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Abstract

Insight into mechanisms that link the actions of 1,25-dihydroxyvitamin D3 (1,25(0OH),D3) to the
regulation of gene expression has evolved extensively since the initial discovery of a nuclear
protein known as the vitamin D receptor (VDR). Perhaps most important was the molecular
cloning of this receptor which enabled its inclusion within the nuclear receptor gene family and
further studies of both its structure and regulatory function. Current studies are now refocused on
the vitamin D hormone's action at the genome, where VDR together with other transcription
factors coordinates the recruitment of chromatin active coregulatory complexes that participate
directly in the modification of gene output. These studies highlight the role of chromatin in the
expression of genes and the dynamic impact of the epigenetic landscape that contextualizes
individual gene loci thus influencing the VDR's transcriptional actions. In this chapter, we
summarize advances made over the past few years in understanding vitamin D action on a
genome-wide scale, focusing on overarching principles that have emerged at this level. Of
particular significance is the finding that dynamic changes that occur to the genome during cellular
differentiation at both genetic and epigenetic levels profoundly alter the ability of 1,25(0OH),D3
and its receptor to regulate gene expression. We address the broad impact of differentiation on
specific epigenetic histone modifications that occur across the genome and the ability of the VDR
to influence this activity at selected gene loci as well. These studies advance our understanding of
not only vitamin D action but also of the complex and dynamic role played by the genome itself as
a major determinant of VDR activity.

1. INTRODUCTION

A binding protein eventually designated the vitamin D receptor (VDR) was discovered first
in the intestine (Brumbaugh & Haussler, 1974a, 1974b) and then in other tissues including
the parathyroid glands, kidney, and bone (Pike, 1991). This protein’s biochemical features,
including its retention on chromatin (Haussler & Norman, 1969) and subsequently its ability
to bind to DNA (Pike & Haussler, 1979), suggested that it was similar to that of other steroid
hormone receptors and that it might play a role in transcriptional regulation. The DNA-
binding capacity of the VDR enabled investigators to purify the protein, to generate both
polyclonal and monoclonal antibodies useful in the protein’s characterization (Dame, Pierce,
Prahl, Hayes, & Del uca, 1986; Pike, Donaldson, Marion, & Haussler, 1982), and beginning
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in 1987 to clone the chicken (McDonnell, Mangelsdorf, Pike, Haussler, & O’Malley, 1987)
and subsequently the human (Baker et al., 1988) and rat (Burmester, Maeda, & Del uca,
1988) genes as well. These latter achievements and the domain structure that was revealed
from subsequent studies (McDonnell, Pike, & O’Malley, 1988; McDonnell, Scott, Kerner,
O’Malley, & Pike, 1989) confirmed that 1,25(0OH),D3 was a true steroid hormone and that
the receptor was a bona fide member of the steroid receptor gene family (Evans, 1988). They
also enabled subsequent studies in patients with hypocalcemic rickets and other clinical
features that identified a series of mutations within the VDR gene itself that was causative
for hereditary 1,25(OH),D3-resistant rickets (HVDRR) (Feldman & Malloy, 1990; Forghani
et al., 2010; Hughes et al., 1988). This syndrome was first identified by Bell and colleagues
in 1978 (Brooks et al., 1978) and proved to be due to defects in the VDR protein (Eil,
Liberman, Rosen, & Marx, 1981; Marx et al., 1978; Pike et al., 1984). This discovery, the
first for any member of the nuclear receptor family, confirmed the integral and essential role
for the VDR as the mediator of the activities of the vitamin D hormone. Importantly, the
human phenotype of this disease has been recapitulated in mice through genetic deletion of
key elements of the VDR gene from the mouse genome (Bouillon et al., 2008; Li et al.,
1997; Yoshizawa et al., 1997). More recently, advanced studies of the VDR gene from both
mouse and humans have defined the genetic loci spanning these two genes and determined
the locations of key regulatory elements that function to modulate VDR gene output in
response to hormones such as the glucocorticoids, retinoic acid, and 1,25(0OH),Ds itself
(Zella, Kim, Shevde, & Pike, 2006; Zella et al., 2010). The ability of a transgene that
contained either the mouse or the human version of the VDR gene to recapitulate the tissue-
specific expression of the VDRin the mouse and to rescue the phenotype of the VDR-null
mouse has provided final confirmation of the role of the VDR in 1,25(OH),D3 action (Lee,
Bishop, Goellner, O’Brien, & Pike, 2014). It has also enabled the creation of a humanized
mouse model that replicates a particular syndromic subset of HVDRR patients, wherein a
VDR molecule incapable of binding 1,25(0OH),Dj3 is able to prevent the development of
alopecia that is seen in mice that do not express the VDR; this activity appears to be
1,25(0OH),D3 independent (Lee, Goellner, O’Brien, & Pike, 2014). These up-to-date studies
conclusively demonstrate the importance of the VDR as the mediator of all of the known
actions of 1,25(0OH),D3 in disease.

