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Abstract The biological effects of 1,25-dihydroxyvitamin D3 [1,25(OH)2D] are mediated through a
soluble receptor protein termed the vitamin D receptor (VDR). The VDR binds 1,25(OH)2D with high
affinity and high selectivity. In the target cell, the interaction of the 1,25(OH)2D hormone with VDR initiates
a complex cascade of molecular events culminating in alterations in the rate of transcription of specific
genes or gene networks. This chapter discusses the molecular biology of the VDR and focuses on various
aspects of VDR function with an emphasis on the macromolecular interactions that are required for the
transcriptional regulatory activity of the VDR. These macromolecular interactions include the association
of VDR with the 1,25(OH)2D ligand, the mechanisms required for specific, high-affinity interaction of
VDR with DNA, the heterodimeric interaction of VDR with retinoid X receptor (RXR), and protein–protein
contacts that comprise the communication links between the VDR and the transcriptional machinery. This
chapter also touches on some recent data that suggest that the VDR has transcriptional activity independent
of the 1,25(OH)2D ligand in the hair follicle and in the skin. This last aspect demonstrates a novel role for
the VDR and its implications in the transcriptional mechanism of the VDR are profound.
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1. INTRODUCTION

Vitamin D was discovered as a micronutrient that is essential for normal skeletal
development and for maintaining bone integrity. However, vitamin D is more appropri-
ately classified as a hormone and it is the vitamin D endocrine system that regulates
skeletal homeostasis. Its predominant role is to preserve skeletal calcium by ensuring
that adequate absorption of dietary calcium and phosphorous takes place. In addition
to this calciotropic role, vitamin D functions in a plethora of cellular actions, perhaps
the most fundamental of which is cellular differentiation (1). In skeletal tissue, the hor-
monal form of vitamin D, 1,25-dihydroxyvitamin D3 [1,25(OH)2D], increases osteo-
clast number (2) possibly by inducing the differentiation of preosteoclasts into mature
bone-resorbing cells (3). Vitamin D also acts directly on the osteoblast wherein one well-
established effect is stimulating the synthesis of several bone matrix proteins including
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osteocalcin and osteopontin. Thus, it is via an integrated series of diverse effects that
vitamin D is thought to preserve and maintain the integrity of the bony tissues.

The biological effects of 1,25(OH)2D are mediated through a soluble receptor protein
termed the vitamin D receptor (VDR). The VDR binds 1,25(OH)2D with high affinity
and high selectivity. In the target cell, the interaction of the 1,25(OH)2D hormone with
VDR initiates a complex cascade of molecular events culminating in alterations in the
rate of transcription of specific genes or gene networks. Central to this mechanism is the
requisite interaction of VDR with retinoid X receptor (RXR) to form a heterodimeric
complex. This complex binds to specific DNA sequence elements (VDREs) in vitamin
D-responsive genes and ultimately influences the rate of RNA polymerase II-mediated
transcription. Thus, the VDR–RXR heterodimer serves as the functional transcriptional
enhancer in vitamin D-activated transcription. Following VDR–RXR interaction with
the VDRE, protein–protein interactions between the VDR–RXR heterodimer and the
transcription machinery are essential for the mechanism of vitamin D-mediated gene
expression.

This chapter discusses the molecular biology of the VDR and focuses on vari-
ous aspects of VDR function with an emphasis on the macromolecular interactions
that are required for the transcriptional regulatory activity of the VDR. These macro-
molecular interactions include the association of VDR with the 1,25(OH)2D ligand,
the mechanisms required for specific, high-affinity interaction of VDR with DNA, the
heterodimeric interaction of VDR with retinoid X receptor (RXR), and protein–protein
contacts that comprise the communications links between VDR and the transcriptional
machinery. This chapter also touches on some recent data that suggest that the VDR has
transcriptional activity independent of the 1,25(OH)2D ligand in the hair follicle and in
the skin. This last aspect demonstrates a novel role for the VDR and its implications in
the transcriptional mechanism of the VDR are profound.

2. THE VITAMIN D RECEPTOR GENE

The location of the human VDR (hVDR) gene on chromosome 12 was originally
determined using Southern blot analysis of DNA from human-Chinese hamster cell
hybrids (4). This was further refined to the 12q13-14 region using somatic cell hybrid
mapping (5) and in situ hybridization and linkage analysis (6). Human chromosome
12q13.3 is also the location of the 1α-hydroxylase gene which is involved in pseudovi-
tamin D-deficient rickets (PDDR) (6, 7). This autosomal recessive disorder, caused by
impaired activity of the renal 1α-hydroxylase, results in insufficient levels of serum
1,25(OH)2D. It is intriguing that the two most crucial components of the vitamin D
endocrine system, namely VDR and the 1α-hydroxylase, map close to each other on the
same region of human chromosome 12.

