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Abstract
Objectives—Vitamin D and serum lipid levels are risk factors for cardiovascular disease. We
sought to determine if vitamin D (25OHD) interacts at established lipid loci potentially explaining
additional variance in lipids.

Methods—1060 individuals from Utah families were used to screen 14 loci for SNPs potentially
interacting with dietary 25OHD on lipid levels. Identified putative interactions were evaluated for
1) greater effect size in subsamples with winter measures, 2) replication in an independent sample,
and 3) lack of gene-environment interaction for other correlated dietary factors. Maximum
likelihood models were used to evaluate interactions. The replicate sample consisted of 2890
individuals from the Family Heart Study. Putative 25OHD receptor binding site modifying SNPs
were identified and allele-specific, 25OHD-dependent APOA5 promoter activity examined using
luciferase expression assays. An additional sample with serum 25OHD measures was analyzed.

Results—An rs3135506-25OHD interaction influencing HDL-C was identified. The rs3135506
minor allele was more strongly associated with low HDL-C in individuals with low winter dietary
25OHD in initial and replicate samples (p=0.0003 Utah, p=0.002 Family Heart); correlated dietary
factors did not explain the interaction. SNP rs10750097 was identified as a putative causative
polymorphism, was associated with 25OHD-dependent changes in APOA5 promoter activity in
HEP3B and HEK293 cells (p<0.01), and showed similar interactions to rs3135506 in family
cohorts. Linear interactions were not significant in samples with serum 25OHD measures;
however, genotype-specific differences were seen at deficient 25OHD levels.

© 2012 Elsevier Ireland Ltd. All rights reserved.

Corresponding Author, Brian H. Shirts, MD, PhD, University of Utah Health Sciences Center, Department of Pathology, 15 North
Medical Drive, Suite 1100, Salt Lake City Utah, 84112, ph (801) 583-2787 ext 2864, fax (801) 584-5207, brian.shirts@hsc.utah.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Atherosclerosis. Author manuscript; available in PMC 2013 May 01.

Published in final edited form as:
Atherosclerosis. 2012 May ; 222(1): 167–174. doi:10.1016/j.atherosclerosis.2012.02.030.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Conclusions—A 25OHD receptor binding site modifying APOA5 promoter polymorphism is
associated with lower HDL-C in 25OHD deficient individuals.

Keywords
HDL CHOLESTEROL; TRIGLYCERIDE; VITAMIN D; APOLIPOPROTEIN A5; GENE-
ENVIRONMENT INTERACTION; CARDIOVASCULAR DISEASE RISK; CAUSATIVE
VARIANT

Introduction
Serum lipid levels are a major independent predictor of cardiovascular disease risk1. Ninety-
six genetic loci have been associated with lipid levels in genome-wide association studies
(GWAS); however, identified variants in aggregate explain less than 30% of heritability of
individual lipid measures 2, 3.

Lipid levels are influenced by both genetic and environmental factors4. One nutrient
hypothesized to influence serum lipids is vitamin D. Vitamin D is a fat soluble vitamin that
is obtained by dietary intake or synthesized in the skin by UV radiation of 7-
dehydrocholesterol. It is converted from the storage form, 25-hydroxy-vitamin D (25OHD),
to the active form, 1,25-dihydroxy-vitamin D (1,25OHD), primarily by the kidneys.
1,25OHD activates a transcription factor, vitamin D receptor (VDR), with numerous binding
sites throughout the genome5. As a fat soluble dietary transcription factor activator, it is
feasible that 25OHD may influence in lipid metabolism. However, the nature of this effect is
controversial, and numerous observational and interventional studies have been performed
without consistent findings 6. Discrepancies between individual vitamin D studies may be
due to variable experimental design, with possible explanations being differences due to
seasonal changes in diet and sun exposure 7; differing effects of 25OHD, versus the active
form, 1,25OHD; or vitamin D2 versus vitamin D3 8. Another source of discrepancies may
be gene-environment interaction4.

We investigated the interaction of dietary 25OHD and 14 loci found to be strongly
associated with HDLC, LDL-C, and triglyceride levels in GWAS studies 2, 3.

