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Abstract
The vitamin D receptor (VDR) mediates virtually all of the known biological actions of the
hormonal ligand 1,25-dihydroxyvitamin D3 (1,25(OH)2D3). These actions are directed toward the
nucleus, where the VDR binds to the regulatory regions of target genes and modulates their
transcriptional output. Recent technological advances have enabled the study of transcription
factor binding on a genome-wide scale in cells and tissues that are major targets of vitamin D
action. In this review, the results of several of these studies are discussed wherein overarching
principles of gene regulation by the vitamin D hormone are beginning to emerge. In addition,
several specific genes that are regulated by 1,25(OH)2D3 and which provide new insight into the
increasingly complex mechanism whereby the receptor functions to modulate gene expression are
considered. These studies suggest that while many of the principles that are now accepted
regarding the regulation of gene expression by hormones and other regulatory factors are well
grounded, others require extensive modification.
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1. Introduction
1,25-Dihydroxyvitamin D (1,25(OH)2D3), the active hormonal derivative of vitamin D,
plays a central role in the regulation of mineral homeostasis through its control of diverse
biological processes in the intestinal tract, kidney and in bone (DeLuca, 2004; Plum and
DeLuca, 2010). More recently, it has become clear that the vitamin D hormone also
functions to modulate a number of mature cell functions that are unrelated to mineral
metabolism including intestinal regulation of xenobiotic degradation, modulation of specific
components of the immune system, control of skin cell differentiation and regulation of
endothelial cell and cardiovascular biology (Bouillon et al., 2008a; Bouillon et al., 2008b).
This hormone also plays a more ubiquitous role in cellular proliferation, differentiation and
survival, suggesting the possibility that it might reduce the risk of cancer or act as an anti-
tumor agent in a variety of human cancers (Bouillon et al., 2006; Matthews et al., 2010;
Zinser and Welsh, 2004).
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The cellular actions of 1,25(OH)2D3 are mediated by the vitamin D receptor (VDR), an
intracellular transcription factor whose functional activity in the nucleus of target cells is
largely, although not exclusively, controlled by direct interaction with its cognate ligand
(Haussler et al., 2008; Pike and Meyer, 2010; Pike et al., 2010). This activation process
provokes heterodimer formation with nuclear retinoid X receptor (RXR) at selected DNA
sequences that are located within enhancers and are termed vitamin D response elements
(VDREs) (Kerner et al., 1989; Mangelsdorf and Evans, 1995; Ozono et al., 1990; Sone et
al., 1991a; Sone et al., 1991b). These DNA segments function in cis with other cellular
components to regulate the genes to which they are directly linked. Selective DNA binding
by the VDR at these target genes results in the recruitment of coregulatory complexes that
are capable of directing a number of key processes that are essential for altered gene output
(Sutton and MacDonald, 2003). Although some of these principles are more relevant to the
activation of genes by 1,25(OH)2D3, it is clear that chromatin modifications are also
important to gene repression as well (Kato et al., 2007; Kim et al., 2009). Not surprisingly,
while mechanisms of transcription factor activation differ, frequently through direct covalent
factor modification rather that ligand activation, the general mechanisms of gene regulation
downstream of these activation processes are similar.

Recently, a number of technological advances have been made that are directly relevant to
the study of transcription. These advances are centered on the technique of chromatin
immunoprecipitation (ChIP), wherein a protein factor can be cross-linked to its endogenous
or induced site(s) of action on the genome and then utilized to precipitate small DNA
segments to which it is associated (Wells and Farnham, 2002). While quantitation of
precipitated DNA was assessed initially using primer sets directed toward the amplification
of a predetermined region on the genome (PCR-ChIP analysis), this positional limitation
was rapidly overcome by hybridizing the DNA segments on tiled microarrays (ChIP-chip
analysis) (Kim et al., 2006; Kirmizis et al., 2004; Komashko et al., 2008) and more recently
by using deep sequencing methodologies (ChIP-seq analysis) (Ernst and Kellis, 2010;
Hawkins et al., 2010a; Hawkins et al., 2010b; Heintzman et al., 2009; Heintzman et al.,
2007; Hon et al., 2009). A comparison of these three approaches to exploiting ChIP analysis
has been documented recently (Pike, 2011). However, a major advantage of both ChIP-chip
and particularly deep sequencing ChIP-seq methodologies is that they yield unbiased,
genome-wide data sets that can provide detailed mechanistic information across complete
genomes. Indeed, complex annotation of the genomes of both model organisms as well as
humans with regard to structural, functional and regulatory features has grown almost
exponentially over the past several years. This has both extended our understanding of the
regulatory genome and uncovering entire new fields of exploratory biology. As one might
imagine, these techniques have been applied to the vitamin D field with equal vigor.