The gene encoding the hVDR was originally isolated from a human liver genomic
DNA library (8) and subsequent reports characterized the hVDR gene and its promoter
(8)–(12) (Fig. 1). The hVDR gene spans over 70 kb of genomic DNA and is a complex
structure consisting of 14 exon sequences interrupted by intronic sequences ranging in
size from 0.2 to 13 kb. A GC-rich, TATA-less promoter directs the transcription of at
least three VDR mRNA transcripts (11). The noncoding 5′-end of the gene includes
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Fig. 1. Human VDR chromosomal gene. Exons are represented by boxes. Filled boxes represent non-
coding sequences; open boxes are coding sequences.

exons 1a–f, while eight additional exons (exons 2–9) encode the VDR protein (11, 12).
Exon 2 encodes the two known translation initiation codons. The first initiation codon
encodes a protein of 427 amino acids. A T to C transition in the initiation codon cre-
ates a polymorphic FokI site and results in initiation of translation at an alternative ATG
start codon beginning at the tenth nucleotide downstream, encoding a receptor protein
of 424 amino acids. Exon 2 also encodes sequences for the first zinc finger of the DNA-
binding domain (see below). Exon 3 contains the sequence for the second zinc finger.
The observation that the two motifs of the zinc-finger DNA-binding domain are encoded
by separate exons is a characteristic trait of the steroid receptor superfamily. The major-
ity of the C-terminal ligand-binding domain is encoded by exons 8 and 9.

The human VDR cDNA or mRNA transcript consists of 4,605 bp containing a
115 bp noncoding leader sequence, a 1,281-bp open reading frame, and 3,209-bp of 3′-
noncoding sequence (13). The functional significance of this rather long 3′-untranslated
region is unknown, but it is a characteristic feature of the steroid receptor superfam-
ily. The size of this cDNA agrees well with the predominant mRNA species observed
in human extracts (approximately 4.6 kb). While cDNAs were identified which varied
in their 5′-untranslated region, most use either the Met1 or polymorphic Met4 transla-
tion initiation codon, thereby producing a 48-kDa VDR protein. Recent studies have
reported that a small proportion of transcripts produce a 54 kDa protein with a slightly
longer N-terminus, suggesting that expression of the VDR is under the complex control
of multiple promoters (12, 14). This larger protein, VDRB1, was co-expressed at a 1:3
ratio with the 48 kDa VDR protein (VDRA), had 60% of the transcriptional activity of
VDRA, and was localized differently in the cell.

Sequence comparison of the VDR cDNAs showed striking similarity with the mem-
bers of the superfamily of nuclear receptors for steroid and thyroid hormones. An area of
high sequence relatedness is found in the DNA-binding domain (DBD) of these recep-
tors. This 70 amino acid domain is rich in cysteine, lysine, and arginine residues and it
is the region of the receptor that is responsible for high-affinity interaction with specific
DNA sequence elements. An area of more limited homology is in the large C-terminal
domain which is responsible for high-affinity interaction with the various hormones,
termed the ligand-binding domain (LBD). Interestingly, distinct regions of high similar-
ity are present in the LBDs of the various receptors despite the obvious structural non-
relatedness of their individual ligands. This may be due to the fact that this C-terminal
domain functions in other related areas of receptor function (e.g., in protein–protein
interactions; see below).

The deduced amino acid sequences of the VDR from several species are illustrated
in Fig. 2. A comparison of the coding regions of the human, rat, mouse, bovine, and
avian VDRs shows a high degree of sequence identity particularly within the N-terminal
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portion (aa 16–116 of hVDR) that constitutes the DBD (97% identity) and the C-
terminal domain (aa 226–427 of hVDR) which comprises most of the 1,25(OH)2D-
binding domain (85% identity). The sequences tend to diverge in the hinge region of the

Human VDR      1  --------------------MEAMAASTSLPDPGDFDRNVPRICGVCGDRATGFHFN  37
Rat VDR        1  --------------------MEATAASTSLPDPGDFDRNVPRICGVCGDRATGFHFN  37
Mouse VDR     1  --------------------MEAMAASTSLPDPGDFDRNVPRICGVCGDRATGFHFN  37
Bovine VDR    1  -----------------------MAASTSLPDPGDFDRNVPRICGVCGDRATGFHFN  34
Avian VDR     1  MVSISASGGYAMPCCCESQELQSSDMETPAVGTPEFDRNVPRICGVCGDRATGFHFN  57
                                            *       **********************
!
Human VDR    38  AMTCEGCKGFFRRSMKRKALFTCPFNGDCRITKDNRRHCQACRLKRCVDIGMMKEFI  94
Rat VDR      38  AMTCEGCKGFFRRSMKRKALFTCPFNGDCRITKDNRRHCQACRLKRCVDIGMMKEFI  94
mouse VDR    38  AMTCEGCKGFFRRSMKRKALFTCPFNGDCRITKDNRRHCQACRLKRCVDIGMMKEFI  94
bovine VDR    35  AMTCEGCKGFFRRSMKRKALFTCPFNGDCRITKDNRRHCQACRLKRCVDIGMMKEFI  91
Avian VDR    58  AMTCEGCKGFFRRSMKRKALFTCPFSGDCKITKDNRRHCQACRLKRCVDIGMMKEFI  114

       *************************+***+***************************

Human VDR    95  LTDEEVQRKREMILKRKEEEALKDSLRPKLSEEQQRIIAILLDAHHKTYDPTYSDFC  115
Rat VDR      95  LTDEEVQRKREMIMKRKEEEALKDSLRPKLSEEQQHIIAILLDAHHKTYDPTYADFR  151
mouse VDR    95  LTDEEVQRKREMIMKRKEEEALKDSLRPKLSEEQQHIIAILLDAHHKTYDPTYADFR  151
bovine VDR    92  LTDEEVQRKREMILKRKEEEALKDSLRPKLSEEQQRIIAILLDAHHKTYDPTYSDFC  148
Avian VDR   115  LTDEEVQRKREMILKRKEEEALKESLKPKLSEEQQKVINILLEAHHKTFDTTYSDFN  171