Methods
Study Samples

From 1980 to 1982, approximately 2500 subjects in 98 Utah pedigrees were recruited for a
study of cardiovascular disease in Utah (Utah sample) by identifying probands with early
stroke, coronary heart disease death, or hypertension 9. At a follow-up visit between 2004
and 2008 DNA was obtained for genetic studies and a dietary survey was administered 10.
Lipid measures and genotyping were performed as described previously 11. Analyses were
performed with self identified white individuals not taking lipid modifying medications for
whom complete measures on lipids, genetic polymorphisms, and dietary surveys were
available (n=1060 individuals with HDL-C, 1057 with triglycerides in 70 families, see Table
1 for sample characteristics). The winter subsample of the Utah Sample consisted of 362
individuals assessed November through March inclusive (see Table 1).

A replication cohort consisted of 5243 white individuals from the NHLBI Family Heart
Study (FamHS sample) 12. These population-based families were examined at 4 clinical
centers: Framingham, MA; Salt Lake City, UT; Minneapolis, MN; and Forsyth County,
NC 13. Analyses were performed with self identified white individuals not taking lipid
modifying medications for whom complete measures on lipids, genetic polymorphisms, and
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dietary surveys were available (n=2890 individuals in 504 families, see Table 1 for sample
characteristics). The winter subsample of the FamHS consisted of 1006 individuals assessed
November through March inclusive (see Table 1).

The semi-quantitative Willett food-frequency questionnaire used in both Utah and FamHS
samples has well-documented reproducibility and validity 10. Both dietary and supplemental
vitamin D reports were available in the Utah sample, but only total vitamin D intake was
available in the FamHS sample.

A third cohort (Intermountain Healthcare sample) had data from total serum 25OHD, DNA,
and other covariates available on 1526 subjects with HDL-C and 1552 with triglyceride
levels and was derived from the Intermountain Healthcare ongoing Angiographic Registry
and DNA Bank with samples obtained just prior to angiography 14. Lipid and 25OHD
measurements were performed by the Intermountain Healthcare clinical laboratory using
standard methods. Race/ethnicity was not included for analysis of this registry subgroup, but
approximately 92% of samples in the entire registry are Caucasian. Individuals with serum
25OHD above 40 ng/ml were excluded, as this strongly suggests substantial
supplementation 15. Pre-angiography medication records were not available; however, post-
angiography discharge medication records identified 728 and 744 for HDL-C and
triglyceride analysis, respectively, without post-angiography lipid modifying medications
prescribed (see Table 1).

Laboratory Methods
SNP selection and genotyping—Genotype data was available for the Utah sample at
14 SNPs previously selected from the most significant, replicated loci in previous genome-
wide association studies where successful assay probes could be developed as previously
published 11. These SNPs were rs102275 (FADS1), rs10468017 (LIPC), rs1260326
(GCKR), rs17321515 (TRIB1), rs2228671 (LDLR), rs3135506 (APOA5), rs328 (LPL),
rs3846662 (HMGCR), rs4420638 (APOC1), rs4939883 (LIPG), rs646776 (SORT1),
rs6756629 (ABCG8), rs693 (APOB), and rs714052 (MLXIPL). SNPs were genotyped using
real-time PCR melting curve analysis on a LightScanner instrument using SimpleProbes and
genotyping reagents (Idaho Technology, Salt Lake City, Utah). Genotype calls were verified
by 2 individuals with discrepant calls resolved by repeat genotyping. All SNPs were in
Hardy-Weinberg equilibrium (p > 0.01).

Genotyping data from genome-wide studies using FamHS samples has been described
previously with rs12272004 used as a tag for rs3135506 (r2 = 1.0) 16.

We genotyped rs10750097 in the Utah samples using real-time PCR melting curve analysis
on a LightScanner instrument using SimpleProbes and genotyping reagents as described
above. We genotyped rs10750097 in the Intermountain Healthcare sample using a Taqman
assay.

