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Abstract
The nuclear vitamin D receptor (VDR) binds 1,25-dihydroxyvitamin D3 (1,25D), its high affinity
renal endocrine ligand, to signal intestinal calcium and phosphate absorption plus bone
remodeling, generating a mineralized skeleton free of rickets/osteomalacia with a reduced risk of
osteoporotic fractures. 1,25D/VDR signaling regulates the expression of TRPV6, BGP, SPP1,
LRP5, RANKL and OPG, while achieving feedback control of mineral ions to prevent age-related
ectopic calcification by governing CYP24A1, PTH, FGF23, PHEX, and klotho transcription.
Vitamin D also elicits numerous intracrine actions when circulating 25-hydroxyvitamin D3, the
metabolite reflecting vitamin D status, is converted to 1,25D locally by extrarenal CYP27B1, and
binds VDR to promote immunoregulation, antimicrobial defense, xenobiotic detoxification, anti-
inflammatory/anticancer actions and cardiovascular benefits. VDR also affects Wnt signaling
through direct interaction with β-catenin, ligand-dependently blunting β-catenin mediated
transcription in colon cancer cells to attenuate growth, while potentiating β-catenin signaling via
VDR ligand-independent mechanisms in osteoblasts and keratinocytes to function osteogenically
and as a pro-hair cycling receptor, respectively. Finally, VDR also drives the mammalian hair
cycle in conjunction with the hairless corepressor by repressing SOSTDC1, S100A8/S100A9, and
PTHrP. Hair provides a shield against UV-induced skin damage and cancer in terrestrial
mammals, illuminating another function of VDR that facilitates healthful aging.
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1. Introduction
The nuclear vitamin D receptor (VDR) is a member of the thyroid hormone and retinoic acid
receptor subfamily of nuclear hormone receptors that heterodimerizes with retinoid X
receptor (RXR) isoforms to regulate the expression of genes encoding factors which, in a
variety of cell types, control functions such as proliferation, differentiation, metabolism, ion
transport, apoptosis, etc. [1]. Evolutionarily, VDR is most closely related to the pregnane X
receptor (PXR) that triggers xenobiotic detoxification and to the farnesoid X receptor (FXR)
which governs bile acid metabolism [1]. In fact, the ancient function of VDR in chordates is
thought to be that of detoxification [2,3], a property that apparently has been retained in
extant mammals as evidenced by the ability of VDR to bind the carcinogenic secondary bile
acid, lithocholic acid (LCA), with low affinity and signal its detoxification in colon via
induction of CYP3A4 and SULT2 [4,5].

The modern vitamin D endocrine system, in which the high affinity hormonal ligand for
VDR, 1,25-dihydroxyvitamin D3 (1,25D), is generated in the kidney according to the
calcium and phosphorus needs of the animal, likely evolved when terrestrial animals were
forced into locomotion facilitated by a mineralized skeleton in order to seek calcium,
considering its limited availability on land compared to in the sea. Thus, under the control of
PTH, which signals low calcium, the renal 1α-OHase (CYP27B1) catalyzes the production
of 1,25D, the vitamin D hormone that binds VDR to induce small intestinal calcium
absorption with the aid of TRPV6 and other calcium translocation gene products [6].
Accordingly, the predominant phenotype of VDR null mice is that of post-weaning rickets,
rectifiable with a high calcium/lactose/phosphate rescue diet [7]. However, a second feature
of the VDR null mouse, namely alopecia, is not ameliorated by the rescue diet, and seems to
be independent of the vitamin D ligand [8]. Thus, a second major function of VDR is
driving the mammalian hair cycle, a phenomenon which protects terrestrial animals seeking
calcium from damaging UV exposure and co-evolved with the renal VDR ligand and a
mineralized skeleton [9].

VDR regulates the expression of many genes beyond those involved in calcium absorption
and the mammalian hair cycle. Based upon numerous studies, including cDNA microarray
analysis of mRNAs, as many as 500-1000 genes may be modulated by VDR ligands [10].
Many of these effects on gene expression are primary in that they involve direct VDR-RXR
binding to vitamin D responsive elements (VDREs) in or near the genes in question (i.e.,
within approximately 100 kb either 5′ or 3′ of the transcription start site), leading to the
concept of a “vitamin D receptor cistrome” analogous to the estrogen receptor α cistrome
mapped by Brown and colleagues [11]. Coupled with the knowledge that although VDR is
most highly expressed in small intestine, colon, kidney, bone and skin, the receptor is
present in reasonable copy numbers in many other tissues and cell types including brain, the
vascular system, numerous endocrine organs, the immune system, muscle, etc. [12], plus the
existence of many extrarenal sites of CYP27B1 expression [13] to catalyze local 1,25D
production, it is reasonable to assume that many of the recently discovered health benefits of
vitamin D beyond bone can be explained by intracrine 1,25D actions fed by the circulating
25(OH)D precursor. These effects of 1,25D are likely redundant with other biological
modifiers, and their associated pathologies are subtle at best in VDR null mice, but they
could be biologically significant in times of stress and especially in aging. The purpose of
the present communication is to identify the key genes regulated by VDR for which their
products mediate calcium and phosphate transport, bone remodeling, and other traditional
VDR actions, as well as to unveil novel genes that mediate the other health benefits of
vitamin D. We will also develop the thesis that many of the genes governed by VDR encode
proteins which participate in processes that allow one to age well with lowered risk of
chronic diseases which cause premature death. In this vein, we propose that VDR actions in
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effect constitute a biochemical “Fountain of Youth” to preserve health into old age. This
hypothesis may seem counterintuitive in that vitamin D is produced in skin by sunlight, UV
wavelengths of which are considered to promote aging, suppress the immune system, and
cause skin cancer. Moreover, vitamin D facilitates calcium and phosphate absorption and
retention which lead to arteriosclerosis and other disorders characterized by ectopic
calcification. However, 1,25D and its receptor also possess the ability to modulate
expression of genes which counterregulate calcium and phosphate to prevent ectopic
calcification. Finally, the sunshine vitamin, via VDR, has the capacity to lower the risk of
skin cancer by reversing the deleterious effects of UV light that produce it in skin. And VDR
itself promotes hair growth and replenishment to shield against UV, possibly the only
incidence in biology of independent actions of a receptor and its ligand to prevent a
pathology resulting from conditions that promote synthesis of that same ligand.

