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Abstract

IMPORTANCE—Despite epidemiological and preclinical evidence suggesting that vitamin D and
calcium inhibit colorectal carcinogenesis, daily supplementation with these nutrients for 3to 5
years was not found to significantly reduce the risk of recurrent colorectal adenomas in a recent
randomized clinical trial.
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OBJECTIVE—To investigate whether common variants in 7 vitamin D and calcium pathway
genes (VDR, GC, DHCR7, CYP2R1, CYP27B1, CYP24A1, and CASR) modify the effects of
vitamin D3 or calcium supplementation on colorectal adenoma recurrence.

DESIGN, SETTING, AND PARTICIPANTS—We examined 41 candidate single-nucleotide
polymorphisms (SNPs) in 2259 participants in a randomized, double-blind, placebo-controlled
trial conducted at 11 clinical centers in the United States. Eligibility criteria included a recently
diagnosed adenoma and no remaining colorectal polyps after complete colonoscopy. The study’s
treatment phase ended on August 31, 2013, and the analysis for the present study took place from
July 28, 2014, to October 19, 2016.

INTERVENTIONS—Daily oral supplementation with vitamin D3 (1000 IU) or calcium carbonate
(1200 mg elemental calcium) or both or neither.

MAIN OUTCOMES AND MEASURES—The outcomes assessed were the occurrence of 1 or
more adenomas or advanced adenomas (estimated diameter, = 1 cm; or with villous histologic
findings, high-grade dysplasia, or cancer) during follow-up. Treatment effects and genotype
associations and interactions were estimated as adjusted risk ratios (RRs) and 95% confidence
intervals (Cls). The effective number of independent SNPs was calculated to correct for multiple
testing.

RESULTS—Among the 2259 participants randomized, 1702 were non-Hispanic whites who
completed the trial and had genotype data for analysis (1101 men; mean [SD] age 58.1 [6.8]
years). The effect of vitamin D3 supplementation on advanced adenomas, but not on adenoma risk
overall, significantly varied according to genotype at 2 VIDR SNPs (rs7968585 and rs731236) in
linkage disequilibrium (D" = 0.98; /2= 0.6). For rs7968585, among individuals with the AA
genotype (26%), vitamin D3 supplementation reduced risk by 64% (RR, 0.36; 95% CI, 0.19-0.69;
P=.002; absolute risk decreased from 14.4% to 5.1%). Among individuals with 1 or 2 G alleles
(74%), vitamin D3 supplementation increased risk by 41% (RR, 1.41; 95%Cl, 0.99-2.00; P = .05;
absolute risk increased from 7.7% to 11.1%; £ < .001 for interaction). There were no significant
interactions of genotypes with calcium supplementation.

CONCLUSIONS AND RELEVANCE—Our findings suggest that benefits from vitamin D3
supplementation for the prevention of advanced colorectal adenomas may vary according to
vitamin D receptor genotype.

TRIAL REGISTRATION—clinicaltrials.gov Identifier: NCT00153816

Although vitamin D and calcium are recognized for their importance to bone health, more
recently attention has focused on the possibility that they may prevent cancer, especially
colorectal cancer.1=3 Vitamin D is derived from limited dietary sources or cutaneous
synthesis on exposure to sunlight.# It is metabolized in a highly regulated multistep process
to 1,25-dihydroxyvitamin D, a key hormone regulating calcium homeostasis.* The hormone
1,25-dihydroxyvitamin D regulates gene expression after binding to the vitamin D receptor
(VDR), a classic nuclear hormone receptor widely expressed in tissues throughout the
body.>8 Antineoplastic actions of vitamin D and calcium are suggested by preclinical
research, and plausible mechanisms include induction of cell differentiation and apoptosis
and inhibition of cell growth and proliferation.2."8 However, the evidence from
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observational studies in humans is susceptible to bias and confounding and provides limited
evidence for causality.9-11

To address this gap, we recently conducted a randomized, double-blinded, placebo-
controlled trial of colorectal adenoma chemoprevention by daily supplementation with
vitamin D3 (1000 IU) and/or calcium carbonate (1200 mg elemental calcium) for 3to 5
years among participants aged 45 to 75 years, after removal of all baseline colorectal
adenomas (the Vitamin D/Calcium Polyp Prevention Study).12 Unexpectedly,
supplementation did not reduce the risk of recurrent colorectal adenomas,'2 and there was
no evidence that specific subgroups of individuals experienced protective effects, with the
exception of suggestive evidence that calcium supplementation might reduce risk in
individuals with a lower body mass index.12