       *************+*********+**+********++* ***+*****+* **+** 

Human VDR   152  QFRPPVRVNDGGGSHPSRPNSRHTPSFSGDSSSSCS--DHCITSSDMMDSSSFSNLD  206
Rat VDR    152  DFRPPVRMDGSTGSYSPRP----TLSFSGNSSSSSS--DLYTTSLDMMEPSGFSNLD  202
mouse VDR   152  DFRPPIRADVSTGSYSPRP----TLSFSGDSSSNS---DLYTPSLDMMEPASFSTMD  201
bovine VDR  149  QFRPPVRVNDGGGSHPSRPNSRHTPSFSGDSSSSCS--DHCITSSDMMDSSSFSNLD  203
Avian VDR   172  KFRPPVRSKFSSSTATHSS-SVVSQDFSSEDSNDVFGSDAFGAFPEPMEPQMFSNLD  227

        ****+*                +  **   *      *      + *+   ** +*  

Human VDR   207  LSEEDSDDPSVTLELSQLSMLPHLADLVSYSIQKVIGFAKMIPGFRDLTSEDQIVLL  263
Rat VDR     203  LNGEDSDDPSVTLDLSPLSMLPHLADLVSYSIQKVIGFAKMIPGFRDLTSDDQIVLL  259
mouse VDR   202  LNEEDSDDPSVTLDLSPLSMLPHLADLVSYSIQKVIGFAKMIPGFRDLTSDDQIVLL  258
bovine VDR   204  LSEEDSDDPSVTLELSQLSMLPHLADLVSYSIQKVIGFAKMIPGFRDLTSEDQIVLL  260
Avian VDR   228  LSEESDESPSMNIELPHLPMLPHLADLVSYSIQKVIGFAKMIPGFRDLTAEDQIALL  284

       *++*  +***++++*  * ******************************++***+**

Human VDR   264  KSSAIEVIMLRSNESFTMDDMSWTCGNQDYKYRVSDVTKAGHSLELIEPLIKFQVGL  320
Rat VDR     260  KSSAIEVIMLRSNQSFTMDDMSWDCGSQDYKYDVTDVSKAGHTLELIEPLIKFQVGL  316
mouse VDR   259  KSSAIEVIMLRSNQSFTMDDMSWDCGSQDYKYDITDVSRAGHTLELIEPLIKFQVGL  315
bovine VDR  261  KSSAIEVIMLRSNESFTMDDMSWTCGNQDYKYRVSDVTKAGHSLELIEPLIKFQVGL  317
Avian VDR   285  KSSAIEVIMLRSNQSFTMEDMSWTCGSNDFKYKVSDVTQAGHSMDLLEPLVKFQVGL  341

      ************* ****+**** ** +*+** ++**++***+++*+***+******  

Human VDR   321  KKLNLHEEEHVLLMAICIVSPDRPGVQDAALIEAIQDRLSNTLQTYIRCRHPPPGSH  377
Rat VDR     317  KKLNLHEEEHVLLMAICIVSPDRPGVQDAKLVEAIQDRLSNTLQTYIRCRHPPPGSH  373
mouse VDR   316  KKLNLHEEEHVLLMAICIVSPDRPGVQDAKLVEAIQDRLSNTLQTYIRCRHPPPGSH  372
bovine VDR  318  KKLNLHEEEHVLLMAICIVSPDRPGVQDAALIEAIQDRLSNTLQTYIRCRHPPPGSH  374
Avian VDR   342  KKLNLHEEEHVLLMAICILSPDRPGVQDTSLVESIQDRLSDTLQTYIRCRHPPPGSR  398

      ******************+*********+ *+*+**********************+

Human VDR   378  LLYAKMIQKLADLRSLNEEHSKQYRCLSFQPECSMKLTPLVLEVFGNEIS         427
Rat VDR     374  QLYAKMIQKLADLRSLNEEHSKQYRSLSFQPENSMKLTPLVLEVFGNEIS         423
mouse VDR   373  QLYAKMIQKLADLRSLNEEHSKQYRSLSFQPENSMKLTPLVLEVFGNEIS         422
bovine VDR  375  LLYAKMIQKLADLRSLNEEHSKQYRCLSFQPECSMKLTPLVLEVFGNEIS         424
Avian VDR   399  LLYAKMIQKLADLRSLNEEHSKQYRCLSFQPEHSMQLTPLVLEVFGNEIS         448

       ************************+******+**+**************
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Fig. 2. Deduced amino acid sequence comparison of vitamin D receptors (VDRs) from several
species. The asterisks denote conserved residues.
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receptors which is the region located between the DBD and the LBD. The high degree
of sequence conservation of VDR between species supports the fundamental roles that
these domains serve in VDR function.

3. MOLECULAR ANALYSIS OF THE FUNCTIONAL DOMAINS
OF THE VDR

The nuclear receptor superfamily is characterized by a modular structure consisting
of regions required for specific functions. The amino terminus is of a variable length
and contains a transactivation domain termed AF-1. In the VDR, this region is very
short. The central DBD has two zinc-finger motifs that are responsible for protein–DNA
interactions. The carboxy-terminal domain contains the ligand-binding domain (LBD)
and the AF-2 domain. These regions are discussed in more detail below.