2. GENOME-WIDE ANALYSIS REVEALS NEW CONCEPTS IN VITAMIN D

ACTION

Traditional studies over several decades using reporter plasmid analyses facilitated the
conclusion that 1,25(0OH),D3 is capable of regulating many vitamin D target genes including
osteocalcin (Kerner, Scott, & Pike, 1989; Ozono, Liao, Kerner, Scott, & Pike, 1990),
osteopontin (Nilsson et al., 2005), and Cyp24al (Ohyama et al., 1994; Zierold, Darwish, &
Deluca, 1995). These studies coupled with the extensive use of electrophoretic mobility
shift and other analyses identified key features of the VDR’s DNA-binding sites, termed
vitamin D response elements or VDREs, and the participation of RXR as a heterodimer
partner essential for adequate DNA-binding affinity (Pike & Meyer, 2014; Pike et al., 2010).
However, despite the fact that many of these interactions at target genes have been
confirmed via the application of chromatin immunoprecipitation Features of Gene
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Regulation by Vitamin D analysis (ChIP) (Kim, Shevde, & Pike, 2005), this latter technique
was unable to provide sought after confirmation for many gene promoters and more
importantly failed to identify mechanisms that mediated regulation for genes such as
Tnfsf11 (RANKL), Vdr, and numerous others as well. Accordingly, it was the development
of genome-wide methods such as ChlIP-chip (tiled microarrays) and then ChlP-seq (DNA
sequencing) analyses that extended the technical reach of ChIP analysis to resolve many of
the unknown mechanisms, eventually enabling the quantification of transcription factor-
binding sites across entire cellular genomes. Importantly, these techniques were also used to
acquire genome-wide data sets for coregulatory factors, chromatin modifiers, and for the
presence of epigenetic modifications on both DNA and histones as well. Indeed, any feature
for which an antibody could be developed was a potential target. This largely unbiased
approach to transcriptional regulation has fundamentally revolutionized our approach to the
study of genetic and epigenetic components that are essential for gene regulation,
simultaneously revealing an abundance of new insights. Indeed, we have used ChIP-chip and
subsequently ChlP-seq analyses to gain a genome-wide perspective through which
1,25(0OH),D3 and its receptor mediate the regulation of cellular transcriptomes in numerous
cell types (Lee et al., 2015; Meyer, Benkusky, Lee, & Pike, 2014; Meyer, Benkusky, & Pike,
2014; Meyer, Goetsch, & Pike, 2010b, 2012; Meyer & Pike, 2013; St John, Bishop, et al.,
2014). A list of the overarching principles that have emerged is presented in Table 1 (Pike,
Lee, & Meyer, 2014). These studies indicated that between 2000 and 8000 VDR-binding
sites are detected following activation by 1,25(0OH),D3 in a cell-type-dependent quantitation
and that these sites are highly enriched for a DNA sequence found previously in
representative genes such as osteocalcin and osteopontin. Furthermore, the majority of these
sites are co-occupied by RXR, thereby confirming this principle on a genome-wide scale.
Interestingly, we also discovered that while the DNA-binding activity of the VDR at these
cellular genomes was largely dependent upon the presence of 1,25(0OH),D3, a significant
number of sites were fully occupied by the receptor even in the absence of ligand. The basis
for this type of DNA binding is unknown, but does not appear to be due to the absence of
RXR, which frequently occupied most of the VDR-binding sites regardless of the presence
of 1,25(0OH),D3. This latter finding was accompanied by the discovery that most regulatory
regions were located within introns and intergenic regions highly distal to the genes they
regulate. These observations will be discussed in the next sections, but provide both novel
insight into vitamin D action and explain the difficulties that emerged early on in identifying
gene regulatory mechanisms when the focus was limited technically to regions located near
gene promoters. The summary provided in Table 1 is supported in part by additional studies
that have been conducted by other investigators in the vitamin D field (Ding et al., 2013;
Heikkinen et al., 2011; Ramagopalan et al., 2010; Sherman et al., 2014).

3. NOVEL PRINCIPLES OF VITAMIN D ACTION

The observation that DNA binding of the VDR occurs in both a 1,25(0OH),D3-dependent and
-independent fashion and that the sites to which the receptor binds occur most frequently
many kilobases distal to genetic start sites has profound implications for vitamin D action.
Perhaps the most interesting principle has been the discovery that the VDR cistrome is
highly dynamic during the course of cellular differentiation resulting in a striking change in
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the gene expression profile that characterizes the more mature cell. We consider these three
issues in the context of vitamin D action in the next sections.

3.1 Modes of DNA Binding and Implications for the Regulatory Activity of the VDR

As indicated above, ChlP-seq analysis revealed that while VDR-binding site occupancy on
cellular genomes is highly dependent upon 1,25(0OH),Ds3, a number of sites were found to
contain prebound VDR and RXR prior to ligand activation (Meyer, Benkusky, Leeg, et al.,
2014; Meyer et al., 2012). This novel observation highlights at least two modes of VDR
DNA binding and raises questions as to both the nature of the underlying mechanism
through which the VDR binds to DNA in the absence of activation by the hormone and
whether this interaction is capable of regulating transcriptional activity independent of
1,25(0OH),D3. Although the mechanism remains obscure, emerging evidence suggests that
the VDR may regulate the expression of specific genes and their associated biology through
at least two different mechanisms that likely involve VDR DNA binding yet are independent
of 1,25(0OH),D3. It is worth noting that despite several unique biochemical properties
inherent to the VDR, this latter type of activity is not unexpected given the complex nature
of the transcriptional actions of other nuclear receptors.

