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Abstract

Genomic annotation of unique and combinatorial epigenetic modifications along with
transcription factor occupancy is having a profound impact on our understanding of the genome.
These studies have led to a better appreciation of the dynamic nature of the epigenetic and
transcription factor binding components that reveal overarching principles of the genome as well
as tissue specificity. In this minireview, we discuss the presence and potential functions of several
of these features across the genome in osteoblast lineage cells. We examine how these features are
modulated during cellular maturation, affect transcriptional output and phenotype, and how they
alter the ability of cells to respond to systemic signals directed by calcemic hormones such as
1,25-dihydroxyvitamin Dz and PTH. In particular, we describe recent experiments which indicate
that progressive stages of bone cell differentiation affect RUNX2 binding to the genome, modify
and restrict patterns of gene expression, and dramatically alter cellular response to the vitamin D
hormone. These studies expand our understanding of mechanisms that govern steroid hormone
regulation of gene expression, while highlighting the increasing complexity that is evident relative
to these basic cellular processes. The results also have profound implications with respect to the
impact of skeletal diseases on transcriptional outcomes as well.
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1. INTRODUCTION

Chromatin immunoprecipitation (ChIP), coupled initially to tiled oligonucleotide
microarrays (ChIP-chip) and subsequently to massively parallel deep sequencing methods
(ChiIP-seq), together with numerous additional genome-scale techniques, has enabled
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investigators to annotate cellular genomes in ways fully unappreciated less than a decade
earlier (1). While it has long been known that histones represent a particular focus of post
translational modification, efforts by numerous groups including those of the ENCODE
(Encyclopedia of DNA Elements) Consortium have focused upon both the identification of
such madifications (marks) and elucidation of their structural and functional significance
relative to the control of gene expression and other processes (2). These and additional
efforts have led to an appreciation of the cell-type specific nature of histone modifications,
the dynamic nature of their appearance during cellular development and differentiation, and
the realization that their presence frequently denote specific functional attributes. Perhaps
most importantly, the presence of many of these histone modifications or combinations
thereof have been found to be enriched at sites of specific regulatory significance, whether
as indicators of nucleosome presence, the location of promoters or of active enhancers (3-5).
In addition, many of these marks provide insight into the functional state of transcription at
specific genes, indicating whether genes are silenced, poised for activation or are actively
being transcribed. Aside from the importance of these marks as predictors of the unique
activities at genes of interest, their presence has accelerated an already emerging field of
transcriptional and genomic enzymology associated with the exploration of chromatin active
regulators and their capacity to dynamically impose or erase these marks, or to recognize
and interpret these marks, presumably to affect downstream functions associated with the
genome (6,7). Perhaps most importantly, the presence of many of these marks can now be
overlaid across regions with small nucleotide polymorphisms (SNPs) associated with human
disease, further supporting the idea that small changes in sequence, often times highly
remote relative to neighboring target genes, can be associated with altered transcriptional
output (8,9). The evidence for these functional linkages to minor changes in DNA sequence
is rapidly accumulating.

In this brief review, we explore the ability of certain histone modifications to identify site-
specific structural and functional features of genes expressed within the osteablast lineage
and to efficiently highlight regions that either contain pre-bound transcription factors or
contain binding sites to which conditional transcription factors can be recruited. We also
explore the dynamic nature by which these marks are not only altered during osteoblast
differentiation, but influence the binding of key factors such as the master regulator RUNX2
and the inducible receptor for vitamin D (VDR) thus altering the transcriptome of cells as
they become differentiated. The dynamic nature of these modifications suggests that the
primary determinants of cellular response are not limited to changes in expression of
transcription factors and their interaction with the genome, but also include changes to the
target genome as well. The importance of this issue is highlighted by the fact that dynamic
changes similarly occur to cellular genomes as a function of progression of diseases such as
in cancer as well as throughout differentiation in the skeleton (10,11).

