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Chapter 4
Vitamin D Hormone Action in the Endocrine 
Tissue: Implications for Prostate and Breast 
Carcinoma

Caleb Killer, Jungmi Ahn, Sulgi Park, and Bandana Chatterjee

 Introduction

Calcitriol, the hormonally active metabolite of cholecalciferol (vitamin D3), regu-
lates diverse physiologies in addition to its classic endocrine role in the regula-
tion of calcium and phosphate homeostasis, and thus bone mineralization. 
Calcitriol action in target cells is mediated by the cognate vitamin D receptor 
(VDR), which is a ligand-inducible transcription factor and a nuclear receptor. In 
extraskeletal tissues, calcitriol-activated VDR signaling inhibits cell proliferation 
and angiogenesis while promoting differentiation and apoptosis. The repertoire 
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of calcitriol action also includes anti-inflammatory response and induction of the 
drug metabolism machinery [1–3].

The normal and malignant tissues of prostate, breast, and other endocrine organs 
have an active vitamin D/VDR regulatory axis. Inhibition of prostate cancer and 
breast cancer in response to an activated VDR pathway has been extensively docu-
mented in cell culture, in xenograft settings, and in animal models of cancers arising 
from genetic changes or carcinogen-induced mutagenesis. Mechanisms attributed 
to the anticancer effects of vitamin D signaling include cell cycle inhibition at the 
G1/S checkpoint, reduced DNA damage, altered microRNA expression, pro- 
differentiation response, and apoptosis induction (reviewed in [4]). Relevance of 
prostate health to VDR/vitamin D signaling is highlighted by the significant asso-
ciation of low serum vitamin D status with aggressive prostate cancer [5–7]. 
Evaluation of prostate biopsies from prospectively enrolled men with abnormality 
in serum PSA levels and/or digital rectal examination revealed that African 
Americans with low (<20  ng/mL) serum 25-hydroxyvitamin D3 have increased 
odds of prostate cancer diagnosis. This reinforces earlier results that prevalence of 
vitamin D deficiency among African Americans may partly account for higher inci-
dences of aggressive prostate cancer and prostate cancer-related mortality in this 
race group. The same study on prostate biopsy outcomes further revealed that an 
increased race-independent probability for aggressive prostate cancer diagnosis, 
reflected in higher Gleason grades and advanced tumor stage, associated with 
severely low (<12 ng/mL) serum 25(OH) D3 [5]. An intermediate range of 25(OH) 
D3 (30–80 ng/mL) is considered a normal vitamin D status and may be optimal [5], 
since high serum vitamin D is thought to increase risks for advanced prostate cancer 
[8]. Inverse association has also been observed between serum vitamin D levels and 
breast cancer risks in postmenopausal women as well as breast cancer-related mor-
bidity and mortality in premenopausal women [9, 10].

Prostate cancer is a common cancer in males worldwide and a leading cause of 
cancer deaths in US men, behind lung and colorectal cancer. Androgens, the male- 
prevalent sex steroids, and androgen receptor (AR), the transcription factor and 
nuclear receptor that mediates androgen action, regulate prostate cancer develop-
ment, recurrence, and progression. Second-line inhibition of advanced prostate can-
cer by new-generation anti-AR/antiandrogen drugs and other intervention modalities 
is initially effective but non-durable [11]. A negative interplay of AR with VDR in 
prostate cancer cells, identified through our study and discussed in this review, leads 
to reduction of CYP24A1 (a cytochrome-P450 with 24-hydroxylase activity) and 
AR expression. Thus, a vitamin D/androgen combination may enhance inhibitory 
response of clinical prostate cancer to calcitriol, especially in the case of low-grade 
prostate cancer for which disease progression may be retarded by chemoprevention 
with vitamin D3 supplementation.

In this article, we discuss (1) the enzyme machinery that drives calcitriol biosyn-
thesis and metabolism to an inactive metabolite in the kidneys and local synthesis of 
calcitriol in prostate; (2) ligands, DNA response element, inter-domain allostery, 
and coregulators as determinants of VDR’s transcriptional activity; and (3) inhibi-
tory interaction of AR with VDR in prostate cancer cells. Finally, we describe 
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 findings of preclinical studies and clinical trial outcomes for prostate cancer inhibi-
tion by calcitriol and analogs and comment on the prospects of uncovering novel 
interventions against prostate cancer by targeting downstream effectors of the VDR 
pathway in prostate. While this review primarily focuses on the current state of our 
understanding of the inhibitory vitamin D action on prostate cancer, a section briefly 
describing negative impacts of vitamin D signaling on breast cancer is also included.

