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Abstract

Vitamin D serves as a principal modulator of skeletal gene transcription, thus necessitating an
understanding of interfaces between the activity of this steroid hormone and regulatory cascades that
are functionally linked to the regulation of skeletal genes. Physiological responsiveness requires
combinatorial control where coregulatory proteins determine the specificity of biological
responsiveness to physiological cues. It is becoming increasingly evident that the regulatory
complexes containing the vitamin D receptor are dynamic rather than static. Temporal and spatial
modifications in the composition of these complexes provide a mechanism for integrating regulatory
signals to support positive or negative control through synergism and antagonism.
Compartmentalization of components of vitamin D control in nuclear microenvironments supports
the integration of regulatory activities, perhaps by establishing thresholds for protein activity in time
frames that are consistent with the execution of regulatory signaling.

1. Introduction

Vitamin D is a physiologically significant mediator of biological control. Vitamin D plays a
principal role in control of proliferation and differentiation throughout development and during
tissue remodeling in adults. It has been extensively documented that vitamin D has an important
function during bone formation and resorption, immune system maturation, and
gastrointestinal absorption [1,2]. Equally important, vitamin D has been implicated in
regulatory activity associated with the onset and progression of cancer. Vitamin D is linked to
signaling cascades that contribute to prostate and colon cancer and leukemogenesis. Therefore,
beyond physiological control, vitamin D analogs can be effective chemotherapeutic agents.

Vitamin D regulation is principally mediated through modulation of transcription. Vitamin D3
binds to the vitamin D receptor (VDR), which then interacts with specific elements located
within the regulatory regions of target genes. Combinatorial and context-dependent protein-
protein interactions with other transcription factors or cofactors bound at a specific promoter
may further modify transcription. Here, physiological responsiveness requires that co-
regulatory proteins determine specificity of biological responsiveness to regulatory cues.

It is becoming increasingly evident that organization and assembly of VDR-regulatory
complexes are dynamic rather than static [3]. Modifications in the composition of these
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regulatory complexes provide a mechanism for integrating regulatory signals to support
positive and negative control through synergism and antagonism.

In addition to the genomic effects of vitamin D, there is increasing insight into the mechanisms
that are related to rapid non-genomic actions [4]. These genomic and non-genomic influences
of vitamin D need not be mutually exclusive. In fact, rapid non-genomic and longer term actions
may be synergistic. The challenge then is to define pathways where the intersection of genomic
and non-genomic actions occurs.

This article will focus on genomic actions of vitamin D3 and review mechanisms that support
the organization, assembly and activities of regulatory complexes that determine the temporal
and spatial parameters of vitamin D control. We will address biological control of
skeletogenesis by vitamin D3.

2. Components of regulatory complexes

The role that vitamin D (1a,25-dihydroxy vitamin D3) plays in bone metabolism provides a
paradigm for understanding molecular mechanisms that operate in vitamin D action. Vitamin
D directly regulates the expression of genes that support bone formation during development
and bone remodeling throughout life [1]. Vitamin D exerts its genomic effects through the
vitamin D receptor (VDR) which is a member of the superfamily of nuclear receptors [3,5].
As in other nuclear receptors, binding of the ligand induces conformational changes in the C-
terminal ligand binding domain (LBD) of the VDR. The changes establish competency for
VDR interaction with coactivators of the p160/SRC family, including SRC-1/NCoA-1, SRC-2/
NCoA-2/GRIP/TIF2, and SRC-3/ACTR. These complexes are critical for transcriptional
activation [1,3,5]. p160/SRC coactivators form high molecular weight complexes by
interacting with other coactivator proteins including p300, its related homologue CBP, and P/
CAF [6].

Moreover, p160/SRC coactivators have been shown to recruit CBP/p300 and P/CAF to ligand-
bound nuclear receptors. Multiprotein complexes containing different activities are
functionally linked to ligand-dependent transcriptional regulation [3]. Coactivators such as
SRC-3/ACTR, SRC-1/NCoA-1, CBP/p300 and P/CAF contain intrinsic histone acetyl
transferase (HAT) activity. Therefore, protein complexes including independent HAT
activities can be recruited to gene promoters by nuclear receptors in a ligand-dependent manner
[3]. Once bound to these promoters, the HAT activities contribute to chromatin remodeling
events that increase access of additional regulatory factors to their cognate elements [7].