3.1. The DNA-Binding Domain (DBD)
The location of the DBD of VDR was originally mapped to the N-terminal 113 amino

acids of the receptor (15, 16). Sone et al. showed that the N-terminal 21 amino acids
immediately preceding the first cysteine residue could be removed without affecting
DNA binding or the transcriptional activation potential of the VDR (17). Thus, the min-
imal domain of the VDR that mediates VDR–DNA interactions was determined to reside
between amino acid residues 22 and 113 in the human sequence. There are nine cysteine
residues within the DBD that are conserved throughout the members of the superfamily
of receptor proteins. The first eight of these cysteines (counting from the N-terminus)
tetrahedrally coordinate two zinc atoms to form two zinc-finger DNA-binding motifs
(Fig. 3a). In mutagenesis studies, mutation of the first eight of the nine cysteine residues
to serines eliminated VDR binding to both nonspecific and specific DNA sequences and
eliminated VDR-mediated transactivation (17). A serine mutation at the ninth cysteine
residue (C84S) had little effect on VDR function suggesting that this residue is not func-
tionally analogous to the first eight cysteines. These data showed the essential nature of
the first eight cysteines in the overall organization and structural integrity of the DBD
zinc fingers. Later crystallization of the VDR DBD confirmed the structural predictions
(18).

While the VDR–RXR heterodimer is the active transcription factor, efforts to co-
crystallize their DBDs with DNA have been unsuccessful. However, Shaffer and
Gewirth successfully crystallized the VDR DBD homodimer bound to a DR3 response
element (18). Thus, much of what is known of the nature of VDR–RXR–DNA interac-
tions is modeled after functional and structural data of the homodimers bound to DNA as
well as of other related nuclear receptors bound to their recognition sites. The common
structural feature of the DBDs for all these receptors is the folding of two α-helices in
the carboxyl terminal portion of the each zinc finger into a single DNA-binding domain.
The first α-helix in the amino terminal finger (denoted helix 1 in Fig. 3b) lies across the
major groove of DNA making specific contacts with the DNA-binding site and it is this
region that contains the crucial amino acids that determine response element specificity
for some receptors. The second α-helix (denoted helix 2 in Fig. 3b) folds across the first
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Fig. 3. Binding of VDR to its response element. (a) The N-terminal, zinc-finger DNA-binding motifs
of human vitamin D receptor. Residues circled are involved in the homodimers interface when bound
to DNA. (b) Orientation of helix 1 and helix 2 when bound to DNA. (c) Orientation of the VDR–RXR
heterodimers when bound to a VDRE.

in a perpendicular arrangement. The DBD is rich in the positively charged amino acids,
lysine and arginine, several of which form favorable electrostatic interactions with the
negatively charged phosphate backbone of the DNA helix.

The VDR response element, VDRE, consists of two hexameric half-sites that are
arranged as a direct repeat separated by a spacer of three nucleotides (DR3). Unlike
some of the other nuclear receptors, VDR does not show any preference for particular
sequences outside of the half-site to which it is bound (19). When bound to a DR3, the
VDR and RXR each binds to half-site in a head-to-tail dimer with RXR occupying the 5′
or upstream half-site in each element (Fig. 3c) (20, 21). The VDR–VDR homodimer also
binds to DR3 response elements in a head-to-tail arrangement (18). VDR dimerization
contacts involve the side chains of Pro61, Phe62, and His75 of the upstream subunit and
residues Asn37, Glu92, and Phe93 of the downstream subunit (18). These sequences
are conserved among the nine known VDRs. Mutation of the core of this hydrophobic
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dimer interface abolished cooperative assembly on DR3 elements (22) and reporter gene
activation (23).

Helix I of the VDR DBD is also referred to as the recognition helix, the proximal-
box, or the P-box. The recognition helix confers target sequence selectivity for binding
of the VDR homodimer to its element (see Fig. 3a). The key interactions occur with four
conserved residues, Glu42, Lys45, Arg49, and Arg50, and each residue makes sequence-
specific base contacts in the major groove of the half-site (18). Helix III, referred to as
the T-box or C-terminal extension (CTE), resides just C-terminal to the second zinc
finger and mediates homodimer interaction and interaction of nuclear receptors with
DNA (24, 25). Mutations in the CTE of the VDR resulted in a dramatic reduction in
VDR binding to DNA and in transactivation indicating an important role for this α-
helical domain in VDR function. However, the crystal structure of VDR demonstrated
that the CTE of VDR only contacted the DNA at two positions (18). This is in stark
contrast to the thyroid hormone receptor CTE which makes 15 contacts with DNA.
Shaffer and Gewirth’s studies further suggest that the primary role of the VDR CTE is
to provide not additional protein–DNA contacts but the mechanism by which the protein
discriminates the spacing between the half elements. Thus, the CTE in VDR most likely
prevents dimerization on incorrectly spaced response elements.