2. Materials and methods
See Figure Legends for methods

3. Results and discussion
3.1 Mechanism of induction by 1,25D-VDR

Control of the murine osteopontin gene (SPP1) by 1,25D, originally reported by Noda et al.
[14], exemplifies the prototypical mechanism whereby 1,25D-VDR directly upregulates the
expression of target genes. The murine SPP1 promoter possesses the strongest single natural
VDRE yet reported, residing at -757 bp. Fig. 1A illustrates this VDRE, a perfect direct
repeat with a spacer of three nucleotides, GGTTCAcgaGGTTCA, in the context of the
natural SPP1 promoter fused to a GH reporter gene. We altered three base pairs in the 3′-half
element, where VDR binds to the DNA [15], to generate a TATCCA mutant half-element in
the context of the promoter, leaving the 5′-half element, where RXR binds, unaltered and
tested the effect of this modification on SPP1 induction by 1,25D. As is evident from the
results in Fig. 1A, the robust 7.3-fold stimulation of transcription by 1,25D with the native
promoter is completely abrogated by altering the 3′-half element of the VDRE. These data
indicate that 1,25D-VDR-RXR must contact a native VDRE to induce the expression of
genes such as SPP1, a conclusion that is confirmed by chromatin immunoprecipitation
(ChIP) results showing that VDR associates with the murine SPP1 VDRE at -757 bp in a
1,25D ligand-dependent manner in intact MC3T3-E1 cells [16]. Interestingly, mutation of
the 3′ half-element in SPP1 actually transforms 1,25D-VDR into a repressor, with a
significant 60% reduction in transactivation (Fig. 1A). This suggests that, when bound to
this mutated half-element, VDR assumes a repressive conformation, likely recruiting
corepressors instead of coactivators. The reverse of this experiment was performed by
Koszewski et al. [17], who transformed a negative VDRE in the chicken PTH gene into a
positive, also by altering base pairs in the 3′-half element. Thus, both primary induction and
repression of target genes by 1,25D consist of direct binding of VDR to VDREs, recruiting
coactivators and corepressors, respectively. No intermediary protein transcription factors are
involved in this mechanism, as it is insensitive to inhibition by cycloheximide, an inhibitor
of new protein synthesis (Fig. 1B), again consistent with a major mechanism of 1,25D-VDR
action being that of primary transcriptional regulation.

3.2 Genes for which expression is regulated by 1,25D
1,25D-VDR controls the expression of at least eleven genes (SPP1, TRPV6, LRP5, BGP,
RANKL, OPG, CYP24A1, PTH, FGF23, PHEX, and klotho) which encode bone and
mineral homeostasis effectors that also facilitate aging well. The first, osteopontin or SPP1,
which is dramatically induced by 1,25D in osteoblast-like cells (Fig. 1B), was initially
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named for its positive actions in bone, which include inducing ossification, especially in
response to mechano-stress/fracture, and remodeling [18], both of which strengthen the
skeleton to promote longevity and reduce fracture risk. Moreover, SPP1 facilitates
angiogenesis and osteoclast accumulation for the resorption of ectopic bone; in fact, SPP1 is
an inducible inhibitor of vascular calcification and associated disease [19]. Other benefits of
SPP1 are the effecting of immune homeostasis and the promotion of myelination [20].
However, there is a down-side to induction of osteopontin in that it is proinflammatory and
possesses promalignancy/prometastasis [21] properties. Fortunately, these potentially
deleterious effects likely are counterbalanced by numerous other 1,25D-induced gene
products which are anti-inflammatory and anticancer as discussed below.

Intestinal calcium absorption is mediated, in part, by 1,25D-VDR induction of TRPV6,
which is illustrated for human Caco-2 cells in Fig. 2 (inset at upper right). This is a direct
action of VDR, because the VDRE at -2.1 kb as well as other VDREs in the human TRPV6
gene are occupied by the liganded receptor complex in intact intestinal cells as assessed by
ChIP experiments [16,22]. TRPV6 represents a key calcium channel gene product that
supplies dietary calcium via transport to build the mineralized skeleton and thereby delay the
inevitable calcium leaching from bone in senile osteoporosis. Accordingly, TRPV6 null
mice have 60% decreased intestinal calcium absorption, decreased bone mineral density
(BMD) and, strikingly, 20% of animals exhibit alopecia and dermatitis [23] similar to VDR
knockout mice [24]. Since the skin phenotype in VDR null mice is not ameliorated by the
high calcium rescue diet [7], we speculate that TRPV6 may mediate calcium entry into
keratinocytes to elicit differentiation and hair cycling. Because calcium is protective against
colon cancer [25], while hair plus a full stratum corneum reduce UV-induced skin damage
and cancer, VDR-induced TRPV6 could function in colon and skin to lower the risk of
neoplasia in these two epithelial cell types.