In this review, we describe some of the advances that have been made in our understanding
of the molecular actions of the vitamin D hormone and its nuclear receptor. We discuss first
the results of several studies that have provided significant insight into the actions of
1,25(OH)2D3 on a genome-wide scale and then show how these principles are highlighted at
the level of several genes of specific interest to the vitamin D field. It should come as no
surprise that many of the ideas that have emerged over the past several decades using both
limited gene data sets as well as the more traditional techniques have not been confirmed
using these more recent approaches. Given the specific role of the vitamin D endocrine
system in both the regulation of key physiological systems but also in a variety of disease
processes, it is imperative that we identify gene networks whose activities in tissues are
under vitamin D control and understand the genome-wide principles that govern their
regulation by 1,25(OH)2D3.
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2. A Genome-Wide Perspective on Gene Regulation by 1,25(OH)2D3

Several studies have been conducted recently that provide a genome-wide perspective on the
actions of vitamin D and its receptor. Not surprisingly, these studies have focused upon the
actions of 1,25(OH)2D3 in osteoblasts, a particularly relevant target of vitamin D action in
view of the potential bone anabolic activity inherent to this important calcemic hormone
(Meyer et al., 2010a). Studies have also focused on intestinal/colon cells, an equally
important vitamin D target tissue (Meyer et al., 2011). As the cells used in this latter study
represent a colorectal cancer cell line, the focus here was not restricted to genes involved in
calcium and phosphorus homeostasis alone but also to xenobiotic metabolism and growth
regulation as well. A recent study of vitamin D action was also conducted in EB virus
transformed lymphoblastoid cell lines (Ramagopalan et al., 2010). While this cell type does
not a highly studied vitamin D target cell type, the rationale for the examination of these
lines appears to be the availability of large sets of ancillary genomic data that have emerged
as a result of the ENCODE Project (Bernstein et al., 2010). The following section describes
the results of these three studies in some detail.

2.1. Genome-wide Studies of VDR/RXR Heterodimer Binding in Osteoblasts
2.1.1 ChIP-chip and Chip-seq Analysis in Osteoblasts—ChIP-chip and subsequent
ChIP-seq analysis in osteoblasts has revealed that the VDR is bound to approximately 1200
sites across the mouse genome under basal conditions and to approximately 8000 sites
following activation by 1,25(OH)2D3 (Meyer et al., 2010a). These sites therefore comprise
the VDR cistrome, a term which refers to the genome-wide collection of all binding sites for
a particular factor in a given cell type under a specific set of conditions. A large portion of
these basal VDR binding sites overlap those observed in the presence of 1,25(OH)2D3.
These data suggest that while VDR DNA binding is highly regulated by 1,25(OH)2D3 at
most enhancers, selective occupancy by the VDR at a subset of these sites does not require
ligand activation (Figure 1). This feature differs from a number of other nuclear receptors of
this class where residual DNA binding appears to be a predominant characteristic (Lefterova
et al., 2008). Although ligand-independent VDR enhancer binding activity is both gene- and
cell type-specific, the mechanism that defines this selectivity and its functional consequence,
if any, is unknown. ChIP-chip analysis also revealed that while RXR binding is widely
distributed at distinct sites across the genome, it is also ubiquitously present at almost all
VDR DNA binding sites as well as following activation by 1,25(OH)2D3. Interestingly,
RXR is often pre-bound at sites that become occupied by the VDR following ligand
activation (Figure 1). A classic example of this features is observed at the osteopontin gene
(Meyer et al., 2010a). While this observation suggests that RXR may point to sites of
potential VDR action, the nature of RXR binding under these conditions is unknown.
Regardless, these observations strongly support the original hypothesis that RXR represents
a heterodimeric partner necessary for VDR DNA binding and gene activation.