1. HISTONE MARKS AND DIFFERENTIATION

The Structural/Functional Significance of Known Histone Marks

A considerable effort over the past few years has led to the observation that epigenetic
marks, whether at histones or on DNA, are dynamic and highly cell-specific, indicating that
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they impose strong functional consequences on gene expression profiles and are thus linked
directly to differences in cellular phenotype (12). These can be seen, for example, in the
unique transcriptomes of cells of the osteoblast lineage relative to those of many other
lineages. However, these marks also identify common structural/functional features of genes
in all cell types, highlighting their utility in defining domains at individual gene loci that
represent regulatory regions (enhancers and repressors), transcriptional start sites,
promoters, transcription and elongation functions, and marks that are indicators of overall
chromatin condensation and activity (12). In many cases, the assignation of a particular
common feature such as an enhancer at a gene requires the integration of more than one
mark (or the absence of a mark), particularly as it relates to regions of regulatory
significance (13,14). Using ChIP-seq analysis, we and others have shown that the presence
of individual histone marks is particularly evident across genes that are expressed uniquely
in the osteoblast lineage (15-17). Practically speaking, however, the presence of these marks
as well as that of RNA polymerase 11 (RNA pol I1) occupancy has been used to identify the
regulatory regions of genes such as Tnfsf11 in T cells when the transcription factor(s) that
controls expression of this gene is unknown (18). Additionally, a change in the content of
many of these marks and their associations with specific genes can either presage ongoing
developmental transitions or highlight the presence of clinical disease not only in bone but
in other tissues as well.

The Dynamic Nature of Epigenetic Histone Marks During Osteoblast Differentiation

There is considerable evidence that cellular differentiation is accompanied by progressive
changes to the epigenome, as measured by both qualitative and quantitative changes in
histone marks across the genome (19). As the chromatin regulators that impose these marks
do not have DNA sequence binding specificity per se, it seems likely that these factors are
recruited to sites both early in development of the lineage and then later to additional sites
during either differentiation or in mature cells, at least in part, through changes in the level
of occupancy and/or activity of resident DNA sequence-specific transcription factors, a
subject that is currently an active area of interest. Indeed, the underlying mechanisms for
these changes have been explored in detail using developing T cells and macrophages (20—
24). In these cases, it is clear that small collections of lineage determining factors play
paramount roles in establishing the cell-specific enhancer landscapes de novo whereupon
additional regulatory factors are then recruited in a selective fashion. We hypothesized early
on that the differentiation of early osteoblast precursors to mineralizing osteoblasts and then
further to osteocytes might follow this pattern as well. Accordingly, we contrasted the
profiles of multiple histone modification across the mouse pre-osteoblastic MC3T3-E1
genome (POB) and in these same cells following 15 days of differentiation in vitro in
osteogenic medium (OB) (15). We also examined these histone profiles in both IDG-SW3
osteoblasts (day 3) and differentiated osteocytes (day 35) (17). Of initial interest, we
discovered that despite phenotypic differences in the MC3T3-E1 and IDG-SW3 mouse cell
lines and dissimilarities in their differentiation states, the epigenetic histone landscapes on a
genome-wide scale relative to a number of histone modifications were quite similar,
suggesting that these marks were highly diagnostic for cells of the osteoblast lineage. We
also discovered that while changes in the majority of histone modifications we examined
were generally unaltered as a function of differentiation when linked to the transcriptome,
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they were highly correlated when contrasted exclusively with genes whose expression levels
were changed as a result of differentiation. Of particular importance were the changes
observed at H3K4mel, H3K4me2, H3K9%ac, H3K27ac and H4K5ac, modifications that
denote the locations of enhancers or that highlight variations in chromatin decondensation.
Numerous changes were also noted at H3K4me3, 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, a
bioinformatic examination of enhancer marks revealed that while quantitative changes in the
levels of these signature marks were apparent at osteoblast regulated genes, locations where
histone marks were newly commissioned or where existing marks were decommissioned
were infrequently observed (15,17). Although the appearance of new marks is relatively
subjective (relative to what is deemed the residual level of a basal histone mark versus
background noise), the results do suggest that the programmed creation of the vast majority
of regulatory enhancers in cells of the osteoblast lineage likely occurs early in the
mesenchymal lineage. Moreover, current thought suggests a hierarchical model in which
small collections of early transcription factors responsible for lineage development and
differentiation conspire to establish an appropriate repertoire of regulatory enhancers (25).
With respect to osteoblast lineage cells, it seems likely that the majority of these sites are
established as a result of the expression of master regulators of early osteoblastogenesis such
as RUNX2, OSTERIX and perhaps C/EBPp (26-28).

