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Abstract

Factors contributing to the variability of serum 25-hydroxyvitamin D [25(OH)D] in response to a

given dose of vitamin D supplementation are largely unknown. We examined whether DNA

methylation levels of Cytochrome P450 (CYP) enzymes (CYP2R1, CYP24A1, CYP27A1, and

CYP27B1) are potential biomarkers predicting vitamin D response variation. We randomized 446

white postmenopausal women to a calcium and vitamin D (1100 IU/day) intervention for at least
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12 months. From these subjects, 18 with the highest 12-month increase in serum 25(OH)D were

selected as “responders.” Another 18 with the lowest 12-month increase in serum 25(OH)D were

selected as “non-responders.” DNA methylation levels between the groups were compared. To

validate findings in the first study, association between DNA methylation levels and vitamin D

response variation was studied in another 145 extended independent white postmenopausal

women. In the first study, compared to non-responders, responders had significantly lower

baseline DNA methylation levels in the promoter region of CYP2R1 (8% in the responders vs

30% in the non-responders, P=0.004), and CYP24A1 (13% in the responders vs 32% in the non-

responders, P=0.001). In the validation study, for CYP2R1, baseline DNA methylation levels at

eight CpG sites were negatively associated with 12-month increases in serum 25(OH)D (P<0.05).

For CYP24A1, baseline DNA methylation levels at two CpG sites were also negatively associated

with vitamin D response variation (r=−0.151, P=0.011; r=−0.131, P=0.025). These negative

associations were consistent with the first study’s results. Our findings indicate that baseline DNA

methylation levels of CYP2R1 and CYP24A1 may predict vitamin D response variation.
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1. Introduction

Vitamin D deficiency is related to many diseases, such as rickets and fractures due to

osteoporosis [1–4]. Serum 25-hydroxyvitamin D [25(OH)D] is the functional indicator of

vitamin D status. Vitamin D supplementation is a simple, safe, and inexpensive approach for

achieving adequate serum 25(OH)D levels. However, high variability of serum 25(OH)D in

response to a given dose of vitamin D supplementation is widely observed [5–8]. The wide

vitamin D dose-response variation is a daunting challenge for vitamin D deficiency

treatment.

Previous studies have indicated that the ratio of serum 24,25-dihydroxyvitamin D to 25-

hydroxyvitamin D [9], polymorphisms in vitamin D binding protein [10], or obesity status

[11] contribute to the response variation. Those factors generally explain 8–16% of the

response variation [9–11], leaving factors contributing to the wide response variation largely

unknown.

There is a significant need to identify factors contributing to the vitamin D response

variation. Rises in serum 25(OH)D occur gradually after beginning supplementation,

reaching a plateau at about three months [12, 13]. This is a long wait to discover whether a

dose is adequate, especially for some vulnerable individuals in whom the deficiency should

be urgently treated (e.g., infants and pregnant women). Further, since there are concerns

about vitamin D toxicity [14], high-dose supplements cannot be recommended for all.

Therefore, it is vital to find biomarkers that can effectively identify individuals with high or

low efficacy of vitamin D usage.

Cytochrome P450 (CYP) enzymes play key roles in vitamin D metabolism. Carried in the

bloodstream to the liver, vitamin D from various sources is converted to circulating
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25(OH)D by CYP2R1 and CYP27A1. Then, in the kidneys and other tissues, CYP27B1

converts 25(OH)D to the active form, 1,25-dihydroxyvitamin D [1,25(OH)2D]. Both

25(OH)D and 1,25(OH)2D can be inactivated after being hydroxylated at C24 by CYP24A1.

DNA methylation is one of the most common epigenetic mechanisms for change in gene

expression. High methylation levels in a promoter region of a CYP gene may cause gene

silencing, and thereby may affect vitamin D response variation. Previous studies indicated

that DNA methylation levels in some CYP family genes were associated with vitamin D

status [15], and methylation levels of the CYP family of genes can be modulated by drugs

[16]. It is unknown whether DNA methylation levels of the CYP family can be used to

predict vitamin D response variation. The primary aim of this study was to test whether the

DNA methylation status of the CYP family of genes (CYP2R1, CYP27A1, CYP24A1, and

CYP27B1) at baseline is associated with the serum 25(OH)D levels in response to vitamin D

supplementation.