The multisubunit DRIP (VDR-Interacting Protein) complex also binds to VDR in response to
the ligand vitamin D [8,9]. This interaction occurs through the LBD of VDR in the same manner
as the p160/SRC coactivators, resulting in transcriptional enhancement [10]. In contrast to
p160/SRC coactivators, DRIP is devoid of HAT and other chromatin remodeling activities and
interacts with nuclear receptors through a single subunit desighated DRIP205, which anchors
other subunits to the receptor LBD. Several of these subunits are also present in the Mediator
complex, which interacts with the C-terminal domain (CTD) of RNA polymerase 1, forming
the holoenzyme complex [11]. Therefore, the DRIP complex appears to function as a
transcriptional coactivator by forming a molecular bridge between the VDR and the basal
transcription machinery.

Recently, a novel ATP-dependent chromatin remodeling complex that binds to VDR, termed
WINAC (for WSTF [Williams Syndrome Transcription Factor]-including nucleosome
assembly complex), has been reported [12]. WINAC shares components with two other
chromatin-remodeling complexes, SWI/SNF and ISWI, and has been proposed to mediate
recruitment of unliganded VDR to target genes. Nevertheless, subsequent interaction of the
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targeted VDR with transcriptional coregulators requires the presence of vitamin D. This
complex has been reported to be involved in transcriptional repression [13] and in controlling
DNA replication [12].

In the last few years various investigators have shown that coactivator complexes including
p160/SRC and DRIP are recruited to steroid hormone-regulated genes by nuclear receptor in
asequential and mutually exclusive manner [14-17]. The ordered association of transcriptional
regulators exhibits binding kinetics with periods of 40 to 60 minutes. These results provided
the basis for amodel (Figure 1) in which cyclical association of different coactivator complexes
reflects the dynamics of the transcription activation process of nuclear receptor-regulated genes
[5,18]. Alternatively, recent reports indicate that occupancy at the target gene regulatory
regions by nuclear receptor-associated coactivator complexes may also occur gradually and at
a significantly lower rate [19,20]. Thus, it has been shown that during keratinocyte
differentiation, there is a specific utilization of p160/SRC or DRIP205/Mediator coactivator
complexes to regulate vitamin D-dependent genes [20]. The proposed model indicates that
both coactivator complexes have important roles during early stages of keratinocyte
differentiation, but a subsequent decrease in major DRIP/Mediator components leads to a
predominant role for p160/SRC in the later stages of differentiation.

3. Vitamin D-mediated gene expression within the three dimensional context
of nuclear structure

Evidence is accumulating that the architectural organization of nucleic acids and regulatory
proteins within the nucleus supports functional interrelationships between nuclear structure
and gene expression. There is increasing acceptance that components of nuclear structure are
functionally linked to the organization and sorting of regulatory information in a manner that
permits utilization (reviewed by [21]). The primary level of organization, the representation
and ordering of genes and promoter elements, provides alternatives for physiological control.
The molecular organization of regulatory elements, the overlap of regulatory sequences within
promoter domains, and the multipartite composition of regulatory complexes increase options
for responsiveness. Chromatin structure and nucleosome organization reduce distances
between regulatory sequences, facilitate cross talk between promoter elements, and render
elements competent for interactions with positive and negative regulatory factors. The
components of higher order nuclear architecture, including nuclear pores [22], the nuclear
matrix, and subnuclear domains, contribute to the subnuclear distribution and activities of
genes and regulatory factors [21,23]. Compartmentalization of regulatory complexes is
illustrated by focal organization of PML bodies [24], Runx bodies [25,26], the nucleolus
[27], and chromosomes [28], as well as by the punctate intranuclear distribution of sites for
replication [29], DNA repair [30], transcription [31], and the processing of gene transcripts
[32-34]. There is emerging recognition that nuclear structure and function are casually related.
The bone-specific OC gene and skeletal-restricted Runx2 transcription factor serve as examples
of obligatory relationships between nuclear structure and vitamin D-mediated physiological
control of skeletal gene expression [35,36]. It appears that there are similar relationships
between nuclear organization and other vitamin D-responsive genes (e.g., osteopontin and 24-
hydroxylase). However, we will largely confine our consideration of nuclear structure-gene
expression relationships to the OC gene.