The identification of large numbers of VDR/RXR binding sites across the osteoblast genome
enabled a de novo search for sequence motifs that represent direct binding sites for the VDR/
RXR heterodimer. As illustrated in Figure 2, the most frequent DNA sequence identified at
these sites was comprised of two directly repeated half-sites of the consensus sequence
AGGTCA separated by three base pairs, a sequence first identified in the human osteocalcin
gene (Kerner et al., 1989; Ozono et al., 1990) and subsequently in most other vitamin D
target genes as well (Haussler et al., 2010; Pike and Meyer, 2010). In many cases, more than
one VDRE was identified at sites of VDR/RXR interaction on the genome. Not surprisingly,
a biased bioinformatic search for specific VDRE-like sequences at these sites also resulted
in the identification of at least one plausible VDRE at almost every site. It is worth noting,
however, that close inspection of both the VDREs identified within this genome-wide VDR/
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RXR binding data set as well as those identified over the past decade in specific genes
suggests that VDREs are actually comprised of a single conserved consensus half-site paired
with a second half-site that is highly degenerate. The implications for this configuration
remain unclear, however, because the polarity of the heterodimer relative to VDR and RXR
binding at these sites and the impact of this orientation on gene expression has not been
rigorously explored. Despite this uncertainty regarding this feature of VDR/RXR binding, it
is clear that genome-scale identification of DNA binding sites for the heterodimer confirms
the structure of the first VDRE originally identified over two decades ago (Ozono et al.,
1990).

ChIP-chip and ChIP-seq assessment of VDR/RXR binding sites in the osteoblast genome
coupled with nearest gene neighbor analysis indicates that while regulatory elements for this
receptor pair can be found near the promoters for target genes, they are found more
frequently distal to promoters in either intergenic regions that surround the transcription
units or within introns (Figure 3). The data also suggest that genes are frequently regulated
by multiple enhancers and that these elements are often located in clusters. This finding for
both the VDR as well as other transcription factors is somewhat unexpected and clearly
diverges from previous findings that suggest that the regulation of eukaryotic genes is
controlled by enhancers located a few kilobases from gene promoters. Examples of genes
that display these regulatory organizations are listed in the legend in Figure 3. It is now clear
from this study of the VDR as well as studies of other transcription factors that multiple
distal regulatory elements routinely control the expression of genes and that many of the
earlier conclusions that were drawn using cellular transfection of plasmids were not correct.
This modification to our understanding of gene regulation represents a significant paradigm
shift and has broad implications.

2.1.2. Measuring the Consequences of VDR/RXR Binding at Target Genes—
ChIP-seq analysis has also revealed that VDR/RXR binding across the genome results in
cofactor recruitment, changes in the levels of histone H3 and H4 lysine acetylation and
changes in RNA polymerase II (RNA pol II) occupancy at promoters that are regulated by
1,25(OH)2D3. While the patterns of response across the genome are exceedingly complex,
certain conclusions can be drawn regarding the function of enhancers and their role in
modulating the output of genes in osteoblasts such as osteocalcin, osteopontin, alkaline
phosphatase, bone sialoprotein, and others as well. For example, ligand-induced VDR/RXR
occupancy at most sites across the genome is correlated with increased recruitment of
coactivators such as SRC1, a histone acetyltransferase that functions to increase histone
acetylation and to enhance transcription factor access via chromatin decondensation (Smith
and O’Malley, 2004). Indeed, a striking increase in H3 and H4 acetylation is directly
correlated with the appearance of the VDR/RXR heterodimer and coregulators such as
SRC1. These changes occur at not only enhancers bound directly by the VDR, but other
regions as well including promoters. The broad nature of this modification suggests the
capacity of this covalent activity to spread across the gene locus (Hawkins et al., 2010a;
Heintzman et al., 2009; Hon et al., 2009).

VDR binding at enhancers also correlates with the recruitment of coregulators such as the
MED1 component of Mediator, a complex that functions, at least in part, to increase RNA
pol II density at target gene promoters (Rachez et al., 1999; Yuan et al., 1998). Surprisingly,
the recruitment of MED1 and RNA pol II as well as other components of the basal
machinery are not limited to the promoters of regulated genes, but rather also occur at many
of the enhancers to which the VDR/RXR is bound. Thus, it is possible that in addition to
their roles in providing increased access to key chromatin regions, enhancers may also
function as RNA pol II recruitment centers, thereby increasing the concentration of the
primary enzyme complex required for transcript production (Szutorisz et al., 2005). While
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this hypothesis remains currently viable, the presence of these components at enhancers
together with the discovery that much of the genome is actively transcribing RNA has
prompted examination of the production of RNA from these regions as well (Wang et al.,
2008). The results suggest that indeed these enhancer regions are frequently producing RNA
transcript of several types. Although the function of most of these RNAs is not clear, it is
possible that active transcription may play a role in the gene-regulating activities of
enhancers. As a result of these unbiased genome-wide studies, however, it is now certain
that new paradigms are emerging to describe the regulation of gene expression by
1,25(OH)2D3. These include the selective binding of the VDR and its RXR partner at
multiple sites across the genome that are frequently located many kilobases for target genes
and that are capable of modulating chromatin architecture, and the recruitment of RNA pol
II to these regions where they may function to synthesize unexpected RNA transcripts
capable of also modulating target gene transcription. Possible mechanisms through which
RNA transcripts might regulate gene expression have been recently reviewed (Ong and
Corces, 2011). Most of these concepts are a direct result of the application of the new
technologies of ChIP-chip and ChIP-seq analysis.