3.2. The Multifunctional C-terminal Domain
Although the large C-terminal domain of VDR (aa 116 – 427 of hVDR) clearly func-

tions as the binding motif for the 1,25(OH)2D ligand, it also fulfills several other crit-
ical roles in VDR function (reviewed in (26)). A prominent role for the LBD is that
of a protein–protein interaction surface through which VDR contacts its heterodimeric
partner RXR for high-order binding to DNA. It is through this C-terminal domain that
VDR also interacts with other proteins such as TFIIB and coactivators that are impor-
tant for the mechanism of VDR-mediated transcription. Finally, key serine residues in
this domain serve as sites of phosphorylation that may be important in regulating the
transcriptional activity of the VDR.

The LBD is responsible for high-affinity binding of 1,25(OH)2D, exhibiting
equilibrium-binding constants on the order of 10–10–10–11 M (27)–(30). Both the
1-hydroxyl and 25-hydroxyl moieties are crucial for efficient recognition by VDR. For
example, the monohydroxylated vitamin D3 compounds, 1(OH)D and 25(OH)D, bind
with approximately 100-fold less affinity than 1,25(OH)2D. The nonhydroxylated par-
ent vitamin D3 compound does not bind significantly to the VDR. Modifications in both
the side chain structure and in the A ring of the secosteroid also dramatically reduce the
affinity of the LBD for the analog.

The specific amino acid residues that are directly involved in 1,25(OH)2D interac-
tions were identified when the LBD was crystallized bound to its natural ligand (31).
While earlier attempts to crystallize the VDR failed, Rochel et al. achieved success upon
removing a region that decreased protein solubility. The removal of this highly variable
region did not affect hormone binding or transactivation and is unlikely to disrupt struc-
tural integrity. The structure of the VDR LBD is organized similar to other nuclear
receptors into 13 α-helices and 3 β-sheets that together form a hydrophobic pocket that
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binds ligand. Helix 12, containing the ligand-dependent AF-2 region, contacts the ligand
directly while creating a coactivator-binding surface. The VDR ligand-binding cavity
is large compared to other receptors and the 1,25(OH)2D ligand occupies only about
one half of the volume. Rochel et al. (31) conducted ligand-docking modeling of syn-
thetic analogs to begin to understand the differences in activities of the various ligands.
They observed variations in conformation of the ligand and receptor as well as differ-
ent contacts in the binding pockets. These differences may result in changes in half-
lives and transcriptional activities. The information obtained from the crystallization of
the LBD and these docking studies will aid in the development of synthetic analogs
that mimic the advantageous effects of 1,25(OH)2D without the hypercalcemic side
effects.

In addition to hormone binding, the LBD is required for several other aspects of
receptor function, including an importance in mediating protein–protein interactions.
One important protein–protein contact is the heterodimerization of VDR with the
retinoid X receptor (RXR) family of receptors. By drawing analogies to other related
receptors, the crystal structure of the RXR–RXR homodimeric complex provides some
insight into what may be the crucial heterodimerization surface of the VDR–RXR
complex. The RXRα crystal structure revealed an α-helical-rich LBD (65%) consist-
ing of 11 α-helices organized into what has been termed “a three-layer antiparallel
sandwich” (32). The RXR dimer is symmetrically arranged with the interaction sur-
face being formed mainly by helix 10 and, to a lesser extent, by helix 9. Helix 10
of RXR corresponds to the C-terminal region of VDR identified by Nakajima et al.
(33) as being crucial for heterodimer formation. Like RXR, the VDR LBD also forms
a sandwich in three layers of β-sheets (31). Thus, based on the structural relatedness
between VDR and RXR, the C-terminal region of hVDR that includes residues 382–
403 (helix 10) may directly contact helix 10 of RXR to comprise the major interac-
tion surface which would generate a structurally symmetrical VDR–RXR heterodimeric
complex.

The C-terminal domain also functions as a transactivation domain. Transcriptional
activation domains are generally defined through mutations that selectively affect the
transcriptional activity of the receptor without disrupting other receptor functions such
as ligand binding, response element interaction, or nuclear localization. These domains
are often transferable; that is, fusing the activation domain itself to a heterologous
DNA-binding domain imparts high-order transcription to the heterologous fusion pro-
tein. The extreme C-terminus of the nuclear receptors has a highly conserved, constitu-
tive, hormone-dependent activation domain known as the AF2 domain. Nakajima et al.
showed that removing the 25 amino acid AF2 domain from the C-terminus of hVDR
(�403-427) resulted in a complete loss of 1,25(OH)2D-/VDR-activated transcription
(33). This loss of function was not due to altered binding of RXR, VDRE, or hormone,
and the mutant receptor was appropriately targeted to the cell nucleus. Later studies
demonstrated that the AF2 domain resides within helix 12 and the main structural fea-
ture is that of an amphipathic α-helix (31). Upon binding ligand, the AF-2 domain,
located in helix 12, folds over the top of the LBD and creates a platform for the dock-
ing of nuclear receptor coactivators required for nuclear receptor-dependent transcrip-
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tion. Communication between the VDR and the transcriptional machinery is discussed
below.

4. MOLECULAR MECHANISM OF TRANSCRIPTIONAL
CONTROL BY VDR

4.1. VDR Interaction with Vitamin D-Responsive Elements
4.1.1. VITAMIN D-RESPONSIVE ELEMENTS

Nuclear receptors modulate transcription by binding to specific DNA elements in the
promoter regions of hormone-responsive genes. The specific VDR-interactive promoter
sequences are termed vitamin D-responsive elements (VDREs). VDREs from a variety
of vitamin D-responsive genes have been identified (Fig. 4) on the basis of several func-
tional criteria: (1) deletion or mutation of the element resulted in the loss of promoter
responsiveness to 1,25(OH)2D; (2) the sequence alone conferred vitamin D responsive-
ness to an otherwise unresponsive, heterologous promoter; and (3) the element served
as a high-affinity binding site for VDR in vitro.

