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Abstract

Objectives: The vitamin D receptor (VDR) is a member of the nuclear receptor family of transcription
factors. We examined whether degree of VDR gene methylation acts as a molecular adaptation to
light exposure. We explored this in the context of photoperiod at conception, recent UV irradiance
at 305nm, and gene-latitude effects.

Methods: 80 subjects were examined for VDR gene-CpG island methylation density. VDR gene
variants were also examined by PCR-RFLP.

Results: Photoperiod at conception was significantly positively related to VDR methylation density,
explaining 17% of the variance in methylation (r?=0.17; p=0.001). Within this model, photoperiod at
conception and plasma 25(0OH)D independently predict methylation density at the VDR-CpG island.

Recent UV exposure at 305nm led to a 5-fold increase in mean methylation density (p=0.02). Again,
UV exposure and plasma 25(OH)D independently predict methylation density at the VDR-CpG island.

In the presence of the Bsml mutant allele, methylation density was increased (p=0.01), and in the
presence of the Taql or Fokl mutant allele, methylation density was decreased (p=0.007 and 0.04
respectively).

Multivariate modelling suggests plasma 25(0OH)D, photoperiod at conception, recent solar
irradiance, and VDR genotype combine as independent predictors of methylation at the VDR-CpG
island, explaining 34% of variance in methylation (R?=0.34, p<0.0001).

Conclusions: Duration of early-life light exposure and strength of recent irradiance, along with
latitudinal genetic factors, influence degree of VDR gene methylation consistent with this epigenetic
phenomenon being a molecular adaptation to variation in ambient light exposure. Findings
contribute to our understanding of human biology.
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Introduction

The vitamin D receptor (VDR) is a transcription factor belonging to the steroid nuclear receptor
superfamily. Its activity is regulated by 1,25-dihydroxycholecalciferol (1,25(0OH)D3; calcitriol), a ligand
that is derived from both diet and UV-mediated skin photosynthesis [Beckett et al., 2016a]. Calcitriol
liganded VDR action modulates gene expression including that of chromatin modifiers and
remodelers, and may influence DNA methylation [Fetahu et al., 2014]. Additionally, the VDR gene is
itself potentially regulated by DNA methylation at CpG islands (cytosine-guanine dense regions).
Differential methylation in promotor regions of genes modulates gene expression, with
hypermethylation generally linked to decreased expression, and hypomethylation associated with
increased expression [Deaton and Bird, 2010].

Biological responses to the activation/stimulation of this transcription factor are tissue-specific and
generally complex. They range from control of mineral homeostasis to regulation of growth,
differentiation and patency of several cell types including those of the immune system, bone, skin,
pancreas as well as other target tissues [Bouillon et al., 2008]. Vitamin D-related diet, environment,
genetic and epigenetic mechanisms may therefore conspire to influence gene expression, with wide
pleiotropic effects [Pike and Meyer, 2010]. Indeed, it is now recognised that calcitriol liganded VDR
action regulates gene expression at the level of single gene loci as well as at the level of gene
networks [Pike and Meyer, 2010], making the level of complexity involved particularly challenging to
understand.

Vitamin D is a steroid hormone, and like many hormone actions is central to phenotypic plasticity,
modifying gene expression and phenotypic outcomes in response to environmentally originated
cues. With this in mind, the main focus of the present study is to examine whether VDR methylation
can act as a “plastic” regulatory mechanism that is sensitive to light exposure. For example, if a
seasonal reduction in UV-B led to VDR gene hypomethylation, increased levels of VDR expression
might help compensate for a reduced capacity to photosynthesise vitamin D in the skin.