2.2. Genome-wide Studies of VDR/RXR Heterodimer Binding in Intestinal/colonic Cells
ChIP-chip and ChIP-seq analysis have also been utilized to explore VDR/RXR binding sites
across the human intestinal LS180 cell line (Meyer et al., 2011). This line is derived from a
colorectal adenocarcinoma and therefore could also provide insight into mechanisms
whereby 1,25(OH)2D3 inhibits uncontrolled cell growth. Genome-wide analysis of DNA
binding sites for the VDR and RXR in the absence and presence of 1,25(OH)2D3 suggest
that while the total number of sites is reduced, the patterns are similar to those observed in
the mouse osteoblasts. Thus, while both VDR and RXR was found to be localized to a
restricted set of targets in the absence of 1,25(OH)2D3, the overall number for both receptors
was increased substantially in the ligand’s presence. As anticipated, RXR was present at
most sites that containing the ligand-activated VDR. As with the VDR/RXR cistrome in
osteoblasts, a nearest gene neighbor analysis indicated that the majority of the sites were
located not at promoters, but rather at either distal intergenic regions upstream or
downstream of transcription units or within introns. Finally, de novo motif finding analysis
also revealed the presence of one or more classic VDREs within each of these VDR/RXR-
bound activity peaks. Less than half of these de novo identified sites were comprised of two
half-sites separated by 3 base pairs, however, suggesting that the VDR bindings to other
configurations as well. These studies suggest that while the quantitative nature of the VDR
cistrome differs as a result of cell type or species, the fundamental nature of both the cis and
trans elements are similar.

Additional ChIP-seq analysis was also conducted in LS180 cells to identify the genome-
wide distribution of coregulatory factors such as SRC1, CBP, Med1 and NCoR and to assess
the impact of 1,25(OH)2D3 on this distribution. The results suggest that while these factors
are bound to numerous regulatory sites across the genome in the basal state, as would be
expected of general transcriptional regulators, the number of these sites increased
substantially upon 1,25(OH)2D3 stimulation. Interestingly, tag density analysis suggested
that sites that contained both the VDR/RXR heterodimer as well as one or more of the
coregulators were highly correlated to genes that were shown to be regulated by
1,25(OH)2D3 as well. These include genes involved in calcium and phosphate transport,
xenobiotic transport and metabolism, and other cellular functions. The identification of
regulatory regions confirmed sites on genes previously identified and frequently defined
new sites of action as well. These analyses support both the recruitment by the DNA-bound
VDR/RXR heterodimer of coregulators and the capacity of these coregulators to influence
the expression of genes located nearby.
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Although the structures of gene enhancers are unknown, most studies have suggested that
they are modular in nature, capable of selectively binding multiple transcription factors
activated via numerous signaling pathways. This functional feature of enhancers enabled us
to search for binding motifs within the enhancers which could bind the VDR/RXR
heterodimer and to identify potential sites for other factors that might influence vitamin D
action as well. This analysis revealed a series of motifs that were present with varying
frequencies within the peaks of VDR/RXR binding activity and included potential sites for
the factors AP1, ET1, C/EBPβ and CDX2. Indeed, subsequent ChIP-seq analysis of two of
these regulators (CDX2 and C/EBPβ) demonstrated that they were frequently presence at the
enhancers for 1,25(OH)2D3. C/EBPβ represents a remodeling transcription factor
functionally active in the intestine whereas CDX2 represents a homeobox factor essential for
embryonic development of the intestine, for stem cell maturation and for mature epithelial
cell activity (Heinz et al., 2010; Lin et al., 2010; Suh and Traber, 1996). We speculate that
these factors may be essential to the formation and regulation of VDR/RXR enhancer
function.