By comparing the limited number of natural response elements identified to date,
the VDRE is generally described as an imperfect direct repeat of a core hexanucleotide
sequence, G/A G G T G/C A, with a spacer region of three nucleotides separating each
half element (also termed DR-3 for direct repeat with a three nucleotide spacer). This
direct repeat motif is analogous to DNA elements that mediate retinoic acid and thyroid
hormone responsiveness (RAREs and TREs) and it contrasts with responsive elements
that mediate glucocorticoid- or estrogen-responsive genes (GREs and EREs) which are
generally palindromic or inverted repeat sequences (Fig. 4, lower panel). It is apparent
that some degree of plasticity exists in the sequence of each half element of the VDRE,

GGGTGA  ATG  AGGACA   rat osteocalcin
GGGTGA  ACG  GGGGCA   human osteocalcin
GAGGCA  GAA  GGGAGA   avian 3 integrin

AGGTGA  GTG  AGGGCG   rat 24-hydroxylase (P)
GGTTCA  GCG  GGTGCG   rat 24-hydroxylase (D)
GGTTCA  CGA  GGTTCA   mouse osteopontin
GGGTGT  CGG  AAGCCC   rat calbindin D9k

  AGGTGA  CAGG  AGGACA   TREMHC

  GGTTCA  CCGAA  AGTTCA   RARERARb

  AGGTCA     C    AGGTCA    RXRECRBPII

  GGTACA   NNN  TGTTCT   GREconsensus

Fig. 4. Comparison of vitamin D response elements (VDREs) from several vitamin D-responsive
genes and other hormone receptor response elements.
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suggesting that there is flexibility in the precise sequence that will mediate vitamin D
responsiveness. However, there is little question that the nucleotide sequence of the ele-
ment is critical for receptor-mediated transcription. Modest changes in the nucleotides
of either half element in the rat osteocalcin VDRE disrupted VDR–VDRE interactions
and compromised VDR-dependent transactivation (34).

An additional determinant of response specificity for this class of nuclear receptors
is the length of the spacer region (35). In general, VDR, thyroid hormone receptor
(TR), and retinoic acid receptor (RAR) all recognize similar direct repeat sequences, but
with differing spacer regions of 3, 4, and 5 nucleotides, respectively. This phenomenon,
termed the “3-4-5 rule” and later expanded to the “1-5 rule” (36, 37), illustrates that
half-site spacing plays a major role in determining selective hormonal response. With
regard to the VDRE, it is clear that the actual nucleotide sequence of the spacer region is
also important since mutations in the spacer of the rat osteocalcin VDRE disrupt VDR
binding and transactivation (34).

The natural VDREs identified thus far provide only a snapshot of the DNA sequences
that mediate the transcriptional effects of the VDR and the elements in Fig. 4 are cer-
tainly a limited sample. Variations on the DR-3 motif for VDREs have been identified in
the elements that mediate vitamin D responsiveness in the calbindin D9k and calbindin
D28k genes (38, 39). Moreover, several synthetic elements with large spacer regions
and inverted arrangements can mediate vitamin D responsiveness under certain condi-
tions (40). It is likely that the affinity of VDR for these atypical elements may vary
from that of the classic DR-3 motif adding yet another level of regulatory complexity
to the process of VDR-mediated gene expression. Interestingly, VDREs and other NR
regulatory elements may function over very long distances. For example, Nerenz et al.
recently identified a 1,25(OH)2D-responsive enhancer in the human RANKL promoter
that resides –20 kb upstream of the transcriptional start site (41). This region contains
a VDRE to which the VDR/RXR heterodimer can bind and which is responsible for
induction by 1,25(OH)2D.

4.1.2. A ROLE FOR THE 1,25(OH)2D LIGAND

Insight into a role for the 1,25(OH)2D ligand in the transactivation process has
emerged from studies examining VDR, RXR, and VDRE interactions. Nanomolar
amounts of the 1,25(OH)2D ligand dramatically enhance VDR–RXR heterodimeriza-
tion, both the direct interaction of VDR with RXR in solution (17, 42) and the inter-
action of the VDR–RXR heterodimer with the VDRE (17, 43, 44). Surface plasmon
resonance quantitated the binding constants for these interactions and showed a clear
1,25(OH)2D-dependent decrease in VDR interaction with itself (i.e., VDR homodimers)
and a concomitant increase in VDR heterodimerization with RXR (45). These ligand-
induced changes in VDR–RXR interactions are likely due to altered conformations of
the VDR in the absence and presence of 1,25(OH)2D (46). Thus, one putative role for
the 1,25(OH)2D in VDR-mediated transcription may be to induce a distinct conforma-
tional change in VDR that disrupts weak homodimers of unliganded VDR and pro-
motes liganded VDR heterodimerization with RXR. The interaction of VDR and RXR
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generates a heterodimeric complex that is highly competent to bind DR-3 VDREs and
subsequently affect the transcriptional process.