Bioinformatic identification of SNPs modifying putative VDR binding sites—
We used several data sources including published literature and public databases to identify
SNPs in linkage disequilibrium with rs3135506 and CONSITE software to identify putative
VDR binding sites within 40kb 5’ and 3’ of rs3135506 for both consensus and variant
sequences 17, 18. We considered either r2 > 0.6 or D’ > 0.9 to indicate high linkage
disequilibrium. Polymorphic sites where a predicted VDR site was present at TF score
>65% for at least one variant and where the linked polymorphism improved the consensus
match score by at least 1, indicating a change to a base that is at least 40% more common in
consensus VDR binding sites, were considered likely candidates.
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Molecular confirmation altered promoter activity in response to 1,25OHD—
Renilla luciferase reporter vectors were produced by inserting 1 kb (GRCh37/
hg19:chr11:116,663,024-116,664,075 reverse strand) of promoter sequence of the human
APOA5 gene containing the predicted VDR site (GenScript) into the pGL4.70 vector
(Promega) upstream of the Renilla luciferase reporter gene. Site directed mutagenesis was
used to change the rs10750097 ‘C’ base to ‘T’ to obtain a vector that only differed at this
site. These reporter vectors were co-transfected with a firefly luciferase-expressing control
vector, pGL4.10 (Promega), into HEP3B hepatoma or HEK293 kidney cells using
lipofectamine 2000 (InVitrogen). After transfection, we incubated cells in MEM+10% FBS
for 16–24 hours then supplemented cell lines with varying concentrations of 1,25-
dihydroxyvitamin D3 (1,25OHD)(EMD Chemicals) dissolved in DMSO as described
previously 19. After 24 hours of incubation with differing amounts of 1,25OHD, cells were
lysed and relative light units measured using a Veritas Luminometer (Turner Biosystems) by
injection of the Dual Luciferase Reporter Assay reagents (Promega). Renilla luciferase
activity was normalized to firefly luciferase activity to control for transfection efficiency.
Renilla luciferase activity was determined relative to the reporter gene expression seen in the
absence of 1,25OHD. The averages and standard deviations were derived from 2
independent experiments with at least 8 wells for each experimental condition. T-tests were
used to evaluate significance of differences in expression.

Statistical Methods
Interaction analysis: Discovery—An initial screen with the Utah sample using simple
linear regression and additive genetic models while correcting for age, sex, and BMI but not
family structure was used to identify potential 25OHD interactions with selected SNPs 11.
For all statistical analyses, natural log transformations of HDL-C, LDL-C, triglycerides, and
dietary variables were used. Interactions found to be nominally significant at a p<0.05 level
were further analyzed. We chose this low cutoff to avoid type-II error in the discovery
phase. We performed 42 analyses (14 SNP × 3 lipid measures). Although screening linear
regression is ideal for rapidly comparing and visualizing estimates of linear effects, since
both genetic and environmental factors are correlated within families, potentially
introducing bias in beta-coefficient and significance measures, we sought a maximum
likelihood tool that could correct for family structure to obtain unbiased significance
estimates. We employed jPAP software with additive genetic models for maximum
likelihood analysis while correcting for age, sex, BMI, and family structure to verify that
any screened associations were not due to family structure and to generate more accurate p-
values20.

Interaction analysis: Replication and Hypothesis Testing—To differentiate true
25OHD interactions from false positives identified in the discovery phase, we tested several
hypotheses: 1) The absolute size of interaction effects will be greater in subsamples with
winter 25OHD and lipid measures because serum 25OHD levels are lowest and correlation
with survey dietary 25OHD intake is highest when the contribution from sun exposure is
lowest 21. 2) Interactions will be replicated in an independent sample. 3) The interaction
effects will not be accounted for by other dietary factors.

To test the first hypothesis we subdivided the Utah sample by the season of clinic visit, as
both diet and lipids were measured at the same clinic visit. We compared the interaction
effect size coefficient predicted from maximum likelihood analysis described above in the
entire sample with the effect size from identical analysis of the winter subsample. The size
of this coefficient in maximum likelihood analysis is analogous to the beta-coefficient in
linear regression. We considered larger absolute interaction effect size in the winter
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subsample to be consistent with 25OHD interaction, and a smaller absolute interaction effect
size in the winter subsample to be inconsistent with 25OHD interaction.

To test the second hypothesis we employed jPAP software with additive genetic models for
maximum likelihood analysis of the entire FamHS sample while correcting for age, sex,
BMI, family structure, and study center 20. We considered findings with interaction p < 0.05
and with the same direction of interaction effect to indicate significant improvement in
maximum likelihood analysis and replication of initial findings. We also subdivided this
sample by season to evaluate the first hypothesis in the FamHS sample.