3.1.1 Ligand-Independent Function of the VDR in the Hair Cycle—As discussed
earlier, the syndrome of HVDRR in humans is due to a wide variety of mutations within the
VDR gene that results in the production of a receptor that is unable to regulate gene
expression (Malloy, Pike, & Feldman, 1999; Malloy et al., 2014). These molecular defects
lead to a broad disease phenotype that is particularly evident at the skeleton. Only a subset
of these patients display alopecia, however, and this feature was ultimately linked to VDR
gene mutations that compromise the overall expression of the VDR rather than to mutations
that alter its functional capability to bind to and interact with either 1,25(OH),D3 or DNA,
or to recruit coregulatory proteins essential for gene regulation. Further studies using mouse
models supported these observations in humans; VDR-null mice become alopecic whereas
Cyp27b1-deleted mice unable to produce 1,25(0OH),D3 are unaffected, prompting the
emerging hypothesis that control of the hair cycle in the skin could be the result of a
1,25(0OH),D3-independent function of the VDR (Cianferotti, Cox, Skorija, & Demay, 2007;
Demay et al., 2007; Li et al., 1997; Panda et al., 2001). While it is known that this biological
activity of the VDR involves interaction with components of the Wnt-p catenin and
Hedgehog signaling pathways, the mechanism of this regulation remains unclear (Demay et
al., 2007). To address this issue directly, we recently developed genetic models in which
mice express either the human wild-type VDR or a mutant form that is incapable of binding
1,25(0OH),D3 from transgenes that are comprised of the natural human VDR gene locus
(Lee, Bishop, et al., 2014; Lee, Goellner, et al., 2014). Following introduction into the VDR-
null mouse background, both transgenes recapitulate expression of the endogenous mouse
VDR gene in tissues in which the VDR is known to be expressed. However, while the wild-
type human VDR was able to rescue both the deranged skeletal phenotype of the VDR-null
mouse and to prevent alopecia, the 1,25(0OH),D3-binding-deficient form of the human VDR
could only rescue the alopecia (Lee, Goellner, et al., 2014; Fig. 1). This study confirmed a
previous observation involving the expression of a mutant VDR in keratinocytes and
established the fundamental paradigm that the VDR is capable of 1,25(OH),D3-independent
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actions (Chen, Sakai, & Demay, 2001; Skorija et al., 2005). Interestingly, the VDR displays
numerous 1,25(0OH),D3-dependent activities in the skin as well suggesting that both
processes can occur simultaneously (Bikle, 2004, 2012). It is perhaps of relevance that loss
of the VDR in mice potentiates tumor development in the skin whereas loss 1,25(0H),D3
production does not.

3.1.2 Ligand-Independent Suppression of Gene Expression by the VDR—Is
there evidence that the VDR functions in a ligand-independent manner in additional biologic
processes? Interestingly, the expression of a 1,25(0OH),D3-binding-defective VDR in mice as
described above has provided additional circumstantial evidence. For example, while the
mutant receptor is unable to rescue systemic features of altered mineral homeostasis, several
of these parameters such as the level of PTH appear to be exaggerated relative of their VDR-
null mouse counterparts and certain features of the skeletal phenotype appear to be
exacerbated as well (Lee, Goellner, et al., 2014). Interestingly, these skeletal abnormalities
were documented early on in the Cyp27b1-null mouse. Whether these aberrations are due to
reverse VDR activity (suppression) in the absence of ligand remains to be determined.
Interestingly, recent studies suggest that in the absence of 1,25(0OH),D3, the VDR may
suppress the expression of genes that are normally induced by the receptor in the presence of
ligand (Lee, Goellner, et al., 2014). This may indicate that the unliganded VDR can exert
transcriptional effects on target genes that are opposite to those identified following
1,25(0OH),D3 activation. Much additional research will be required to prove this hypothesis,
however, as at present virtually all of the fundamental mechanistic support for this potential
set of VDR activities remains to be delineated. Nevertheless, the role of the VDR in the hair
follicle to regulate the hair cycle provides strong conceptual framework that the VDR may
regulate gene expression in the absence of 1,25(0OH),Ds.

