants using SAS Proc Allele (version 9.4; SAS Institute, Inc.,
Cary, North Carolina). Statistical tests of bivariate differences
in continuous and categorical variables according to self-reported
race/ethnicity were determined by paired ¢ test and McNemar’s
¥ test, respectively. The 2-sided Fisher’s exact test was used
when cell sizes were equal to 5 or less. Racial/ethnic bivariate
differences in non-normally distributed variables were tested
using the nonparametric Wilcoxon rank-sum test. The bivariate
correlation between SNP genotype and vitamin D metabolite
concentrations was determined using the nonparametric Spear-
man rank-order correlation. Two-sided P values of <0.05 were
defined as statistically significant.

In multiple regression analysis, the association with each
genetic variant of interest was tested using pairwise regression
using SAS Proc Mixed (SAS Institute, Inc.), using the restricted
(or residual) maximum likelihood method. In order to better
approximate a normal distribution, plasma 25(OH)D; and the
proportion 24,25(0OH),D; were log-transformed using the natu-
ral log. Adjustment factors were entered as continuous variables
(unless otherwise indicated) and included age, sex, proportion
of West-African genetic ancestry, World Health Organization
(2000) body mass index (BMI) (classes I-VI, where class I is
underweight and class II is normal weight), oral contraceptive
(OC) use (yes/no), tanning bed use (yes/no), total vitamin D
intake from diet and supplements combined (IU/day), days after
summer solstice at time of blood draw, and time of day of blood
draw (0800-1630). Statistically significant genotypes were
included in the final models, thereby adjusting for other genetic
associations. Adjusted least squares means and 1-way interac-
tions between each variable in the final SAS Proc Mixed model
were calculated using SAS Proc GLM. Regression model diag-
nostics included: goodness of fit (adjusted R?), collinearity
(Durbin-Watson test statistic and variance inflation factor), and
missing explanatory variables (plot of residual versus predicted
values).

Sorting Intolerant from Tolerant (SIFT) analysis was per-
formed using J. Craig Venter Institute’s “SIFT dbSNP rsIDs”
version of SIFT based on the dbSNP build 132 database in
order to identify polymorphisms most likely to affect protein
function (20). The SNPexp tool (version 1.2; Norwegian

PSC Research Center, Clinic for Specialized Surgery and
Medicine, Rikshospitalet, Oslo University Hospital, Oslo, Norway)
was used to visualize differences in gene expression by polymor-
phism using HapMap samples and the GENEVAR (Gene Expres-
sion Variation, https://sourceforge.net/projects/genevar/) database,
which employs genome-wide expression arrays from EBV-
transformed lymphoblastoid cell lines (using National Center
for Biotechnology Information’s Reference Genome, Build
36). SIFT predictions were made based on the SIFT scores,
with a score of >0.05 indicating a tolerated amino acid substitu-
tion and a score of <0.05 indicating a damaging substitution
(genome range, 0-4.32) (20). A TRANScription FACtor (TRANS-
FAC) database match analysis was conducted for promoter variants
that remained statistically significant in the final model (21).

RESULTS

A total of 404 participants were enrolled. Missing informa-
tion and failed genotyping calls reduced the sample size to
188 African-American participants matched to 188 European-
American participants (n = 376). A significantly higher propor-
tion of European Americans reported ever having had an outdoor
job, current tanning bed use, and (among women) OC use
(Table 1). BMI, systolic blood pressure, melanin index, and
proportion of West-African genetic ancestry were significantly
higher among African Americans. The timing of blood draw
was significantly closer to summer solstice among African
Americans (86.16 days), compared with European Americans
(96.20 days). Among both men and women, circulating 25
(OH)D3, 24,25(0OH),Ds, and proportion 24,25(0OH),D; were
significantly lower among African Americans than among
European Americans. Among women, 25(OH)D, was signifi-
cantly lower among African Americans. No participants re-
ported statin or hormone replacement use (data not shown).

Tests for Hardy-Weinberg equilibrium indicated that geno-
type frequencies were within expectation for all polymorphisms
except the rs4588 polymorphism among African Americans
(P =0.019, Table 2). The absolute value of Lewontin’s D’
statistic was close or equal to 1.0 for polymorphisms in the
CYP2RI promoter (rs2060793 and rs10741657), CYP24A1
promoter (rs2762943 and rs111622401), CYP24AI coding
region and promoter (rs6022990 and rs2762943, respec-
tively), and the CYP3A7 coding region and CYP3A5 promoter
(rs2257401 and rs776746, respectively), although 72 values
were not above 0.80 for CYP24A1 SNPs (Web Tables 1 and
2, available at https://academic.oup.com/aje).

In multiple regression models, plasma 25(OH)D5 concen-
trations were significantly associated with polymorphisms in
CYP3A43 rs680055, CYP2RI rs2060793, and Gc-isoform, as
well as tanning bed use, sex, age, proportion of West-African
genetic ancestry, OC use, vitamin D diet and supplement intake,
days from summer solstice at blood draw, and BMI class
(Table 3). As expected due to the high pairwise D’ value, results
for CYP2RI 1510741657 with respect to plasma 25(OH)D; con-
centrations were similar when substituted for CYP2R1 rs2060793
(GA vs. GG genotype (P = 0.041)), data not shown.

Proportion 24,25(0OH),D5; was significantly associated
with CYP3A43 rs680055 and vitamin D receptor (VDR)
152228570, age, OC use, vitamin D diet and supplement intake,
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Table 1. Study Sample Characteristics According to Self-Reported Race/Ethnicity Among Healthy African-American and European-American
Adults, Pennsylvania, 2006—2009