As illustrated in Fig. 2 (inset at lower left), 1,25D significantly induces LRP5, a gene
product that promotes osteoblastogenesis via canonical Wnt signaling, and is thereby
anabolic to bone [26]. This action of 1,25D is VDR-mediated directly through association
with VDREs in the murine LRP5 gene [27], including one in the first intron at +656 bp in
relation to the transcription start site which is occupied by liganded VDR as monitored by
ChIP assay [16]. Interestingly, LRP5 is not only beneficial to bone through an anabolic
action in osteoblasts, but we speculate that induction of LRP5 by 1,25D-VDR in duodenal
enterochromaffin cells suppresses gut serotonin, a neurotransmitter which Karsenty and
colleagues [28] have recently demonstrated is deleterious to bone and must be kept in check
via an LRP5-triggered silencing mechanism. This is in contrast to central serotonin, which is
downstream of leptin signaling and indirectly preserves bone via inhibition of sympathetic
nervous system tone and β-adrenergic agonist release [29].

Osteocalcin (BGP) is another gene classically induced by 1,25D in osteoblasts, particularly
in the rat [30-32] and the human [33]. The primary VDRE in the rat BGP gene is located at
-456 bp, and is conserved in the human BGP promoter. Fig. 2 (inset) illustrates the induction
of BGP by 1,25D in human osteoblast-like osteosarcoma cells (MG-63), and the proximal 5′
VDRE in the human gene is occupied by liganded VDR in these cells as demonstrated by
ChIP assay [16]. Recently, utilizing BGP null animals, it has been shown that normal
osteocalcin expression is important for robust, fracture-resistant bones [34]. Extracellular
BGP also is thought to bind calcified bone matrix where it functions as a chemotactic agent
for osteoclasts, perhaps strengthening the skeleton via enhanced remodeling cycles. Finally,
osteocalcin has been identified by Karsenty and coworkers [35] as a bone-secreted hormone
that both improves insulin release from pancreatic β-cells and increases insulin metabolic
responsiveness in target tissues. Thus, vitamin D-induced bone osteocalcin, by supporting
insulin release and action, could be considered an important adjunct in insuring glucose
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control to delay or lower the risk of advanced glycosylation end product formation
(“AGEing”) characteristic of uncontrolled diabetes mellitus which elicits retinopathy,
neuropathy, and vascular disease.

RANKL constitutes one of the most dramatically 1,25D-upregulated bone genes, the product
of which effects 1,25D-VDR mediated bone resorption through osteoclastogenesis. Pike and
associates [36] have proven that RANKL expression is controlled by VDR through multiple
VDREs, the most distal of which is 76 kb 5′ of the transcriptional start site in the mouse
gene. This distal region, which is conserved among other mammals, also mediates the
effects on RANKL expression of PTH, prostaglandins, and other bone resorbing agents [36].
Fig. 2 (inset at lower left) reveals that RANKL is induced over 5000-fold by 1,25D in mouse
ST-2 stromal cells in culture. OPG, the soluble decoy receptor for RANKL that tempers its
activity, is simultaneously repressed by 86% (Fig. 2 inset at lower left) to amplify the
bioeffect of displayed (or secreted) RANKL. Thus, like PTH, 1,25D is a potent bone-
resorbing, hypercalcemic hormone and, although chronic excess of either hormone elicits a
severe osteopenic pathology, physiologic bone remodeling can be argued to strengthen the
skeleton. In other words, like a well-mineralized bone, an appropriately remodeled bone is a
healthy bone, less susceptible to fractures and the eventual ravages of senile osteoporosis.

3.3 Feedback control of the calcemic, phosphatemic, and bone resorbing actions of 1,25D
The 1,25D-modulated genes enumerated in the previous section are all calcemic,
phosphatemic, or affect bone remodeling. To govern these 1,25D-induced phenomena, there
exists a separate class of feedback regulatory genes which curb the mineralotropic and
osteotrophic actions of 1,25D. Control of these genes by 1,25D-VDR delimits bone
mineralization to the defined endoskeleton, prevents ectopic calcification elicited by
excesses of either calcium or phosphate, reduces age-related vascular pathology and
atherosclerosis, protects against muscle and skin atrophy as well as respiratory failure, and
generally prevents premature aging and lengthens lifespan [37]. Many of these pathologies
are also the consequence of hypervitaminosis D [37]. Thus, excess vitamin D and its actions
actually reduce lifespan, meaning that the level of 1,25D as well as the sequelae of its effects
through VDR must be “detoxified” and sustained in an optimal range to maintain healthful
aging.

The vitamin D 24-hydroxylase, CYP24A1, is one of the most strongly 1,25D-induced genes
in all cells expressing VDR. For example, Fig. 2 insets (gray bars) illustrate CYP24A1
induction by 1,25D in human proximal tubule cells, HK-2 (20-fold), and human colon
cancer, Caco-2 cells (62-fold). The endocrine and intracrine effects of 1,25D are curtailed by
CYP24A1 catalyzed catabolism of 1,25D, providing an “off” signal once the hormone has
executed its physiologic modulation of gene expression. Mice with ablation of the
CYP24A1 gene die early because of 1,25D excess, and those that survive by compensatory
adaptation lack endochondral bone formation caused by excess 1,25D [38]. Therefore, as
summarized schematically in Fig. 2, 1,25D induces CYP24A1 to feedback attenuate its
actions through catabolism to inactive vitamin D metabolites.