 Vitamin D Metabolism

 Synthesis, Degradation, and Roles and Regulation of Key 
Enzymes

Calcitriol and its precursors are secosteroids with steroid-like structures. Figure 4.1 
presents a schema of the biochemical pathway that leads to the cutaneous syn-
thesis of cholecalciferol and its enzyme-catalyzed two-step hydroxylation, which 
ultimately produces 1,25-dihydroxy D3 (calcitriol), the active metabolite [12]. 
Briefly, pro-D2 (ergosterol) produced at the cell membranes of fungi and protozoa 
and pro- D3 (7-dehydrocholesterol) produced in animal skin are secosteroid precur-
sors of calcitriol, pro-D2 being a weaker prohormone than pro-D3. Upon exposure to 
sunlight- derived UVB radiation, the prohormones are converted first to pre-D2 and 
pre-D3, and then to D2 (ergocalciferol) and D3 (cholecalciferol), respectively—the 
latter conversion step requiring reversible heat-dependent isomerization. CYP2R1 
is a 25-hydroxylase and the principal cytochrome P450 that converts D3 or D2 to the 
25-hydroxy metabolite in the liver [13]. Additional 25-hydroxylase(s) may exist, 
since CYP 2R1 knockout caused 50% reduction of serum 25(OH)D3 levels in mice 
[14]. A role for CYP 27A1 in the hydroxylation of vitamin D3 at the carbon-25 posi-
tion is ruled out, since CYP 2R1/CYP 27A1 double knockout mice did not show 
any further reduction of serum 25(OH)D3 compared to CYP 2R1 single knockout 
mice. 25(OH) D3 is the major circulating form of vitamin D in humans. In the event 
that endogenous synthesis of 25(OH) D3 is not optimal, intake of cholecalciferol 
(vitamin D3) from dietary and supplemental sources can maintain normal vitamin 
D status. Exposure to endocrine-disrupting chemicals (EDCs) such as bisphenol A 
(BPA) and phthalates may reduce blood levels of 25(OH) D3, since urinary levels 
of these EDCs correlated inversely with serum vitamin D [15]. Intake of estrogen- 
containing oral contraceptives, in contrast, elevated serum 25(OH) D3 [16]. It 
is of interest to know whether the effects of EDCs and estrogen are consequen-
tial to altered expression of 25α-hydroxylase or to altered calcium or phosphate 
homeostasis.

Bioactivation of circulating 25(OH) D3 to the active hormone 1α,25(OH)2 D3 
(calcitriol) occurs primarily in the kidneys and is mediated by 1α-hydroxylase 
(CYP27B1), which catalyzes additional hydroxylation at the carbon-1 position. 
Extrarenal tissues including prostate are also the sites of 25(OH)D3 bioactivation to 
calcitriol [1, 12]. Homeostasis in cellular signaling by vitamin D is ensured by cal-
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citriol inactivation to 1α,24,25 trihydroxy D3 (calcitroic acid) through a five-step 
oxidation process catalyzed by CYP24A1, which is a cytochrome P450 with 
24-hydroxylase activity. CYP24A1 also converts 25(OH) D3 to the inactive 
24,25-dihydroxy D3 (Fig. 4.1).

Calcitriol production is autoregulated as a result of the suppression of CYP27B1 
and CYP2R1 gene transcription by calcitriol-activated VDR.  Further, CYP24A1, 
the catabolic enzyme, is induced by a high serum concentration of calcitriol. 
Calcitriol homeostasis, which is vital for bone mineralization and bone health, is 
also regulated by calcium and phosphate levels. When phosphate levels are elevated, 
the bone-derived circulating peptide FGF23 (fibroblast growth factor-23), which 
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Fig. 4.1 The pathway to calcitriol (1α, 25(OH)2 D3) biosynthesis and metabolic inactivation. UVB 
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regulates secretion of the parathyroid hormone (PTH), interacts with a FGF receptor- 
Klotho complex, to generate intracellular signaling that leads to inhibition of 
CYP27B1 gene transcription. This in turn prevents calcitriol production and phos-
phate reabsorption in the kidneys [17, 18]. Conversely, at low phosphate and cal-
cium levels, CYP27B1 gene is transcriptionally stimulated by PTH-induced 
intracellular signaling, leading to increased renal production of calcitriol and re- 
adsorption of Ca2+ and phosphate by the kidneys.