The ability of all organisms, including humans, to modulate phenotype as a response to
environmental challenge is central to the life sciences. Some environments and associated selection
pressures are extremely dynamic. For example, light exposure shifts according to season and
latitude, with variable exposures possible at key stages in the lifecycle such as during early gestation
and during the adolescent growth spurt. It is therefore important that humans do not retain overly
rigid phenotypes, but maintain a degree of phenotypic plasticity to allow responses that are
appropriate to key periods of sensitivity, such as these early life events as well as ensuring a flexible
response over the entire human life course. In this respect, vitamin D nutrigenetics have been linked
to several clinically relevant conditions [Martin et al., 2014] as well as developmental phenomena,
including evidence linking early life nutrition to reduced lumbar spine bone mineral density in later
life, a finding consistent with the developmental origins of adult disease (DOAD) paradigm [Dennison
et al., 2001].

Additionally, vitamin D status has been linked to human skin pigmentation phenotype, whereby
ancestral Homo migrations from equatorial to northerly latitudes required the evolution of skin
depigmentation in regions where UV-B exposure is highly seasonal in order to better facilitate
vitamin D photosynthesis [Jablonski and Chaplin, 2000]. This will have been further driven at these
northerly latitudes by the move from a hunter-gatherer lifestyle with ample preformed dietary



vitamin D, to one based on the domestication of crops which will have been a poorer dietary source
of the vitamin [Gibbons, 2007; Chaplin and Jablonski, 2013]. Pigmentation/depigmentation as an
evolved trait is polygenic, with several genes involved [Lucock et al., 2015]. Given the pleiotropic
effect of VDR, and methylation controlling expression, the question arises as to whether UV-B
related VDR methylation could coordinate several genes and ultimately contribute to adaptive
phenotypes such as human integumentary pigmentation. It is clear VDR genotype is important, and
we recently demonstrated that VDR gene polymorphisms correlate with latitude as a surrogate for
UV-B exposure [Lucock et al., 2015], a finding consistent with related observations [Hochberg and
Templeton, 2010].

The present study investigates whether the degree of VDR gene methylation acts as a molecular
adaptation to light exposure. We examine this to see if historic (photoperiod at conception), recent
(total UV irradiance at 305nm in previous 6 weeks) and latitudinal (polymorphism related
methylation occurrence) effects can influence/infer VDR epigenetic modification. We examine this in
an elderly Australian study population that is relatively homogeneous, being primarily white and of
northern and western European descent.

Methods
Subjects and sample collection

Eighty subjects were drawn from a completed cross-sectional study of 831 elderly participants (aged
265 years, 58.5% female) living on the Central Coast of NSW, Australia (The Retirement Health and
Lifestyle Study, RHLS). Details of the selection and randomisation process used are described
previously [Beckett et al., 2016a].

Blood was collected and stored at -20°C (whole blood) and -80°C (plasma). DNA was isolated from
peripheral blood cells using Qiagen QlAmp DNA mini-kit as per the manufacturer’s protocol for
blood, including RNAse treatment. Age, sex and self-reported history of smoking were recorded.
Written informed consent was obtained from all participants as per the approval obtained from the
University of Newcastle Human Research Ethics Committee (H-2008-0431).

DNA methylation

Percentage DNA methylation (methylation density) was assessed at the CpG island of the VDR gene
using Qiagen EpiTect Il methylation enzyme kits and PCR assays at the concentrations and cycle
conditions recommended by the manufacturer [Holemon et al., 2007], and as reported by Beckett
and colleagues [Beckett et al., 2016a]. The VDR CpG island (ID no: 103069) spans the promotor
region, transcription start site and part of the gene body (Chr 12:48298645-48299537), covering 892
base pairs including 72 CpG sites.



Plasma 25(0OH)D

Plasma 25(0OH)D levels were measured using a 25(0OH)D vitamin D ELISA kit for serum and plasma
(Enzo Life Sciences, NY, USA) as previously described [Beckett et al., 2014].