PTH is the major tropic hormone that stimulates the renal 1α-OHase, CYP27B1, to produce
the 1,25D hormone, primarily under low calcium conditions when the calcium-sensing
receptor in the parathyroid glands recognizes hypocalcemia and signals the synthesis and
release of PTH. In a short feedback loop pictured in Fig. 2, 1,25D-VDR feedback represses
PTH gene expression to close the endocrine loop; PTH repression by 1,25D is well
documented [39], and a negative VDRE in the chicken PTH gene has been identified [17].
Calcium, mobilized from bone via resorption, or derived from 1,25D-enhanced intestinal
absorption, is a second negative feedback regulator of PTH elaboration (Fig. 2). Ultimately,
the combination of 1,25D-VDR and calcium close the endocrine loop by suppressing PTH
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and eliminating its potentiation of CYP27B1, thereby reducing 1,25D production. Normally,
through its phosphaturic action, PTH would eliminate any excess, unneeded phosphate
mobilized by 1,25D-VDR in the process of correcting hypocalcemia. However, because
PTH is so quickly and effectively suppressed in this situation, there is a need for a second
phosphaturic hormone to enter the scene.

FGF23 is the newly recognized phosphaturic peptide hormone which functions initially in
concert with PTH, and chronically when PTH is suppressed by calcium and 1,25D. In fact,
FGF23 directly represses PTH (Fig. 2) [40] to eliminate the activation of CYP27B1 by PTH,
while at the same time taking over from PTH the role of phosphate elimination. Like PTH,
FGF23 inhibits renal Npt2a and Npt2c to elicit phosphaturia. Yet oppositely to PTH, FGF23
is upregulated by 1,25D as shown in Fig. 2 (inset) for the case of rat UMR-106, osteocyte-
like cells of the osteoblast lineage. This striking 78-fold induction of FGF23 by 1,25D is,
however, blocked by cycloheximide treatment of the cells (Fig. 2 inset), indicating that a
newly synthesized intermediary transcription factor targeted by VDR is secondarily
inducing FGF23. This is consistent with the lack of reported conserved VDREs in the
FGF23 gene as well as the apparent inability of ChIP assays to identify liganded VDR
association with the gene. Notably, FGF23 regulation is complex and multifactorial. For
instance, PHEX, the gene encoding an endoproteinase which is loss-of-function mutated in
X-linked hypophosphatemic rickets (XLH), acts to repress FGF23 expression [41], and
excess FGF23 causes the hypophosphatemic pathology in XLH, tumor-induced
osteomalacia (ectopic FGF23 secretion) [42], and autosomal dominant hypophosphatemic
rickets (ADHR) [42], wherein FGF23 is altered to preclude proteolytic inactivation. As
depicted in Fig. 2 (inset), 1,25D represses PHEX expression in UMR-106 osteocyte-like
cells, which is in accordance with the induction of FGF23 in that the PHEX suppressor is
removed to permit maximal induction of FGF23 by 1,25D. It is conceivable that the
mechanism of FGF23 induction by 1,25D is, in part or entirely, a consequence of PHEX
repression, yet the PHEX substrate which ultimately regulates FGF23 transcription is not
known. Although dentin matrix acid phosphoprotein 1 (DMP1) is apparently not a PHEX
substrate, loss of function mutations in DMP1 cause a phenotype identical to XLH, with
excess FGF23 producing hypophosphatemia. This suggests that DMP1, like PHEX,
normally represses FGF23 expression in osteocytes; although this is inconsistent with the
recent observation [43] that 1,25D induces DMP1 in UMR-106 cells. Conversely, as
illustrated in Fig. 2, hyperphosphatemia enhances FGF23 independently of 1,25D, rendering
FGF23 the perfect phosphaturic counter-1,25D hormone because it inhibits both renal
phosphate reabsorption and 1,25D biosynthesis (Fig. 2). FGF23 also induces CYP24A1
(Fig. 2) in kidney to further reduce ambient circulating 1,25D levels. Regardless of the
mechanism whereby FGF23 is induced, this hormone allows osteocytes in bone to
communicate with the kidney to govern vitamin D bioactivation and circulating phosphate,
thereby preventing excess 1,25D function and ectopic calcification due to
hyperphosphatemia. That FGF23 production in bone is absolutely dependent on 1,25D is
proven by the extremely low levels of circulating FGF23 in VDR null mice [44], and the
dramatic 80-fold increase in serum FGF23, emanating almost entirely from bone, when
normal mice are treated with 1,25D [45]. The primary mission of FGF23 is phosphate
excretion to protect against hyperphosphatemia and ectopic calcification, which not
coincidentally are the two dominant characteristics of the FGF23 knockout mouse [46]. As
predicted, FGF23 null mice also possess markedly elevated 1,25D in blood, and their
phenotype is characterized by a shortened lifespan, skin atrophy, arteriosclerosis and chronic
obstructive pulmonary disease, with complications from the latter usually having fatal
consequences [46]. Thus, FGF23, a gene induced by 1,25D, could be considered a longevity
gene. Interestingly, double knockouts of FGF23 with either VDR [47] or CYP27B1 [48]
essentially rescue the FGF23 null phenotype in mice, indicating that the capability of FGF23
to function as a counter-regulatory hormone to 1,25D is the key to its health and longevity
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benefits. Thus, the physiologic activities of 1,25D provide for healthful aging and prolong
life by lowering the risk of chronic disorders of old age, but in pharmacologic doses or
pathological excess, 1,25D generates the phenotype of the FGF23 ablated mouse, including
ectopic calcification, skin atrophy, osteoporosis, vascular disease and emphysema. This
situation of 1,25D toxicity is analogous to the actions of the only other known toxic fat
soluble vitamin, namely vitamin A and its active retinoic acid metabolite. In physiologic
quantities, retinoids mediate epithelial cell differentiation and barrier formation, embryonic
development, etc., yet pharmacologic excesses of vitamin A and retinoic acid yield epithelial
cell pathologies such as gastroenteritis and exfoliation, and embryopathy, respectively.
Whereas no feedback control exists in the vitamin A system, the endocrine “Rosetta Stone”
that allows the body to keep vitamin D in check is FGF23 and its signaling.