Another possibility is that these supplements may be effective in certain subgroups of
individuals defined by their genetic makeup. Notably, single-nucleotide polymorphisms
(SNPs) in vitamin D pathway genes are associated with circulating 25-hydroxyvitamin D, or
25(0OH)D, levels.13-16 |n prior work, we investigated whether 41 candidate SNPs in vitamin
D and calcium pathway genes modified the efficacy of vitamin D3 supplementation to
increase circulating 25(OH)D levels.1” We found significant interactions between vitamin
D3 supplementation and SNPs in VDR, CYP2R1, and CYP24A1 on the magnitude of the
25(0OH)D increase.l” In the present study, we investigated whether these same 41 SNPs
modify the effects of vitamin D3 or calcium supplementation on risk of recurrent colorectal
adenomas.

Study Design and Population

We analyzed associations between SNP genotypes and colorectal outcomes among
participants in the Vitamin D/Calcium Polyp Prevention Study,1? a randomized, double-
blinded, placebo-controlled trial of vitamin D3 or calcium supplementation conducted at 11
academic medical centers and associated practices in the United States. Institutional review
boards at each site approved the protocol (Supplement 1), and participants provided written
informed consent. Eligible participants were aged 45 to 75 years with at least 1 large bowel
adenoma removed within 120 days before enrollment and no known polyps remaining after
complete colonoscopy. Exclusion criteria included familial colorectal cancer syndromes,
serious intestinal disease, contraindications to study treatment, serum calcium outside the
normal range, creatinine greater than 20% above the upper limit of normal, and 25 (OH)D
levels below 12 ng/mL or above 90 ng/mL. The planned intervention duration was either 3
or 5 years, according to the colonoscopic follow-up recommended by the participants’
physicians. Sample size was determined by the hypothesized treatment effect on adenoma
recurrence.

Study staff enrolled trial participants between July 2004 and July 2008. At enrollment, they
provided information on medical history, medication and supplement use, and demographic
and lifestyle factors. They agreed to avoid personal vitamin D or calcium supplement use
during the trial. Race and ethnicity were assessed by participant self-report using National
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Institutes of Health reporting standards. After enrollment, participants entered a blinded
placebo run-in period to exclude those unlikely to follow study procedures. Thereafter,
participants were randomized in a partial 2 x 2 factorial design with equal probability to take
2 identical-appearing tablets daily containing 1000 IU of vitamin D3, 1200mg of calcium as
carbonate, both, or placebo (full factorial randomization). Women could elect to be given
calcium and randomized with equal probability to calcium alone or calcium plus vitamin D3
(2-group randomization). The coordinating center implemented web-based randomization in
permuted blocks using computer-generated random numbers stratified by clinical center,
sex, follow-up colonoscopy interval (3 or 5 years), and full factorial or 2-group
randomization. Participants and all clinical, coordination, and laboratory staff were blinded
to treatment assignments.

After randomization, participants were interviewed every 6 months by telephone regarding
adherence to study treatment, medication and supplement use, dietary calcium and vitamin
D intake, illnesses, and colorectal procedures. Serum levels of 25(OH)D were measured at
baseline and year 1 using a radio immunoassay kit from Immunodiagnostic Systems. The
study’s treatment phase ended on August 31, 2013.

Outcome Assessment

Study end points included all adenomas diagnosed at any colorectal endoscopy or surgical
procedure 1 year or more after randomization and 6 months or less after the anticipated 3- or
5-year follow-up colonoscopy. Pathology slides were obtained for all excised colorectal
lesions and reviewed by a single, blinded, study pathologist. Advanced adenomas were
defined as those with more than 25% villous features, high-grade dysplasia or cancer, or an
estimated diameter of 1 cm or larger.

SNP Selection and Genotyping

As previously reported,1” we genotyped 41 candidate SNPs in or near 7 vitamin D or
calcium pathway genes (GC, DHCR7, CYP2R1, CYP27B1, CYP24A1, VDR, and CASR)
previously associated with 25(OH)D levels or other health outcomes (eFigure 1 and eTable 1
in Supplement 2). Briefly, genomic DNA was genotyped using KASP technology (LGC
Limited), iPLEX Gold (Sequenom) or predesigned TagMan assays (Thermo-Ficher
Scientific). Samples that could not be called on more than 4 of 41 SNPs were dropped; the
sample success rate was 96.1%, and SNP call rates ranged from 96.7% to 99.8%.
Concordance rates among blinded replicates were 100%. All SNPs were in Hardy-Weinberg
Equilibrium in non-Hispanic whites (P> .05; eTable 1 in Supplement 2).