2. Methods and Materials

2.1. Subjects

Subjects for the study came from a completed NIH project (R01AG014683, (Calcium and

Vitamin D Malnutrition in Elderly Women Study, CaMEWS). This was a population-based,

four-year calcium and vitamin D intervention clinical trial. The participants were non-

Hispanic white postmenopausal women aged ≥ 55 years who were randomly selected from a

rural area of Nebraska (approximately 41.4 degrees N). To be eligible for the study,

participants needed to be generally healthy with no history of renal calculi or Paget’s

disease. Women with a history of cancer were included only if they had been cancer-free for

10 years or more. The study began in 2000 and was completed in 2005. In total, 1,179 non-

Hispanic white postmenopausal women were enrolled, and 446 of them were assigned to

receive supplemental calcium (1400–1500 mg/day) plus 1100 IU/day of vitamin D (Ca+D

group). Details of the study have been reported previously [17, 18].

For this analysis, we selected subjects from the group randomized to the Ca+D group. We

selected subjects who met the following criteria: 1) Body mass index (BMI), age, serum

25(OH)D, and vitamin D intake levels were available at both baseline and at the 12-month

visit; 2) At least 500 μl frozen serum were stored at −80°C at both the baseline and 12-

month visit; 3) DNA were successfully extracted from sera at both the baseline and 12-

month visits. This analysis was approved by the Creighton University Institutional Review

Board.

With these samples, we conducted two studies, a first study and a validation study. The first

study used extreme samples selected from the 446 samples. After adjusting the 12-month

serum 25(OH)D increments using the baseline 25(OH)D concentration, age, BMI, and total

vitamin D intake, 18 responders and 18 non-responders were selected out of the two extreme

tails in the distribution of the 12-month increase in serum 25(OH)D (Figure 1). Responders

were subjects who had the highest adjusted 12-month increase in serum 25(OH)D, and non-

responders had the lowest adjusted 12-month increase in serum 25(OH)D. In order to

identify factors responsible for the vitamin D response variation in the population with
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modest vitamin D, all responders and non-responders should have baseline serum 25(OH)D

levels of <75 nmol/L, which is considered an optimal vitamin D status in some publications

[19, 20]. The Institute of Medicine recommends a 25(OH)D target of 50 nmol/L [21].

Considering that the average serum 25(OH)D level in our samples was ~71 nmol/L, we used

75 nmol/L as the cutoff line to select responders and non-responders. The characteristics of

the responders and non-responders are presented in Table 1.

The validation study also used serum samples from the N=446 who met our selection

criteria, but excluded the 36 subjects used in the first study. Due to the limitation in the

amount of serum in the samples and minute amounts of DNA available in a serum sample,

we had 145 subjects who had serum DNA at both baseline and 12-month visits for the

CYP2R1 gene data analyses, and 117 subjects for the CYP24A1 gene data analyses. The

characteristics of the subjects for the validated study are presented in Table 1.

2.2. Clinical measurements

Serum 25(OH)D in each participant was measured by radioimmunoassay using the IDS kit

(Fountain Hills, AZ) at baseline and at the 12-month visit in the Osteoporosis Research

Center (ORC) at Creighton University. The ORC laboratory participates in the international

quality assessment process for vitamin D assays (DEQAS) for 25(OH)D. Over the course of

the study, the findings from test samples were always close to the international mean. The

coefficient of variation (CV) for intra-assay was 5.1% and inter-assay was 7.9%.

Other factors that may influence variation in serum 25(OH)D were collected, such as age,

height, weight, BMI, blood collection date, serum 25(OH)D collection date, serum calcium

concentration, daily dietary vitamin D intake, physical activity, cigarette-smoking status,

adherence to the trial vitamin D supplementation, and self-selected vitamin D

supplementation outside of the study. All the related factors were included in the data

analyses.

In the clinical trial, adherence to supplementation was determined by weighing each bottle

of vitamin D tablets before distributing the bottle and again when it was returned by the

participant. Vitamin D treatment compliance rate for the clinical study averaged 85.7% [17].

2.3. DNA extraction from frozen serum

Variable amounts of circulating genomic DNA exists in serum in healthy humans. We

extracted serum genomic DNA according to the protocol of the QIAamp DNA Blood Mini

Kit (Qiagen, Valencia, CA), with some minor revision [22]. In order to achieve high DNA

yield, we began with 400 μl frozen serum, instead of 200 μl, which was suggested by the

manufacturer’s protocol. Reagent amounts were adjusted to meet the need for increased

initial serum volume.

