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[nitially thought to play a restricted role in calcium homeostasis, the pleiotropic actions of vitamin D in biology and their
clinical significance are only now becoming apparent. However, the mode of action of vitamin D, through its cognate
nuclear vitamin D receptor (VDR), and its contribution to diverse disorders, remain poorly understood. We determined
VDR binding throughout the human genome using chromatin immunoprecipitation followed by massively parallel DNA
sequencing (ChIP-seq). After calcitriol stimulation, we identified 2776 genomic positions occupied by the VDR and 229
genes with significant changes in expression in response to vitamin D. VDR binding sites were significantly enriched near
autoimmune and cancer associated genes identified from genome-wide association (GWA) studies. Notable genes with
VDR binding included IRF8, associated with MS, and PTPN2 associated with Crohn’s disease and TID. Furthermore,
a number of single nucleotide polymorphism associations from GWA were located directly within VDR binding intervals,
for example, rsi3385731 associated with SLE and rs947474 associated with TID. We also observed significant enrichment of
VDR intervals within regions of positive selection among individuals of Asian and European descent. ChIP-seq de-
termination of transcription factor binding, in combination with GWA data, provides a powerful approach to further
understanding the molecular bases of complex diseases.

[Supplemental material is available online at http://www.genome.org. The sequence data from this study have been
submitted to the NCBI Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo) under series accession nos.

GSE22484 and GSE22176, respectively.]

There is increasing awareness of the biological actions of vitamin D
(Holick 2007). The diversity of effects is remarkable but has not yet
been fully placed in an evolutionary context. However, this process
has begun with indications that lighter skin color evolved to op-
timize vitamin D production. Vitamin D deficiency, with resulting
rickets-induced pelvic contraction, which is potentially lethal for
the maternal-fetal unit, likely has exerted major selective pressures
(Jablonski and Chaplin 2000). One billion people worldwide have
vitamin D deficiency or insufficiency due to reduced sun exposure
or inadequate intake for various reasons (Holick 2007). Vitamin D
intake has been associated with reduced risk for several diseases, in
particular multiple sclerosis (MS) (Ebers 2008), but also rtheuma-
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toid arthritis (RA), and type 1 diabetes (T1D) (Holick 2007). The
molecular basis by which vitamin D exerts effects on such diseases
remains incompletely understood, notably in relation to un-
derlying genetic risk although recent studies have provided limited
insights (Ramagopalan et al. 2009; Wang et al. 2010). Much vita-
min D signaling occurs through binding by calcitriol, the active
form of vitamin D, to its cognate nuclear vitamin D receptor
(VDR). A heterodimer, formed with retinoid X receptor (RXR), then
binds specific genomic sequences (vitamin D response elements,
or VDREs) acting to influence gene transcription. A detailed un-
derstanding of the biological actions of vitamin D would elucidate
relationships between vitamin D and numerous diseases. Recent
advances in next-generation DNA sequencing now allow protein-
DNA binding interactions to be identified using chromatin im-
munoprecipitation with massively parallel sequencing (ChIP-seq)
with much greater depth, accuracy, and dynamic range than is
possible using array-based hybridization approaches (Alekseyenko
et al. 2008; Park 2009). Motivated by the biological and clinical
significance of vitamin D-mediated gene regulation, we present
here a comprehensive ChIP-seq genomic map of VDR-DNA binding
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VDR ChlIP-seq and disease
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Figure 1. VDR binding intervals and genomic location. (4) Unstimulated cells. (8) Calcitrol-stimulated
cells. Enrichment is shown by location with respect to gene structure (y-axis) and binding strength (peak
value, maximum number of reads aligned to a genomic position within a ChiP-seq interval) (x-axis). Pie
charts summarize the percentage of VDR binding sites based on location. Intergenic regions were de-
fined as at least 5 kb away from the first or last exon of a gene, upstream (promoter) regions defined as
within 5 kb of the transcriptional start site, and downstream regions as within 5 kb from the end of the

last exon.

and gene regulation in lymphoblastoid cell lines (LCLs) and show
how this provides insights into genetic susceptibility to disease.