Recent results suggest that local microenvironments can influence not only the epigenomic
profile of specific cell types, but can result in the reprogramming of these cell types
regardless of the apparent differences in their enhancer landscape. It seems likely that this
high degree of cellular dynamism in macrophages portends the possibility for an increase in
phenotype complexity in bone cells at different skeletal sites as well. Regardless of this
speculation, it is clear that the striking changes to the epigenome and transcriptome that
occur in bone cells during the differentiation process already have profound implications for
skeletal homeostasis, endocrine function, adaptation to external stimuli, and communication
with adjacent tissues such as fat, muscle, and the vascular system. In short, progressive
changes to the genome during differentiation, a requirement for skeletal maintenance and
function, suggests that this process represents not just a mechanism for the replenishment of
skeletal cells with short half-lives but the availability of a continuum of cells with variable
phenotypes and functions that likely function in unique and tissue site-specific ways.

2. VITAMIN D HORMONE ACTION IN OSTEOBLAST-LINEAGE CELLS AND
THE IMPACT OF DIFFERENTIATION

A broad array of steroid and lipophilic hormones are active in the skeleton including the sex
steroids, the glucocorticoids, thyroid hormone, the retinoids, PPAR ligands and the vitamin
D hormone 1,25-dihydroxyvitamin D3 (1,25(0OH)2D3). While recent studies have shown that
a number of chromatin regulatory factors play significant roles in bone cells, thus altering
skeletal dynamics related to either osteoblast lineage cells (29,30), little is known of the
impact of most nuclear receptors on epigenetic histone modifications. As a result, we focus
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in the following section on our recent studies which examined the actions 1,25(0OH),D3 on
osteoblast lineage cells.

The VDR Cistrome in Osteoblasts

Many genes are now known to represent direct mechanistic targets for the VDR. Recently,
however, we and others have defined the nature of the VDR cistrome on a genome-wide
scale in osteoblast precursors, their derivatives and in additional cell types as well (17,31-
36) using ChlP-seq based analyses. Based largely upon our own summarized work, we have
compiled a set of overarching principles through which the VDR acts to regulate the
expression of genes as summarized in Table 1. These principles include both a genome-wide
confirmation of previously held concepts as well as new principles/features identifiable
through the advent of ChlP-seq analyses. Although all findings are interesting, perhaps one
of the most important observations to emerge is the discovery that many, if not most,
regulatory enhancers for the VDR, and indeed for almost all transcription factors, are located
distal to gene promoters, frequently intronic or intergenic and often 10’s if not 100’s of
kilobases from a target gene’s promoter. This particular finding suggests that a re-
examination of many of the genes that were characterized early on by traditional methods
may be necessary to determine the full complement and complexity of their regulatory
components. Interestingly, the observation that regulatory regions can be found in remote
locations relative to specific genes is important not only from a basic but also from a clinical
perspective, as it is now clear that altered expression patterns for many disease-related genes
are due to the presence of SNPs located in or near binding sites for key transcription factors
that control their expression.