2.4. DNA methylation measurement

2.4.1. Methylation specific PCR (MSP) for the first study—For the first study, we

used MSP to measure DNA methylation. Bisulfite treatment was carried out using 400 ng of

serum DNA with the EZ DNA Methylation-Direct kit (Zymo Research, Orange, CA). This
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process deaminates unmethylated cytosine residues to uracil, leaving methylated cytosine

residues unchanged [23].

In order to increase the amount of DNA for DNA methylation measurement, bisulfite

converted gene specific primers (BS) were designed. PCR reactions were conducted with 5

ng of bisulfite-modified DNA in a total volume of 25 μl for 35 cycles using Roche

Diagnostic Corporation (Indianapolis, IN) FastStart Taq DNA Polymerase (1.0 U), MgCl2
solution (3.5 mM), dNTPs (0.2 mM), sense primer and antisense primer (0.3 μM)

(Supplementary Table S1), with denaturation at 95°C for 30 seconds, annealing at a

temperature reported in Supplementary Table S1 for 45 seconds, and extension at 72°C for 1

minute.

To determine DNA methylation levels in the promoter region of the CYP family of genes,

methylation-specific primers were designed (Supplementary Table S1). MSP for each gene

was carried out as described above using primers representing methylated and unmethylated

CpGs and 2.5 ng of purified (Qiagen, Valencia, CA) BS PCR product as template, fully CpG

methylated DNA as a positive control, and bisulfite-treated Roche Human Genomic DNA

and no-template control DNA as negative controls. After MSP, PCR products underwent

electrophoresis on 0.8% agarose gel and were stained with ethidium bromide and visualized

under a Bio-Rad Laboratories (Hercules, CA) Gel-Doc UV illuminator. All the bands were

read using a Bio-Rad Gel Imager (Hercules, CA). The methylation level was calculated as:

2.4.2. Pyrosequencing for validation study—In order to identify specific CpG sites

contributing to vitamin D response variation, we used pyrosequencing for DNA methylation

measurement in the validation study. First, 400 ng of serum DNA was treated with sodium

bisulfite using the EZ DNA Methylation-Direct kit (Zymo Research, Orange, CA). To

perform PCR reactions, 42 ng of bisulfite-modified DNA was used as a template. The PCR

reactions were performed in a total volume of 50 μl for 40 cycles using Roche Diagnostic

Corporation (Indianapolis, IN) FastStart Taq DNA Polymerase (1.0 U), MgCl2 solution (3.5

mM), dNTPs (0.2 mM), sense primer (0.24 μM), antisense primer (0.18 μM)

(Supplementary Table S2), with denaturation at 95°C for 30 seconds, annealing temperature

for 45 seconds, indicated in Supplementary Table 2, and extension at 72°C for 1 minute.

Roche Diagnostic Corporation (Indianapolis, IN) methylated human genomic DNA was

used as a positive control. Sodium bisulfite-treated Roche human genomic DNA (1 μg)

served as negative control. All PCR products underwent electrophoresis on 0.8% agarose gel

and were stained with ethidium bromide and visualized for appropriate and pure product

before proceeding with all analyses using a Bio-Rad Laboratories (Hercules, CA) Gel-Doc

UV illuminator. Methylation percentage of each CpG was determined using a Qiagen

(Valencia, CA) Pyromark Q24 pyrosequencer; sequencing primers are indicated in

Supplementary Table S2, and were used according to the manufacturer’s manual.
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2.5. Statistical Analyses

Statistical analyses were performed with SPSS version 15.0. Unless otherwise stated, all

tests were two-tailed, and P<0.05 was considered statistically significant.

In the first study, descriptive analyses were performed for the serum 25(OH)D status and

clinical information. We calculated vitamin D response variation using the 12-month

increases in serum 25(OH)D levels, which reduced the confounding effect of the season.

Potential confounding factors (e.g., BMI, season) were first assessed for their importance to

the 12-month increase in serum 25(OH)D using the stepwise linear regression model. Then

the increases in serum 25(OH)D levels were adjusted using significant factors, such as

baseline serum 25(OH)D concentration, age, BMI, and total amount of vitamin D intake.

Repeated measures ANOVA tests were conducted to compare the differences in DNA

methylation levels between responders and non-responders, and between baseline and after a

12-month vitamin D intervention.