Statistical Analysis

Only self-reported non-Hispanic whites were included in analyses to avoid spurious
associations from population stratification. The primary outcome assessed was the
occurrence of 1 or more adenomas, and the secondary outcome was the occurrence of 1 or
more advanced adenomas. Multivariable generalized linear models for binary data were used
to estimate risk ratios (RRs) and 95% confidence intervals (Cls) for treatment effects,
genotype associations, and interactions. Genotypes were modeled additively providing
perallele RRs except as indicated in post hoc analyses. Covariates included age and sex.
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Models including additional covariates did not appreciably change the effect estimates, so
the most parsimonious models were used. To evaluate whether genotype modified vitamin
D3 or calcium treatment effects, we used multiplicative interaction terms in the regression
models and Wald tests. In addition, case-only interaction analysis was used, which may
improve statistical power!8.19 (see eMethods in Supplement 2). Likelihood ratio tests were
used to evaluate treatment effect interactions. To evaluate associations with serum 25(OH)D
levels, a dichotomous variable was used with “low” 25(OH)D defined as the lowest season-
specific quintile, as previously described?? (see eMethods in Supplement 2).

Based on early evidence for the potential functional significance of genetic variation in the
3’ region of the VDR gene (eg, associations with bone mineral density, circulating
osteocalcin levels, and intestinal calcium absorption?1-23) and associations with risk of
colorectal neoplasia,?4:25 subgroup analyses of vitamin D3 treatment effects among
participants defined by SNPs rs731236, rs7975232, and rs1544410, all in linkage
disequilibrium, were prespecified. Subgroup analyses of other SNPs were performed post
hoc. To account for multiple testing, we calculated the effective number of independent tests
(n = 28) taking into account linkage disequilibrium among the 41 SNPs analyzed, which
gave a threshold for statistical significance of < .002 (0.05/ 28.00) for interaction?8 for an
overall £< .05 for each outcome by treatment group analysis.

Except as indicated, in analyses that included randomized treatments, participants were
retained in their assigned treatment group regardless of adherence to study treatment and
procedures. Analyses of calcium treatment included only full factorial participants. To assess
the impact of optimal adherence, sensitivity analyses included only participants who took at
least 80% of their study pills and also reported taking nonstudy supplements (containing
>400 mg of calcium or >400 U of vitamin D) on no more than 1 biannual questionnaire. All
statistical tests were 2 sided; P < .05 was considered significant except as indicated.
Analyses were conducted using SAS (version 9.3; SAS Institute Inc) or Stata software
(version 14; StataCorp LP).

Of 2259 randomized participants, 2088 (92.4%) had outcome data from a colonoscopy 1
year or longer after randomization and were eligible for evaluation of study end points
(Figure). Another 386 participants were excluded owing to either missing genotype data (n =
39) or self-identification as nonwhite race or Hispanic ethnicity (n = 347), leaving 1702
participants for genetic analyses. The population analyzed was 65% male and, on average,
58 years old (Table 1). Nearly 57% of participants had only 1 adenoma smaller than 1 cm at
their qualifying colonoscopy, while almost 19% had at least 1 advanced adenoma. Baseline
characteristics were similar between treatment groups (Table 1).

As previously reported for the study population as a whole,12 the interventions had no effect
on adenoma risk over 3 to 5 years in this subset of participants (eTable 2 in Supplement 2).
The proportions of participants with 1 or more adenomas or 1 or more advanced adenomas
were similar between the treatment comparison groups. For any adenoma, the RR (95% CI)
for vitamin D3 supplementation was 0.98 (0.87-1.09), and for calcium supplementation,
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0.96 (0.85-1.09). For advanced adenomas, the RRs (95% Cls) were 1.00 (0.75-1.34) and
1.10 (0.80-1.51), respectively. There was no evidence for an interaction between vitamin D
and calcium treatments. The length of follow-up (median, 45.2 months) was similar between
the treatment comparison groups, as was participant adherence to pill taking and avoidance
of nonstudy supplement use (eTable 2 in Supplement 2). The 7.1-ng/mL net increase in
serum 25(0OH)D level at 1 year among participants randomized to vitamin D3 (eTable 2 in
Supplement 2) was similar to that reported for the study population as a whole.12