VDR Regulation of Histone Acetylation in Bone Cells

Our initial studies of vitamin D action using ChIP-gPCR analysis revealed that VDR binding
at the proximal elements associated with Sopl and Cyp24al gene regulation resulted in a
differential increase in the level histone H3 and H4 acetylation at these genes, suggesting the
existence of a chromatin response to the actions of 1,25(0OH),D3 that might be gene-
selective (37). Subsequent studies of the genes for Vdr, Tnfsf11 and others support this view
(38,39). Consistent with these observations, we subsequently discovered that the effects of
VDR binding on a genome-wide scale in osteoblasts and osteocytes also reflects this
premise (17,35). 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 (HATS) as well as histone deacetyltransferases (HDACs) (40). It is clear
that the actions of these enzymes at 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.
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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 (41). 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 (42). Separate studies using chromosome conformation capture
(3C) have shown, for example, that the presence of estrogen and the estrogen receptor (ER)
at distal enhancers facilitates this type of DNA reorganization (43). Interestingly, while our
studies of this event at the Tnfsf11 (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 (18,44). 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 (45,46). 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.

The Role of RUNX2 and C/EBP as a Basal Regulator of Gene Expression in Osteoblasts
and as both a Determinant and Facilitator of Vitamin D Action

Recent studies have shown that the distribution of RUNX2 across the osteoblast genome is
altered as a result of differentiation, resulting in a contraction of the number of binding sites
that is accompanied by a gross reduction in the osteoblast transcriptome (15,47).
Surprisingly, approximately 25% of RUNX2 binding sites in both immature and
mineralizing osteoblasts also contain C/EBPp (15), supporting the dominant role for these
two chromatin regulatory factors in the establishing the osteoblast phenotype. Interestingly,
further examination revealed that RUNX2 could be found at 70% of the sites that bound the
VDR/RXR heterodimer and that both RUNX2 and C/EBPp could be found at 42% of these
sites (35). A more detailed examination identified an even closer physical relationship
wherein RUNX2 and C/EBPp were found to bind 8 and 9 bp bi-directionally, respectively,
from VDR/RXR peak centers, prompting its description as an “osteoblast enhancer
complex”. As RUNX2 and C/EBPJ are independently active in the regulation of gene
expression in osteoblast lineage cells, these findings suggest that enhancers of this type are
likely capable of mediating both the independent actions of these transcription factors
including the VDR, and perhaps integrating the actions of all three. Interestingly, other
transcription factor arrangements for VDR/RXR, RUNX2 and C/EBPp are also apparent as
well. Thus, many genes including Sppl and Mmp13 retain multiple enhancers each capable
of independently binding RUNX2, C/EBPS or the VDR (35). Given the linear distances
between individual enhancers in these examples, we speculate that the activities of each
regulatory module is manifested either independently or integrated collectively at target
gene promoters via complex DNA looping in a manner that is reminiscent of that seen for
the osteoblast enhancer complex. Interestingly, in view of the chromatin remodeling and
complex transcriptional regulatory properties of the two master regulators RUNX2 and C/
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EBPJ (26,48,49), the role of these factors at enhancers is likely to be several fold. First, the
prebound nature of these two factors and their broad master regulatory properties suggest
that they may play a key role as enablers in establishing and maintaining a set of functional
enhancers that are not only relevant to the osteoblast lineage, but essential for facilitating the
availability of sites to which the VDR and other secondary regulators can be recruited.
Second, the complex actions of these two factors in mediating direct regulatory actions in
response to a wide variety of signaling pathways suggests that they may also contribute
directly to gene regulation by 1,25(0OH),Ds3, in some cases potentiating and in others
suppressing the hormone’s activity. If this hypothesis is correct, while the VDR is a primary
determinant of vitamin D action, these two factors and likely others are also determinants of
the quantitative and qualitative nature of the response, in part by contributing to processes
such as histone modification that controls the output of gene expression.