In the validation study, paired t-tests were applied to analyze the change in DNA

methylation levels after a 12-month vitamin D intervention. Bonferroni corrections were

performed after the t-tests. Bivariate correlations were used to examine the correlation

between DNA methylation levels and adjusted 12-month increase in serum 25(OH)D. The

adjusted factors included baseline serum 25(OH)D concentration, age, BMI, and total

amount of vitamin D intake. The contribution of CpG sites to vitamin D response variation

was determined using a nonlinear regression model.

3. Results

In order to investigate the association between DNA methylation status and vitamin D

response variation, we conducted two studies, the first a study in extreme samples from

CaMEWS and the second a validation study using independent samples from CaMEWS.

3.1. First study in extreme samples

3.1.1. Basic characteristics of responders and non-responders—The 18

responders and 18 non-responders for the first study were selected according to their vitamin

D response value. Figure 1 depicts the samples used for the studies. They were selected from

the extreme tails of the distribution of the 12-month increase in serum 25(OH)D. The

responder and non-responder groups had no statistically significant differences in age,

height, weight, BMI, and baseline serum 25(OH)D concentration (Table 1). After 12 months

of vitamin D supplementation, as expected, responders had significantly higher serum

25(OH)D levels compared to non-responders.

3.1.2. Comparing DNA methylation levels between responders and non-
responders at baseline—In order to identify genes predicting vitamin D response

variation, we used MSP to measure the general DNA methylation levels of the promoter

regions of CYP27A1, CYP2R1, CYP27B1, and CYP24A1. Figure 2 presents the MSP

results of the 18 responders and 18 non-responders at baseline and after a 12-month vitamin

D supplementation.
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At baseline, for the CYP2R1 gene, which converts vitamin D to 25(OH)D, non-responders

had significantly higher DNA methylation levels in the promoter region compared to that in

the responders [30±27% (mean±SD) in the non-responders vs 8±13% (mean±SD) in

responders, P=0.004] (Figure 2A). Similarly, the baseline DNA methylation level of the

CYP24A1 gene was significantly higher in non-responders compared to responders

[32±12% (mean±SD) in non-responders, vs. 13±13% (mean±SD) in responders, P=0.001]

(Figure 2B). For CYP27A1 and CY27B1, we did not identify significant differences in DNA

methylation levels between responders and non-responders at baseline (Figure 2C and 2D).

3.1.3. The effect of vitamin D supplementation on DNA methylation levels in
responders and non-responders—To determine whether vitamin D would affect DNA

methylation levels in vivo in humans, we compared MSP results for the four genes

(CYP27A1, CYP2R1, CYP27B1, and CYP24A1) at baseline and after a 12-month vitamin

D supplementation. For CYP2R1, CYP27A1, and CYP27B1, no statistically significant

difference was identified between DNA methylation levels at the two time points (Figure

2A, 2C, 2D). For the CYP24A1 gene, we found a significant reduction in the DNA

methylation levels in both responders [13±13% (mean±SD) at baseline, and 1±3% (mean

±SD) at 12-months, P=0.001] and non-responders [32±12% (mean±SD) at baseline, and

8±14% (mean±SD) at 12-months, P=0.003] (Figure 2B). Among the four tested genes

(CYP2R1, CYP24A1, CYP27A1, and CYP27B1), the time by treatment was significant

(P=0.028) only for CYP24A1.

3.2. Validation study in extended independent samples

In the first study, non-responders had higher DNA methylation levels of the CYP2R1 and

CYP24A1 genes at baseline. Based on the first results, we hypothesized that DNA

methylation levels of the CYP2R1 and CYP24A1 genes at baseline are negatively associated

with a 12-month increase in serum 25(OH)D levels. In order to test the hypothesis, we

conducted a validation study in extended independent samples from CaMEWs.

3.2.1. Basic characteristics of the samples—The characteristics of the subjects for

the validation study are presented in Table 1. The average baseline serum 25(OH)D for the

participants was about 71 nmol/L. Baseline serum 25(OH)D levels were not associated with

methylation levels of CYP2R1 and CYP24A1 (data not shown). After a 12-month 1,100

IU/day vitamin D supplementation, the subjects raised their serum 25(OH)D from ~71

nmol/L to ~92 nmol/L.