To test the third hypothesis ruling out interactions with other dietary measures highly
correlated with dietary 25OHD, we evaluated each dietary variable correlated with 25OHD
at r2 > 0.8. Using the combined Utah and FamHS samples we evaluated models with each
25OHD correlated variable and its interaction with the genetic variant comparing them to
models with and without the gene-25OHD interaction. We expected adding gene-25OHD
interaction to models that already included correlated dietary covariate interactions would
significantly improve the models at p < 0.05 if the 25OHD was the main driver of the
interaction, and conversely the gene-dietary covariate interactions would not significantly
improve models already containing gene-25OHD interaction terms.

Interaction analysis: Exploratory
Associations with related variables: As HDL and triglycerides are inversely correlated and
APOA5 is known to influence primarily triglycerides, we used jPAP maximum likelihood
analysis to evaluate 25OHD interactions with triglycerides in both family samples and
winter subsamples.

Confirmation of rs10750097 interaction in family based samples: Three SNPS:
rs12272004, rs651821, and rs9804646 perfectly predicted rs10750097 in 1000 genomes data
and were used to impute rs10750097 in the FamHS sample 22. This reduced the FamHS
sample size to 2123 individuals for rs10750097 analyses, as a smaller number of genotypes
were available for all predictor SNPs. With a combined family based sample, we used jPAP
software with additive genetic models for maximum likelihood analysis to evaluate
rs10750097 interactions in all year and winter-only samples as described above.

Evaluation of Intermountain Healthcare Sample (IHC sample) with serum 25OHD:
The IHC sample had measures of serum 25OHD, as opposed to the measures of dietary
25OHD, available in previous samples; we used this to evaluate the interaction in a sample
with a different 25OHD measure. We determined that we would have over 80% power to
detect a linear interaction effect similar to that seen in the winter-subsamples in the
combined sample if serum 25OHD and dietary 25OHD similarly measure underlying
biological states, if differences in population demographics do not influence the interaction,
and if there was little between sample heterogeneity due to medication status. We would
have near 80% power to detect linear interactions in the unmedicated subsample if there was
substantial heterogeneity, and the other assumptions listed above were true. We used
multiple linear regression in the entire IHC sample and unmedicated subsample to test for
linear rs10750097-serum-25OHD interaction while correcting for age, sex, and BMI. We
also divided the IHC, Utah, and FamHS samples into either serum 25OHD or dietary
25OHD quintiles to better visualize and compare genotype specific trends in HDL-C and
triglycerides for all three samples.
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Results
Interaction analysis: Discovery

We screened 14 SNPs at loci that are known to influence HDL-C, LDL-C, or triglyceride
levels for potential gene-25OHD interactions in lipid levels in a Utah based family sample.
There were 1060 individuals with all appropriate measures in this sample, these individuals
had a mean age of 45 and were 47% male (see Table 1). The mean daily dietary 25OHD
intake was 355 IU. Although approximately 43% of the Utah samples received some
25OHD in the form of multivitamins, specific supplementation of 25OHD was rare with
<1% of the population taking over 1000 IU 25OHD.

Only rs3135506 in APOA5 at the APOA1-APOC3-APOA4-APOA5 locus showed potential
25OHD interaction with HDL-C in the Utah study (Figure 1a, supplemental Table 1). The
interaction of 25OHD and rs3135506 significantly improved the model prediction for HDL-
C in the Utah sample using maximum likelihood models to correct for age, sex, BMI, and
family structure (p = 0.005, Table 2).

Interaction analysis: Replication and Hypothesis Testing
To differentiate true 25OHD interactions from false positives potentially identified in the
discovery phase, we tested several hypotheses: 1) The absolute size of interaction effects
will be greater in subsamples with winter 25OHD and lipid measures when serum 25OHD
levels are lowest due to low sun exposure and correlation of serum 25OHD and dietary
survey 25OHD is highest21. 2) Interactions will be replicated in an independent sample. 3)
The interaction effects will not be accounted for by other dietary factors.

In the Utah winter subsample, which consisted of 362 individuals in 41 families and had
demographic characteristics similar to the entire Utah sample (see Table 1), the 25OHD-
rs3135506 interaction effect was more significant than in the entire sample (p = 0.0004, see
Table 2). The interaction effect size in the winter was 0.14 compared to 0.06 in the entire
sample (see Figure 1). The size of this coefficient in maximum likelihood analysis is
analogous to the beta-coefficient in linear regression, and the interaction effect is best
conceptualized as the difference in the slopes between genotype specific regression lines
(i.e., the difference in slopes in Figure 1A is smaller than the difference in slopes in Figure
1B).