Sun exposure: cumulative irradiance

A time lag of approximately 6 weeks between seasonal solar UVB exposure and serum calcidiol
response would be expected (Lucas et al., 2005). Information on the cumulative solar irradiance
(305nm) over the 6 weeks prior to sample collection was collected as previously described [Beckett
et al., 2016a] using NASA’s Total Ozone Mapping Spectrometer (TOMS) program via NASA’s Aura
OMI level 3 atmospheric portal (http://gdatal.sci.gsfc.nasa.gov/daac

bin/G3/gui.cgi?instance_id=omi). Total cumulative UV irradiance was treated as a categorical
variable by stratifying exposure into tertiles.

Photoperiod at conception

The photoperiod at conception, in minutes, was calculated via the Online- Photoperiod Calculator V
1.94 L (Lammi, © 1996—2008 [Lammi, 2008]). An assumption built into our model is that a pregnancy
was full term and lasted exactly 9 months.

VDR genotyping

Genotyping for polymorphisms in the VDR gene was achieved using RFLP-PCR as previously
described [Beckett et al., 2016b]. Due to the small cohort size, genotype was coded as a binary
variable (presence of the mutant allele vs absence of the mutant allele; see Supplementary table 1
for details).

Statistics

Statistical analyses were performed using JMP (Version 11, SAS Institute Inc., Cary, NC, USA). Where
necessary, variables were transformed to normalise distributions prior to regression analysis. Log(x)
was calculated for percentage methylation (expressed as proportions) and plasma calcidiol
(25(0OH)D). The remaining variables were approximately normally distributed. Standard least squares
regression was used to assess the relationships between multiple parameters and variables of
interest, and pairwise comparisons of least-squares means were made using Tukey’s HSD tests.
Where appropriate, mixed direction stepwise regression was performed using significance levels of
p<0.250 or p>0.250 to enter (forward step) or remove (backward step) variables from the model,
respectively. Adjusted R?values and p-values are reported for final models, and standardised
parameter estimates (B) and p-values reported for individual variables. Descriptive statistics (means,
95% confidence intervals) were calculated and presented with back transformation where
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appropriate. Outcomes were considered to be statistically significant at p<0.05. p-values for
multiplicative interaction of terms (Pinteraction) Were calculated where appropriate.

Results
Photoperiod at conception correlates with VDR methylation density in later life

When assessed as a simple univariate analysis photoperiod at conception was significantly positively
related to VDR methylation density (Figure 1), with photoperiod potentially explaining 7% of the
variance in methylation at the VDR CpG island (r’=0.07; B=0.27, p=0.02).

As DNA methylation can potentially vary by age and sex, and as we have previously demonstrated an
association between VDR CpG island methylation density and plasma 25(OH)D levels [Beckett et al.,
2016a], we assessed the relationship between photoperiod at conception and VDR methylation
density with adjustment for these variables (Model 1; Table 1). This model explains 17% of the
variance in methylation at the VDR CpG island (R?=0.17, p=0.001), and photoperiod at conception is
a significant independent predictor of methylation density (f=0.22, p=0.04). Plasma 25(OH)D is also
a significant independent predictor in this model (f=0.34, p=0.0021), which is not unexpected as we
have previously reported that plasma 25(OH)D alone potentially explains 12% of the variance in
methylation at the VDR CpG island [Beckett et al., 2016a]. However, the effects of photoperiod and
plasma 25(OH)D in predicting methylation density at the VDR CpG island appear to be additive, not
interactive (Pinteraction=0.2).

The model predicting methylation density at the VDR remained significant when additional
adjustments were applied for BMI and cigarette smoking history (Model 2; Table 1) and cumulative
UV irradiance in the 6 weeks prior to sample collections (Model 3; Table 1).

Cumulative UV irradiance prior to sample collection correlates with VDR methylation density,
when adjusted for plasma 25(0OH)D

When methylation density at the VDR CpG island was assessed by tertile of cumulative UV exposure
in the 6 weeks prior to sample collection, there was no significant difference between methylation
density in each tertile (Figure 2A). However, when analysis was adjusted for age, sex and plasma
25(OH)D levels a significant increase in methylation was found from the first to second tertile (Figure
2B), with a greater than 5-fold increase from 0.45% mean methylation density in the first tertile to
2.56% in the 2nd tertile. Results remain similar when additional adjustments for BMI and smoking
were applied. However, the effects of cumulative UV irradiance and plasma 25(0OH)D in predicting
methylation density at the VDR CpG island appear to be additive, not interactive (pinteraction=0.8).