The possibility exists that other natural compounds may serve as activators of VDR-
mediated responses. Makishima et al. (47) screened classical nuclear receptors to iden-
tify those that were activated by the bile acid lithocholic acid (LCA). They found that
micromolar concentrations of LCA and its metabolites directly bind to VDR and acti-
vate transcription. Moreover, LCA- or 1,25(OH)2D-liganded VDR also stimulates the
expression of endogenous CYP3A, the P450 enzyme responsible for degradation of
LCA in the liver and the intestine. While LCA is implicated as a toxin that promotes col-
orectal carcinogenesis (48, 49), 1,25(OH)2D protects against colon cancer (50). Thus,
induction of CYP3A by 1,25(OH)2D and LCA may represent a detoxification pathway
for LCA and explain the potential preventative effects of 1,25(OH)2D in colon cancer.

4.1.3. GENE REGULATION THROUGH NEGATIVE RESPONSE ELEMENTS

The role of VDR as a transcriptional activator is well known, but numerous studies
demonstrate that VDR also directly down-regulates the transcription of some genes.
The genes encoding the parathyroid hormone (PTH), the parathyroid hormone-related
peptide (PTHrP), and CYP27B1 are all down-regulated by VDR (51)–(53). Both the
rat PTH promoter and the human PTHrP promoter contain negative VDREs (nVDREs)
which closely resemble the consensus VDRE sequence and which are bound by either
VDR homodimers or VDR/RXR heterodimers. However, negative regulation may not
necessarily require both VDRE half-sites.

A second type of nVDRE, composed of E-box-type motifs (5′-CATCTG-3′), was
identified in the promoters of the human CTP27B1 gene, the human PTH gene, and the
human PTHrP gene (54, 55). These nVDREs are transcriptionally active in the absence
of 1,25(OH)2D and are bound by a helix-loop-helix transcription factor known as
VDR-interacting repressor (VDIR) (56). In the absence of 1,25(OH)2D, VDIR recruits
CBP/p300 HAT activity to promote active transcription. However, in the presence of
1,25(OH)2D, ligand-induced coregulator switching occurs which is responsible for
transcriptional repression (57). Basically, liganded VDR/RXR heterodimers associate
with the VDRE-bound VDIR, not with the DNA itself. This results in the dissocia-
tion of the CBP/p300 HAT coactivator and the recruitment of histone deacetylases and
NCoR/SMRT corepressors. Thus, the chromatin is subsequently remodeled and tran-
scription inhibited.

4.1.4. A ROLE FOR THE UNLIGANDED VDR IN TRANSCRIPTIONAL

REGULATION

Studies of the VDR knockout (VDRKO) mice and the 25(OH)D-1α-hydroxylase
knockout mice suggest a role for the unliganded receptor in controlling transcription
(58, 59). The VDRKO mice exhibit an impairment of calcium absorption and progres-
sive hypocalcemia, hypophosphatemia, and compensatory hyperparathyroidism. These
metabolic imbalances result in growth retardation, severe skeletal defects including
decreased bone mineral density, thinned bone cortex, and widened undermineralized
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growth plates. These bone defects are secondary to the malabsorption of calcium, since
VDRKO mice fed a rescue diet rich in calcium and phosphorus develop normally with-
out bone abnormalities. The VDRKO mice also develop alopecia which, in contrast to
the skeletal phonotype, is not corrected by the rescue diet. This indicates a direct role
for VDR in hair follicle cycling. Interestingly, mice that lack the 25(OH)D-1α(OH)ase
enzyme and that are totally devoid of the 1,25(OH)2D ligand do not exhibit alopecia
(59). Additional studies using VDR transgenes with mutations in the ligand-binding
domain demonstrated that these VDR mutants were able to restore hair growth (60).
VDR ablation also sensitizes mice to chemically and UV-induced tumorigenesis (61,
62), a response that was not displayed in the 25(OH)D-1α(OH)ase knockout. Thus, the
VDR, but not its ligand, is required for protection against carcinogenesis (61). Taken
together with the alopecia data, these studies suggest that in the epidermis, the VDR has
functions that are independent of the 1,25(OH)2D ligand but require interactions with
nuclear factors. There is precedent for this, as in vitro studies show that VDR can asso-
ciate with various transcription factors and induce select genes in the absence in ligand
(63)–(66). Indeed, VDR has been shown to activate target promoters in the absence of
1,25(OH)2D selectively in primary keratinocyte cell culture models (67). Alternatively,
unliganded VDR may repress a subset of target genes in a manner analogous to other
nuclear receptors through corepressor interactions.

4.2. Communication Between VDR and the Transcriptional Machinery
The past decade has witnessed significant progress in understanding the sequence of

events that follow VDR–RXR heterodimer binding to the VDRE and lead to RNA poly-
merase II-directed transcription. Central to the process of activated transcription are
the general transcription factors and the ordered assembly of the preinitiation complex
(PIC), beginning with TATA-binding protein (TBP, a subunit of TFIID), binding to the
TATA element of class II promoters in a process that is facilitated by TFIIA [reviewed
in (68)]. Then, TFIIB enters the complex by direct interaction with TBP. RNA Pol II,
in association with TFIIF, binds to this early complex by contacting TFIIB. The further
association with TFIIE and other general factors results in a complex capable of accu-
rately initiating RNA synthesis. Transcription initiated by these minimal components
represents basal-level transcription which can be stimulated (or repressed) by sequence-
specific, trans-acting factors such as the VDR.