3.1. The osteocalcin gene

The rat OC gene encodes a 10 kDa bone-specific protein that is induced in osteoblasts with the
onset of mineralization at late stages of differentiation [37]. Modulation of OC gene expression
during bone formation and remodeling requires physiologically responsive accessibility of

proximal and upstream promoter sequences to regulatory and coregulatory proteins, as well as
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protein-protein interactions that integrate independent promoter domains [38]. The chromatin
organization of the OC gene illustrates dynamic remodeling of a promoter to accommodate
requirements for phenotype-related developmental and vitamin D-responsive activity [35].

Transcription of the OC gene is controlled by modularly organized basal and hormone-
responsive promoter elements (see Figure 2A), located within two DNase I-hypersensitive sites
(Distal site, positions —600 to —400; proximal site, positions —170 to —70) that are only nuclease
accessible in bone-derived cells expressing this gene [38]. A key regulatory element that
controls OC gene expression is recognized by the VDR complex upon ligand stimulation. This
vitamin D responsive element (VDRE) is located in the distal region (Figure 2A) of the OC
promoter (positions —465 to —437) and functions as an enhancer to increase OC gene
transcription [35]. Another key regulator of OC gene expression is the nuclear matrix-
associated transcription factor Runx2, a member of the Runt homology family of proteins
which has been shown to contribute to the control of skeletal gene expression [36]. Runx2
proteins serve as a scaffold for the assembly and organization of coregulatory proteins that
mediate biochemical and architectural control of promoter activity. The rat OC gene promoter
contains three recognition sites for Runx2 interactions, site A (=605 to —595), site B (—438 to
—430), and site C (—138 to —130). Mutation of all three Runx2 sites results in significantly
reduced OC expression in bone-derived cells [39]. The retention of a nucleosome between the
proximal and upstream enhancer domains reduces the distance between the basal regulatory
elements and the VDRE and supports a promoter configuration that is conducive to protein-
protein interactions between VDR-associated proteins and components of the RNA polymerase
I1-bound complex (Figure 2B). Interaction of the VDR at the distal promoter region of the OC
gene requires nucleosomal remodeling [40,41].

We have recently shown that within the OC gene promoter context there is a tight functional
relationship between Runx2 and the vitamin D -dependent pathway [42]. Runx2 and VDR are
components of the same nuclear complexes, colocalize at punctate foci within the nucleus of
osteoblastic cells, and interact directly in protein-protein binding assays in vitro [42]. As with
Runx2, the VDR has been shown to be recruited to the nuclear matrix fraction [43,44],
therefore, raising the possibility that both proteins form nuclear matrix-bound regulatory
complexes in bone-derived cells. Additionally, mutation of the distal Runx2 sites A and B
(which flank the VDRE, see Figure 2A) abolishes vitamin D-enhanced OC promoter activity
[42]. In contrast to most nuclear receptors, the VDR does not contain an AF-1 transactivation
domain at the N-terminal end and thus is unable to interact with coactivators through this
domain [3]. Therefore, Runx2 plays a key role in the vitamin D-dependent stimulation of the
OC gene promoter in osteoblastic cells by directly stabilizing binding of the VDR to the VDRE.
Runx2 also allows recruitment of the coactivator p300 to the OC promoter (Figure 2A), which
results in upregulation of both basal and vitamin D-enhanced OC gene transcription [45]. Based
on these results, we have postulated that Runx2-mediated recruitment of p300 may facilitate
the subsequent interaction of p300 with the VDR upon ligand stimulation [42].

The rate of recruitment of p160/SCR-1 and DRIP coactivators to the OC gene in response to
vitamin D has recently been studied. It has been found that the VDR and SRC-1 rapidly and
stably interact with the distal region of the OC promoter encompassing the VDRE (Figure 2A).
The interaction of SRC-1 and VDR directly correlates with vitamin D-mediated transcriptional
enhancement of the OC gene, increased association of the RNA polymerase complex and
vitamin D-stimulated histone H4 acetylation [46,47]. Interestingly, DRIP205 was found to
bind to the OC promoter only after several hours of continuous treatment with vitamin D,
concomitant with release of SRC-1 (see Figure 2A). Based on these results it has been
postulated that this preferential recruitment of SRC-1 to the OC gene promoter is based on the
specific distribution of regulatory elements at the distal region of the promoter. This
organization may lead to the formation of a stable complex at the distal region that includes
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Runx2, p300, VDR, and SRC-1. Once established, this complex may directly stimulate the
basal transcription machinery bound to an OC promoter actively engaged in transcription. The
general relevance of vitamin D-mediated chromatin-based mechanisms of promoter activity,
accessibility and cross-talk between regulatory domains, is illustrated by the vitamin D-
responsiveness of the osteopontin and 24-hydroxylase genes.