3.2 1,25(0H),D3 Regulates Transcription via Multiple Enhancers Located at Sites Distal to
Gene Promoters

A striking result of extensive unbiased genome-wide ChlP-seq analysis of transcription
factor localization across multiple genomes has been the discovery that many if not most
genes are regulated by multiple enhancers that are not positioned near promoter regions, but
rather within intronic and/or intergenic regions 10s if not 100s of kilobases distal to their
transcriptional start sites (TSSs) (Meyer, Benkusky, Lee, et al., 2014; Meyer et al., 2010b,
2012). Indeed, it has been estimated that most genes are regulated by an average of 10
enhancers and that the average distance of an enhancer from its promoter target is greater
than 250 kb (Dunham et al., 2012; Gerstein et al., 2012). These findings suggest that the
identification of promoter proximal elements near genes based upon the transfected plasmid
approach is highly biased, at best incomplete, and often incorrect. A major consequence of
results emerging from extensive ChlP-seq analyses is that it is no longer reasonable to
explore regulatory mechanisms based upon these earlier molecular biologic approaches with
any expectation that an understanding of the regulatory features of a gene will be
forthcoming. Significant additional problems with the traditional approaches have also
emerged; in the absence of the entire gene locus as well as an appropriate chromatin context,
the contribution and interaction of multiple enhancers and the myriad of chromatin
regulatory proteins that impact the architecture of the gene locus through both DNA and

Vitam Horm. Author manuscript; available in PMC 2016 November 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pike et al.

Page 6

histone modifications are largely negated. As a consequence, while the results of unbiased
ChiIP-seq analyses have provided a better understanding of the mechanisms that regulate the
output of individual genes, they have at the same time made it much more difficult to define
the genetic and epigenetic contributors to such regulation.

3.2.1 Defining Gene Regulation from Distal Sites

Cistromic analysis in many cell types has now revealed the presence of multiple VDR-
binding sites within genetic loci that are frequently dispersed to distal intronic and intergenic
sites. Each enhancer site may contain one or more VDRES that can be located within a few
nucleotides of each other or more than 200 bp (> a nucleosome) from each other. While
hundreds of vitamin D target genes are configured in this manner, specific examples include
Cyp24al, Vdr, Cbs, Tnfsfll, c-FOS, Sppl, Runx2, Cdon, Mmpl3, Col2a, Trpv6, S100g,
and others as well. In the case of Cyp24al, while the promoter proximal element defined in
earlier studies (Zierold et al., 1995) was confirmed, a downstream cluster of regulatory
elements has also been identified more recently (Meyer, Goetsch, & Pike, 2010a). In genes
such as the Var(Zella et al., 2006, 2010), Mmp13 (Meyer, Benkusky, Lee, et al., 2014;
Meyer, Benkusky, & Pike, 2015), and many others, the presence of proximal elements in
earlier reports was not confirmed, although more distal sites of VDR actions have been
delineated. In other cases, VDR-binding sites at genes for which the regulatory activity of
1,25(0OH),D3 had previously been unknown were clarified, frequently located many
kilobases distal to the gene’s TSS. These studies of the VDR support the concept that has
emerged for most transcription factors that the enhancers to which they bind are often found
not only distal to genetic start sites but may contain unregulated genes that are dispersed
between the enhancer and the gene it actually regulates.

3.2.2 Confirming Enhancer Function at Target Genes—A major consequence of the
above arrangement of regulatory enhancers is that while enhancers can be readily located, it
is no longer possible to identify the genes to which they are linked without direct
experimentation conducted in an endogenous gene-like chromatin context. Accordingly, we
have examined enhancer/target gene relationships by stably integrating recombinantly
modified bacterial artificial chromosomes (BAC clones) containing extended gene loci for
the Vadl, Tnfsfl1, and Cyp24al genes, for example, into the genomes of cells in vitro and
comparing 1,25(0OH),D3 regulatory activities of both wild-type BAC and mutant clones that
contain specific enhancer deletions (Lee, Goellner, et al., 2014; Meyer et al., 2010a; Onal et
al., 2014, Zella et al., 2006, 2010). Most importantly, these minigenes have also been
inserted into the mouse genome as well, verifying that the clones contain sufficient genetic
information to direct not only appropriate tissue-specific expression of the gene but a level
of expression capable of rescuing the phenotype of mice that are null for the gene product
complimented through the transgene (Lee, Bishop, et al., 2014; Onal et al., 2014). A distinct
advantage of this /n vivo approach is that both the basal and the regulatory features of the
transgene of interest can be examined in a wide variety of tissues known to express the gene
rather than from a single cell type in culture. A successful rescue permits the conclusion that
the transgene contains the fully complement of features that control expression of the gene
in its original endogenous setting. The consequence of enhancer deletion on the regulated
expression of the transgene as well as the expression of mutant forms of the transcriptional
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product can then be evaluated as well, the latter highlighted for the human VDR gene in the
above section which essentially humanizes the mouse (Lee, Bishop, et al., 2014). We have
also deleted putative gene enhancers within the mouse genome and evaluated the
consequence of this action on subsequent target gene activity in selected tissues as well
(Galli et al., 2008). This has been particularly informative for the mouse 7nfsf11 gene,
which contains at least 10 distinct regulatory regions that differentially control the
expression of RANKL in osteoblast-lineage cells and in hematopoietic immune cells
(Bishop, Cay, Nerenz, Meyer, & Pike, 2011; Bishop, Meyer, & Pike, 2009; Bishop et al.,
2014; Kim, Yamazaki, Shevde, & Pike, 2007; Kim, Yamazaki, Zella, Shevde, & Pike, 2006;
Fig. 2). Finally, we have begun to explore the role of enhancers in diseased tissue as well,
such as in the atherosclerotic plaques that emerge in ApoE-null mice fed a high-fat diet. In
this case, mice containing enhancer deletions that compromise the expression of specific
genes are crossed into the ApoE-null background and the consequence of enhancer-mediated
gene misexpression examined in the high-fat diet-induced atherosclerotic plaques. In another
vein, assessing enhancer/target gene relationship for genes that are suppressed by
1,25(0OH), D5 is particularly complex as many features that are routinely apparent and
responsible for gene activation frequently do not apply. For example, while VDR-binding
sites can be found near a subset of genes that are repressed by 1,25(0OH),D3, many repressed
genes do not contain these adjacent VDR-binding sites (Meyer, Benkusky, Lee, et al., 2014,
St John, Bishop, et al., 2014). Thus, the mechanisms associated with repression continue to
remain obscure. The distal nature of regulatory elements also suggests a requirement for
DNA looping as assessed by chromosome conformation capture (3C) technology to bring
multiple distal sites into proximity with the active transcriptional centers associated with
individual genes.