FGF23 signals via renal FGFR1 and klotho coreceptors to promulgate phosphaturia and
repress CYP27B1/induce CYP24A1 [49], functioning through phospho-ERK and resulting
in induction of the early response gene Egr-1 [50]. Klotho is a bona fide longevity gene
expressed primarily in the distal renal tubule which, when inactivated in mice, generates a
phenotype identical to that of FGF23 null mice [51], including premature aging/decreased
lifespan, elevated 1,25D, hyperphosphatemia, ectopic calcification, skin and muscle atrophy,
osteoporosis and hearing loss. FGF23 downregulates its klotho coreceptor [52] but, as
depicted in Fig. 2 (insets), 1,25D induces klotho in kidney and colon cancer cells.
Upregulation of klotho by 1,25D is modest, but statistically significant, and consistent with
potentiation of FGF23 signaling in kidney and perhaps in other cell types (e.g., vascular)
where a secreted form of klotho is considered a potential beneficial hormone [53]. In one
particularly striking study, klotho introduction via a viral vector prevented progression of
spontaneous hypertension and renal damage in the SHR rat model [54]. We propose that
many of the health and longevity benefits of 1,25D may be effected through VDR-mediated
enhancement of klotho expression in kidney (Fig. 2) and perhaps other cell types.

3.4 Tissue selective interaction of VDR with Wnt signaling/β-catenin
Wnts consist of approximately 20 members of a secreted peptide signaling molecule family
that act by binding to transmembrane Frizzled (Fz) and low density lipoprotein-related
protein (LRP) coreceptors releasing intracellular Disheveled (Dsh) to inhibit the β-catenin
degradation complex. The result is an accumulation of β-catenin which translocates into the
nucleus and induces the transcription of target genes encoding proteins that function to alter
cell proliferation, differentiation, polarity and tissue remodeling. β-catenin also functions
extranuclearly to affect cell adhesion and motility. By inducing LRP5 (Fig. 2 inset), 1,25D-
VDR potentiates Wnt signaling in select cell types, likely in bone to function anabolically
via osteoblast proliferation [55], and in skin and hair follicles to promote organogenesis and
hair cycling, respectively [56].

However, in the colon, β-catenin constitutes a proto-oncogene, with either mutational
activation of its function [57] or loss-of-function mutation in its counterregulatory protein
partner(s) [58] causing colon cancer. Calcium and 1,25D are known to lower the risk of
colon cancer [25], a disease prevalent at higher latitudes where vitamin D production from
sunlight exposure is limited. 1,25D protects against colon cancer by detoxifying LCA, the
carcinogenic secondary bile acid [4] ligand for VDR, and by controlling the expression of
genes which influence cell growth and differentiation such as TGFβR1, EGFR, etc. We
show here (Fig. 3A) that VDR, in a 1,25D ligand-dependent manner, suppresses the
transcriptional activity of β-catenin in HT-29 human colorectal carcinoma cells, likely via
direct VDR-β-catenin protein interaction to divert transcriptional activity away from β-
catenin target genes that promote proliferation and toward VDR target genes that encode
factors stimulating cell differentiation and apoptosis [59]. Palmer and coworkers [60] have
independently reached this same conclusion. Moreover, the interaction between VDR and β-
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catenin is significantly attenuated when VDR is instead liganded with carcinogenic LCA
[59]. These observations provide further evidence that suggests a mechanism whereby
1,25D-VDR acts to prevent colon cancer while LCA may contribute to tumorigenesis.

The relationship between 1,25D-VDR and β-catenin is interestingly different in bone. As
illustrated in Fig. 3B, VDR, as well as ERβ but not ERα, significantly potentiates β-catenin-
directed transcription in human osteoblast-like TE-85 osteosarcoma cells, and this effect is
ligand independent. By potentiating β-catenin signaling in osteoblasts, VDR is apparently
anabolic to bone via enhanced Wnt signaling. This action is consistent with the osteoporotic
phenotype occurring in LRP5 knockout [61] mice, and the fact that the most promising new
bone anabolic drug potentially to treat osteoporosis is a sclerosterin-1 (SOST-1)-
immunoneutralizing monoclonal antibody [62] which promotes Wnt/β-catenin signaling by
removing the soluble, extracellular SOST-1 Wnt antagonist. Interestingly, osteosarcoma
may be caused by a silencing of WIF, another Wnt/β-catenin antagonist [63], revealing that
the downside of inducing β-catenin signaling for osteogenic purposes could be the
development of osteosarcoma. Nevertheless, the results in Fig. 3A and 3B illustrate that
VDR can either blunt or amplify β-catenin transcriptional action depending on the cell type.
These observations shed considerable light on the antiproliferative action of the receptor in
colon [64] and the osteogenic function of VDR in bone osteoblasts [65].