Clinical manifestations of vitamin D deficiency are linked to mutations of the 
enzymes that drive synthesis and degradation of calcitriol, as observed for the loss- 
of- function germ line mutation of the CYP2R1 [13, 19]. CYP27B1 mutations, which 
lead to vitamin D-dependent rickets type 1, are associated with hypocalcemia and 
hypophosphatemia and the resultant development of fracture-prone soft, weak bone 
and bowed legs [20]. The biochemical hallmark of CYP24A1 inactivation is the 
persistent escalation of calcitriol levels. CYP24A1 mutations cause a range of clini-
cal abnormalities due to hypercalcemia and hypercalciuria. These abnormalities 
include disrupted digestive homeostasis, aberrant renal functions, kidney stone, 
bone and muscle weakness, and abnormal brain functions. CYP24A1 mutations 
leading to increased vitamin D sensitivity in patients with idiopathic infantile hyper-
calcemia have been reported [21].

 Vitamin D Metabolism in the Prostate

Calcitriol is synthesized in the prostate from the precursor 25(OH) D3 in the 
bloodstream. In a randomized clinical trial, a dose-dependent increase in calcitriol 
levels was detected in prostatectomy specimens from prostate cancer patients who 
received oral administration of cholecalciferol, and proliferation marker Ki67 lev-
els correlated inversely with prostate calcitriol levels [22]. Ki-67 protein expres-
sion is strictly linked to cell proliferation. Calcitriol production in extrarenal 
tissues is essential for its intracrine, autocrine, or paracrine action, which is con-
sistent with a ubiquitous expression pattern of CYP27B1 and vitamin D receptor 
[23]. Exogenously added 25(OH) D3 converted to calcitriol in PC-3 and DU-145 
(androgen receptor negative) prostate cancer cells and in cells isolated from nor-
mal and BPH prostate samples, and clotrimazole, a nonselective cytochrome 
P450 inhibitor, prevented this metabolic conversion [24]. 25-hydroxy D3 did not 
metabolize to calcitriol in LNCaP prostate cancer cells, which lack CYP27B1 
expression. It was reported that dietary supplementation of cholecalciferol and 
intraperitoneal injection of calcitriol reduced tumor burden from PC-3 prostate 
cancer xenografts at similar efficiency [25]. CYP27B1 expression was elevated in 
the xenograft tumor tissue in parallel to increased circulating calcitriol when cho-
lecalciferol was added to mouse diet. Since the CYP27B1 level did not change in 
the kidneys under this condition, it was concluded that the elevated calcitriol level 
in circulation was due to conversion of diet- administered vitamin D3 to calcitriol 
in the tumor tissue [25].
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 Transcription Regulation by VDR: Domain Structure 
and Roles for Ligands, DNA Response Elements, 
and Coregulators

 Functional Domains of VDR and Inter-domain Allostery

VDR is a ligand-inducible transcription factor and part of the 48-member human 
nuclear receptor (NR) family. Similar to other NRs, VDR has a functionally seg-
mented structural organization, having a 24-amino-acid-long unstructured 
N-terminal domain followed by a DNA-binding domain (DBD) with two zinc finger 
motifs, an unstructured hinge domain, and a ligand-binding domain (LBD). Of the 
two zinc fingers within DBD, one associates with the retinoid X receptor (RXR), 
while the other aids in the formation of VDR homodimer. The unstructured hinge 
region grants flexibility to VDR’s LBD, permitting its association with the RXR 
LBD. Upon DNA binding, interaction at the interface of VDR and RXR DBDs as 
well as interaction of the two LBDs stabilize the dimer. This stabilization circum-
vents the otherwise low DNA-binding affinity of a VDR monomer [26–28]. 
Figure 4.2 presents the basic aspects of the modular structure of VDR and other 
NRs. A ligand-binding pocket (LBP) is located in the interior of LBD, and a vari-
able region (known as the F domain) follows LBD for some NR members. A coacti-
vator- or corepressor-binding surface is generated at the agonist-/antagonist-bound 
LBP as a consequence of conformational realignment of 12 alpha-helices present 
within LBD. Conformational details for each functional domain and for the ligand- 
bound, DNA-associated full-length receptor came into light from structural studies 
of VDR and other NRs utilizing X-ray crystallography and cryo-electron micros-
copy and from NR’s solution structures, which were analyzed by small-angle X-ray 
scattering (SAXS), small-angle neutrino scattering (SANS), and hydrogen- 
deuterium exchange [29–32].