VDR methylation density varies by common VDR polymorphisms

Stepwise regression analysis was used to assess the relationship between VDR polymorphisms and
methylation density at the VDR CpG island. VDR polymorphisms for Bsml, Apal, Taql, Fokl and Tru91
were entered into the analysis and following stepwise regression, Bsml, Taql, Fokl, and Tru91 were
selected for inclusion into the model and Bsml, Taql and Fokl were identified as significant
independent predictors of VDR CpG island methylation density (Table 2). In the presence of the Bsml
mutant allele, methylation density was increased, and in the presence of the Taqgl or Fokl mutant
allele, methylation density was decreased. When additional adjustments were applied for age, sex
and plasma 25(0OH)D, BMI, cigarette smoking history and cumulative solar irradiance, results
remained similar (Table 2). Pairwise comparisons of back transformed adjusted least-squares means
for Bsml, Tagl and Fokl genotypes are shown in Figure 3. The genotypic effects did not interact with
plasma 25(OH)D in the prediction of methylation density at the VDR CpG island (Bsml pinteraction=0.6;
Taql pinteraction=0.2; FOKI Pinteraction=0.09).

Multivariate modelling suggests plasma 25(0OH)D, photoperiod at conception, cumulative solar
irradiance, and VDR genotype combine as independent predictors of methylation density at the
VDR CpG island

A complete regression model including all potential predictors (plasma 25(0OH)D, cumulative UV
irradiance, day length at conception, carriage of the Bsml, Taqgl and Fokl mutant alleles, age, sex,
smoking, and BMI) of methylation density at the VDR CpG island potentially explains 34% of variance
in methylation density at the CpG island (R?=0.34, p<0.0001). Plasma 25(OH)D, photoperiod at
conception, cumulative UV irradiance, BMI, Tagl and Fokl genotype were each independent
significant predictors of methylation density (Table 3).

Discussion

Overview:

The data presented suggest that duration of early life exposure and strength of recent UV irradiance,
along with geographic factors related to several VDR polymorphisms, influence the degree of VDR
gene methylation in a predictable way. As such, it is consistent with this epigenetic phenomenon
being a molecular adaptation to variation in ambient light exposure.

A longer photoperiod at conception is related to VDR CpG island methylation, as is elevated solar
exposure during the 6 weeks prior to blood sampling. Interestingly, VDR polymorphisms Bsml and
Taqgl, which demonstrate a significant increase in mutant B and ancestral T alleles, respectively, as
one moves from low UV to high UV latitudes [Lucock et al., 2015], also exhibit statistically significant
higher levels of CpG island methylation in the presence of these mutant B, and ancestral T alleles
(Table 2). Overall, irradiance increases VDR methylation, likely reducing gene expression.

Evolution/adaptation:
It has been suggested that the variant VDR gene forms part of an evolutionary complex capable of
adapting humans to an altering UV exposome, and as such raises the question, “Is VDR an agent of



short term adaptation, or is it a component within a cassette of genes that are known to be altered
in the longer term to adapt the human phenome to the prevailing conditions?”’ [Lucock et al., 2015;
Hochberg and Templeton, 2010]. This study provides evidence to support both views, suggesting it
has an important, and differential influence on human biology. It seems remarkable that it reflects a
methylation profile spanning the lifecycle, as well as being adaptive in the short term. Despite being
an elderly population (=65 years), it was still possible to detect a methylation signature related to
day length at the presumptive time of conception. This period, particularly early embryogenesis, is
when ossification of the skeleton begins, a physiological process closely linked to vitamin D [Lucock
et al., 2014]. It should be noted that the presumptive time of conception assumes pregnancy lasts
precisely 9 months, although clearly this measure of conception will represent a narrow
periconceptional window that includes implantation and very early embryogenesis. Furthermore,
the average duration of pregnancy is 280 days, meaning a substantial number of pregnancies last
longer than 280 days.