For the CYP2R1 gene, 14 CpG sites of the CYP2R1 gene were scanned. Among them, five

CpG sites were shared in both the pyrosequencing analysis in the validation study and the

MSP analysis in the first study (Figure 3A). Sixteen CpG sites were scanned in the

CYP24A1 gene, and four of them were shared in both the validation study and first study

(Figure 3C).

3.2.2. Association between baseline DNA methylation levels and vitamin D
response variation—For CYP2R1, baseline DNA methylation levels at eight CpG sites

(−4C, +28C, +30C, +33C, +40C, +43C, +69C, +80C) were negatively associated with the
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12-month increase in serum 25(OH)D (P<0.05 for each site, Table 2). Baseline DNA

methylation levels at +30C and +40C were still negatively associated with the 12-month

increase in serum 25(OH)D, even after the conservative Bonferroni correction. The average

of the 14 CpG sites of CYP2R1 was also negatively associated with the 12-month increase

in serum 25(OH)D (R=−0.182, P=0.028).

For CYP24A1, baseline DNA methylation levels at −342C and −293C were also negatively

associated with vitamin D response variation (r=−0.151, P=0.011; r =−0.131, P=0.025,

respectively) (Table 2).

These negative associations were consistent with our hypothesis. In total, the detected 10

CpG sites of the two genes explained 6.4% of the variation in the 12-month increase of

serum 25(OH)D.

3.2.3. The effect of vitamin D supplementation on DNA methylation in the
validation study—For the CYP2R1 gene, DNA methylation levels of each tested CpG

site were significantly lower at the 12-month visit compared to the baseline visit (P=0.001

for each site, Figure 3B). That is, vitamin D supplementation significantly decreased DNA

methylation levels in the CYP2R1 gene in all the 14 CpG sites [average DNA methylation

level: 15±3% (mean±SD) at baseline vs. 11±3% (mean±SD) at 12-month visit, P=0.001]

(Figure 3B). For the CYP24A1 gene, CpG sites reacted differently to the vitamin D

intervention. Among the 16 tested CpG sites, the DNA methylation levels significantly

decreased in two CpG sites, and significantly increased in another eight sites; six were

unchanged (Figure 3D).

4. Discussion

To the best of our knowledge, this is the first study to test whether the DNA methylation

status of the CYP family of genes (CYP2R1, CYP27A1, CYP24A1, and CYP27B1) is

associated with vitamin D response variation, and whether vitamin D supplementation will

affect DNA methylation of the CYP family of genes in vivo. Our study indicates that the

baseline DNA methylation levels of CYP2R1 and CYP24A1 genes are associated with

serum 25(OH)D levels in response to vitamin D supplementation.

In our first study, we found that the baseline DNA methylation levels of the CYP2R1 gene

significantly differed between responders and non-responders. The results were further

verified in the validation study. However, for another 25-hydroxlase, CYP27A1, we did not

find this difference. This finding is consistent with the recent finding that CYP2R1 is a

major vitamin D 25-hydroxylase [24]. CYP2R1 showed higher affinity and specificity for

vitamin D than CYP27A1 [24, 25]. A genetic mutation of CYP2R1 will cause vitamin D

deficiency [26], while no genetic mutation was associated with vitamin D deficiency for the

CYP27A1 gene. Recent large-scale genome-wide association studies have also emphasized

the important CYP2R1 association with baseline 25(OH)D levels [27, 28], but the

association with CYP27A1 was not found.

In our first study, non-responders had higher baseline DNA methylation levels in the

CYP2R1 gene compared to responders. High DNA methylation levels in the promoter
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region of the gene may lead to lower levels of serum 25(OH)D. On the other hand, low

DNA methylation levels in responders allow normal expression of the CYP2R1 gene and

conversion of vitamin D to serum 25(OH)D. Consistent with the CYP2R1 gene, DNA

methylation levels of the CYP24A1 gene were significantly higher in non-responders than in

responders at the baseline (Figure 2B). However, due to the significant reduction of

CYP24A1 gene in response to vitamin D supplementation in both groups, there is no

difference in the gene’s DNA methylation levels between responders and non-responders

after the 12-month vitamin D intervention.

The different patterns of the DNA methylation levels of the CYP2R1 gene and CYP24A1

gene may explain the diverse vitamin D response between responders and non-responders.