3.2.3 Application of the CRISPR/Cas9 Method to the Study of Gene Regulation
—Current studies are now focused on using genome-editing methods employing CRISPR
(clustered regularly interspaced short palindromic repeats)/Cas9 to establish the relevance of
specific regulatory elements both in cells in culture and in mice /7 vivo (Cong et al., 2013).
Indeed, a detailed examination of the regulation of Mmp13expression by 1,25(0H),D3 in
osteoblast-lineage cells has revealed the presence of three enhancers located —10, —20, and
—30 kb upstream of the Mmp13TSS (Meyer et al., 2015; Fig. 3). While the promoter region
of the Mmp13 manifested no vitamin D-sensitive activity in regulating Mmp13 mRNA
transcript production, the enhancer located at —10 kb not only bound the VDR but mediated
all of the actions of 1,25(0OH),D3 on Mmp13 mRNA expression. The more distal enhancers
mediated the regulation of this gene by other transcription factors including RUNX2 and C/
EBPp. Further dissection of the activities of these enhancers using deletion directed by the
CRISPR/Cas9 system revealed unique activities inherent to each enhancer in the osteoblast
and the fact that despite their linear distances from each other, the loss of key regulatory
capability derived from the most distal enhancer (=30 kb) conferred a profound impact on
the binding activities of the other transcription factors at the remaining sites and at the
promoter. These activities via genetic dissection by the CRISPR/Cas9 system are likely to
provide the preferred methodological approach to dissecting transcriptional regulation and
enhancer function in the near future in exquisite detail. Indeed, we have already deleted a
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series of enhancers from vitamin D target genes in mice /n7 vivo and shown that these

mutations have a striking impact of the expression of the genes to which they are linked.

4. THE INFLUENCE OF CELLULAR DIFFERENTIATION ON VITAMIN D

ACTIVITY

Perhaps the most important observation made regarding the actions of 1,25(0OH),D3 on a
genome-wide scale has been the discovery that cellular differentiation exerts a dramatic
quantitative and qualitative impact on the hormone’s ability to regulate gene expression
(Meyer, Benkusky, Lee, et al., 2014; Meyer, Benkusky, & Pike, 2014; St John, Bishop, et al.,
2014; St John, Meyer, et al., 2014). It has been known since early times that the effects of
1,25(0OH),D3 on osteoblast-lineage cells differ significantly depending upon the cellular
state of differentiation, although these conclusions were drawn largely from studies of single
genes such as osteocalcin (Lian et al., 1989). In recent studies that have highlighted this
concept more broadly, we observed that the treatment of early osteoblasts with 1,25(0OH),D3
resulted in a transcriptome that was more expansive and strikingly different than that
observed in mineralizing osteoblasts following differentiation (Meyer, Benkusky, Lee, et al.,
2014). While an extensive overlap of genes was noted in both cell types, the transcriptome
itself was quantitatively reduced in more mature cells, in part because expression of the
VDR itself was downregulated. Indeed, some genes were no longer responsive to
1,25(0OH),D3. The most striking observation, however, was the finding that despite a
significant reduction in VDR expression, the basal levels of many vitamin D target genes
were altered due to differentiation and the response to 1,25(0OH),D3 was qualitatively altered
as well. In some cases, the gene exhibited an increase in response to 1,25(0OH),D3 and in
others a decrease; in some cases, the directionality of regulation was reversed. These
findings highlight the highly dynamic nature of the biologic activities of 1,25(0OH),Ds3 in
cells that are closely related and raise the important underlying question of how the
differentiation process is able to impact response to 1,25(OH),D3 mechanistically.