This longer term, historic correlation suggests that it may fit a DOAD framework, with potentially
wide ranging implications given the pleiotropic nature of the VDR gene. In support of this, a low
birth weight reflecting compromised gestational nutrition has been shown to reduce lumbar spine
bone mineral density in later life in a VDR gene polymorphism specific fashion [Dennison et al.,
2001]. It is interesting to speculate whether this early-life adaptive phenomenon in our subjects is
still visible later in life because it exhibits little postnatal flexibility. The short term (cumulative 6
week) response to UV-B at 305nm, is, by its very character a flexible/plastic adaptive response to
contemporaneous environmental (UV-B) cues.

It would be interesting to examine whether postnatal VDR CpG island methylation was a mechanism
to condition neonates to prevailing early-life nutritional or solar regimes based on maternal
gestational exposures (diet and UV-B). Indeed, it is noteworthy that in our analyses, photoperiod
and plasma calcidiol appear to be additive, not interactive in predicting methylation density at the
VDR CpG island. Although temporally distinct, the recent short term cumulative UV-B related VDR
CpG island methylation signature similarly shows that UV irradiance and plasma calcidiol appear to
be additive, not interactive in predicting this outcome. However, we recognise that effect sizes are
small.

Pleiotropy:

Much discussion exists on the pleiotropic effects of calcitriol liganded VDR, with a large number of
target genes identified. Examples of major transcriptionally regulated genes include those related to
the calcium binding proteins calbindin-D2gx, found in the kidney, and calbindin-Dg, found in the
intestine. Additionally, VDR transcriptional targets include the bone matrix proteins osteopontin
(also known as bone sialoprotein 1) and osteocalcin, which are produced by the osteoblasts and
which help to elaborate the bone matrix structure [Bortman et al., 2002]. These calcium binding
proteins in kidney, intestine and bone are critical for maintaining calcium homeostasis. Other genes
related to binding proteins, calcium channels, early response genes like c-fos, and growth factors,
are also directly regulated by the VDR [Bortman et al., 2002]. Indeed, recent research has shown
2276 genomic positions occupied by the VDR and 229 genes with altered expression profiles in
response to vitamin D [Ramagopalan et al., 2010].



Skeletal biology:

Given that DOAD and VDR genetics may play a role in adult bone mineral density [Dennison et al.,
2001], and knowing the role of light in vitamin D synthesis along with the vitamins subsequent role
in calcium homeostasis via its interaction with the VDR (heterodimerises with the vitamin A
dependent RXR nuclear receptor to activate vitamin D response elements on target genes, including
those for calcium binding proteins), it is perhaps not surprising that studies have shown maternal
UV-B exposure in pregnancy is related to bone size in infancy, independent of height and lean mass
[Sayers and Tobias, 2009]. While similarly, prenatal sunlight has been shown to be one of the most
significant determinants of height [Waldie et al., 2000]. These studies provide a direct link between
an early-life environmental cue and an obvious vitamin D/VDR/calcium mediated end point.
Although this data suggests early gestational light exposure is important in vitamin D-related
genomic processes, so too are nutrigenetic events associated with the adolescent growth spurt, with
the skeletal epiphyses finally fusing by the age of 20 years. It is worth mentioning that among the
various hypotheses put forward to explain the pygmy phenotype, a shortage of vitamin D and hence
altered bone mineral metabolism has been a popular postulate [Gluckman et al., 2011]. The pygmy
phenotype is common in dense equatorial jungle environments globally, where solar exposure
would be limited and nutritional stress high. Mechanisms such as vitamin D photosynthesis and VDR
methylation may therefore be components in this adaptive phenotype, which has been suggested to
improve movement through forests and confers an improved ability to climb. Small body size
(<155cm) also helps in heat dispersal and is associated with early sexual maturation — a useful trait in
difficult environments where mortality is high (average life expectancy around 19 years). Pygmies
cease growth early at around 12 years and exhibit no adolescent growth spurt. Other theories exist,
and suggest the GHBP/GHR/IGF1 system may be altered [Becker et al., 2013], and that heritable
epigenetics is involved by linking environment to modification in gene expression, with
geographically distant pygmy groups likely evolving their short stature independently [Migliano et
al., 2013].