Results

Genome-wide VDR occupancy defined by ChiP-seq
We used ChIP-seq to identify the genomic locations bound by VDR
in two LCLs (CEPH individuals GM10855 and GM10861 from the
International HapMap Project) before and after calcitriol treat-
ment. Peaks were called in the aligned sequence data using a
model-based analysis of ChIP-seq (MACS) (Zhang et al. 2008) and
compared with sequenced sonicated and amplified input DNA.
Previous studies have characterized a number of VDREs at
candidate genes with validation by ChIP, showing that often two
or more VDREs are clustered together and involved in modulating
gene expression (Carlberg and Dunlop 2006). Our ChIP-seq data
confirm VDR binding at specific gene loci such as the VDR gene
itself (Zella et al. 2010), the proximal promoter of CCNC (encoding
cyclin C) as previously reported (Sinkkonen et al. 2005), and in
intron 4 of ALOXS (encoding arachidonate 5-lipoxygenase) (Sup-
plemental Fig. 1; Seuter et al. 2007). Our data also highlighted
additional VDR-binding sites near these genes. For example, 15.4
kb downstream from ALOXS is an inducible VDR binding site lo-
cated within a DNase I hypersensitive and CTCF binding region,
showing histone marks consistent with an active enhancer or
similar regulatory element (Supplemental Fig. 1).

Basal occupancy

‘We identified 623 genomic regions occupied by VDR in the basal
(unstimulated) state in these cell lines. We observed that VDR

fication, and no known consensus motif
was identified using MEME (Bailey and
Elkan 1994) with an E-value threshold
of 1 and the canonical rxrvdr motif us-
ing TOMTOM (Gupta et al. 2007) with a
P-value threshold of 10~°. In addition, we
examined MEME results for noncanonical
motifs but found motifs that (1) occurred
only in a small proportion of sequences submitted, (2) had only
weak preferences for nucleotides at all positions, or (3) were com-
positionally biased. This was confirmed using GLAM2 and Bio-
Prospector (Liu et al. 2001; Frith et al. 2008).

Calcitriol-stimulated binding

Upon stimulation with calcitriol, 2776 VDR binding sites were
identified (Table 1; Supplemental Table 1). After stimulation, we
found increased VDR binding in intronic (36%) and intergenic
regions (28%) compared with the basal state (intronic 26%,
intergenic 10%) (Figure 1). Among intervals detected by ChIP-seq
and investigated for sequence signatures of VDR binding, the DR3
VDR motif was identified as the most significantly enriched motif
(E-values < 10~ (Fig. 2; Feldman et al. 2005). We looked for ad-
ditional motifs that were similar to DR3 within the top 10 motifs
returned by MEME (Bailey and Elkan 1994). We found three other
motifs that showed similarity (P < 10~° using TOMTOM (Gupta
et al. 2007) to the DR3 motif. Using all such motifs we called all
intervals by the presence or absence of VDR binding motifs within

Table 1. Number of peaks called using different thresholds and
average interval size

No. of Average interval
intervals size (bp)
FDR 1%
Calcitriol stimulated 2776 781
Unstimulated 623 1161
FDR 1%, 20-fold enriched
Calcitriol stimulated 789 658
Unstimulated 57 1100
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Figure 2. MEME motif analysis for VDR intervals following calcitriol
stimulation. The top-scoring motif found by MEME resembles the known
VDR element. The nucleotide frequencies of the genomic sequences
aligned at the motif are shown in a sequence logo representation
(Schneider and Stephens 1990).

them. Sixty-seven percent of intervals could be explained by the
presence of a DR3-like motif. Strong binding events were more
likely to have a motif compared with weaker ones: 83% of the 25%
strongest peaks contained the motif, compared with only 51% of
the weakest 25% of peaks. It was also found that the DR3 VDR
consensus motifs were predominantly located in introns and
intergenic intervals: 73% of intervals in intronic and intergenic
segments contained the motif, while only 59% of intervals within
S kb upstream of a transcription start site contained a motif.
Overall 58% of intervals with the motif contained only a single
motif, while 39% contained two to four motifs. There was a modest
but significant correlation between the number of binding motifs
in an interval and the strength of the interval as assessed by peak
height (r= 0.27, P < 10™"") (Supplemental Fig. 2).