African-American (n = 188) European-American (n = 188)
Characteristic P Value
% Mean (SD) % Mean (SD)
Female sex 60.11 61.17 0.833
Mean age, years 21.93 (4.41) 22.30 (4.50) 0.419
Self-reported race/ethnicity
African-American/African 96.81 9.57 <0.001
American Indian/Alaska Native 16.49 13.30 0.385
Asian 5.32 6.91 0.519
European 22.34 97.34 <0.001
Vitamin D and calcium sources
Vitamin D/fish oil supplements 13.30 11.70 0.641
Dietary vitamin D intake, 1U/day 208.92 (195.42) 269.98 (190.42) 0.003
Total diet + supplement, IU/day? 306.39 (247.13) 380.68 (273.78) 0.007
Calcium supplements 11.43 13.89 0.488
Time spent outdoors, hours/week 10.45(10.28) 11.16 (8.76) 0.467
Outdoor job 28.19 50.27 <0.001
Tanning bed use 3.72 23.40 <0.001
Tanning bed use, hours/week 0.67 (0.29) 1.13(1.09) 0.084
Oral contraceptive use (women only) 14.16 48.70 <0.001
Other hormonal contraceptive use (women only) 5.31 2.61 0.299
Corticosteroid use 3.19 1.60 0.313
Body mass index® 26.59 (6.87) 24.40 (4.23) 0.001
Current smoker 10.11 10.64 0.866
Pack-years of smoking 1.63(1.74) 2.40 (2.28) 0.246
Systolic blood pressure, mm Hg 115.54 (11.45) 113.21 (11.60) 0.051
Diastolic blood pressure, mm Hg 75.08 (9.03) 73.89(7.87) 0.176
Melanin index units 55.87 (15.47) 29.51(5.78) <0.001
West-African genetic ancestry proportion 71.79 9.42 <0.001
Blood draw past summer solstice, days 86.16 (35.82) 96.20 (24.06) 0.002
25(0OH)D3, nmol/L 48.27 (29.91) 92.66 (52.72) <0.001
Men 45.63(28.18) 66.00 (25.21) <0.001
Women 50.01 (31.00) 109.58 (58.43) <0.001
25(0OH)D,, nmol/L 3.07 (4.43) 3.82(4.87) 0.131
Men 3.87 (4.97) 3.54 (4.60) 0.687
Women 2.55(3.98) 3.99 (5.05) 0.021
24,25(0H),D3, nmol/L 5.17 (5.45) 12.60 (9.83) <0.001
Men 4.80 (4.84) 7.53(3.51) 0.001
Women 5.40 (5.83) 15.81(11.13) <0.001
Proportion 24,25(0H).D3 8.82(3.50) 11.39(3.72) <0.001
Men 8.77 (3.38) 10.15(2.74) 0.008
Women 8.85(3.58) 12.18 (4.04) <0.001
Serum total calcium, mg/dL 10.21(0.81) 10.16 (1.26) 0.640
Men 10.40(0.77) 10.39(1.19) 0.973
Women 10.09 (0.81) 10.02 (1.29) 0.602

Abbreviations: 25(0OH)D, 25-hydroxyvitamin D; 24,25(0H).D3, 24,25-dihydroxyvitamin Dg; IU, international units; SD, standard deviation.
2 Includes intake from vitamin D supplements and multivitamins
® Body mass index calculated as weight (kg)/height (m)2.
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Table2. Nonsummer Unadjusted Mean Plasma 25-hydroxyvitamin D3 (nmol/L) and Percent 24,25-dihydroxyvitamin D3 According to Genotype and Self-Reported Race/Ethnicity Among

Healthy African-American and European-American Adults, Pennsylvania, 2006—2009

25(0OH)D; Proportion 24,25(0OH),D;
Variable African-American European-American African-American European-American
No. of No. of PValue No. of No. of PValue
Mean (SD) Participants Mean (SD) Participants Mean (SD) Participants Mean (SD) Participants
CYP3A43 (dbSNP ID
rs680055)
CC (Ala340Ala) 31.63(17.09) 16 -2 -2 0.160  7.37(3.35) 16 -2 -2 0.952
CG (Ala340Pro) 49.31(29.68) 87 85.82 (44.32) 19 0.002  8.84(3.60) 87 10.57 (2.94) 19 0.053
GG (Pro340Pro) 50.63 (31.37) 84 93.77 (53.86) 167 <0.001 9.07 (3.41) 84 11.50 (3.80) 167 <0.001
Spearman’s 0.16 (0.028) 0.06 (0.441) 0.10(0.178) 0.09 (0.227)
correlation (P value)
Hardy-Weinberg 0.403 0.450 0.403 0.450
P value
CYP24A1 (dbSNP ID
rs2762943)
GG 48.62 (30.33) 178 92.94 (54.05) 164 <0.001 8.95(3.52) 178 11.34 (3.87) 164 <0.001
GT 42.00(21.32) 10 91.10 (45.17) 22 <0.001 6.50 (2.02) 10 11.65 (2.57) 22 <0.001
TT _a _a _a _a _a _a _a _a _a _a
Spearman’s —0.05 (0.507) 0.01(0.844) —0.17 (0.015) 0.05 (0.456)
correlation (P value)
Hardy-Weinberg 1.000 0.543 1.000 0.543
P value
CYP2R1 (dbSNP ID
rs2060793)
AA 36.27 (19.43) 24 83.31 (35.15) 21 <0.001 8.69 (3.51) 24 11.29 (3.36) 21 0.016
AG 51.27 (27.83) 90 94.22 (58.14) 81 <0.001 8.90 (3.00) 90 11.48 (3.44) 81 <0.001
GG 48.74 (34.58) 72 93.74 (51.41) 85 <0.001 8.73(4.10) 72 11.32 (4.10) 85 0.001
Spearman’s 0.01(0.857) 0.03 (0.690) —0.04 (0.621) —0.02 (0.800)
correlation (P value)
Hardy-Weinberg 0.745 0.865 0.745 0.865
P value
VDR (dbSNP ID
rs2228570)
GG (short/short) 45.60 (27.05) 102 95.82 (55.61) 79 <0.001 8.66 (3.26) 102 11.32 (4.29) 79 <0.0001
GA (short/long) 50.90 (33.61) 71 91.06 (53.11) 83 <0.001 8.60 (2.92) 71 11.45 (3.46) 83 <0.0001
AA (long/long) 53.92 (30.00) 15 88.81 (43.51) 25 0.001 11.02(6.21) 15 11.36 (2.67) 25 0.843
Spearman’s 0.07 (0.312) —0.06 (0.445) 0.05(0.482) 0.06 (0.389)
correlation (P value)
Hardy-Weinberg 0.571 0.636 0.571 0.636
P value

Table continues
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Table2. Continued