4.1 Differentiation Is Accompanied by Direct Alterations in the VDR Cistrome

A comparison of the VDR/RXR cistrome in early precursors and late mineralizing
osteoblasts using ChlP-seq analysis revealed a striking reduction in the number of binding
sites for the VDR in more mature cells and a significant reduction in their location as well
(Meyer, Benkusky, Lee, et al., 2014). As expected, VDR binding was frequently lost at sites
near genes that were no longer responsive to 1,25(0OH),D3. In contrast, however, although
frequently reduced following differentiation, VDR binding was retained at many sites near
genes that remained responsive or showed increased response to 1,25(0OH),D3, although in
many cases the level of receptor binding activity was significantly reduced as assessed by
ChlIP-seq analysis. This observation suggests the possibility that transcription factors other
than the VDR that are either recruited to or enriched at sites near these genes following
differentiation may contribute in enhancing response to 1,25(0OH),Ds. It is also possible that
these factors may influence the epigenetic landscape that defines functional features of the
target gene, facilitating further the ease with which 1,25(0OH),D3 and its receptor may be
able to modify the gene’s expression. This hypothesis is supported by the observation that
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the basal levels of expression of many of these genes are often changed following cellular
differentiation.

4.2 The Impact of Osteoblast Differentiation on Master Regulatory Factor Distribution,
Histone Modifying Activity, and Response to 1,25(0OH),D3

To explore the idea elaborated above, we first used ChlP-seq analysis to determine the
distribution of binding sites for two key osteoblast-lineage determining factors RUNX2 and
C/EBP across the osteoblast genome before and after differentiation (Meyer, Benkusky, &
Pike, 2014). Importantly, while the level of expression of these individual factors changed
only modestly following differentiation, both the level of their occupancy at existing sites as
well as their accumulation (or loss thereof) at new sites of action was significantly altered.
An examination of the effects of 1,25(0OH),D3 on these cistromes revealed that in addition to
the hormone’s known direct inhibitory role on RUNX2 and C/EBP expression, the
hormone also caused a modest redistribution of RUNX2 and C/EBPB DNA binding in early
osteoblasts suggesting that the hormone was likely capable of affecting the presence of
RUNX2 and C/EBPp concentrations at selected sites as well (Meyer, Benkusky, Lee, et al.,
2014). Given the role of these factors in the recruitment of chromatin regulatory modifiers,
these results suggest further that significant quantitative and/or qualitative changes in the
levels of epigenetic modification might also be detectable at genes whose expression levels
were altered as a function of osteoblast differentiation both in the absence and presence of
1,25(0OH),D3. Interestingly, we found that while the epigenetic landscape was generally
unchanged when examined using all genes that were expressed in both precursor cell and
their differentiated counterpart, significant changes were observed when the analysis was
restricted to genes whose expression patterns were altered as a result of the differentiation
process (Meyer, Benkusky, & Pike, 2014; St John, Bishop, et al., 2014). Of particular
importance were the changes observed at H3K4mel, H3K4me2, H3K9ac, H3K27ac, and
H4K5ac, modifications that denote the locations of regulatory enhancers or that highlight
variations in chromatin decondensation and accessibility. Numerous changes were also
noted atH3K4me3, a mark that specifies the location of gene promoters, and at H3K36me3,
H4K20mel, and H4K5ac, marks that identify genomic regions spanning the transcription
units (exons and introns) of genes. Interestingly, bioinformatic examination also revealed
that most of the changes in the levels of signature marks at enhancers were quantitative (St
John, Bishop, et al., 2014). Thus, only a few changes in histone modification that denoted
the novel appearance of a newly minted enhancer (or its loss) could uniquely regulate the
expression of the gene to which it was linked were observed. These results suggest broadly
that programmed creation of the vast majority of regulatory enhancers in cells of the
osteoblast lineage likely occurs early in the mesenchymal progression, and that alterations in
transcription factor expression and activity (i.e., RUNX2 and C/EBPB) may be dominant at
influencing the epigenetic landscape surrounding regulated genes, could influence gene
output, and likely modulate response to 1,25(0OH),D3 and other systemic regulatory
hormones.