CYP2R1 and CYP24A1 are key enzymes responsible for the synthesis and breakdown of

serum 25(OH)D, respectively. The distinct function of the two enzymes allows us to propose

a hypothesis (Figure 4) of how the DNA methylations of the two genes may influence

vitamin D response variation between responders and non-responders. As shown in Figure

4, we assumed there were two phases of serum 25(OH)D levels: intermediate phase and

final phase. The “intermediate” phase serum 25(OH)D was synthesized by CYP2R1, and the

“final” phase serum 25(OH)D was the level after degradation by CYP24A1. At baseline,

compared to non-responders, relatively low methylation levels of CYP2R1 and CYP24A1

led to high “intermediate” and similar “final” serum 25(OH)D levels in the responders

(Figure 4A and Figure 2A, 2B). That explains why we didn’t find a significant difference in

the baseline serum 25(OH)D levels between responders and non-responders (Figure 4A).

During the 12-month vitamin D intervention, the amount of vitamin D intake was

dramatically increased for both responders and non-responders. Since DNA methylation

level of CYP2R1 was relatively lower in responders (Figure 2A), responders were expected

to have higher “intermediate” 25(OH)D levels than non-responders (Figure 4B). Meanwhile,

the DNA methylation levels of CYP24A1 were reduced significantly in both responders and

non-responders after vitamin D supplementation (Figure 2B). Higher “intermediate”

25(OH)D and similar degradation rate of 25(OH)D caused greater increase in “final”

25(OH)D level in responders than that in the non-responder (Figure 4B). All of this may

explain why responders have higher serum 25(OH)D levels at the 12-month visit than non-

responders (Figure 4B).

In our validation study, we also found the inverse correlation between vitamin D response

and baseline methylation levels of CYP2R1 and CYP24A1. The results confirmed our

hypothesis deduced from the first study. The contribution of the methylation levels of the

two genes to the vitamin D response variation are moderate (R2=6.4%), similar to other

known factors, such as genotype of vitamin D binding protein (R2=8.5%) [10], and body fat

mass (R2=8.4%) [11]. Our results indicate that vitamin D supplementation may change the

DNA methylation levels in the promoter regions of some of the CYP family of genes in

vivo, although the specific results are different between our first study and the validation

study. In the first study, DNA methylation levels of the CYP2R1 gene were not different

between the baseline and 12-month visit in either responders or non-responders (Figure 2A),

while the methylation level of CYP24A1 decreased significantly (Figure 2B). However, in

the validation study, we found that DNA methylation for all CpG sites of the CYP2R1 gene

Zhou et al. Page 9

J Steroid Biochem Mol Biol. Author manuscript; available in PMC 2015 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



were significantly lower after vitamin D intervention (Figure 3B), while the CpG sites of

CYP24A1 showed various responses. Several factors may contribute to the inconsistent

results: 1) Sample difference. The first study focused on extreme and small samples, but the

validation study focused on a general population. 2) Approach difference. The MSP

approach in the first study offers general DNA methylations for all examined CpG sites (five

CpG sites for CYP2R1 and six sites for CYP24A1). The pyrosequencing approach provides

specific methylation level for each CpG site (14 CpG sites for CYP2R1 and 16 CpG sites for

CYP24A1).

This study had several limitations. First, the nature of the parent study, CaMEWS, limits the

sample sizes and available tissue for this study. For example, we didn’t archive patients’

tissue other than their serum. Second, using genomic DNA from archived serum has

advantage and disadvantages. On one hand, serum is easy to obtain from a human subject.

Our experience with >200 samples in another study [29] indicated that serum DNA exists

and can be isolated from fresh serum/plasma. On the other hand, the source of serum DNA

makes the explanation of our results complicated. DNA methylation is tissue-specific. In

healthy subjects, serum DNA derives from apoptosis of lymphocytes [30]. Therefore, the

DNA methylation detected in the study is an integrated reflection of the DNA methylation

levels in these cells. Third, we didn’t measure the serum 24,25(OH)2D levels, and no serum

samples were collected between baseline and the 12-month visit. The lack these data may

make using our results difficult when explaining the relationship between methylation

patterns and enzymatic activity. Fourth, we only investigated the association between

vitamin D dose responses with methylation levels of the key enzymes in vitamin D

metabolism. Vitamin D dose may affect methylation levels of other genes which also

contribute to the response status of vitamin D level.