2.3. Genome-wide Studies of VDR Binding in Epstein-Bar Virus B Cells
A recent ChIP-seq analysis of the VDR together with gene expression data has been
reported in several EB-virus transformed lymphoblastoid cell lines (Ramagopalan et al.,
2010). These cell lines have been used as analytical targets within the ENCODE Project and
as a result, their genomes have been extensively explored and heavily annotated for digital
DNAse1 hypersensitivity (DHS), DNA methylation, histone variants, histone methylation
and acetylation marks, and for a multitude of transcription factor binding activities as well
(Bernstein et al., 2010). Thus, the identification of both basal and ligand-induced VDR
binding sites was placed in this valuable context. VDR binding properties were found to be
similar to those identified in our studies. Thus, the VDR bound to 623 sites in the absence of
1,25(OH)2D3 and to 2776 sites following hormonal treatment. Among these sites, the
authors confirmed our finding of the presence of the VDR at sites within the VDR gene
(Zella et al., 2010; Zella et al., 2006), although they did not confirm previous findings of
VDR binding at the ALOX5 gene (Seuter et al., 2007). The authors observed a much
stronger bias for promoter localization of these sites irrespective of the state of activation.
Consistent with this observation, VDR binding sites were enriched in regions that exhibited
increased DNAse1 hypersensitivity and manifested higher levels of H3K4me3 and
H3K427ac activity (histone signatures that are more frequently found at promoters and
within transcription units) relative to H3K4 me1 activity (a histone signature found more
frequently at distal enhancers) (Heintzman et al., 2007). Thus, these data support an
association in these cell lines of the VDR with more promoter proximal rather than promoter
distal sites of actions. Discounting VDR sites located near active promoters, however, the
authors also determined that the median distance of a VDR enhancer to the nearest
1,25(OH)2D3 regulated gene was 66.6 kb, thereby supporting the idea that a significant
number of VDR enhancers are located at sites that are remote relative to their target genes.
Regardless of the location of these sites, however, further study using MEME analysis
revealed the frequent presence of one or more consensus VDRE-like motifs comprised of
the sequence AGGTCA XXG AGTTCA, thereby confirming the structural nature of typical
VDREs. The frequency of the above half-site was somewhat higher than that observed in
intestinal cells (Meyer et al.,2011). Many of the targets of vitamin D action, as defined
through this particular study using both gene expression and ChIP-seq analyses, highlight
both previous as well as potentially new targets of 1,25(OH)2D3 activity. Many of these
target genes appeared to be involved in disease. It is worth noting, however, that most of
these results are correlative in nature. Thus, the authors provide no evidence that the
regulatory regions they define de novo are either active or are linked to the disease genes
they find located nearby. Given our fundamental understanding that enhancers can be locate
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a many different sites across the genome, a direct functional link between an enhancer and a
gene needs to be established for virtually all enhancers that are found using ChIP-seq
analysis. Despite this caveat, this study provides valuable fundamental insight into
mechanisms and potential targets of vitamin D action.

3. Functional Examination of Specific Gene Targets of 1,25(OH)2D3 Action
As referred to earlier, research over the past several decades has identified a number of
genes that represent direct targets of 1,25(OH)2D3 and its receptor. These included human
osteocalcin, the first target identified (Kerner et al., 1989), as well as subsequent targets that
include osteopontin (SPP1), BGLAP, the calbindins D9K and D28K, Cyp24a1, Cyp27b1,
PTH, and others (Haussler et al., 1998). Accordingly, both the location of the regulatory
regions and the VDRE(s) within the regions were identified. While many of these analyses
were successful in defining site of regulatory action, however, examination of others known
also to be regulated by 1,25(OH)2D3 were not as successful. These failures suggested that
either an alternative mechanisms was at play or that the regulatory elements were located
elsewhere. The question of whether regulatory regions identified near the promoters of the
genes examined provided the exclusive means by which 1,25(OH)2D3 functioned to
modulate their expression was also unresolved. Clearly, the genome-wide analyses
summarized above suggest that regulatory elements may be located far from the promoters
they control and that both proximal and distal elements also may be involved. In the
following sections, we describe our recent work on the Cyp24a1 and the Tnfsf11 (receptor
activator of NF-κB ligand; Rankl) genes that highlight these principles.

3.1. Regulation of Cyp24a1 Expression by 1,25(OH)2D3
Cyp24a1 is a quintessential vitamin D target gene (Prosser and Jones, 2004). Its striking
upregulation by 1,25(OH)2D3 in all cells that contain the VDR serves as a negative control
mechanism to curb the activity of 1,25(OH)2D3 through direct metabolic degradation of the
hormone. As a consequence, the ambient activity of 1,25(OH)2D3 in tissues is a direct
consequence of the amount of 1,25(OH)2D3 that enters cells from the circulation, the
amount of 1,25(OH)2D3 that is produced locally or within the cell, and the rate at which
intracellular 1,25(OH)2D3 is degraded by Cyp24a1. Mechanistically, the cloning of the
Cyp24a1 gene provided the opportunity to explore the underlying mechanism responsible
for the regulation of this gene by 1,25(OH)2D3 (Ohyama et al., 1993; Ohyama et al., 1991).
This effort led to the identification of two VDREs located within the first 300 bp of the
promoter for Cyp24a1 (Ohyama et al., 1996; Zierold et al., 1995). Although subsequent
work has provided additional insight into features of Cyp24a1 regulation by 1,25(OH)2D3
(Kim et al., 2005), the general conclusion from all of these studies has been that the
Cyp24a1 gene is regulated through activities that occur at the gene’s proximal promoter.