25(0OH)D3 Proportion 24,25(0OH),D;
Variable African-American European-American African-American European-American
Mean (SD) Par't\ligi.:;nts Mean (SD) Par?igi.:afnts pele Mean (SD) Par't\ligi.:afnts Mean (SD) Par't\ligi.:afnts pele
Gc-isoform®
Ge-1f/Ge-1f 42.54 (25.74) 83 92.70 (28.64) 8 0.001 8.63(3.17) 83 12.37 (3.86) 8 0.029
Gce-11/Ge-2 39.68 (19.68) 29 94.78 (27.11) 11 <0.001 8.66 (2.76) 29 10.99 (2.99) 11 0.038
Gc-2/Ge-2 54.67 (22.85) 6 75.35 (38.96) 20 0.232 9.85(4.16) 6 12.23 (4.32) 20 0.254
Gc-1f/Ge-1s 54.56 (35.42) 55 93.70 (49.10) 32 <0.001 9.03(3.23) 55 11.10 (3.64) 32 0.010
Gc-1s/Ge-2° 79.87 (37.82) 5 81.35(37.16) 54 0.937 10.08(2.61) 5 11.32(3.45) 54 0.436
Gc-1s/Ge-1s 75.50 (32.02) 8 107.91 (71.51) 60 0.213 9.70 (8.44) 8 11.25(4.01) 60 0.624
Spearman’s 0.24 (<0.001) 0.08 (0.277) 0.02(0.827) —0.07 (0.344)
correlation (P value)
Hardy-Weinberg 0.019/0.827 0.068/0.457 0.019/0.827 0.068/0.457
P values

Abbreviations: 25(0OH)D3, 25-hydroxyvitamin D3; 24,25(0H),D3, 24,25-dihydroxyvitamin D3; Ala, alanine; Asp, aspartic acid; CYP, cytochrome P450; dbSNP, database of single nucleotide
polymorphisms; Ge, vitamin D binding protein; Glu, glutamic acid ; IU, international units; Lys, lysine; Pro, proline; Thr, threonine; SD, standard deviation; VDR, vitamin D receptor.

@ Data not presented for cells with 5 or fewer subjects.

® Ge-isoform predicted from rs7041 and rs4588 genotype combinations as follows: Ge-1f/Ge-1f = 43245PASP (TT)/436 "™ (CC); Ge-11/Ge-2 = 432°5P/AP (TT)/436 "W (CA); Ge-2/Ge-2 =
432ASP/ASP (TT)/436WY5'LYS (AA); Ge-1/Ge-1s = 43245P/CGIU (TG)/436 ™M (CC); Ge-1s/Ge-2 = 432/P/Gl (TG)/436T™LYS (CA); Ge-18/Ge-1s = 432816 (GG)/436 ™M™ (CC). Hardy-Weinberg P
values are presented in the table for rs4588/rs7041, respectively.

¢ Hypothetical Ge-isoforms for double heterozygote genotype combination (rs4588 = “CA” and rs7041 = “TG”) group. The other alternative Gc-isoform possibility for this genotype combina-
tion is Ge-1f/undefined.
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Table 3. Final Multiple Regression Models of Log Plasma 25-Hydroxyvitamin D3 and Log Proportion Plasma 24,25-Dihydroxyvitamin Dz Among
Healthy African-American and European-American Adults, Pennsylvania, 2006—2009

Log 25(OH)D3 Log Proportion 24,25(0H),D;
Variable Beta P Value, P Value, Beta P Value, P Value,
Coefficient® Recessive Additive Coefficient® Recessive Additive
CYP3A43 (dbSNP ID rs680055)
CC (Ala340Ala) Referent Referent
CG (Ala340Pro) 0.21 0.026 0.17 0.043
GG (Pro340Pro) 0.25 0.011 0.22 0.009
P value 0.015 0.047 0.018 0.016
CYP2R1 (p-1559) (dbSNP ID rs2060793)
AA Referent -b
AG 0.15 0.038 -°
GG 0.06 0.392 -°
P value 0.109 0.945
VDR (dbSNP ID rs2228570)
GG (short/short) b Referent
GA (short/long) b 0.05 0.135
AA (long/long) b 0.17 0.003
P value 0.025 0.003
Gc-isoform®
Ge-1f/Ge-1f Referent Referent
Ge-1f/Ge-2 0.02 0.975 0.04 0.521
Gc-2/Ge-2 -0.12 0.261 0.07 0.350
Gce-1f/Ge-1s 0.20 0.005 0.03 0.592
Gc-1s/Ge-2¢ 0.08 0.361 —0.01 0.869
Gc-1s/Ge-1s 0.29 0.001 —-0.01 0.841
Tanning bed use 0.33 <0.001 0.09 0.072
Female sex 0.13 0.015 0.03 0.412
Age, years -0.01 0.007 0.01 0.013
West-African ancestry proportion -0.70 <0.001 -0.13 0.078
Oral contraceptive use (women only) 0.26 <0.001 0.23 <0.001
Vitamin D diet and supplement intake, per 0.03 0.002 0.01 0.032
100 IU/day
Days from summer solstice, per 10 days —-0.02 0.001 0.04 <0.001
Time of day of blood draw, per hour® b —-0.01 0.023
Body mass index class
| (underweight) -0.05 0.703 -0.08 0.464
Il (normal weight) Referent Referent
n -0.09 0.096 -0.05 0.176
\% -0.24 0.005 -0.23 <0.001
\% -0.15 0.172 -0.29 <0.001
Vi -0.09 0.506 +0.05 0.582
P fortrend 0.015 0.003
Table continues
days from summer solstice at blood draw, time of day of blood After excluding users of OCs, CYP2R1 rs10741657 re-
draw, and BMI class (Table 3). Unlike with plasma 25(OH)Ds, tan- mained associated (Web Table 3) but CYP2RI rs2060793
ning bed use, sex, and West-African genetic ancestry proportion was no longer significantly associated with 25(OH)D5 (data
were not significantly associated with proportion 24,25(0OH),D;. not shown). Residual versus predicted plots did not suggest
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Table3. Continued

Log 25(OH)D3 Log Proportion 24,25(0H),D;
Variable Beta P Value, P Value, Beta P Value, P Value,
Coefficient® Recessive Additive Coefficient® Recessive Additive
Adjusted R? 0.50 0.37
Durbin-Watson 1.76 1.53

Abbreviations: 25(0OH)D3, 25-hydroxyvitamin D3; 24,25(0OH),D3, 24,25-dihydroxyvitamin D3; Ala, alanine; Asp, aspartic acid; CYP, cytochrome
P450; dbSNP, database of single nucleotide polymorphisms; Gc, vitamin D binding protein; Glu, glutamic acid; IU, international units; Lys, lysine;
Pro, proline; Thr, threonine; SD, standard deviation; VDR, vitamin D receptor.