4.3 ldentification and Structure of the Osteoblast Enhancer Complex

The potential influence of both RUNX2 and C/EBPp activity on cellular response to
1,25(0OH),D3 together with a preliminary bioinformatic analysis that suggested the enriched
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presence of DNA-binding motifs for these latter two factors at sites of VDR binding on a
genome-wide scale prompted us to examine the potential relationship between the VDR
cistrome and those for RUNX2 and C/EBP directly. This analysis confirmed that either
RUNX2 or C/EBP or both were frequent occupants at active VDR DNA-binding sites
(Meyer, Benkusky, Lee, et al., 2014). Further inspection revealed that 70% of the 4174
VDR/RXR-binding sites that were identified in early osteoblasts also contained RUNX2,
while 42% contain both RUNX2 and C/EBPB. A more detailed examination identified an
even closer physical relationship between RUNX2, C/EBPB, and VDR/RXR, prompting its
description as a consolidated “osteoblast enhancer complex” (Fig. 3A). Indeed, we found
that RUNX2 and C/EBP bind bidirectionally 8 and 9 bp on average from the VDR/RXR
peak center, respectively. As RUNX2 and C/EBP are independently active in the regulation
of gene expression in osteoblast-lineage cells, these findings support the idea that enhancers
of this type are likely capable of mediating both the independent actions of these specific
transcription factors and of the actions of the VDR, and perhaps in some cases of integrating
the actions of all three as well. Interestingly, other transcription factor arrangements for
VDR/RXR, RUNX2, and C/EBP are also apparent. Thus, many genes including Mmp13
are regulated by set of dispersed enhancers that bind RUNX2, C/EBP, or the VDR
individually (Meyer, Benkusky, Lee, et al., 2014; Meyer et al., 2015). Given the linear
distances between each enhancer in these examples, we speculate that the activities of each
of these regulatory modules are likely integrated collectively at the promoters for target
genes via complex DNA looping in a manner that is reminiscent of that seen for the
consolidated osteoblast enhancer complex. Our recent studies of the Mmp13gene support
this concept through the demonstration that targeted CRISPR/Cas9-mediated deletion of
several of the genes enhancers impacts not only the overall expression of Mmp13but
influences binding activity of transcription factors such as RUNX2, C/EBP, and the VDR
at the enhancers that remain in the Mmp13locus (Meyer et al., 2015; Fig. 3B). The
prebound nature of both RUNX2 and C/EBPR on DNA and their broad master regulatory
properties in osteoblasts suggest that they may play an instrumental role in establishing and
maintaining enhancers for genes that are not only relevant to the osteoblast lineage but that
their actions at these enhancers may facilitate the availability of sites to which the VDR and
other secondary regulators can be recruited. If this hypothesis is correct, while the VDR is a
primary determinant of vitamin D action, both RUNX2 and C/EBP and likely others that
operate in a lineage-dependent fashion are also determinants of the quantitative and
qualitative nature of the response, in part by contributing to processes such as histone
modification that control the output of gene expression.

5. VDR MODULATES HISTONE ACETYLATION AT TARGET GENES

Initial studies of vitamin D action revealed that VDR binding at the proximal elements
associated with SppI and Cyp24al regulation resulted in a differential increase in the level
of histone H3 and H4 acetylation at these genes, suggesting the existence of a chromatin
response to the actions of 1,25 (OH),D3 that might be gene-selective (Kim et al., 2005).
Subsequent studies of the genes for Var, Tnfsfi11, and others support this view (Kim et al.,
2006; Zella et al., 2006). Consistent with these observations, we subsequently discovered
that the effects of VDR binding on a genome-wide scale in osteoblasts and osteocytes also
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reflect this premise (Meyer, Benkusky, Lee, et al., 2014; St John, Bishop, et al., 2014).
Accordingly, while acetylation levels of H3K9, H4K5, and H3K27 were increased at sites of
VDR action near many genes, sites in other genes were unaffected. It has long been known
that one of the functions of the VDR in gene activation is to initiate the recruitment of
coregulatory factors that include CBP, p300, and the SRC family of histone
acetyltransferases and several histone deacetyltransferases as well (Sutton & MacDonald,
2003). It is clear that the actions of these enzymes at the histones associated with many
genes likely account for the changes in acetylation that are observed, although the
mechanism that underlies this site-selectivity is not understood. It seems likely that the
requirement for gene activation differs among individual genes, perhaps based upon the
nature of the residual expression level of the gene in question and the presence of additional
transcription factors that contribute to this level of expression.

Acetylation levels represent a hallmark of chromatin decondensation and transcription factor
accessibility to binding sites on DNA, particularly if access to those sites is restricted due to
nucleosome positioning (Shahbazian & Grunstein, 2007). Alternative explanations as to the
role of increased acetylation as well as methylation include the possibility that site-specific
increases lead to the recruitment of additional chromatin regulators that are necessary for
nucleosomal redistribution, eviction, or exchange, thereby enabling enhancer/promoter
engagement through DNA reorganization (Berger, 2007). Separate studies using 3C analysis
have shown, for example, that the presence of estrogen and the estrogen receptor at distal
enhancers facilitates this type of DNA reorganization (Pan et al., 2008). Interestingly, while
our studies of this event at the 7nfsf11 (RANKL) and Cyp24al genes have shown linkage
between the promoters for these genes and their associated distal enhancers, they do not
appear to be influenced by 1,25(0OH),D3 (Bishop et al., 2011; Meyer et al., 2010a).
Increased methylation at specific sites on histones likewise precipitates changes in gene
output, likely due in this case to the selective recruitment of chromatin regulators known as
“readers” whose downstream actions are currently being characterized (Calo & Wysocka,
2013; Ruthenburg, Allis, & Wysocka, 2007). Future studies will be required to delineate the
consequence of increased acetylation and methylation by VDR at the molecular level and
identify the specific players that are involved. Nevertheless, the observation that activated
VDR initiates enhanced expression of specific chromatin regulators as well as their
recruitment to genes provides an initial starting point.