The Impact of Osteoblast Differentiation on Cellular Response to 1,25(0H),D3

The biological effects of 1,25(0OH),D3 on osteoblast lineage cells differ significantly and are
clearly dependent upon the cellular state of maturation (50,51). In immature POBs, for
example, 1,25(0OH),D3 is known to downregulate both RUNX2 and OSX and upregulate C/
EBPp expression, manifesting a negative impact on differentiation. The hormone also
controls the expression of a number of additional genes including those that encode
regulatory factors involved in the selective modulation of cellular function, regulators such
as Ypl, Enppl, Enpp3, Ank, and Alpl that control mineralization (52), and bone remodeling
regulators such as Tnfsf11b and Tnfsf11 that control bone resorption (53). These findings
raise the important underlying mechanistic question of how osteoblast differentiation can
impact response to 1,25(0OH),D3. The discussion earlier in this minireview described the
significant changes that occur to the RUNX2 and C/EBP cistromes as a result of osteoblast
differentiation as well as the significant epigenetic modifications that occur to histones in a
gene-selective fashion. These changes are likely responsible for the striking alteration in the
transcriptome that is observed in the differentiated cell. We hypothesize that these
transcription factor changes and the epigenomic alterations that are observed following
differentiation are likely to alter cellular response to 1,25(0OH),Ds3. Transcriptomic response
to 1,25(OH),D3 is indeed changed as a function of differentiation, with a restriction in target
gene regulation the major consequence (35). We also noted that these transcriptional
changes were accompanied by a significant modification to the VDR cistrome, due, in part,
to a differentiation-induced reduction in VDR expression that resulted in the absence of the
VDR at numerous sites and a reduction at others. We also observed that 1,25(0H),D3
caused a modest redistribution of RUNX2 and C/EBP binding across the genome in early
osteoblasts suggesting that in addition to 1,25(OH),D3’s ability to affect RUNX2 expression
it was also capable of affecting the presence of RUNX2 at selected sites as well.
Surprisingly, however, we found that despite the fact that 1,25(OH),D3 no longer regulated
the expression of many genes, a large cohort not only retained sensitive to 1,25(0H),D3, but
exhibited increased responsiveness to the hormone. Indeed, some genes manifested a
response that was opposite that seen in immature cells. Interestingly, examination of the
RUNX2 and C/EBPp binding sites near these genes revealed frequent changes in the levels
of these factors despite only limited differentiation-induced effect on the levels of RUNX2
and C/EBP protein. These changes suggest that transcription factor occupancy and activity
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can be altered during the course of differentiation, that these parameters can be affected by
1,25(0OH),D3, and that the accumulated changes are able to impact the qualitative nature of
the genetic response to 1,25(0OH),D3. Accordingly, these results support the idea that the
changing genome of the differentiated cell plays an important role in determining where and
how 1,25(0OH),D3 acts to regulate transcription.

Biological Roles of 1,25(0OH),D3 in Osteocytogenesis and Similarities and Differences with

PTH Action

The biological activity of 1,25(0OH),D3 is both to inhibit osteoblast lineage cell
differentiation, perhaps through its actions to inhibit RUNX2 expression and/or to suppress
Sost expression from mature osteocytes (17), and to stimulate mature cell function as
measured by the induction of expression of osteocalcin, RANKL, and inhibitors of
mineralization as well as other factors responsible for the osteoblast/osteocyte phenotype
(51). We therefore explored whether this process was evident on a genome-wide scale
during the osteoblast to osteocyte transition. As stated earlier, this transition resulted in a
dramatic change in the transcriptome, silencing the expression of numerous osteoblastic
genes, altering the overall expression levels (both up and down) of a large gene cohort
common to both osteoblasts and osteocytes, and inducing the expression of numerous
osteocyte-specific genes. Perhaps most importantly, we noted that 1,25(0OH),D3 reversed the
expression of a large subset of genes that while active in both osteoblasts and osteocytes
were either up- or down-regulated during the differentiation process. In contrast,
1,25(0OH),D3 reinforced the expression of a subset of the gene cohort that was uniquely
upregulated in osteocytes. We conclude that in addition to its ability to impede osteoblast
differentiation from its earlier precursors, 1,25(0OH),Dj3 retains its ability to retard osteoblast
progression to the osteocyte phenotype. Unexpectedly, the actions of PTH on osteocyte
differentiation are similar to those of 1,25(0OH),D3. Thus, PTH also opposes the modulation
of genes that are both expressed and regulated in the two cell types during the osteoblast to
osteocyte transition while reinforcing the expression of genes that are upregulated
specifically in the osteocyte (54). Interestingly, the actions of PTH on the former cohort of
genes appears to be mediated through the PKA/CREB signaling pathway while actions on
the latter appear independent of CREB activation, as assessed by the general presence or
absence of CREB at sites near genes belonging to each cohort (55). Surprisingly, while both
1,25(0OH),D3 and PTH reinforce the expression of genes specific to the osteocyte, the
targets of the two hormones were generally independent of each other. These results suggest
that while the biological impact of PTH and 1,25(0OH),D3 on changes in gene expression
that occur during osteocyte differentiation are similar, their effects on the functional activity
of mature osteocytes may be different. They also suggest that the response of these cells to
PTH and 1,25(OH),D3 may be cell transition-specific and thus sensitive to hormonal
changes brought on during development and homeostasis and as a result of pathophysiologic
states that may alter the levels of these two hormones.