3.1.1. Regulation of Cyp24a1 expression involves both the promoter and a
downstream intergenic cluster of regulatory elements—To test the hypothesis that
the regulation of Cyp24a1 expression by 1,25(OH)2D3 was exclusively proximal in nature,
we conducted unbiased ChIP-chip and ChIP-seq analyses of VDR and RXR binding across
an extended segment of human chromosome 20 and mouse chromosome 2 which contained
the Cyp24a1 genes using intestinal and bone osteoblast cell lines (Meyer et al., 2010b;
Meyer et al., 2007). In both cell types, ChIP-chip analysis confirmed both the absence of
VDR and RXR at the mouse and human Cyp24a1 proximal promoters under basal
conditions and the co-localization of these factors to this region of the two genes in response
to 1,25(OH)2D3, thereby confirming previous studies (Figure 4A). Surprisingly, however,
both VDR and RXR occupancy was also strongly induced by 1,25(OH)2D3 at a cluster of
intergenic sites located downstream of the Cyp24a1 gene some +35-40 kb in mouse and
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+40-66 kb in human cells. Interestingly, while VDR and RXR binding was dependent upon
the presence of 1,25(OH)2D3 at almost all the sites, significant ligand-independent VDR and
RXR binding was observed at one particular site at +50 kb and the level of the receptors
were only upregulated (2-fold) following activation by the hormone. Further dissection
revealed the presence of one or more functional VDREs in several of these enhancers.

To explore this downstream cluster of VDR/RXR binding sites further, we conducted ChIP-
chip analysis using antibodies to the coregulators SRC1, MED1, NCoR and SMRT. These
studies revealed that SRC1, MED1 and SMRT, but not NCoR, were recruited in a ligand-
dependent manner not only to the proximal promoter, but to most of the downstream
regulatory regions as well. Interestingly, measureable levels of all of the cofactors, including
NCoR were evident under basal as well as ligand-induced conditions at the +50 kb site that
contained prebound VDR and RXR. We also observed that while histone H4 acetylation
levels across the Cyp24a1 locus were unremarkable under basal conditions, a striking
increase occurred at both the promoter and across the entire downstream enhancer regions
from +40 to +69 kb as a result of 1,25(OH)2D3. These findings suggest that VDR/RXR
binding at the promoter and at this downstream cluster is coincident with coregulator
recruitment and chromatin modification, both of which appear necessary for the regulation
of Cyp24a1 expression by 1,25(OH)2D3.

3.1.2. Linking the Activity of the Downstream Enhancer Cluster to Cyp24a1
Expression—While the above studies suggest that downstream elements may participate
in the regulation of Cyp24a1 expression, they do not provide direct evidence of such
activity. As a consequence, we created a series of large mouse and human bacterial artificial
chromosome (BAC) minigene reporters that contained not only the Cyp24a1 transcription
unit but associated regulatory regions as well. This BAC clone collection was comprised of
not only an unmodified version of the locus, but altered versions that contained mutations
which blocked activity at the proximal Cyp24a1 promoters, mutations that removed the
downstream cluster of putative regulatory enhancers, or the combination. These BAC clones
were then utilized to create cell lines that contained stably integrated copies of these
minigenes and the cell lines explored for basal and 1,25(OH)2D3 inducible reporter activity.
While the native Cyp24a1 BAC clones were fully activated by 1,25(OH)2D3, independent
mutation of the proximal VDREs or deletion of the downstream enhancer cluster reduced
but did not eliminate the ability of 1,25(OH)2D3 to induce Cyp24a1 reporter function.
However, when both the proximal mutations and the downstream deletion were combined
within the Cyp24a1 BAC clone, all 1,25(OH)2D3 inducible activity was lost (Meyer et al.,
2010b). These results provide clear evidence that both the proximal VDREs defined in the
mid 90’s as well as the downstream regulatory elements identified in this study contribute to
the regulation of Cyp24a1 expression by 1,25(OH)2D3. Studies using chromosome
conformation capture (3C) analysis, which provides a measure of the relative proximity of
two discontinuous DNA segments (Dekker et al., 2002), also revealed that the downstream
DNA segment that contained the VDR enhancer cluster was indeed located near the
Cyp24a1 promoter in three dimensional terms (Meyer et al., 2010b), providing additional
support for this emerging feature of the Cyp24a1 gene. These findings highlight the
increased complexity of gene regulation at a gene that has served as a prototypic vitamin D
target for almost three decades.