@ Adjusted for age, sex, West-African genetic ancestry proportion, body mass index class, oral contraceptive use, tanning bed use, vitamin D diet
and supplement intake, days from summer solstice at time of blood draw, and other variables in table. Proportion 24,25(0OH),D5 also adjusted for

time of day of blood draw.
® Not in model.

© Ge-isoform predicted from rs7041/rs4588 genotype combinations as follows: Gc-1f/Ge-1f = 43245PASP (TT)/436 ™™™ (CC); Ge-1f/Ge-2 =
432AP/ASP (TT)/436TMLYS (CA); Ge-2/Ge-2 = 432°SP/AP (TT)/43655Y8 (AA); Ge-1/Ge-1s = 432A5P/G (TG)/436 ™" (CC); Ge-18/Ge-2 = 4324P/Gl

(TG)/436™7H (CA); Ge-1s/Ge-1s = 43281WC (GG)/436 ™M (CC).

9 Hypothetical Ge-isoforms for double heterozygote genotype combination (rs4588 = “CA” and rs7041 = “TG”) group. The alternative combina-

tion is Ge-1f/undefined.
¢ Hours 0800—1630.

missing variables, and variance inflation factor and Durbin-
Watson test statistics did not indicate high collinearity for any
the statistical models.

In models of plasma 25(OH)Dj; stratified on skin melanin
index, CYP3A43 rs680055 and CYP2RI rs2060793 remained
statistically significant among individuals with a melanin index
>40 (P value, recessive = 0.030 and 0.015, respectively—Web
Table 4). Vitamin D binding protein Gc-1s/Ge-1s remained sig-
nificantly associated with plasma 25(OH)D; among individuals
with a melanin index of <40 and individuals with melanin
index of >40 (P = 0.006 and 0.004, respectively).

In SIFT analysis, the CYP24A1 1rs6022990 Met374Thr amino
acid change (score = 0, median conservation value = 2.51) and
the CYP3A43 rs680055 Pro340Ala amino acid change (score =
0, median conservation value = 4.15) were classified as damag-
ing. There was low confidence in the prediction for rs680055
due to low sequence diversity (20).

TRANSFAC analysis identified transcription factors
Helios A and NF-AT1 to bind on the negative strand ~30
nucleotides upstream of the CYP2RI rs2060793 polymor-
phism. This polymorphism lies within a polycomb-repressed
element based on the ENCODE Broad Institute’s ChromHMM
data set using the GM 12878 (chr11:14914224-14915424),
NHLF (chr11:14914224-14921224), and HUVEC cell types
(chr11:14914424-14917824) analyses (22). In addition, it lies
within a transcriptional transition element in the K562 cell
type (chr11:14914424-14915824).

Interaction analysis of the final models identified a statis-
tically significant interaction between CYP2RI rs2060793
and OC use (P = 0.030, Figure 1) but not between CYP2R1
rs10741657 and OC use (P = 0.140, data not shown). There
was also a significant interaction between VDR rs2228570
and CYP3A43 rs680055 in relation to proportion 24,25(0OH),D3
(Figure 2, P = 0.013). Web Tables 5 and 6 present adjusted least
squares means and 95% confidence intervals for Figures 1 and
2, respectively.
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DISCUSSION
CYP2R1

Genetic variability in CYP2R] has been associated with serum
25(OH)D concentrations in Northern European and European-
American populations (3, 23). The rs2060793 promoter (p-1559)
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Figure 1. Adjusted least-squares mean plasma 25-hydroxyvitamin D
(25(0OH)D3) according to CYP2R1 (rs2060793) genotype and oral con-
traceptive use among healthy, age-matched African-American (n = 188)
and European-American (n = 188) adults, Pennsylvania, 2006—2009.
Mean plasma 25(0OH)D3 values adjusted for age, sex, proportion of
West-African genetic ancestry, body mass index class, tanning bed
use, vitamin D diet and supplement intake, days from summer solstice
at time of blood draw, and vitamin D binding protein isoform. P for
interaction from type Ill (partial) sum of squares = 0.030.
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Figure 2. Adjusted least-squares mean proportion 24,25-dihydroxyvi-
tamin D3 (24,25(0OH),D3) according to CYP3A43 (rs680055) and vitamin
D receptor (VDR) (rs2228570) genotypes among healthy, age-matched
African-American (n = 188) and European-American (n = 188) adults,
Pennsylvania, 2006—2009. Mean proportion 24,25(0OH),D3 values
adjusted for age, sex, proportion of West-African genetic ancestry,
body mass index class, oral contraceptive use, tanning bed use,
vitamin D diet and supplement intake, days from summer solstice
at time of blood draw, time of day of blood draw, and Gc-isoform.
P for interaction from type Il (partial) sum of squares =0.013.
Ala, alanine; dbSNP, database of single nucleotide polymorph-
isms; Gc, vitamin D binding protein; Pro, proline.

polymorphism has been associated with circulating 25(OH)D in
2 genome-wide association studies of non-Hispanic white indivi-
duals living in the United States and reproduced among healthy
Hispanic breast-cancer controls (3, 4, 24), but not all reported a
significant association (25). One meta-analysis found significant
heterogeneity among white cohorts (3).

In silico analysis supports the possibility of a functional role
for the rs2060793 region of CYP2R1, where Helios and ATF1
transcription factors are predicted to bind. While no vitamin D

response elements are known to occur in the CYP2R] promoter,
in other genomic regions, noncanonical vitamin D response ele-
ments have been shown to overlap with the ATF1-binding site
where VDR competes with ATF1 to alter T-cell response (26).
Helios expression, restricted to T-lymphocytes, has been
described as a key transcription factor stabilizing T-regulatory
cells during inflammation (27, 28), particularly in FoxP3+ CD4
T-regulatory cells. Helios expression is influenced by 1,25
(OH),D5 and estrogen (29).

To date, there is limited evidence of a positive correlation
between FOXP3 expression in the peripheral regulatory T-cell
population and seasonal circulating 25(OH)D concentrations
among healthy individuals (30). In patients with moderate
to severe asthma, a significant positive correlation between
the frequency of circulating FoxP3+ T-regulatory cells and
serum 25(OH)D (r = 0.70) has been reported (31). Taken
together, these results suggest an interplay between T-
lymphocyte regulation and circulating vitamin D metab-
olite concentrations. The consistent association between
rs2060793 and circulating 25(OH)D among different racial/
ethnic groups, and the possible interaction with estrogen, sug-
gests the need for further molecular characterization of this
genetic region.