The nuclear receptor superfamily contains two regions responsible for transcriptional
activation: AF1, located in the extreme N-terminus, and AF2, located in the C-terminus.
The N-terminus of the VDR is truncated compared to other nuclear receptors and thus it
was thought to be unlikely that an analogous constitutive AF-1 domain exists N-terminal
to the DBD in VDR. Indeed, as previously mentioned, removing the N-terminal 22
amino acids preceding the DBD had no affect on VDR-activated transcription. How-
ever, mutation of Arg-18 and Arg-22 compromised hVDR transcriptional activity pre-
sumably by compromising interaction with transcription factor TFIIB (69). Moreover, a
polymorphic variant, lacking the first three amino acids at the N-terminus has increased
transactivation potency due to better interaction with TFIIB (69). Thus, the short N-
terminus of VDR may act as a docking site for TFIIB. VDR also interacts with TFIIB
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via its C-terminus (42, 70), an interaction that leads to a functional increase in vitamin
D-mediated transcription (70). These studies clearly indicate that the VDR–TFIIB inter-
action is functionally significant and they suggest that the VDR–RXR heterodimer may
communicate with the PIC, in part, through specific protein–protein contacts between
VDR and TFIIB.

In addition to contacting components of the PIC, VDR and other nuclear receptors are
known to interact with a variety of coregulators, i.e., coactivator (CoA) and corepressor
(CoR) proteins that also function in the mechanism of steroid-regulated gene transcrip-
tion (26). Coregulators can be classified into two main groups. The first group contains
factors that are recruited by the nuclear receptor to the target promoter to modulate the
chromatin architecture. This is done by covalently modifying histones by such processes
as acetylation/deacetylation and methylation/demethylation. The second group of coreg-
ulators includes ATP-dependent chromatin remodeling factors that modulate promoter
accessibility to transcription factors and to the basal transcriptional machinery.

Basically, in the absence of ligand, the nuclear receptor may interact with CoR pro-
teins such as nuclear corepressor (NCoR), silencing mediator of retinoic acid and thyroid
hormone receptor (SMART), hairless, and Alien, which in turn associate with histone
deacetylases leading to a locally increased chromatin packaging and decrease in gene
expression. The binding of ligand induces the dissociation of the CoR and the associa-
tion of a CoA of the p160/SRC family. Ligand binding results in conformational changes
that create a hydrophobic cleft composed of helices 3, 4, 5, and 12. The hydrophobic
cleft serves as a docking surface for the p160/SRC family of proteins through their
LXXLL domains, and this provides a scaffold for further recruitment of coactivators
including histone acetytransferases (HATs) such as p300/CBP and histone methyltrans-
ferases (HMTs). By covalently modifying histones, these enzymes cause the relaxation
in the chromatin architecture and provide a signal for recruitment of additional co-
regulatory proteins. Ligand-activated nuclear receptors then change rapidly from inter-
acting with the p160/SRC family to interacting with mediator/VDR-interacting pro-
tein (DRIP) complexes, such as Med1 (71). The mediator/DRIP complexes consist of
approximately 15–20 proteins and build a bridge to the basal transcription machinery
(71, 72). In fact, liganded VDR binds to DRIP/mediator and this ternary complex can
then bind directly to the Pol II holoenzyme and recruit the transcriptional machinery
to the promoter (73). In this way, ligand-activated nuclear receptors execute two tasks,
modification of chromatin and regulation of transcription.

In addition, several other proteins that potentiate VDR-mediated transcription have
been described. One example is NCoA-62/ski-interacting protein (SKIP), a coactivator
which binds VDR simultaneously with SRC-1 to form a ternary complex that syner-
gistically enhances VDR-stimulated transcription (63, 74). Subsequent studies identi-
fied NCoA62/SKIP in subcomplexes of the spliceosome (75, 76). This, combined with
NCoA62/SKIP’s ability to contact varied transcription factors such as the VDR, sug-
gests a potentially important role in coupling nuclear receptor-mediated transcription
with mRNA splicing (77, 78).

A current model for VDR-mediated transcription is illustrated in Fig. 5. This model
incorporates numerous properties of VDR that were discussed in this chapter. The ini-
tial event in this model is high-affinity binding of the 1,25(OH)2D ligand to the VDR.
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Fig. 5. Putative molecular communications between vitamin D receptor (VDR) and the transcriptional
complex.

Ligand binding induces VDR/RXR heterodimerization and the heterodimer specifi-
cally binds VDREs in the promoter regions of vitamin D-responsive genes. The VDR–
RXR heterodimer serves as a platform for the sequential binding of a wide variety of
proteins needed for efficient transcriptional regulation. These include basal transcrip-
tional components such as TFIIB and mediator/DRIP complexes. Coactivator proteins
form additional contacts between the VDR and the PIC and it is the interaction with
and the communication between VDR, RXR, TFIIB, and other ligand-dependent coac-
tivator proteins such as SRC-1 that may determine the overall transcriptional activity
of a vitamin D-responsive gene. It also incorporates proteins such as NCoA62/SKIP,
which may enter later to act at more distal steps such as the processing of the nascent
RNA transcript. Understanding the complex interplay that occurs between these various
factors is crucial to unraveling the complexities of activated or repressed transcription
mediated by vitamin D and the VDR.
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