3. SUMMARY

Cellular differentiation results in progressive changes in cellular phenotype and overall
function due largely to significant underlying changes in the patterns of gene expression.
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These changes in gene expression are likely influenced by not only programmed changes in
the expression of key transcription factors and other regulatory molecules, but also by
pervasive alterations that occur to the genome in the form of diverse epigenetic
modifications both to DNA and to histones. In this minireview, we identified many of the
changes that occur to both the transcriptome and the epigenome of osteoblast lineage cells
during the differentiation process from early osteoblast precursors to terminally
differentiated osteocytes. We also described the impact of these changes on cellular response
to secondary regulators using the hormone 1,25(0OH),D3 and its receptor as a paradigm.
Accordingly, we show that differentiation alters the cistrome for the VDR, likely due to
changes in both transcription factor occupancy at VDR target enhancers and selected
changes in epigenomic modifications at histones. These changes affect the complex profile
of genetic response to 1,25(0OH),D3, eliminating some responses, inducing others, and in
some cases qualitatively and quantitatively altering the nature of the response. These
findings indicate a profound ability of factors other than the VDR to act as major
determinants of cellular response to 1,25(OH),D3 and thus the hormone’s ability to
modulate differentiation and mature cell function. Collectively, these overall findings add a
new dimension to our understanding of the role of both the genome and the transcription
factor regulome in establishing the cellular context that influences response to hormones
such as 1,25(0OH),Ds3. This molecular and regulatory complexity, and the potential
consequence of disease on these events is likely to be significant in vivo.
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FIGURE 1.
Modulation of transcriptional output during the MSC to osteocyte transition is correlated

with epigenetic abundance at enhancers and across the gene body. A model of gene up-
regulation is shown schematically with associated changes in several representative histone
(light blue) modifications (yellow and purple stars) and their quantitated abundance (bottom
peaks) at osteoblast lineage enhancers marked by RUNX2 (yellow), RXR (pink), VDR
(blue), and C/EBPp (green). CEAS (Cis-regulatory element annotation system) analyzed
histone modifications (right side) for H3K36me3 (dashed line), H4K20me1l (dotted line),
and H4Kb5ac (solid line) across the gene body are also associated, and increased, with gene
expression changes during this transition. The transcriptional start site is depicted by a black
arrow (arrow size represents transcriptional output). (See references 15, 17 and 31).
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TABLE 1

Overarching principles of 1,25(0OH),D3-mediated gene regulation in target cells. Principles in black represent
those previously defined and now confirmed be genome-wide analysis. Principles in red represent newly
defined genome-wide features of vitamin D action.

VDR Binding Sites (The Cistrome): 2,000-8,000 1,25(0OH),D3-sensitive binding sites/genome whose number and location are determined by
cell-type

Active Transcription Unit: The VDR/RXR heterodimer

Distal Binding Site Locations: Dispersed in cis-regulatory modules (CRMs 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 3 base pairs;
Repression mediated by divergent sites

Mode of DNA Binding: Predominantly, but not exclusively, 1,25(0OH),Ds-dependent

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

Epigenetic CRM Signatures: Defined by the dynamically regulated post-translational histone H3 and H4 modifications and selectively
regulated by 1,25(0H),D3

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