3.2. Regulation of Tnfsf11 Gene Expression by 1,25(OH)2D3
Early studies by Suda and colleagues suggested that 1,25(OH)2D3 and PTH could induce the
formation of osteoclasts through an indirect mechanisms that involved the regulation of a
factor produced in osteoblasts (Suda et al., 1992; Suda et al., 1999). This factor was
identified in 1999 as Rankl, a membrane-bound TNF-like molecule that not only induced the
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formation of osteoclasts, but stimulated their activation and survival as well (Burgess et al.,
1999; Kong et al., 1999; Lacey et al., 1998). Currently, Rankl is known to be expression in
not only osteoblasts but in other cell types as well and plays an essential role in bone
remodeling; its upregulation following menopause as well as in a variety of disease state is
central to bone loss and osteoporosis (Leibbrandt and Penninger, 2008; Theill et al., 2002).
Despite this insight, early attempts to identify a mechanism whereby 1,25(OH)2D3 could
induce Rankl (Tnfsf11) gene expression were less successful. Thus, while Kitazawa and
colleagues demonstrated that the proximal regions of both the mouse and human Rankl gene
promoters contained elements that mediated 1,25(OH)2D3 response, these elements diverged
to some extent from typical VDREs and where capable of only modest activity in response
to 1,25(OH)2D3 (Kitazawa et al., 2008; Kitazawa et al., 2003) Efforts by others to replicate
these responses met with limited success (Aguilera et al., 2007; O’Brien, 2010).

3.2.1 Rankl Gene Expression is Regulated by 6 Upstream Distal Enhancers—
Given this above background, we initiated an effort to determine whether regulation of
Rankl was indeed mediated by 1,25(OH)2D3 through the promoter or whether it involved
regulatory elements located elsewhere within the gene locus. To this end, we conducted a
ChIP-chip analysis of 1,25(OH)2D3 induced VDR and RXR binding that centered on the
Rankl gene yet spanned over 500 kb of DNA surrounding the gene itself (Kim et al., 2006;
Nerenz et al., 2008). This analysis revealed the presence of at least 5 intergenic sites to
which the VDR/RXR heterodimer bound following 1,25(OH)2D3-treatment that were
located upstream of the Rankl promoter at −16, −23, −60, −69 and −75/76 kb (Figure 4B).
In this analysis, however, neither VDR nor RXR were observed at the Rankl promoter.
Further studies identified the VDREs located within several of these regions, and a
particularly robust action mediated by the regulatory region located at −75 kb. These results
suggest the possibility that the induction of Rankl by 1,25(OH)2D3 in this cell type was
mediated not through proximal elements, but rather through a complex set of regulatory
element located far upstream. O’Brien and colleagues, using an alternative approach
involving large BAC clones as described above, arrived at a similar conclusion that the
distal region located at −75/76 kb is capable of mediating the actions of both 1,25(OH)2D3
and PTH (Fu et al., 2006). The dissection of this region revealed the presence of several
CREB sites responsible for the actions of PTH as well (Kim et al., 2007). Further studies
demonstrated that both 1,25(OH)2D3 and PTH induced not only VDR/RXR and CREB
binding, respectively, at these sites, but also induced the recruitment of several coregulatory
complexes and an upregulation of histone H4 acetylation as observed at the Cyp24a1 gene
locus. An additional enhancer at −88 kb was also identified more recently that mediates the
induction of the Rankl gene by the cytokines OSM and IL-6 via the transcription factor
STAT3 (Bishop et al., 2009). These studies have been instrumental in defining how the
Rankl gene is regulated by 1,25(OH)2D3 and other inducers such as PTH and highlight the
frequent role of multiple elements located distal to promoters in the regulation of gene
expression.