Similar to the situation in bone cells, VDR ligand-independently upregulates β-catenin
transcriptional signaling in keratinocytes (Fig. 3C), an effect which is not shared with ERβ
in keratinocytes as it is in osteoblasts. β-catenin is absolutely required in keratinocytes [66],
as is VDR [67], to permit mammalian hair cycling, and the ligand-independent action of
VDR to mediate the hair cycle is thought to involve Wnt signaling in skin stem cells [67,68].
Thus, mammalian hair cycling, which does not require a VDR ligand, appears to be driven
by unliganded VDR (or VDR liganded with a non-vitamin D lipid) through modulation of
canonical Wnt signaling, with β-catenin as a key player. All of the effects of VDR on β-
catenin can be considered “Fountain of Youth” actions because a lowered risk of colon
cancer, enhanced bone volume, and competent skin protected by hair all lead to more
healthful aging.

3.5 Multifaceted mechanism whereby VDR drives the mammalian hair cycle
As illustrated schematically in Fig. 4C, the regulation of mammalian hair cycling is
complex, consisting of the convergence of two signaling pathways, BMP and Wnt. Starting
at the upper left of Fig. 4C, Noggin from the dermal papilla initially antagonizes BMP4
signaling in bulb (or bulge) keratinocytes, allowing for the accumulation of Lef1/TCF (❶ in
Fig. 4C), a transcriptional coactivator which targets genes via DNA-binding partners such as
β-catenin. Cessation of Noggin signaling reinstates BMP signal transduction via SMADs
(❷ in Fig. 4C) provided that the Wnt modulator in surface ectoderm (Wise or SOSTDC1),
which antagonizes both Wnt and BMP pathways [69], has also been repressed. Wnt ligand,
e.g., Wnt 10b, signaling and resulting accumulation of β-catenin facilitates cooperation with
Lef1/TCF to induce the genes encoding factors, such as Shh, that trigger the hair cycle to
transition from telogen (resting) to anagen (growth).

However, we propose that VDR also functions in keratinocytes to drive the hair cycle by
controlling gene expression. This proposal is based upon gene ablation studies which
indicate that VDR, its RXRα [70] DNA binding heteropartner, as well as the coactivator
DRIP205 [71] and the corepressor, hairless (Hr) [72], all are required for normal hair
cycling. Another candidate gene is the calcium channel TRPV6, which not only is required
for hair cycling [23], but also is induced by 1,25D-VDR (Fig. 2 inset). Finally, intracellular
calcium, which can be enhanced by TRPV6 activity, is itself a trigger for keratinocyte
differentiation [73].
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The most important role of VDR in controlling the hair cycle, however, appears to be in
repression of key target genes. This conclusion is based upon the observation that knockout
of Hr, a VDR co-repressor which colocalizes with VDR in the outer root sheath of the hair
follicle [74], produces a phenocopy of the VDR-null mouse with respect to alopecia, but
does not affect bone and mineral metabolism [75]. At least one of the molecular functions of
Hr is recruitment of histone deacetylases (HDACs) to reconform chromatin to a repressive
architecture [76]; another proposed function of Hr is to catalyze histone demethylation
(HDMe) to further attenuate transcription [77].

What genes are targeted by the VDR-RXRα-Hr complex for repression? Thompson and
coworkers [68] have defined Wise (SOSTDC1) as a gene overexpressed in keratinocytes
from Hr-null mice, and Kato and colleagues [78] characterized S100A8 as a gene
overexpressed in VDR-null keratinocytes. To determine the effect of activated VDR on the
expression of SOSTDC1 and S100A8, we examined their mRNA levels by PCR in human
keratinocytes treated with 1,25D. Fig. 4A reveals that, as monitored by reverse transcriptase-
PCR, Wise/SOSTDC1 is strikingly repressed after 18 hours of 1,25D treatment of
keratinocytes. We verified that SOSTDC1 is suppressed by 1,25D utilizing independent
cDNA microarray analysis of human cells (data not shown). Because Wise not only
antagonizes the Wnt pathway by binding to LRP, but also inhibits the BMP pathway through
neutralization of BMP4 [69], repression of Wise by VDR could constitute a major event in
initiating the mammalian hair cycle (Fig. 4C). Similarly, Fig. 4B shows that 1,25D rapidly
represses S100A8 and its obligatory S100A9 heteropartner in calcium binding. This
inhibition of S100A8/A9 expression by 1,25D-VDR is in stark contrast to a CYP24A1
induction of 11.3-fold (Fig. 4B) in keratinocytes, as well as to the induction of S100A8/A9
observed in HL-60 cells when differentiated by 1,25D along the macrophage lineage [79].
Thus, 1,25D regulates S100A8/A9 expression differentially in a cell selective fashion. The
S100A8 protein is a general biomarker for inflammation and malignancy [80], but we
propose that its role in keratinocytes is to dampen intracellular calcium oscillations required
for skin differentiation and hair cycling (Fig. 4C). Therefore, repressing S100A8/A9 could
conceivably restore the cellular calcium gradient which appears to be the ultimate messenger
that controls keratinocyte function. One more gene repressed by 1,25D, namely PTHrP [81],
is already known to encode a suppressor of the telogen to anagen transition in the hair
follicle, as well as promote entry into catagen [82], providing yet another VDR-RXRα-Hr
repressed gene target that participates in hair cycle control (Fig. 4C). In summary, VDR
appears to usher the regeneration of hair, an obvious shield that protects skin and facilitates
healthful aging, via both protein-protein and protein-DNA interactions that potentiate Wnt,
BMP and calcium signaling.