Calcitriol-stimulated VDR binding sites and their coincidence
with ENCODE elements were assessed as before. Again, there was
a greater enrichment of VDR binding sites within H3K4me3 and
H3K27ac sites as compared with H3K4mel (H3K4me3: ninefold
enrichment, P < 10™% H3K27ac: 9.6-fold enrichment, P < 107%
H3K4mel: 4.8-fold enrichment, P= 10~*). The enrichment of VDR
occupancy in DNase I-hypersensitive and CTCF sites was also
significant (9.6-fold enrichment, P < 10™* and 3.8-fold enrich-
ment, P = 107%). The enrichment seen in DNase I-hypersensitive
sites was greater than that observed in the basal state (Supple-
mental Fig. 3). There was no difference in these enrichment values
between intervals with a DR3 motif and those without.

‘We used microarrays to measure transcript abundance in the
calcitriol-stimulated and unstimulated LCLs used for ChIP-seq anal-
ysis, together with three additional LCLs. Overall, 226 significantly
upregulated and three significantly down-
regulated genes in calcitriol-stimulated
lines were identified compared with basal.
Details of significantly differentially ex-

Type 1 diabetes
Crohn's disease

these intervals, 96% had a DR3 motif. Excluding genes with a VDR
binding site within 5 kb of the TSS, calcitriol-responsive genes had
a VDR interval at a median distance of 66.6 kb away from the TSS as
compared with genes with no significant effect on expression by
calcitriol which had a VDR interval at a 352.8 kb median distance
from the TSS (Mann-Whitney U test, P < 107'9),

VDR binding and disease

The action of VDR as a ligand-activated transcription factor illus-
trates how specific genetic and environmental risk factors may
interact. Given the very rapid recent increase in our knowledge
of genomic loci important in common disease through genome-
wide association studies (GWAS), we sought to determine whether
VDR binding sites preferentially occur within GWA study disease
intervals.

We analyzed GWAS intervals for T1D, Crohn’s disease (CD),
and MS together with 44 other common traits listed in the Catalog
of Published Genome-Wide Association Studies (http://www.
genome.gov/gwastudies) (traits and marker single nucleotide poly-
morphisms [SNPs] used are detailed in Supplemental Table 5). We
found strikingly significant enrichment for VDR binding in asso-
ciated intervals for MS, T1D, CD, systemic lupus erythematosus
(SLE), RA, chronic lymphocytic leukemia, colorectal cancer, hair
color, tanning, and height (Fig. 3). ChIP-seq data are available on
the nuclear glucocorticoid receptor (GR) for the human A549
lung epithelial carcinoma cell line which has provided a very
important model of the response to glucocorticoid (Reddy et al.
2009). There was no overlap in disease intervals enriched with GR
binding (Supplemental Table 6) indicating that there has been no
enrichment for binding sites of this ligand-activated nuclear re-
ceptor as defined in A549 cells, although ChIP-seq data for GR
binding in lymphoblastoid cells will be required to allow a direct
comparison with the enrichment seen for VDR binding in GWAS
intervals.

This analysis highlighted a number of gene loci in which roles
forvitamin D in gene regulation had not previously been proposed
(Supplemental Table 7). We noted, for example, novel intronic
VDR binding sites involving IRF8 (Fig. 4), which is associated with
MS (De Jager et al. 2009), and in PTPNZ2 (Fig. 4), a gene locus
strongly implicated in CD and T1D in recent GWAS (Barrett et al.
2008; Cooper et al. 2008). Both genes showed increased expression
after calcitriol stimulation (~1.5-fold induction for both; Supple-
mental Table 2). We validated these novel VDR binding sites by
ChIP experiments in additional LCLs (Fig. 4) together with other

2.9 fold, P < 0.0001
3.5 fold, P < 0.0001

pressed genes are available in Supplemen-
tal Table 2 and Supplemental Table 3. Gene
ontology analysis showed that the differ-
entially expressed genes were significantly
enriched with those associated with im-
mune functions (Supplemental Table 4).
To investigate the role of VDR binding in
vitamin D-mediated gene expression, we
searched for VDR binding sites within 5 kb
of the transcriptional start site (TSS) of vi-
tamin D-responsive genes. Approximately
23% of vitamin D-responsive genes con-
tained a VDR interval near the TSS, and, of
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Figure 3. Common traits showing enrichment of VDR binding within intervals identified by GWAS. A
total of 47 common diseases and traits were analyzed (see Methods and Supplemental Table 5) and
those showing significant enrichment of VDR binding defined by ChiP-seq in two LCLs after calcitriol
stimulation with a 19 FDR are shown.
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