3.2. The 25-hydroxy vitamin D3 24-hydroxylase gene

One of the most pronounced effects of vitamin D is to induce the expression of the 25-hydroxy
vitamin D3 24-hydroxylase [24(OH)ase] gene, which encodes an enzyme that metabolizes
vitamin D. It has been generally believed that vitamin D-mediated transcription of the 24(OH)
ase gene is controlled by VDREs located in the proximal promoter region [17,48,49]. However,
recent reports indicate that additional upstream VDR binding regions (see Figure 3A) may be
also contributing to full vitamin D-responsiveness by the 24(OH)ase gene in osteoblastic cells
[50].

Among the critical elements regulating vitamin D-mediated up-regulation of 24(OH)ase is a
C/EBP binding site that has been identified within the proximal promoter region of the rat 24
(OH)ase gene (—395 to —388). The C/EBP transcription factor binds to this element in
osteoblastic cells and recruits the coactivator p300/CBP. This complex then cooperates with
the VDR bound to the proximal VDRE site to increase 24(OH)ase gene transcription [49].
Based on these results it has been postulated that crosstalk between the C/EBP family of
transcription factors and the VDR may be operating during vitamin D-induced 24(OH)ase gene
transcription (Figure 3A).

Other recent studies have established that vitamin D induces a rapid and cyclical association
of the VDR/RXR heterodimer with the proximal mouse 24(OH)ase gene promoter in
osteoblastic cells [17]. Vitamin D treatment also induces a rapid recruitment of coactivators
such as p160/SRC and p300/CBP, which leads to acetylation of histone H4. DRIP205/Mediator
is also recruited to the proximal promoter region concomitantly with the interaction of RNA
polymerase Il. Together, these results support a model in which highly dynamic association of
the VDR with chromatin occurs during vitamin D-dependent induction of the 24(OH)ase gene
in osteoblasts [17].

Carlberg et al. have also monitored the spatio-temporal regulation of the human 24(OH)ase
gene [50]. They have evaluated 25 contiguous genomic regions spanning the first 7.7 kb of the
human 24(OH)ase promoter and found that in addition to the proximal VDREs, three further
upstream regions are associated with the VDR upon vitamin D stimulation. Interestingly, only
two of these regions contain sequences that resemble known VDREs that are transcriptionally
responsive to this hormone. The other VDR-associated upstream promoter region does not
contain any recognizable classical VDRE that could account for the presence of the VDR
protein. However, simultaneous association of the VDR, RXR, p160/SRC and DRIP/Mediator
coactivators, as well as RNA polymerase was detected in all four vitamin D-responsive
sequences after the addition of the ligand [50]. Remarkably, despite participating in the same
process, all four chromatin regions displayed individual vitamin D-dependent patterns of
interacting proteins. Based on these results, the authors propose that these upstream vitamin
D-responsive regions may have a role in the implementation of gene activation, as they raise
their vitamin D-dependent histone H4 acetylation status increases earlier than that of the
proximal promoter VDREs [50]. It has also been suggested that the simultaneous
communication of the individual promoter regions with the RNA polymerase |1 complex occurs
through a particular three-dimensional organization of the chromatin at the 24(OH)ase
promoter. This arrangement could be facilitating close contact between distal and proximal
regulatory regions.
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3.3. The osteopontin gene

Osteopontin (OP) is an extracellular matrix protein that contains integrin binding motifs that
are required for the attachment of osseous cells to the bone-surface. Vitamin D treatment results
in increased OP expression in osteoblastic cells as the VDR/RXR heterodimer binds to the OP
promoter (=757 to —743) by recognizing a perfect DR3 motif [51]. The OP promoter also
contains a Runx-binding site (—136 to —130) which is recognized by the Runx2 factor resulting
in transcriptional enhancement [52].