Although entirely hypothetical, it is interesting to consider the present findings within this
contemporary, real world anthropological context. The relationship we describe between light and
VDR methylation would be consistent with the pygmy adaptive phenotype. That is to say, while
gestational photoperiod/sunlight exposure is positively associated with height and VDR methylation,
limited light exposure and dietary restriction would, conversely, be negatively associated with height
and lead to VDR hypomethylation, a potentially flexible response in genes to the restricted light
exposure encountered in dense jungle. Others have shown that height as a trait is associated with a
1.7 fold increase in enriched genomic VDR binding [Ramagopalan et al., 2010].

Light as an exposomal cue and VDR variation:

In a broader context, altered VDR methylation and hence gene expression becomes an adaptive
response to major exposomal cues that may influence both an individual or species-wide flexible
response to a shifting environmental context. In the case of light, it might relate to either season or
latitude, and might also change according to critical phases of the lifecycle; embryogenesis, infancy,
adolescence, pregnancy and senescence. While others have shown that personal sun exposure can
influence global DNA methylation [Nair-Shalliker et al., 2014], this is the first study to show a clear
gene specific methylation response to various light-related phenomena.

As described earlier, latitudinal factors related to the occurrence of VDR polymorphisms Bsml and
Taql potentially influence the degree of VDR gene methylation in a predictable way. As such, it is



consistent with epigenetic adaptation to variation in ambient light exposure. However, while the
VDR Fokl genotype did show a significant relationship with CpG island methylation, the effect was
the apparent opposite of what was seen for Bsml and Tagl when considered in a latitudinal context.
However, this may not be entirely surprising since Bsml and Tagl form components within an
important VDR Bsml/Apal/Taql haplotype block. The frequencies for the most common halotypes
(baT, BAt, bAT and BAT) in this population have been reported previously by the present authors
[Beckett et al., 2016b], and exist in high linkage disequilibrium. Indeed, Fokl plays a different role as
it generates a modified protein [Kostner et al., 2009]. The polymorphic “F” allele (major allele) has a
later start codon than the ancestral “f” allele (minor allele), generating a shorter more
transcriptionally active protein [Kostner et al., 2009; Whitfield et al., 2001; Jurutka et al., 2001].
When this function of the F allele is considered in a geographic context against previously published
data on latitudinal occurrence of Fokl alleles [Lucock et al., 2015], it suggests that an increasing UV
exposure with reduced latitude enhances the prevalence of an allele conferring increased VDR
activity. This apparent latitudinal contrast between Bsml, Taqgl and Fokl may be of interest in
considering future light/vitamin D related molecular equilibria.

Relevance to disease phenotype:

Certainly the VDR genotypes we found to be influenced by light have been well linked to clinical
phenotype, particularly cancer, although results are mixed and potentially gender specific, there are
many cancers where it can be argued that the Fokl “F” allele is protective compared to the “f” allele,
which generally fits our narrative. Kostner et al [2009] provide data indicating an association of VDR
polymorphisms and cancer risk; the strongest relationships exist for breast cancer (Bsm1, Fok1),
prostate cancer (Fok1) and malignant melanoma (Fok1). Data also indicates an association of VDR
polymorphisms and cancer prognosis being strongest for prostate cancer (Fokl), breast cancer
(Bsm1, Taql), melanoma (Bsm1) and renal cell carcinoma (Taql). Additionally, in the context of bone
mineralisation, Fokl FF genotype has been shown to be associated with high lumbar spine bone
mineral density compared to the other Fokl genotypes [Kanan, 2013]. Others have also shown that
Fokl influences bone mineralisation [Zajickova et al., 2002], although here, FF individuals had
intermediate effect. Although it is not possible to infer causality, the prevalence of VDR genotype
with latitude, the role of VDR genotype in disease, and the occurrence of certain diseases by latitude
or season warrant further investigation to see whether firm links can be established, including any
importance of VDR CpG island methylation. Seasonality at conception has already been linked to
multiple sclerosis [Templer et al., 1992; Bayes et al., 2010], and month of birth influences immune-
related disease implicating UV-B and vitamin D as potential risk factors [Disanto G et al., 2012]. In
this study, risk of Crohn’s disease, rheumatoid arthritis, ulcerative colitis, and lupus were inversely
correlated to second trimester UV-B exposure and third trimester vitamin D status. Additionally,
seasonality at conception has also been correlated with brain tumours in adults [Brenner et al.,
2004], and the expression of neurotransmitter-related genes in psychiatric patients [Chotai et al.,
2003], and in the development of specific behavioural traits [Eisenberg et al., 2007]. Latitude has
also been linked to pancreatic cancer mortality in Australia, with the suggestion that vitamin D and
UV exposure might be involved in disease aetiology [Neale et al., 2009; Altieri et al., 2016].
Furthermore, a relationship is already well established between type Il diabetes and vitamin D status
[Khan et al., 2013].



Study limitations:

The data we present has been adjusted for age, sex and serum calcidiol, along with other key
environmental and/or lifestyle factors such as smoking, BMI and cumulative solar irradiance at
305nm in the six weeks prior to blood sampling. When adjusted, the data maintained significance,
indicating that the degree of VDR gene methylation is likely related to light exposure. While cause
and effect are not proven, the authors suggest this might act as a molecular adaptation to varying
levels of light exposure within and across the lifecycle. What we do not have is expression data, and
future studies should focus on examining mRNA transcription to strengthen support for this
paradigm. The other limitation of the present study is power, future work would benefit from
examining a larger cohort, although the present cohort is still very well characterised.

Although logically, light and blood vitamin D levels might be expected to be related, the present
study suggests that these two variables are additive, not interactive in predicting VDR gene CpG
island methylation. This might stem from a lag phase between solar exposure and assimilation of
calcidiol in the blood (Lucas et al., 2005). A more comprehensive assessment of this and information
on daily activity, clothing and skin pigmentation might help overcome some of the more obvious
study limitations, however, unfortunately it was not available to us in this study. It should also be
noted that a reduced skin synthesis of vitamin D occurs in the elderly, and it is quite possible that in
young people you might see an interaction. Another limitation relates to whether satellite data
represents the dose of radiation at ground level. However, the authors believe that studies like this
with estimated exposure are necessary to justify future, more expensive methods of measuring
personal UV exposure.

Concluding statement:

In summary, duration of early-life exposure and strength of recent irradiance, along with latitudinal-
related genetic factors, influence the degree of VDR gene methylation in a generally predictable
manner. We suggest that this is consistent with this epigenetic phenomenon being a molecular
adaptation to variation in ambient light exposure. Figure 4 shows how this idea fits into the broader
context of vitamin D metabolism. This is a novel finding, and may help explain why, in a recent study,
55 diseases were significantly linked to birth month [Boland et al., 2015]. The authors’ findings were
discussed in the context of environmental exposure to light and hence vitamin D synthesis. Others
have also demonstrated that ancestry and maternal calcidiol jointly influence DNA methylation in
infants, but found that vitamin D differences do not explain lower overall methylation in African
ancestral groups [Mozhui et al., 2015]. Perhaps this relates to the filtering effect of pigmentation on
light exposure, but in any event generally supports the findings presented in the current paper.
While the obvious correlate is with disease, it is also worth considering the phenomenon in the
context of adaptive phenotypes. The most obvious ones being a potential role in adaptive skeletal
changes and in contemporary models related to the evolution of skin depigmentation. However,
given the pleiotropic effects of vitamin D, there are likely to be many other possible effects that
ultimately shape the human phenome [Ramagopalan et al., 2010]. One only has to consider that
more than 4,000 protein-coding mRNAs in white blood cells and adipose tissue have seasonal
expression profiles, with inverted patterns observed between Europe and Oceania [Dopico et al.,
2015], reinforcing the idea that mechanisms to regulate seasonal response clearly do exist and play a
significant role in human biology and our ability to adapt to a changing environment.
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Legends