4. Conclusion
In the present communication we have highlighted numerous genes for which the expression
is modulated by 1,25D-VDR, and theorized that through physiological regulation of the
transcription of these and other genes, the nuclear VDR can be characterized as an “age-
well” receptor. These genes fall into four general classes. The first group is comprised of
genes for which the products homeostatically control bone and mineral metabolism, as well
as the integrity of the endoskeleton. By inducing TRPV6/TRPV5 and Npt2b/Npt2c, VDR
signaling supplies respective calcium and phosphorus minerals via absorption/reabsorption
to generate the fully mineralized endoskeleton. By repressing PTH and PHEX, and inducing
the FGF23/klotho system, plus upregulating CYP24A1, VDR prevents the production of
excess 1,25D hormone and protects against ectopic calcification arising from hypercalcemia
and/or hyperphosphatemia. Through regulation of BGP, SPP1, LRP5, RANKL and OPG,
VDR ensures the formation of high volume, fracture-resistant bone with connectivity that is
modeled for strength via osteocyte mechanosensing endocrine cells in the skeleton. Klotho
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can be considered to be in a class by itself because it has been shown to represent a
longevity gene, with actions that include but are not limited to control of phosphate
metabolism [53]. The third group is composed of genes encoding factors impacting Wnt
signaling that effects organogenesis (especially skin and bone) and hair growth, including
LRP5 (also in group 1), SOSTDC1, Dkk4, DkkL1, S100A8/S100A9 and PTHrP. Control of
this set of genes by VDR guarantees the proper formation of epithelial cell barriers,
especially the cornified epithelium of the epidermis, to guard against invasion by
microorganisms and elicits hair growth and cycling to shield against the age-related
damages from UV irradiation. The fourth group of VDR-regulated genes are unrelated to
skin, bone and mineral metabolism, and are not a focus of the present investigation, but
regulation of their expression by vitamin D is well documented to facilitate healthful aging
by delaying or eliminating a host of diseases. For example, 1,25D-VDR induces cathelicidin
[83] as a part of activating the innate immune system to fight infection, and represses IL-17
[84] to temper the adaptive immune system and lower the risk of autoimmune disorders such
as type I diabetes mellitus, multiple sclerosis, lupus and rheumatoid arthritis. Liganded VDR
also functions as a detoxification nuclear receptor by inducing CYP3A4 [4] and SULT2 [5]
to eliminate toxic xenobiotics that might affect the gastrointestinal tract, skin and other
tissues. High vitamin D concentrations are associated with longer leukocyte telomere length,
a parameter which decreases with each cell cycle and increased inflammation, highlighting
the potential beneficial effects of 1,25D-VDR on aging and age-related diseases [85]. 1,25D-
VDR is anti-inflammatory by blunting NFkB [86] and COX2 [87] and, because
inflammation is considered a common denominator in maladies such as heart disease and
stroke, as well as cancer, the inflammation-reducing actions of VDR could be crucial in the
healthy aging property of the vitamin D receptor. VDR likely also reduces risk for many
cancers by inducing the p53 [88] and p21 [88] tumor suppressors, as well as DNA repair
enzymes in skin [10]. Thus, it is no surprise that the VDR null mouse is supersensitive to
DMBA-induced skin cancer [89] as well as UV light-induced skin malignancy [90]. VDR
knockout mice exhibit enhanced colonic proliferation [64] plus amplified mammary gland
ductal extension, end buds and density [91], indicating that the fundamental actions of VDR
to promote cell differentiation and apoptosis [59] play an important role in reducing the risk
of age-related epithelial cell cancers such as those of the colon and breast. Finally, 1,25D-
VDR induces FOXO3 [92], an important molecular player in preventing oxidative damage,
a leading candidate for the cause of aging [93]. Clearly, through control of key genes, VDR
indeed feeds the “Fountain of Youth” and allows one to age well by delaying fractures,
ectopic calcification, oxidative damage, infections, autoimmunity, inflammation, pain,
cardiovascular disease, and malignancy.
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Fig. 1.
Osteopontin (SPP1) expression is induced by 1,25-VDR via a primary transcriptional
mechanism involving a perfect direct repeat-3 (DR3) VDRE at -757 bp in the proximal
promoter of the murine gene. (A) The mouse SPP1 proximal promoter obtained from Dr.
David Dempster [94] was linked to the growth hormone (GH) reporter gene. ROS 17/2.8 rat
osteosarcoma cells were cotransfected with an expression vector (1 μg) containing either the
wild type version of the mouse osteopontin promoter (pSPP1GH) or its mutated VDRE
version (pmSPP1GH*). The insertless vector p0GH was included as a control. Cells were
treated at 12 hours post-transfection with either ethanol vehicle (-) or 1,25D at a
concentration of 10 nM (+), and cell media assayed by RIA for growth hormone at 48 hours
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post-transfection. The data depicted represent the means (±SD) of two independent
experiments with n=3 for each assay. The numbers at the top of the dark colored bars