The FamHS sample consisted of 2890 individuals in 505 families. The mean age was about
six years older (52) than the mean age in the Utah sample; the gender distribution was
similar, and average reported daily dietary vitamin D was somewhat less (269 IU per day)
with < 1% of the sample reporting greater than 1000 IU daily 25OHD intake. In the entire
FamHS sample the interaction of dietary 25OHD and rs12272004, a marker in complete
linkage disequilibrium with rs3135506, did not significantly improve the maximum
likelihood model of HDL-C (p = 0.09)(Table 2), although the direction of interaction trend
was the same as that seen in the Utah sample. In the FamHS winter subsample the dietary
25OHD-rs12272004 interaction was significant (p = 0.002) and the interaction effect size
was greater in the winter subsample than in the entire sample (0.09 compared to 0.03)
(supplemental Figure 1).

Dietary 25OHD was highly correlated with calcium, phosphorus, vitamin B2, and lactose
intake (r2 ≥ 0.8). There was no significant interaction of rs3135506 with calcium,
phosphorus, vitamin B2, or lactose that influenced HDL-C in the combined FamHS and
Utah sample. The rs3135506-25OHD interaction influencing HDL-C remained significant at
p<0.05 even while correcting for each of these gene-correlated dietary measure interactions
independently.
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Interaction analysis: Exploratory
In order to better understand the nature of the putative gene-25OHD interaction at the
APOA5 locus we performed several exploratory analyses. We evaluated interactions in
triglyceride levels, as HDL-C and triglyceride levels are inversely related and main genetic
effects of the APOA5 locus appear to be related primarily to triglycerides. We used
bioinformatics to identify putative vitamin D receptor binding sites and transient transfection
of tissue cultured cells to determine if genetic variation potentially changes vitamin D
dependent APOA5 promoter activity. We also investigated the interaction in a clinical
sample that had serum 25OHD measures available, as opposed to the dietary 25OHD
measures that were available in the initial and replicate samples.

Effect of dietary 25OHD interaction with APOA5 SNPs on triglycerides levels
—Gene-25OHD interactions did not significantly improve triglyceride models in the entire
Utah or FamHS samples (see supplemental Table 1). In the winter FamHS subsample, the
rs12272004 25OHD contributed significantly to triglyceride models (p = 0.0009). Trends
were similar in the Utah sample although interaction effects on triglycerides were not
significant.

Bioinformatic identification and molecular confirmation of putative VDR
binding site modifying SNP—SNP rs10750097, 1kb 5’ of the APOA5 promoter,
predicted a 25OHD responsive allele, increasing the CONSITE score of the VDR binding
site by a score of 1.2. Linkage disequilibrium was significant in 1000 genomes CEU
samples between rs10750097 and rs3135506 (r2=0.22, D’=1.0) and rs964184 (r2=0.45,
D’=0.72), the SNP most commonly reported for this locus in GWAS studies. Suggesting
rs10750097 is a likely causative polymorphism.

Molecular confirmation altered promoter activity in response to 1,25OHD—
APOA5 promoter driven expression of a Renilla reporter gene was consistently higher for
the rs10750097 ‘C’ than for the rs10750097 ‘T’ allele when the culture media was
supplemented with 1,25OHD (Figure 2). This difference was significant for both HEP3B
and HEK293 cell lines at multiple concentrations of 1,25OHD with a 1.2 to 1.5 fold increase
in expression at these 50–100 nm concentrations (Figure 2). Expression of the ‘T’ allele
vector decreased with increasing 1,25OHD in HEP3B cells, presumably due to 1,25OHD
related inhibition of cell growth in hepatoma cell lines23.

Confirmation of rs10750097 interaction in combined samples—In combined
samples, LD between rs3135506 and rs10750097 was similar to that seen in public
databases (r2 = 0.25, D’ = 1.0). 25OHD-rs10750097 interactions in HDL-C and triglyceride
levels were significant (p = 0.0007 and p = 0.04 respectively, see supplemental Table 3).
The winter subsample of the combined family sample showed significant interaction effects
with greater effect sizes (0.055 in winter compared to 0.028 for HDL-C and −0.068 in
winter compared to −0.038 for triglycerides, see supplemental Table 4). The absolute value
of the size of the interaction effect in the HDL-C model was larger than the effect of the
rs10750097 SNP only (0.028 for interaction, 0.018 for rs10750097) suggesting that the
additional variance attributable to the interaction effect may be greater than the variance
attributable to the genetic polymorphism alone.