Allosteric interactions among various VDR domains are evident from struc-
tural and biochemical analyses [30–33]. Hydrogen-deuterium exchange profiling 
of the VDR/RXR heterodimer detected increased solvent exchange at the DBD 
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upon ligand binding to VDR, indicating that the conformational change of LBD 
due to ligand occupancy impacted DBD conformation and, thus, the affinity of 
DBD for the cognate DNA element. This conformational change would poten-
tially alter gene expression. Signal relay from DBD to LBD was evidenced by the 
result that interaction of the SRC1 coactivator with VDR and the VDR/RXR com-
plex was altered when VDR is bound to a DR3 DNA element. NTD-DBD inter-
play is revealed from our result that a VDR polymorphic site (FokI-FF), which 
deletes three amino acids at the VDR NTD, abolished CYP24A1 repression by 
unliganded VDR [34].

 Naturally Occurring VDR Ligands

 Calcitriol, Calcidiol, and Secondary Bile Acids

Calcitriol is the primary stimulus for VDR action, although 25(OH)D3 (calcidiol) at 
high concentrations can bind and activate VDR and induce VDR-mediated gene 
transcription in vitro and in vivo [35, 36]. For example, calcidiol at high nanomolar 
range (400–1000 nM) induced Cyp24a1 mRNAs in primary mouse cells isolated 
from the prostate and kidneys of Cyp27b1 −/− mice, and in the case of LNCaP 
human prostate cancer cells, treatment with calcidiol at 500 nM inhibited cell pro-
liferation with or without the presence of the 1α-hydroxylase inhibitor SDZ, indi-
cating that the inhibition was independent of calcitriol [36]. A synergistic effect of 
calcidiol and calcitriol in Cyp27b1-null cells was also observed.

Target genes for VDR include enzymes of the drug- and steroid-metabolizing 
machinery. VDR-mediated transactivation of genes encoding phase I oxidative 
enzyme, phase II conjugative enzyme, and phase III transporters has been widely 
reported [3, 37, 38]. Variable serum calcidiol and calcitriol levels arising from 
season- dependent differential sunlight exposures correlated with seasonal dif-
ferences in the intestinal expression of CYP3A4, which is a VDR-regulated 
phase I gene [39].

The secondary bile acids LCA (lithocholic acid) and 3-keto LCA bind VDR 
with micromolar affinity as a result of relatively large ligand-binding pocket 
(LBP) of VDR. LCA-activated VDR facilitates metabolism of the toxic secondary 
bile acids by transactivating phase I and phase II genes in hepatic and enteric 
cells, and clearance of the LCA metabolites by inducing phase III transporter 
genes. Crystal structures of the VDR’s LBD bound to LCA and 3keto-LCA have 
been solved [40]. For LCA to function as a VDR agonist, two LCA molecules 
must bind to the LBD [41]. The crystal structure of zebrafish LBD bound to LCA 
showed binding of one LCA molecule to the ligand-binding pocket (LBP) and the 
second LCA molecule residing on the LBD surface outside of LBP.  The low-
affinity second site stabilizes the active receptor conformation. The second bind-
ing site outside of LBP is a promising candidate target site for drug design and 
other computational studies.
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 Agonist Actions of Calcitriol and Calcidiol on VDR: Analysis 
by Molecular Docking

The X-ray crystallographic structure for calcitriol has been solved [42]. Molecular dock-
ing, which is a computational analysis of receptor interactions with synthetic ligands 
and chemically modified derivatives of natural ligands, can complement crystallography 
results. This approach is routinely utilized for rational drug design and development of 
more potent and less toxic analogs. On the basis of published information on a crystal 
structure of VDR in complex with calcitriol (PDB ID: 1DB1), we modeled interactions 
of the LBP of VDR with calcitriol (Fig. 4.3A1, A2) and with calcidiol (Fig. 4.3B1, B2) 
using the program AutoDock Vina™ [43]. The goal for this modeling exercise was to: 
(a) explore if calcitriol is able to bind to VDR more strongly at a site outside of LBP than 
a site inside of LBP—the former site potentially would lead to an allosteric influence on 
VDR activity; and (b) compare calcitriol vs. calcidiol binding to VDR’s LBD.