In summary, our findings suggest that DNA methylation levels of CYP2R1 and CYP24A1

at baseline may be potential biomarkers in predicting vitamin D response variation. That is,

subjects with high DNA methylation levels in the two genes may need high vitamin D

supplementation to reach optimal serum 25(OH)D levels. Meanwhile, our study indicated

that vitamin D supplementation may change the DNA methylation levels of the CYP family

of genes in vivo. Studies with large sample sizes are needed to verify the results from the

study. In addition, this study was limited to non-Hispanic white postmenopausal women.

Studies in males and other ethnicities are needed to test the population generality of our

results.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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1,25(OH)2D 1,25-dihydroxyvitamin D

25(OH)D 25-hydroxyvitamin D

BMI Body mass index

BS Bisulfite converted gene specific primers

CaMEWS Calcium and Vitamin D Malnutrition in Elderly Women Study

CV Coefficient of variation

CYP Cytochrome P450

MSP Methylation-specific PCR

ORC Osteoporosis Research Center
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Highlights

• We examined the methylation levels of CYPs family in patients who had

vitamin D supplementation.

• Baseline methylation level of CYP2R1 is negatively associated with vitamin D

response variation.

• Baseline methylation level of CYP24A1 is negatively associated with vitamin D

response variation.

• Baseline DNA methylation levels of CYP2R1 and CYP24A1 may predict

vitamin D response variation.
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Figure 1. Subject frequency distribution of the adjusted 12-month increase of serum 25(OH)D
after 1,100 IU/day vitamin D supplementation
Eighteen responders and 18 non-responders were selected out of the extreme tails.

Responders were defined as subjects who had the highest adjusted 12-month increase in

serum 25(OH)D levels after vitamin D supplementation. Non-responders were subjects who

had the lowest increase in adjusted serum 25(OH)D after vitamin D supplementation.

Subjects in the validation study came from the remainder of the 446 subjects in the Calcium

and Vitamin D Malnutrition in Elderly Women Study (CaMEWS).
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Figure 2. Methylation levels in responders and non-responders at baseline and after a 12-month
vitamin D supplementation
For the CYP2R1 gene, non-responders had significantly higher DNA methylation levels in

the promoter region, compared to that in the responders at baseline and 12-month visit (A).

DNA methylation level of the CYP24A1 gene was significantly higher in the non-

responders compared to responders at baseline, but not at 12-month visit (B). DNA

methylation level of the CYP24A1 gene was significantly reduced in both responders and

non-responders at 12-month visit (B). For CYP27A1 and CY27B1, no significant

differences were identified in DNA methylation levels between responders and non-

responders at baseline or 12-month visit (C and D). “R” denotes responders (n=18) and “N”

denotes non-responders (n=18). Data are expressed as means ± SE.
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Figure 3. Methylation levels of CYP2R1 and CYP24A1 at baseline and after a 12-month vitamin
D supplementation
For the CYP2R1 gene, DNA methylation levels of each tested CpG site were significantly

lower at the 12-month visit compared to the baseline visit (A and B). For the CYP24A1

gene, CpG sites reacted differently to the vitamin D intervention. Among the 16 tested CpG

sites, the DNA methylation levels significantly decreased in two CpG sites, and significantly

increased in another eight sites; six were unchanged (C and D). Data are expressed as means

± SD.
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Figure 4. The hypothesized mechanism for DNA methylation levels influence on vitamin D
response variation in the first study
The “Intermediate” phase denotes the 25(OH)D levels converted by CYP2R1. The “Final”

phase indicates the 25(OH)D levels after degradation by CYP24A1. The number of arrows

indicates the levels of DNA methylation, enzyme expression or 25(OH)D concentration.

“M” denotes methylation level and “E” denotes expression level.
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Table 2

Negative correlations between baseline DNA methylation levels of CpG sites in the CYP2R1 and CYP24A1

genes and adjusted vitamin D response variation

Significant CpG sites r value P value1

CYP2R1 (14 CpG sites examined in 145 subjects)

−4C −0.133 0.025

+28C −0.134 0.022

+30C −0.188 0.002

+33C −0.122 0.046

+40C −0.174 0.003

+43C −0.147 0.014

+69C −0.128 0.033

+80C −0.140 0.015

CYP24A1 (16 CpG sites examined in 117 subjects)

−342C −0.105 0.011

−293C −0.131 0.025

Note:

1
P values were generated before Bonferroni corrected, by bivariate correlations. After Bonferroni correction, +30C and +40C sites of CYP2R1

remain significant.
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