Recent reports indicate that in osteoblastic cells the VDR and Runx2 cooperate to up-regulate
OP transcription [52]. Moreover, vitamin D treatment results in increased binding of both
Runx2 and the VDR to the OP promoter. Hes-1, a down-regulator of the Notch signaling
pathway, was found to form a complex with Runx2 in the nuclei of osteoblastic cells, an
interaction that was further increased by treatment of the cells with vitamin D. Together, these
results lead to the proposition of a novel mechanism in which three different pathways - -
Runx2, vitamin D, and Notch signaling - - intersect at the OP promoter to regulate transcription
in osteoblastic cells.

Pike et al. have described that upon vitamin D-treatment of osteoblastic cells, there is a rapid
and cyclical association of the VDR with the OP promoter [17]. This increased binding of the
VDR parallels vitamin D-mediated transcriptional enhancement of the OP gene and
additionally involves cyclical, sequential, and mutually exclusive recruitment of the
coactivators p160/SRC, p300/CBP, and DRIP/Mediator. Interestingly and in contrast to the
OC and 24(OH)ase genes, p160/SRC-p300/CBP binding does not result in increased histone
H4 acetylation. These results further confirm that in osteoblastic cells different promoters are
regulated by distinct mechanisms in response to vitamin D.

4. Conclusions and future directions

Vitamin D serves as a principal modulator of skeletal gene transcription, thus necessitating an
understanding of interfaces between activity of this steroid hormone with regulatory cascades
that are functionally linked to regulation of skeletal genes [35]. There is growing appreciation
for the repertoire of factors that influence gene expression for commitment to the osteoblast
lineage. It is well documented that sequentially expressed genes support progression of
osteoblast differentiation through developmental transition points where responsiveness to
phosphorylation-mediated regulatory cascades determine competency for establishing and
maintaining the structural and functional properties of bone cells [53,54]. The catalog of
promoter elements and cognate regulatory proteins that govern skeletal gene expression offer
essential but insufficient insight into mechanisms that are operative in intact cells. Gene
promoters serve as regulatory infrastructure by functioning as blueprints for responsiveness to
the flow of cellular regulatory signals. However, access to the specific genetic information
requires transcriptional control of skeletal genes within the context of the subnuclear
organization of nucleic acids and regulatory proteins. Explanations are required for (1)
convergence of multiple regulatory signals at promoter sequences; (2) the integration of
regulatory information at independent promoter domains; (3) selective utilization of redundant
regulatory pathways; (4) thresholds for initiation or down-regulation of transcription with
limited intranuclear representation of promoter elements and regulatory factors; (5)
mechanisms that render the promoters of cell growth and phenotypic genes competent for
protein-DNA and protein-protein interactions in a physiologically responsive manner; (6) the
composition, organization, and assembly of sites within the nucleus that support transcription,
and (7) the intranuclear trafficking of regulatory proteins to transcriptionally active foci. From
a regulatory perspective compartmentalization of components of vitamin D3 control supports
the integration of regulatory activities, perhaps by establishing thresholds for protein activity
in time frames that are consistent with the execution of regulatory signaling.
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Figure 1.

Cyclical and mutually exclusive VDR-mediated recruitment of SRC/p160 and DRIP205
coactivators to vitamin D-target genes. The arrowhead indicates the transcription start site and
represents the intensity of the transcription process. VDRE = vitamin D-responsive element,
RNA pol Il = RNA polymerase I, HAT= histone acetyl transferase activity.
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Figure 2.

A) Schematic representation of the rat osteocalcin gene promoter transcribing at basal levels
(Top panel) or enhanced by vitamin D (middle and lower panels). The circle in the middle
represents a positioned nucleosome flanked by a distal and proximal DNase | hypersensitive
sites (dADHS and pDHS, respectively). The different transcription factors bound to the promoter
are indicated. The stimulatory effect of the VDR-bound coactivators on the general
transcription machinery is represented by arrows. B) Proposed model for the three dimensional
organization of the osteocalcin gene promoter. The positioned nucleosome facilitates DNA
bending and the functional interaction between distal and proximal promoter regulatory
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elements that is mediated by the associated factors. For an explanation of the other symbols
see figure legend 1.
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Figure 3.

A) Schematic diagram of the 24-hydroxylase gene promoter and vitamin D-dependent
transcription. B) Vitamin D-dependent up-regulation of the osteopontin gene. See figure
legends 1 and 2 for details of the symbols.
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