6. SUMMARY

Recent studies have revealed a set of general overarching principles through which
1,25(0OH),D3 and its receptor regulate the expression of genes in cellular targets. These
findings confirm and extend many of the general features that have been identified for
vitamin D action over the past several decades, but have also revealed important new
concepts as well. These include the finding that while VDR binds to DNA largely in
response to activation by 1,25(0OH),D3, a subset of genetic targets contain prebound VDR
even in the absence of the ligand. This finding highlights the possibility that the VDR may
have a more ubiquitous 1,25(OH),D3-independent function in gene regulation, an activity
that appears to be illustrated by VDR actions in the hair cycle. An additional discovery is the
finding that regulatory enhancers for the VDR as well as for most other transcription factors
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are often multiple at single gene loci and more importantly located at sites that are
frequently remote relative to the genes they regulate. This finding highlights the likely role
of DNA looping that enables these distal enhancers to contact the transcriptional machinery
near the promoter and to impact transcriptional output. Finally, our results suggest that the
process of differentiation is capable of altering the transcription factor milieu at important
target genes and directly affecting the epigenetic landscape surrounding these genes as well.
This combination of effects is capable of altering the DNA-binding activity of secondary
regulatory factors such as the VDR and influencing in both a positive and negative manner
the protein’s transcriptional activity as well. These results illustrate the highly dynamic
nature of VDR action within tissues thereby adding a new dimension to our understanding of
the role of the genome in defining cellular context that ultimately impacts hormonal
response. This molecular and regulatory complexity and the certain consequence of disease
on these events at the genomic levels are likely to be significant /n vivo.
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Figure 1.

A mutant human VDR deficient in 1,25(0OH),D3-binding activity restores hair follicle
cycling in VDR-null mice and prevents alopecia. Minigenes containing the human VDR
gene locus were introduced into a VDR-null mouse background to create humanized mice
expressing either wild-type (hVDR) or mutant (hWDR-L233S) VDR proteins. Both hVDR-
WT and hVDR-L233S rescue the alopecia observed in VDR-null mice. VDR+/+,
unmodified normal mice; hVDR-L233S 805, 806, and 807 represent three rescued mouse
strains that express increasing concentrations of VDR protein in all appropriate tissues. See
Lee, Goellner, et al. (2014).
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Figure 2.
Schematic linear structure of the mouse 7nfsf11 gene locus with associated regulatory

enhancers located on chromosome 14. The gene spans over 220 kb and is defined by two
CTCF/RAD21 sites that serve as boundary elements for the gene. The 7nfsf11exons are
defined as brown rectangles, and enhancers are defined by orange ovals. Arrows define the
direction of transcription. Both the 7nfsf11and neighboring Akap11 genes are located on
the reverse strand. D1-D7 represent enhancers that regulate 777511 expression in
osteoblast-lineage cells, whereas T1-T3 represent enhancers that regulate 7nfsf11
expression in hematopoietic B and T cells. See Onal et al. (2014).
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Figure 3.
Organization of osteoblast enhancer complexes (OEC) that bind RUNX2, C/EBP, and the

VDR. (A) Consolidated OEC-binding arrangement for RUNX2, C/EBP, and VDR at the
Spp1 (osteopontin) gene as defined by ChlP-seq analysis. (B) Dispersed OEC-binding
arrangement for RUNX2, C/EBP, and VDR at the Mmp13gene locus as defined by ChIP-
seq and other functional analyses. Schematic depiction of the individual RUNX2 (blue), C/
EBPB (yellow), and VDR (green) enhancers shown clustered and interacting upstream of
the Mmp13gene locus with the promoter proximal region (gray) and the general
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transcription assembly (brown) located near the transcriptional start site. See Meyer,
Benkusky, and Pike (2015).
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Table 1

Overarching Principles of 1,25(0OH),D3-Mediated Gene Regulation in Target Cells

VDR-binding sites (the cistrome): 2000-8000 1,25(0OH)2D3-sensitive
binding sites/genome whose number and location are determined by cell

type
Active transcription unit: The VDR/RXR heterodimer

Distal-binding site location: dispersed in cis-regulatory modules (CRMSs or enhancers) across
the genome; located in a cell-type-specific manner near promoters, but predominantly within
introns and distal intergenic regions; frequently located in clusters of elements

VDR/RXR-binding site sequence (VDRE): induction mediated by classic
hexameric half-sites (AGGTCA) separated by three base pairs; repression
mediated by divergent sites

Mode of DNA binding: predominantly, but not exclusively, 1,25(0H),Ds dependent

Modular features: CRMs contain binding sites for multiple transcription
factors that facilitate both independent or synergistic interaction

Epigenetic CRM signatures. defined by the dynamically regulated posttransiational histone
H3 and H4 modifications and selectively regulated by 1,25(0OH),D3

VDR cistromes are highly dynamic: cistromes change during cell differentiation, maturation,
and disease activation and thus have consequential efffects on gene expression

Principles in bold represent those previously defined and now confirmed by genome-wide analysis.

Principles in italics represent newly defined genome-wide features of vitamin D action.
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