Figure 1: The correlation between photoperiod at conception and methylation density at the VDR
CpG island, r’=0.07, p=0.02. Linear regression line and 95% confidence intervals are plotted.

Figure 2: VDR CpG island methylation density (%) by cumulative UV exposure tertile A) Univariate
analysis B) Adjusted for age, sex and plasma 25(OH)D levels. Least-squares means and confidence
intervals are plotted. p-values are the results from Tukey HSD tests.

Figure 3: VDR CpG island methylation density (%) by A) Bsml B) Tagl and C) Fokl genotype. Least-
squares means and confidence intervals are plotted, adjusted for age, sex and plasma 25(0OH)D, BMI,
cigarette smoking history and cumulative solar irradiance. p-values are the results from students t-
test.

Figure 4: Schematic showing how light might affect VDR gene methylation, and hence potentially
influence phenotypic plasticity. This is examined within a framework of vitamin D metabolism.

Table 1: The relationship between photoperiod at conception and methylation density at the VDR
CpG island.

Table 2: The relationships between common VDR polymorphisms and methylation density at the
VDR CpG island.

Table 3: Independent predictors of VDR CpG island methylation density in a multivariate model.



Supplementary Table 1: Primer and allele details.

Polymorphism | rs Primers Ancestral | Mutant

number | Forward/Reverse Allele® Allele®
om0 |SSTOCHECATET | 1y | ary
T TR
mer | s | SHSSCIOMMCTICCT ||

2 Fokl previously known as rs10735810

bBase notation unbracketed
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Regulatory
feedback
mechanisms
operate to
balance
calcitriol
mediated
calcium
homeostasis.
These
involve
feedback
inhibition,
altered gene
expression
and
parathyroid
hormone
mediated
effects

@ W

7-Dehydrocholesterol (accumulates in the skin)

Critical UV wavelength 280-320nm

Pre-vitamin D, — > Inactive photoproducts
l Slow temperature dependent isomerisation
Cholecalciferol/Calciol (synthesised in the skin) « Also from the diet

l Calciol 25-hydroxylase

Calcidiol/25(OH)D, (synthesised in the liver — main blood metabolite)

Calcidiol 1-hydroxylase
(or calcidiol 24-hydroxylase to form inactive metabolite)

Calcitriol/1,25(0H),D, (synthesised in the kidney — active metabolite)

l Calcidiol 24-hydroxylase

Inactive metabolite

v

v

Environmental cues including day length (photoperiod)
around conception and recent (6 week) cumulative surface
UV irradiance at 305nm (mW/m?/nm) influence VDR CpG
island methylation density, and hence gene expression

Light alters gene expression leading to potential phenotypic
plasticity; long and short term effects detected in VDR
methylation pattern. Pleiotropic nature of VDR raises

question of whether this exposomally originated epigenetic
influence on the VDR nuclear receptor might mediate a wide
range of human adaptive phenotypes?

Calcitriol binds to VDR and forms a heterodimer with
retinoid X receptor (RXR). This nuclear receptor, along with
co-activators or co-repressors, then attaches to a vitamin D
response element (VDRE) on genes to influence gene
expression. It has been suggested that the VDR alters the
expression profile of more than 200 genes in response to
calcitriol, and has over 2000 genomic binding sites

Calcitriol regulates blood calcium at the level of intestinal

absorption, kidney resorption and mobilisation of bone
mineral
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