CYP3A43

The CYP3A family of enzymes catalyzes the hydroxylation
of steroids—including testosterone, progesterone, and cortisol—
and metabolizes antidepressants, immunosuppressive agents,
macrolide antibiotics, calcium channel blockers, and other
toxins (32). The human CYP3A gene cluster, located on the
long arm of chromosome 7, has been evolutionarily implicated
in selective environmental pressures in non-African populations
(33, 34). Differences in genotype frequency within CYP3A
family gene loci between African-American and European-
American population groups have been previously described
(35), with between-individual differences in gene and protein
expression as high as 40-fold, and the relative balance of
CYP3A4/CYP3A5 gene expression substantially different
by racial/ethnic group (36).

Clinically, genetic variability in CYP3A4 and CYP3A5 has
been associated with racial/ethnic differences in response to
blood pressure and cholesterol-lowering drugs (37, 38). Dis-
covered in 2000, much less is known regarding the CYP3A43
enzyme, with protein expression in human liver microsomes
at levels comparable to CYP3A5 and CYP3A7 (approximately
4 pmol/mg) and approximately 15-fold lower than CYP3A4
(39). Splice variants of CYP3A43 protein add spliced exon se-
quences of either the CYP3A4 or CYP3A5 genes, and have been
identified in human hepatocytes with a 250-fold range (0.02%—
5.0%) of expression, yet little is known regarding their role in
human metabolism (40). While CYP3A43 tissue expression is
greatest in the prostate (11), expression is higher in the human
brain relative to liver, kidney, lung, and heart tissue—and re-
ported to be as high as 170-fold greater than CYP3A4 in vari-
ous brain tissues, also differing by racial/ethnic group (41).

Although less frequent among both African-American and
European-American populations, the CYP3A43 Ala340Ala
genotype occurs among individuals of sub-Saharan African
ancestry more frequently than any other population group (42).
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The pyrrolidine ring of Pro allows fewer protein conformational
possibilities relative to other amino acids, and the Ala-to-Pro
amino acid substitution, in particular, may alter confirmation
and stability of the CYP3A43 protein (43, 44). In our study, 1
or 2 copies of the Pro340 allele resulted in approximately 21%
and 25% increases in circulating 25(OH)D; concentration, re-
spectively, compared with Ala340 homozygotes. By compari-
son, administration of the CYP3A4-inducing drug rifampicin
resulted in a 3% suppression of 25(OH)D3 concentration in
healthy volunteers (9). Vitamin D response elements have been
identified in the promoter region of CYP3A43 (45). It is not
known whether the CYP3A43 enzyme has direct vitamin D
metabolic activity.

VDR and CYP3A43 interaction

Both the VDR 152228570 and CYP3A43 rs680055 poly-
morphisms have been independently associated with cancer
risk. CYP3A43 Ala340 has been consistently associated with
an increased risk of prostate cancer in multiethnic studies (46, 47).
Meta-analyses of VDR 152228570 have identified associations
with multiple cancer types (48), including breast and ovarian can-
cer (49), but not consistent associations for prostate cancer (50).
To our knowledge, interactions with cancer risk have not been
identified between CYP3A43 and VDR. CYP3A4 rs2740574 was
not associated with 25(OH)Dj; or proportion 24,25(0OH),D3,
although this polymorphism appears to be consistently asso-
ciated with prostate cancer risk (51).

Vitamin D binding protein (Gc-isoform)

A meta-analysis has identified associations between SNPs
in the GC gene and circulating 25(OH)D concentrations (3).
It is possible that variability in circulating concentrations of
25(0OH)D (i.e., both 25(0OH)D, and 25(OH)D3) is a function
of circulating Gc concentrations (i.e., because more 25(OH)D re-
mains bound in the circulating compartment, with less diffusion
of the unbound fraction of 25(OH)D into tissues). However, the
relationship between circulating vitamin D metabolites and circu-
lating Ge concentrations is not straightforward. Ge circulates in a
concentration at roughly 1,000-fold higher than 25(OH)D3;, with
less than 5% of circulating Gec bound to vitamin D sterols (52). In
addition, differential binding affinities according to Gc-isoform
might play a role, although the existing literature is limited and
not all binding affinity studies agree (53). Further understanding
regarding the distribution of vitamin D metabolites in human
blood and adipose tissue are needed to determine whether
Gc-isoform may be associated with the bioavailable fraction
of vitamin D metabolites.

Oral contraceptives

Estrogen has long been recognized to be a potent regulator
of vitamin D metabolism (54). Observational and clinical
trials have identified higher circulating 25(OH)D concentrations
among OC users, with postadministration increases ranging
from 5% to 30% (55-57). Postmenopausal estrogen use is also
associated with increased circulating 25(OH)D (58). Estrogen
is known to influence the expression of hundreds of genes in a
cell-dependent manner, including genes involved in apoptosis,
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cell adhesion, cell cycle, enzymes, growth factors, protein pro-
cessing, and signal transduction. With respect to vitamin D
metabolism, there are three observed associations following
estrogen use: 1) higher circulating Gc protein concentration
(59); 2) increased intestinal calcium absorption (60); and 3)
decreased urinary calcium excretion (61). In our study, OC
use was positively associated both with circulating concen-
trations of 25(OH)D5; and with the circulating proportion
24,25(0OH), D3, suggesting that estrogen not only influences
the absolute concentration but also the relative balance of
circulating vitamin D metabolites. The clinical significance
of these observations is not known. Approximately 28% of
women of reproductive age in the United States report OC
use (62).

Statistical adjustment and/or design control for exogenous
estrogen use is not routinely conducted in epidemiologic stud-
ies of vitamin D. We observed a magnitude of association
between OC use and plasma 25(OH)Dj; that was similar to the
magnitude of association with tanning bed use. Methodologi-
cally, control for exogenous estrogens as a possible source of
confounding might reduce variability and improve P value es-
timates in genetic studies.

Limitations

Because this study included healthy young participants, these
results may not be generalizable to other populations, including
pregnant, chronically ill, or older individuals. Due to small cell
sizes, interaction results could be the result of chance. While
energy-adjusted vitamin D intakes have been more strongly
correlated with 25(OH)D concentrations than the nonad-
justed values used in this study (58), the P values for genetic
variables in this study were improved after adjustment for total
vitamin D intake (data not shown). Finally, because the results
for diet and supplement intake are from a cross-sectional study
and not a study of individuals over time, the increase in plasma
25(OH)D; per 100 IU/day should not be extrapolated to ex-
pected changes for a single individual over time at a given
dose.