3.2.2 Validation of the Role of Rankl Gene Enhancers in 1,25(OH)2D3 and PTH
Action in Vivo—As with the Cyp24a1 gene, linking the activities of enhancers located far
upstream of Rankl to the expression of the gene itself requires direct evidence. While the use
of natural and mutant BAC clones provided preliminary evidence of this linkage, the
apparent central role of the enhancer located at −75/−76 kb prompted O’Brien and
colleagues to delete this segment of DNA in the mouse genome and to explore the
consequence of this maneuver on the basal as well as 1,25(OH)2D3 and PTH induced
expression of Rankl in vivo (Galli et al., 2008). Basal levels of Rankl expression were found
to be suppressed in this mouse not only in bone but in the spleen as well suggesting that the
−75/−76 kb enhancer was involved in basal Rankl expression in both bone and T cells.
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Perhaps more interestingly, treatment of these enhancer knockout mice with either
1,25(OH)2D3 or PTH revealed a defect in regulation such that neither of the two hormones
were as effective at inducing Rankl as was observed in wildtype mice. Further examination
of the biologic phenotype of these enhancer-deleted mice suggests that these mice developed
mild osteopetrosis as a result of the decrease in Rankl expression. Collectively, the studies
support the idea that at least one enhancer located a significant distance for the Rankl gene
promoter is fundamental to the regulation of the Rankl gene. Additional deletion studies are
ongoing to further define the roles of each of the other enhancers that were identified in the
Rankl upstream control region.

4. Final Conclusions and Future Perspectives
The observations summarized in this article provide new insight into the mechanisms
through which 1,25(OH)2D3 and its receptor regulate the expression of vitamin D target
genes. Although studies over the past several decades have defined a number of general
guiding principles of vitamin D action, including definition of key components in addition to
the VDR/RXR heterodimer and identification of the structural organization of the VDREs
themselves, more recent studies using newly devised technologies capable of providing a
genome-wide perspective suggest that many of these principles require significant
modification. Among those is the idea that regulatory regions are located near promoters.
Clearly, the evidence presented above suggests that although genes do contain these
proximal elements, they are more frequently located distal to transcriptional start sites and
often configured in regulatory clusters. This distal nature makes it imperative that enhancers
identified through ChIP-chip and ChIP-seq analysis be evaluated directly for their functional
contribution to the regulation of specific target genes using genome-deletion in vivo,
recombineered BAC clones, chromosome conformation capture or other types of analyses as
discussed above. Indeed, this may be most difficult consequence of the results provided by
these powerful genomic analyses.

Future studies are likely to focus on the mechanisms whereby enhancers regulate gene
expression. Thus, while binding of regulatory factors initiate coregulator recruitment and
provoke epigenetic changes to the covalent states of histones, the mechanism(s) through
which enhancers function to modify the expression of target genes remains unclear. An
emerging concept is that enhancers may direct the synthesis of RNA transcripts that may
participate in some way in the regulation of target genes, as discussed earlier in this article
(Wang et al., 2008). Indeed, considerable evidence now suggests that at least some of these
RNAs may function in a regulatory mode. Additional efforts are also likely to focus on the
structural composition of enhancers and the identification of factors that are involved in the
creation of these regulatory regions as well (Lin et al., 2010). Clearly, the phenotype of a
cell is determined by the genes which are expressed, and the ability of these genes to be
expressed in one cell type and not another is determined by the presence of appropriately
placed yet dynamically regulated enhancers. Focused studies are just beginning to delineate
the role of lineage-determining factors in the creation and maintenance of enhancers that are
essential to the expression of cell specific gene networks. These and additional studies are
likely to provide new insight into the cell- and tissue-selective actions of the vitamin D
hormone.
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Figure 1.
Relative VDR and RXR binding activities across mouse and human genomes in the absence
and presence of 1,25(OH)2D3.
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Figure 2.
Position weight matrix motif (VDRE) derived from 168 VDR/RXR binding sites in human
colorectal cancer cells.
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Figure 3.
Possible locations of regulatory enhancers across mammalian genomes. Promoters,
enhancers, exons, and the direction of transcription is shown. Examples of genes that display
the indicated configuration from the top to the botton panel are as follow: 1) CYP24A1, 2)
VDR, 3) TRPV6 and c-FOS, 4) CYP24A1, 5) RANKL, and 6) c-MYC and PAX6.
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Figure 4.
Locations of active regulatory enhancers for the (A) human CYP24a1 and (B) mouse
Tnfsf11 (Rankl) genes. The individual transcription units and their associated exons and
introns are shown with the arrow indicating the promoter and the direction of transcription.
The positions of CTCF/RAD21 binding sites are designated with arrows. The Tnfsf11
enhancers D1-D7 and their positions relative to the gene’s transcriptional start site (TSS) are
documented. The TSS, promoter proximal and downstream enhancer cluster for the
CYP24A1 gene are indicated.
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