Evaluation of IHC sample with serum 25OHD levels—The mean age in the IHC
sample was 64, 19 years older than the initial Utah sample, and this sample was
approximately two thirds male. Average serum 25OHD was 23.6 ng/mL (see Table 1).
There was no substantial heterogeneity between the entire IHC sample and the sample with
no medications prescribed. In the IHC sample, the interaction of serum 25OHD and
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rs10750097 was not significant in linear modeling of HDL-C or triglyceride levels in either
the entire IHC sample (p=0.60 and 0.76 respectively for rs10750097) or the subsample
without discharge medications (p=0.88 and 0.66 respectively for rs10750097). Lower
25OHD levels tended to show larger genotype-specific differences in HDL-C for
rs10750097 heterozygotes in IHC and family samples, although inference is complicated by
low numbers of rare homozygotes at very low 25OHD levels (Figure 3A and 3B).

Discussion
We observed an interaction between dietary 25OHD and rs3135506 in the APOA1-APOC3-
APOA4-APOA5 locus that influences HDL-C and possibly triglyceride levels. Although the
initial statistical interaction would not have held up to strict correction for multiple
comparisons, we chose to use a hypothesis driven approach based on the known
epidemiology of 25OHD to determine if this putative interaction was likely to be a true
interaction or a false positive. We hypothesized that: 1) A true gene-dietary 25OHD
interaction will be stronger in winter, either due to higher correlation of serum and dietary
25OHD or due to higher prevalence of 25OHD deficiency; 2) The interaction will replicate
in an independent sample; and 3) Other dietary factors correlated with 25OHD will not
explain the interaction effects. Our data supports the first and third hypotheses, and partially
supports the second hypothesis as the interaction effect was not significant in the entire
replicate sample, but was significant in the winter subsample of the replicate sample, which
in retrospect might have been the preferred replicate sample.

In exploratory analysis, 25OHD interactions with triglycerides were also significant in one
sample, but trends were more variable from sample to sample. The reciprocal relationship
between HDL-C and triglyceride levels has been well described, and our data does not
discriminate which of these may be the primary actor in this case; it is possible that we
observed more consistent interactions with HDL-C by chance because there is less
population variance in HDL-C levels than in triglyceride levels. This observation should be
taken in the context of growing evidence that the role of HDL-C in cardiovascular disease
may not be causal, but may be due to the inverse relationship with triglycerides 24, 25.
Recent reports indicate treatments that specifically increase HDL-C do not improve
cardiovascular endpoints 26. This does not diminish the potential for clinical implications of
gene-25OHD interactions as the underlying molecular mechanisms may influence
underlying cardiovascular disease mediators as well as HDL-C.

Further exploratory analysis identified rs10750097 as a plausible causative polymorphism,
the minor allele of which creates a putative VDR binding site that increases APOA5
promoter activity in cultured cells, supporting a functional role that needs to be investigated
further. Although the interaction effect was slightly stronger for rs10750097 than for
rs3135506, it was not as much stronger as we expected from our functional studies. We
cannot rule out the possibility of other VDR binding modifying polymorphisms or haplotype
effects caused by other interaction modifying polymorphisms at this locus. Electrophoretic
mobility shift or chromatin immunoprecipitation will be necessary to conclusively establish
the effect of rs1050097 on VDR binding.

The APOA1-APOC3-APOA4-APOA5 locus is one of the most significant loci in GWAS
associated with triglyceride, HDL-C, and total cholesterol levels 2. There is linkage
disequilibrium throughout the locus; however, the haplotype block containing all SNPs
discussed in this paper extends from 8 kb 5’ to 70 kb 3’ of APOA5. This haplotype block
does not include APOA1, APOC3, or APOA4, but may contain regulatory elements that
influence expression of these genes18. Despite established genetic associations and good
understanding of the basic biology of apolipoproteins, the identity and biologic mechanisms
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of specific polymorphisms responsible for genetic associations at this locus have not been
clearly defined27. Proteins coded by genes at this locus play diverse roles in lipid transport,
inflammation, immunity, thrombosis, redox balance and perhaps even satiety; genes include
apolipoprotein A1, the major structural component of HDL particles and apolipoprotein A5,
which is believed to play a role in triglyceride metabolism 25, 28. There is evidence that
multiple polymorphisms within the locus influence lipid levels and that there may be within
locus gene-gene interaction 29, 30. Our findings of an additional gene-environment
interaction add to the complexity of this locus in the regulation of lipid metabolism.