Strengths

This study was designed to assess differences in vitamin D
metabolites and was conducted in nonsummer months in order
to reduce seasonal variability. Our genetic ancestry estimation
method is highly concordant with other published methods
(12). Our abbreviated method of assessment of total mean
intake of vitamin D was significantly associated with plasma 25
(OH)D; concentrations. Average intakes among participants in
this study were above the US average of 232-264 IU/day for
women and men, aged 18-30 years in the United States, but
below the recommended daily intake of 600 IU/day (63). Our
study accounted for approximately half of the variability in
circulating 25(OH)D;, with a higher R* value than other pub-
lished studies (range, 0.13-0.40 (22, 64)). Finally, mass spectrom-
etry was used to separately assess vitamin D, and D5 metabolite
concentrations, allowing the study to reduce variability due to
differences in side-chain metabolism (65).
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Conclusions

Genetic polymorphisms in CYP3A43, VDR, and GC may
play a role in circulating concentrations of multiple vitamin
D metabolites, independent from genetic ancestry. In spite of
several statistically significant findings by our research and
other studies, at least half of the variability of circulating vitamin
D metabolite concentrations remains unexplained. Methodolog-
ically, gene X gene, and gene X environment interactions should
be more fully investigated and accounted for in future studies of
circulating vitamin D metabolite concentrations.

ACKNOWLEDGMENTS

Author affiliations: Penn State Cancer Institute,
Department of Public Health Sciences, Pennsylvania State
University College of Medicine, Hershey, Pennsylvania
(Robin Taylor Wilson); Penn State Methodology Center,
College of Health and Human Development, Pennsylvania
State University, University Park, Pennsylvania (Loren D.
Masters); Case Comprehensive Cancer Center, Case
Western Reserve University School of Medicine, Cleveland,
Ohio (Jill S. Barnholtz-Sloan); Penn State Institute for
Personalized Medicine, Pennsylvania State University
College of Medicine, Hershey, Pennsylvania (Anna C.
Salzberg); and Rollins School of Public Health, Department
of Epidemiology, Emory University, Atlanta, Georgia
(Terryl J. Hartman).

This project was supported in part by the American Institute
for Cancer Research (grant 205917 to R.T.W.), the National
Institutes of Health (grant K22 CA120092-01A2 to R. T.W.),
and a US Department of Defense National Functional
Genomics Center award to Pennsylvania State University.

We thank the participants and the following individuals and
institutions: Tracey D. Allen, Robert M. Brucklacher, Nadine
J. Crone, Dr. Laurence M. Demers, Dr. Hector F. Deluca,
Jonathan J. Douds, Evelynn Ellis, Taylor Ottomano Etzel,
Diane G. Farnsworth, Cynthia H. Flanagan, Dr. Willard
Freeman, Phyllis M. Martin, Sheila O. Nikiforova, Alanna N.
Roff, Dr. Bruce A. Stanley, Dr. Beverly J. Vandiver, and Dr.
Marcus A. Whitehurst, as well as the Penn State Africana
Center, Penn State Clinical Research Center, Penn State
College of Medicine Mass Spectrometry Core, Penn State
Genome Sciences Core at Hershey, and Penn State
Multicultural Resource Center.

Conflict of interest: none declared.

REFERENCES

1. Cheng JB, Levine MA, Bell NH, et al. Genetic evidence that
the human CYP2R1 enzyme is a key vitamin D 25-
hydroxylase. Proc Natl Acad Sci USA. 2004;101(20):
T711-7715.

2. Anderson D, Holt BJ, Pennell CE, et al. Genome-wide
association study of vitamin D levels in children: replication in
the Western Australian Pregnancy Cohort (Raine) study. Genes
Immun. 2014;15(8):578-583.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

. AhnJ, Yu K, Stolzenberg-Solomon R, et al. Genome-wide

association study of circulating vitamin D levels. Hum Mol
Genet. 2010;19(13):2739-2745.

. Wang TJ, Zhang F, Richards JB, et al. Common genetic

determinants of vitamin D insufficiency: a genome-wide
association study. Lancet. 2010;376(9736):180-188.

. ZhuJ, DeLuca HF. Vitamin D 25-hydroxylase: Four decades

of searching, are we there yet? Arch Biochem Biophys. 2012;
523(1):30-36.

. Omdahl J, May B. The 25-hydroxyvitamin D 24-hydroxylase.

In: Feldman D, Pike W, Glorieux F, eds. Vitamin D. 2nd ed.
Amsterdam, the Netherlands: Elsevier Academic Press; 2005:
85-104.

. Tourigny A, Charbonneau F, Xing P, et al. CYP24A1

exacerbated activity during diabetes contributes to kidney
tubular apoptosis via caspase-3 increased expression and
activation. PLoS One. 2012;7(10):e48652.

. Zanger UM, Schwab M. Cytochrome P450 enzymes in drug

metabolism: regulation of gene expression, enzyme activities,
and impact of genetic variation. Pharmacol Ther. 2013;138(1):
103-141.

. Wang Z, Lin YS, Dickmann LJ, et al. Enhancement of

hepatic 4-hydroxylation of 25-hydroxyvitamin D3 through
CYP3A4 induction in vitro and in vivo: implications for
drug-induced osteomalacia. J Bone Miner Res. 2013;28(5):
1101-1116.

Westlind A, Malmebo S, Johansson I, et al. Cloning and tissue
distribution of a novel human cytochrome p450 of the CYP3A
subfamily, CYP3A43. Biochem Biophys Res Commun. 2001;
281(5):1349-1355.

Gellner K, Eiselt R, Hustert E, et al. Genomic organization of
the human CYP3A locus: identification of a new, inducible
CYP3A gene. Pharmacogenetics. 2001;11(2):111-121.
Wilson RT, Roff AN, Dai PJ, et al. Genetic ancestry, skin
reflectance and pigmentation genotypes in association with
serum vitamin D metabolite balance. Horm Mol Biol Clin
Investig. 2011;7(1):279-293.

Block G, Hartman AM, Dresser CM, et al. A data-based
approach to diet questionnaire design and testing. Am J
Epidemiol. 1986;124(3):453-469.