indicate the fold-induction of transcriptional activity following treatment with ligand. (B)
UMR-106 rat osteosarcoma cells were treated with 100 nM 1,25D or ethanol vehicle for 24
hours in the presence (+CHX) or absence of 10 μM cycloheximide added 30 min prior to the
1,25D. All groups received both ethanol (for 1,25D) and DMSO (for cycloheximide)
vehicles. RNA was isolated and reverse transcribed into cDNA that was assayed by real time
PCR using custom primers against the coding region of SPP1, as described previously [16].
All values are normalized against the unregulated GAPDH control cDNA and are expressed
as mean fold change ±SEM for three independent experiments, each performed in triplicate.
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Fig. 2.
1,25D-VDR regulates the expression of many genes whose products effect bone mineral
homeostasis and the integrity of the endoskeleton, as well as promote healthful aging. Insets
show the induction or repression of each gene listed at the top, with the cell line denoted at
the bottom of the inset. KL=klotho, a recognized longevity gene [51]. All mRNAs were
quantitated via real time PCR as described previously [16], 24 hours after treatment of cells
with 100 nM 1,25D or ethanol vehicle and expressed as fold-change (induction or
repression) with 1,25D, plotted on a log scale with each value representing the mean ±SEM
of at least three experiments each carried out in triplicate; an exception to the latter is ST2
mouse stromal cells, where RANKL and OPG mRNAs were measured in duplicate in the
two experiments depicted in the inset and yielded essentially identical (0.14X) repression of
OPG and over 5,000-fold induction of RANKL by 1,25D. Other cells utilized included
Caco-2 human colon cancer, UMR-106 rat osteosarcoma, MG-63 human osteosarcoma,
MC3T3 E1 mouse osteoblast-like, HK-2 human renal proximal tubule and mouse IMCD3
intermedullary collecting duct cells. The cycloheximide (CHX) protocol in the case of
FGF23 regulation in UMR-106 cells was performed as described for SPP1 in Fig. 1B.
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Induction by 1,25D of LRP5, BGP and RANKL, plus repression of OPG, is discussed in the
text as events that strengthen the skeleton via anabolic actions, extracellular matrix protein
production and remodeling. The circled numbers in the schematic model portion of the
figure represent the sequence of physiologic adjustments and feedback regulations of
mineral metabolism after a reduction in blood calcium (➀) as follows: PTH-mediated
enhancement of CYP27B1 (1α-OHase) and consequent rise in 1,25D hormone (➁); 1,25D-
VDR action to cause calcium and phosphate absorption, reabsorption and resorption (➂) to
raise both calcium and phosphate in blood; calcium and 1,25D negatively feedback (dashed
lines) on PTH to close the calcemic loop, whereas 1,25D and phosphate cause osteocyte
elaboration of FGF23 (➃), and 1,25D induces klotho to reduce 1,25D by inhibiting its
production catalyzed by the 1α-OHase and inducing the CYP24A1 detoxification enzyme to
accelerate its degradation; FGF23 also inhibits Npt2a/Npt2c-facilitated phosphate
reabsorption to effect phosphate excretion (➄), protecting against hyperphosphatemia and
ectopic calcification.
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Fig. 3.
VDR modulates β-catenin signaling in a cell-specific manner to impact chemoprevention,
bone remodeling, and hair cycling. (A) VDR transfection of human colorectal
adenocarcinoma (HT-29) cells dose-responsively blunts β-catenin-mediated transcription in
a 1,25D ligand-dependent fashion. β-catenin transcriptional activity was measured via
TOPFLASH assay as described elsewhere [59], after treating human β-catenin-transfected
HT-29 cells with 1 nM 1,25D for 24 hours. Error bars are ±SD, with n=3 for this
representative experiment. VDR transfection of human osteoblast-like TE-85 (B), or human
keratinocyte KERTr CCD-1106 (C) cells potentiates β-catenin transcriptional activity in the
absence or presence of 10 nM 1,25D. TOPFLASH was assayed as described elsewhere [59],
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and FOP represents a loss of function mutant β-catenin responsive element construct that
serves as a negative control.
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Fig. 4.
VDR action in keratinocytes to sustain the mammalian hair cycle. (A) Repression of human
Wise (SOSTDC1) gene expression by 1,25D in human keratinocytes (KERTr CCD-1106).
Cultured cells were incubated with or without 10 nM 1,25D for 18 h. Levels of mRNA
expression were evaluated by RT-PCR. Total RNA was isolated, reverse transcribed into
cDNA, and the products analyzed via gel electrophoresis with primers designed to generate
131 bp and 173 bp respective coding region products from Wise and control GAPDH. (B)
S100A8 (A8) and S100A9 (A9) genes are rapidly (3 h) repressed in KERTr CCD-1106 cells
by 1,25D (10 nM) treatment in the face of an 11.3-fold induction of CYP24A1. RNA was
isolated, reverse transcribed into cDNA, and analyzed by real time PCR using GAPDH as an
uncontrolled normalizing factor. Error bars are ±SD with n=9. (C) Model for control of the
mammalian hair cycle and the proposed role of VDR, RXRα, and Hr. See text for an
explanation of the model.
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