Though 25OHD is a fat soluble vitamin, it is unlikely that the 25OHD interaction described
here is secondary to the previously identified rs662799 APOA5-dietary fat-interaction, as
correlation between rs662799 and rs3135506 is low 31. Our identification of an additional
gene-diet interaction at APOA5 suggests that gene-diet interactions may be common,
several, and identifiable in current well-characterized research samples. Gene-environment
interactions such as these may contribute to the “missing” heritability in lipid measures, as
human heritability calculations do not disentangle interaction from pure genetic effects 32.
The amount of variance attributable to the gene-vitamin D interaction appears similar and
perhaps larger than the amount of variance attributable to the genetic effect alone increasing
the total amount of variance attributable to the locus. This can be seen comparing effect
sizes of the genetic effect with those of the gene-environment interaction (see supplemental
Table 4).

A weakness of our study that tempers our enthusiasm about our conclusions is that
significant linear trends were not present in all samples. There are substantial limitations in
comparing samples with serum and dietary 25OHD samples due to differences in measures.
Whereas survey dietary 25OHD is a measure of intake, serum 25OHD is influenced by
dietary intake, sun exposure, body stores, utilization, and excretion. In addition, differences
in populations, scales, and cutoffs may explain the failure to detect a significant interaction
in the IHC sample. Although the IHC sample was adequately powered to detect linear
interactions similar to the larger effects seen in the winter subsamples, it was less well
powered to detect interactions similar to those seen in the entire sample. The IHC sample
showed HDLC and triglyceride differences at the lowest levels of 25OHD similar to those
seen in Utah and FamHS samples, suggesting interactions may be non-linear (see Figure 3
and supplemental Figure 2). This suggests that interactions were stronger in winter
subsamples primarily because seasonal selection enriches for 25OHD deficiency. There was
no enrichment for 25OHD deficiency in the IHC sample. It is encouraging that a similar
trend of lower HDL-C in rs10750097 ’C’ carriers at deficient levels of 25OHD was seen in
the IHC sample. Surprisingly, in FamHS and IHC samples there is a slight decrease in HDL-
C at the highest levels of 25OHD in rs10750097 ’C’ carriers (see Figure 3 and supplemental
Figure 2). While our study was not initially designed to evaluate non-linear interactions,
these observations should aid in the design of additional replication studies and may inform
future investigations of gene-25OHD interactions in other traits.

Additional replication studies and prospective clinical studies will be necessary confirm
these findings and determine if interaction effects are correlated with cardiovascular
endpoints.

Highlights

• A 25OHD receptor binding site modifying APOA5 promoter polymorphism was
associated with lower HDL-C in 25OHD deficient individuals.

• Stronger interactions in subsamples evaluated in winter months suggest effects
may be meaningful only at deficient levels of vitamin D.
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• Gene-environment interactions with modifiable environmental components
suggest potential strategies to improve cardiovascular risk.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Linear models of rs3135506-dietary 25OHD interaction in HDL-C in the Utah Sample. Red
and blue lines show genotype specific trends in HDL-C by dietary intake. GC and CC
carriers are combined for this figure due to the small number of CC carriers. (A) Entire Utah
Sample. (B) Linear model of Utah Winter Sub-Sample illustrating greater difference in slope
between genotypes.
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Figure 2.
In vitro studies of 25OHD and ApoA5 promoter variants. (A) Sequencing chromatograms
from vector constructs illustrating site-directed mutagenesis genotype change corresponding
to rs10750097 modification with putative 25OHD receptor binding site highlighted in green.
(B) Changes in relative vector expression in HEP3B and HEK293 cell lines with varying
levels of 1,25 dihydroxyvitamin D3. * p < 0.05 for difference, ** p < 0.01 for difference,
*** p < 0.001 for difference
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Figure 3.
Lipid levels by rs10750097 genotype and serum 25OHD quintile in the IHC sample. (A)
HDL levels. (B) Triglyceride levels. Error bars show 95% confidence intervals.
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