Epidemiology and Genomics Research Program, National
Cancer Institute. DHQ Nutrient Database: dhql.
database.031009.csv. http://www.hcfa.gov/stats/stathili.htm.
Updated March 28, 2016. Accessed October 5, 2017.
Barnholtz-Sloan JS, McEvoy B, Shriver MD, et al. Ancestry
estimation and correction for population stratification in
molecular epidemiologic association studies. Cancer
Epidemiol Biomarkers Prev.2008;17(3):471-477.

Pritchard JK, Stephens M, Rosenberg NA, et al. Association
mapping in structured populations. Am J Hum Genet. 2000;
67(1):170-181.

Maguire O, Pollock C, Martin P, et al. Regulation of
CYP3A4 and CYP3AS5 expression and modulation of
“intracrine” metabolism of androgens in prostate cells by
liganded vitamin D receptor. Mol Cell Endocrinol.2012;
364(1-2):54-64.

Pasquali M, Tartaglione L, Rotondi S, et al. Calcitriol/
calcifediol ratio: an indicator of vitamin D hydroxylation
efficiency? BBA Clin. 2015;3:251-256.

Wilson RT, Bortner JD Jr, Roff A, et al. Genetic and
environmental influences on plasma vitamin D binding protein
concentrations. Transl Res. 2015;165(6):667-676.

Ng PC, Henikoff S. SIFT: predicting amino acid changes that
affect protein function. Nucleic Acids Res. 2003;31(13):
3812-3814.

Am J Epidemiol. 2018;187(4):754-766


http://www.hcfa.gov/stats/stathili.htm

Ancestry-Adjusted Vitamin D Metabolite Concentrations 765

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Matys V, Kel-Margoulis OV, Fricke E, et al. TRANSFAC and
its module TRANSCompel: transcriptional gene regulation in
eukaryotes. Nucleic Acids Res. 2006;34(Database issue):
D108-D110.

Ernst J, Kheradpour P, Mikkelsen TS, et al. Mapping and
analysis of chromatin state dynamics in nine human cell types.
Nature.2011;473(7345):43-49.

Didriksen A, Grimnes G, Hutchinson MS, et al. The serum 25-
hydroxyvitamin D response to vitamin D supplementation is
related to genetic factors, BMI, and baseline levels. Eur J
Endocrinol. 2013;169(5):559-567.

Wang W, Ingles SA, Torres-Mejia G, et al. Genetic variants
and non-genetic factors predict circulating vitamin D levels in
Hispanic and non-Hispanic White women: the Breast Cancer
Health Disparities Study. Int J Mol Epidemiol Genet. 2014;
5(1):31-46.

Jolliffe DA, Hanifa Y, Witt KD, et al. Environmental and
genetic determinants of vitamin D status among older adults in
London, UK. J Steroid Biochem Mol Biol. 2016;164:30-35.
Towers TL, Staeva TP, Freedman LP. A two-hit mechanism
for vitamin D3-mediated transcriptional repression of the
granulocyte-macrophage colony-stimulating factor gene:
vitamin D receptor competes for DNA binding with NFAT1
and stabilizes c-Jun. Mol Cell Biol. 1999;19(6):4191-4199.
Kim HJ, Barnitz RA, Kreslavsky T, et al. Stable inhibitory
activity of regulatory T cells requires the transcription factor
Helios. Science. 2015;350(6258):334-339.

Thornton AM, Korty PE, Tran DQ, et al. Expression of Helios,
an Ikaros transcription factor family member, differentiates
thymic-derived from peripherally induced Foxp3+ T
regulatory cells. J Immunol. 2010;184(7):3433-3441.

Spanier JA, Nashold FE, Mayne CG, et al. Vitamin D and
estrogen synergy in Vdr-expressing CD4(+) T cells is essential
to induce Helios(+)FoxP3(+) T cells and prevent autoimmune
demyelinating disease. J Neuroimmunol. 2015;286:48-58.
Khoo AL, Koenen HJ, Chai LY, et al. Seasonal variation in
vitamin Dj levels is paralleled by changes in the peripheral
blood human T cell compartment. PLoS One. 2012;7(1):
€29250.

Chambers ES, Nanzer AM, Richards DF, et al. Serum 25-
dihydroxyvitamin D levels correlate with CD4(+)Foxp3(+) T-
cell numbers in moderate/severe asthma. J Allergy Clin
Immunol. 2012;130(2):542-544.

Bertz RJ, Granneman GR. Use of in vitro and in vivo data to
estimate the likelihood of metabolic pharmacokinetic
interactions. Clin Pharmacokinet. 1997;32(3):210-258.

Chen X, Wang H, Zhou G, et al. Molecular population genetics
of human CYP3A locus: signatures of positive selection and
implications for evolutionary environmental medicine.
Environ Health Perspect. 2009;117(10):1541-1548.

Schirmer M, Toliat MR, Haberl M, et al. Genetic signature
consistent with selection against the CYP3A4* B allele in non-
African populations. Pharmacogenet Genomics. 2006;16(1):59-71.
Kuehl P, Zhang J, Lin Y, et al. Sequence diversity in CYP3A
promoters and characterization of the genetic basis of polymorphic
CYP3AS5 expression. Nat Genet. 2001;27(4):383-391.
Westlind-Johnsson A, Malmebo S, Johansson A, et al.
Comparative analysis of CYP3A expression in human liver
suggests only a minor role for CYP3A5 in drug metabolism.
Drug Metab Dispos. 2003;31(6):755-761.

Kitzmiller JP, Luzum JA, Baldassarre D, et al. CYP3A4*22 and
CYP3A5*3 are associated with increased levels of plasma
simvastatin concentrations in the cholesterol and
pharmacogenetics study cohort. Pharmacogenet Genomics.
2014;24(10):486-491.

Am J Epidemiol. 2018;187(4):754-766

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Bhatnagar V, Garcia EP, O’Connor DT, et al. CYP3A4 and
CYP3AS5 polymorphisms and blood pressure response to
amlodipine among African-American men and women with
early hypertensive renal disease. Am J Nephrol. 2010;31(2):
95-103.

Ohtsuki S, Schaefer O, Kawakami H, et al. Simultaneous
absolute protein quantification of transporters, cytochromes
P450, and UDP-glucuronosyltransferases as a novel approach
for the characterization of individual human liver: comparison
with mRNA levels and activities. Drug Metab Dispos.2012;
40(1):83-92.