We investigated whether the effects of the study interventions on adenoma risk varied
according to SNP genotypes in vitamin D and calcium pathway genes. Results for SNPs
with any significant interaction before adjusting for multiple testing are listed in Table 2
(complete results in eTables 3 and 4 in Supplement 2). There were no significant interactions
of genotypes with calcium supplementation, or with vitamin D3 supplementation for an
outcome of any adenoma. However, the effect of vitamin D3 supplementation on risk of
advanced adenomas significantly varied according to genotype at 2 VDR SNPs (rs7968585
and rs731236). Stratified results for these 2 3" SNPs, which are in high linkage
disequilibrium (D’ =0.98 and /2 = 0.6; eFigure 2 in Supplement 2), are detailed in Table 3.
Among individuals with the AA genotype at rs7968585 (25.8%; n = 436), vitamin D3
supplementation reduced risk of advanced adenomas by 64% (RR, 0.36; 95% CI, 0.19-0.69;
P=.002), with an absolute risk reduction of 9.3%. In contrast, among individuals with 1 or
2 Galleles (74.1%; n = 1251), vitamin D supplementation increased risk by 41% (RR, 1.41;
95% ClI, 0.99-2.00; A= .05), with an absolute risk increase of 3.4%. The interaction of
vitamin D3 supplementation with rs7968585 genotype modeled dominantly was significant
(IRR, 3.88; P<.001 for interaction). Likewise, there was a significant interaction between
vitamin D3 supplementation and rs731236 genotype (Tables 2 and 3) (P=.001 for
interaction), as well as nonsignificant interactions with rs795232 and rs1544410 (Table 2) (P
=.002 for interaction), which are also in high linkage disequilibrium (eFigure 2 in
Supplement 2). Case-only analyses yielded essentially identical findings (eTables 5 and 6 in
Supplement 2): significant interactions for rs7968585, rs731236, and rs1544410, and a
nonsignificant interaction for rs795232. Moreover, among the subset of optimally adherent
participants (n = 1343), the estimated magnitudes of the interactions with vitamin D3
supplementation were greater for all 4 of these VDR SNPs (eTable 7 in Supplement 2).

Finally, in an analysis analogous to that performed by Levin et al,29 we found that
rs7968585 genotype also significantly modified the association of low serum 25(OH)D level
with risk of advanced adenoma among participants not assigned to vitamin D3
supplementation (Table 4). Being in the lowest season-specific quintile of serum 25(OH)D
level was associated with 69% lower risk (RR, 0.31; 95% CI, 0.08-1.19) among individuals
with the AA genotype, but with 82% higher risk (RR, 1.82; 95% CI, 0.99-3.34) among
those with 1 or 2 G alleles (P= .02 for interaction).

Discussion

Among participants in a randomized placebo-controlled trial, the effect of 1000 1U/d of
vitamin D3 supplementation on the 3- to 5-year risk of advanced colorectal adenomas
significantly varied according to genotype at 2 SNPs in high linkage disequilibrium located
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at the 3" end of the VDR gene, rs7968585 and rs731236 ( 7ag/). For example, among
individuals with the rs7968585 AA genotype, there was a 64% reduction in risk of new
advanced adenomas due to vitamin D3 supplementation, but among those with 1 or 2
Galleles, there was a 41% increased risk. Two other 3° VDR SNPs, rs7975232 (Apal) and
rs1544410(Bsml) in high linkage disequilibrium with rs7968585 and rs731236, also showed
interactions, although they were not statistically significant after correcting for multiple
testing. Sensitivity analyses restricted to optimally adherent participants supported these
findings, since the interaction effect sizes for these SNPs increased in this group.

Our group previously reported that there was no association between adenoma risk and
changes in 25(0OH)D levels with supplementation.1? In addition, we found no concordance
between SNPs that modified the effect of vitamin D3 supplementation on 25(OH)D levels in
our prior analysis!” and those that modified the effect on adenoma outcomes in the present
work. In fact, the rs7968585 variant was associated with a greater increase in 25(OH)D
levels in our priorworkl” but with a higher risk of advanced adenomas in the present
analysis. Thus, our results suggest that the effect of vitamin D supplementation on risk of
advanced colorectal adenomas depends on VDR genotype rather than the magnitude of the
change in circulating 25(OH)D levels.