Finta C, Zaphiropoulos PG. The human cytochrome P450 3A
locus. Gene evolution by capture of downstream exons. Gene.
2000;260(1-2):13-23.

Agarwal V, Kommaddi RP, Valli K, et al. Drug metabolism in
human brain: high levels of cytochrome P4503A43 in brain
and metabolism of anti-anxiety drug alprazolam to its active
metabolite. PLoS One. 2008;3(6):e2337.

Thompson EE, Kuttab-Boulos H, Yang L, et al. Sequence
diversity and haplotype structure at the human CYP3A cluster.
Pharmacogenomics J. 2006;6(2):105-114.

Matthews BW, Nicholson H, Becktel WJ. Enhanced protein
thermostability from site-directed mutations that decrease the
entropy of unfolding. Proc Natl Acad Sci USA. 1987;84(19):
6663-6667.

Street TO, Bradley CM, Barrick D. An improved experimental
system for determining small folding entropy changes resulting
from proline to alanine substitutions. Protein Sci. 2005;14(9):
2429-2435.

Pavek P, Pospechova K, Svecova L, et al. Intestinal cell-specific
vitamin D receptor (VDR)-mediated transcriptional regulation
of CYP3A4 gene. Biochem Pharmacol. 2010;79(2):277-287.
Stone A, Ratnasinghe LD, Emerson GL, et al. CYP3A43 Pro
(340)Ala polymorphism and prostate cancer risk in African
Americans and Caucasians. Cancer Epidemiol Biomarkers
Prev.2005;14(5):1257-1261.

Zeigler-Johnson C, Friebel T, Walker AH, et al. CYP3A4,
CYP3AS, and CYP3A43 genotypes and haplotypes in the
etiology and severity of prostate cancer. Cancer Res. 2004;
64(22):8461-8467.

Gnagnarella P, Pasquali E, Serrano D, et al. Vitamin D receptor
polymorphism Fokl and cancer risk: a comprehensive meta-
analysis. Carcinogenesis. 2014;35(9):1913-1919.

Mun MJ, Kim TH, Hwang JY, et al. Vitamin D receptor gene
polymorphisms and the risk for female reproductive cancers: a
meta-analysis. Maturitas. 2015;81(2):256-265.

Guo Z, Wen J, Kan Q, et al. Lack of association between
vitamin D receptor gene Fokl and Bsml polymorphisms and
prostate cancer risk: an updated meta-analysis involving
21,756 subjects. Tumour Biol. 2013;34(5):3189-3200.

Zhou LP, Yao F, Luan H, et al. CYP3A4*IB polymorphism
and cancer risk: a HuGE review and meta-analysis. Tumour
Biol. 2013;34(2):649-660.

Cooke NE, Haddad JG. Vitamin D binding protein (Gc-
globulin). Endocr Rev. 1989;10(3):294-307.

Boutin B, Galbraith RM, Arnaud P. Comparative affinity of the
major genetic variants of human group-specific component
(vitamin D-binding protein) for 25-(OH) vitamin D. J Steroid
Biochem. 1989;32(1A):59-63.

Pike JW, Spanos E, Colston KW, et al. Influence of estrogen on
renal vitamin D hydroxylases and serum 1alpha,25-(OH)2D3
in chicks. Am J Physiol. 1978;235(3):E338-E343.

Hedlund L, Brembeck P, Olausson H. Determinants of vitamin
D status in fair-skinned women of childbearing age at northern
latitudes. PLoS One.2013;8(4):e60864.



766 Wilsonetal.

56.

57.

58.

59.

60.

61.

van Grootheest G, Milaneschi Y, Lips PT, et al. Determinants
of plasma 25-hydroxyvitamin D levels in healthy adults in the
Netherlands. Neth J Med. 2014;72(10):533-540.

Shirazi L, Almquist M, Malm J, et al. Determinants of serum
levels of vitamin D: a study of life-style, menopausal status,

dietary intake, serum calcium, and PTH. BMC Womens Health.

2013;13:33.

Millen AE, Wactawski-Wende J, Pettinger M, et al. Predictors
of serum 25-hydroxyvitamin D concentrations among
postmenopausal women: the Women’s Health Initiative
Calcium plus Vitamin D clinical trial. Am J Clin Nutr. 2010;
91(5):1324-1335.

Sowers MR, Wallace RB, Hollis BW, et al. Parameters related
to 25-OH-D levels in a population-based study of women. Am
J Clin Nutr. 1986;43(4):621-628.

Gennari C, Agnusdei D. Calcitonin, estrogens and the bone.

J Steroid Biochem Mol Biol. 1990;37(3):451-455.

McKane WR, Khosla S, Burritt MF, et al. Mechanism of renal
calcium conservation with estrogen replacement therapy in

62.

63.

64.

65.

women in early postmenopause—a clinical research center
study. J Clin Endocrinol Metab. 1995;80(12):3458-3464.
Jones JM, Daniels, K. Current Contraceptive Use in the United
States, 20062010, and Changes in Patterns of Use Since 1995.
National Health Statistics Reports. 2012; 60:1-25. (DHHS
Publication No. (PHS) 2013-1250).

Committee to Review Dietary Reference Intakes for Vitamin
D and Calcium Food and Nutrition Board; Ross AC, Taylor
CL, et al., eds. Dietary Reference Intakes for Calcium and
Vitamin D. Washington, DC: The National Academies Press;
2010.

Gagnon C, Baillargeon JP, Desmarais G, et al. Prevalence and
predictors of vitamin D insufficiency in women of reproductive
age living in northern latitude. Eur J Endocrinol. 2010;163(5):
819-824.

de Koning L, Al-Turkmani MR, Berg AH, et al. Variation in
clinical vitamin D status by DiaSorin Liaison and LC-MS/MS
in the presence of elevated 25-OH vitamin D2. Clin Chim Acta.
2013;415:54-58.

Am J Epidemiol. 2018;187(4):754-766



	Ancestry-Adjusted Vitamin D Metabolite Concentrations in Association With Cytochrome P450 3A Polymorphisms
	METHODS
	Subjects
	Dietary intake
	Biomarker measurement
	Genotyping and genetic ancestry
	Statistical methods

	RESULTS
	DISCUSSION
	CYP2R1
	CYP3A43
	VDR and CYP3A43 interaction
	Vitamin D binding protein (Gc-isoform)
	Oral contraceptives
	Limitations
	Strengths
	Conclusions

	ACKNOWLEDGMENTS
	REFERENCES