The 3" VDR SNPs studied here (rs731236, rs7975232 and rs1544410) have previously been
associated with many nonskeletal health outcomes, including infectious and autoimmune
diseases and cancer.2” In recent meta-analyses, rs1544410 (Bsm/) was associated with lower
risk of colorectal cancer?8:29 but not of adenomas.3% We also found no significant
interactions related to risk of 1 or more adenomas of any type, suggesting that the effects of
vitamin D3 supplementation detected here might occur later in the carcinogenesis pathway
than small tubular adenomas. In addition, the correlated SNP rs7968585 (which showed
significant interactions in the present work) was previously reported to modify the
association of circulating 25(OH)D levels with a composite outcome that included hip
fracture, myocardial infarction, cancer, and all cause mortality.2° In that study, low serum
25(0H)D level was associated with higher risk of deleterious outcomes among individuals
with the Gallele.2? Ostensibly, this seems opposite to our finding that vitamin D3
supplementation appeared to increase risk of advanced adenomas in individuals with the G
allele, but it may reflect the effects of supplementation across the full range of basal
circulating 25(OH)D levels in our study. In fact, we were able to replicate their finding in
individuals who were not assigned to vitamin D3 supplementation, since low serum
25(0H)D level was associated with higher risk of advanced adenomas only among
individuals with the G allele.

Our results point to the importance of polymorphisms in the VDR gene but do not identify
the mechanism involved. The 3" VDR SNPs that modified the effect of vitamin D3
supplementation on risk for advanced adenomas may be markers for a single causal variant,
since they are in high linkage disequilibrium. None of these polymorphisms modify the
amino acid sequence of the VDR protein,3 but SNPs in the 3" regulatory region of the gene
may affect mMRNA or protein levels or isoforms expressed, potentially altering interactions
with complexes of coactivators or corepressors to modify VDR regulation of gene
expression. Notably, the online tool F-SNP (see http://compbio.cs.queensu.ca/F-SNP)
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predicts that rs731236 regulates RNA splicing (no information is currently available for
rs7968585)32:33 and at least 10 alternatively spliced VDR transcripts have been
experimentally verified.34 In addition, rs731236 is located in a CpG site and modifies
methylation at that CpG site as well as regionally,3> which is thought to regulate VDR
mRNA levels via transcription of an INcRNA.34 Thus, there are biologically plausible
mechanisms for functional effects of genetic variants at this locus that could potentially
explain SNP-specific opposing effects of vitamin D3 supplementation via differential effects
on the activation or repression of target genes. Future research could test for functional
effects on VDR expression or response genes in cultured cells using CRISPR (clustered,
regularly interspaced, short palindromic repeats) gene editing technology to introduce
specific VDR variants.36 The extraordinary complexity of VDR gene regulation,34 and, in
turn, the vast number of nonoverlapping VDR binding sites identified in genomewide
analyses (>20000)37:38 highlight the potential for broad impact of VDR genetic
polymorphisms on numerous processes related to carcinogenesis. Moreover, the large
variation in biological response to vitamin D3 supplementation observed in isolated human
peripheral blood monocytes also supports the plausibility of our findings.39:40

Strengths of our study include the randomized design with good adherence to study
treatment and avoidance of outside supplementation, a high follow-up rate, central pathology
review, and the large sample size. Also, our adjustment for multiple testing was conservative
for the 3" VDRSNPs, which were prespecified analyses.

The trial tested only 1 dose of vitamin D3 and for a limited time; the candidate SNP
approach was not comprehensive; and power to detect interactions was limited for advanced
adenoma outcomes for rare variants. Also, this analysis was restricted to non-Hispanic
whites and individuals with a prior adenoma history and 25(OH)D levels of 12ng/mL or
higher and so may not be generalizable to others. Since rs7968585 and rs731236 genotype
frequencies vary by race and ethnicity,3! the effect of vitamin D3 supplementation is likely
to vary in different populations. Future research is needed to assess the replicability of our
findings as well as to identify the causal VDR variant(s) and its mechanism of action.

Conclusions

In summary, the results of this candidate gene study indicate that the effect of vitamin D3
supplementation on risk of advanced colorectal adenomas may vary according to common
differences in the vitamin D receptor gene. These findings represent an important first step
toward identifying potential clinically relevant effects of polymorphisms in the VDR gene
that may influence which individuals benefit, or potentially experience harm, from vitamin
D interventions. Further studies are needed to confirm our findings and to improve our
understanding of mechanisms by which genetic variation in metabolic genes may influence
the effects of vitamin D and calcium supplementation on health.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key Points
Question

Do common variants in vitamin D and calcium pathway genes modify effects of vitamin
D3 or calcium supplementation on risk of colorectal adenomas?

Findings

In a randomized clinical trial, the effect of vitamin D3 supplementation on advanced
adenomas (but not adenoma risk overall) significantly varied according to vitamin D
receptor genotypes. Among individuals with the rs7968585 AA genotype, vitamin D
supplementation reduced risk by 64%, while among those with 1 or 2 G alleles, risk was
increased by 41%.

Meaning

This study provides some clarity on who may benefit from vitamin D3 supplementation
for preventing advanced colorectal adenomas based on vitamin D receptor genotype.
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