We used AutoDock Vina™ in conjunction with PyRX© (version 0.8, [44]) interface 
to dock calcitriol and calcidiol to the LBD of VDR. The top-scoring binding pose 
(orientation) for calcitriol shared a pose that closely resembled the published crystal 
structure. Out of ten binding poses determined from our analysis, none detected ligand 
residency outside of LBP.  Post-docking analysis using geometry optimization in 
Discovery Studio Visualizer© [45] revealed two polar hydrogen bonds between the 
hydroxyl groups (oxygen shown in red) on the carbon-1 and carbon-3 of calcitriol and 
polar amino acid residues SER-237 and CYS-288, respectively, of VDR (Fig. 4.3A1). 
An additional hydrogen bond appeared from interactions between carbon-25 of cal-
citriol and HIS-397 of LBP (Fig.  4.3A1). Upon calcidiol docking to VDR’s LBD 
using similar conditions (as for calcitriol), the top-scoring binding pose of calcidiol 
with LBP is similar to what was reported in a molecular dynamics study [46]. The 
hydroxyl group at carbon-3 of calcidiol forms a hydrogen bond with CYS288 
(Fig. 4.3B1) similar to the carbon-3 hydroxyl group of calcitriol. The hydroxyl group 
at carbon-25 of calcidiol forms hydrogen bond with HIS-305, not HIS-397 as seen for 
calcitriol (Fig. 4.3B1). Molecular surface rendition shows hydrophobicity of different 
regions of LBP residues (Fig. 4.3A2 and B2). Molecular surfaces show that hydropho-
bic interactions are formed mainly between the hydrophobic portions of calcitriol and 
calcidiol and hydrophobic residues of LBP, whereas hydrogen bonding occurs at the 
less hydrophobic regions of LBP.  The scale for hydrophobicity goes from brown 
(more hydrophobic) to blue (more hydrophilic) (Fig. 4.3A2, B2).

From the above results, we infer that the additional hydrogen bond in the case of 
calcitriol is likely to account for the drastically increased potency of calcitriol over 
calcidiol observed from in vitro and in vivo experiments. Nonetheless, the favorable 
binding of calcidiol within the LBP, as reported earlier [46] and revealed here from 
our docking analysis (Fig. 4.3), supports the experimental findings that calcidiol can 
serve as a VDR agonist in vitro and in vivo, albeit at two orders of magnitude higher 
concentrations than calcitriol [35, 36]. Our modeling study is the further evidence 
that computational programs are useful tools in describing the agonist action of a 
molecule of interest. A docking approach can be insightful in the development of 
synthetic agonists and antagonists of VDR and other nuclear receptors.
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 Gene Regulation by VDR: Roles for Coregulators and DNA 
Response Elements

VDR regulates transcription of more than 1000 genes in skeletal and extraskeletal 
tissues and thus can impact diverse physiologies. In prostate cancer cells, by 
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comparing transcriptome profiling of calcitriol-treated vs. untreated prostate cancer 
cells, we found key genes in the androgen biosynthesis and metabolism pathways 
are regulated by VDR. Calcitriol robustly induced CYP24A1 mRNAs in prostate 
cancer cells (Fig. 4.6) and in primary prostate cells [36]. Regulatory elements driv-
ing CYP24A1 induction by ligand-activated VDR have been characterized [47]. 
VDR-targeted genes regulating calcium and phosphate homeostasis (such as osteo-
calcin, osteopontin, D9K, D28K, FGF2, PTH, SLC34A2) are most abundantly 
expressed in the intestine, kidneys, and bone where absorption and storage of cal-
cium and phosphate is crucial. RANKL, another VDR target, regulates osteoclast 
survival and differentiation. A general scheme for VDR-mediated target gene induc-
tion by VDR and roles of several genetic and epigenetic factors in this process are 
schematically shown (Fig. 4.4).

Ligand-free nuclear VDR remains attached to the chromatin in a repressed state 
through association of its LBD with corepressors such as NCoR1 (nuclear corepres-
sor1), SMRT/NCoR2, which in turn recruit a histone deacetylase (HDAC) complex, 
leading to a VDR-containing compact chromatin region and gene repression similar 
to what is observed for the thyroid hormone receptor and retinoic acid receptor [48]. 
Chromatin-bound non-liganded VDR stays associated with RXR, its heterodimer 
partner (the α isoform RXR-α in majority of cases). This overall picture is  consistent 
with our result, which showed that VDR silencing elevated the basal expression of 
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CYP24A1 in breast cancer cells [34]. As a nonpermissive heterodimer, the VDR/
RXR complex is activated by calcitriol but not by the RXR ligand 9-cis retinoic acid 
[49]. Upon agonist binding, a conformational change involving the 12 helices within 
the VDR’s LBD leads to repositioning of the helix-12 to create an interaction sur-
face that favors recruitment of the p160 coactivators (SRC-1, SRC-2, SRC-3) and 
departure of the NCoR/SMRT corepressors. A pioneer factor is involved in the ini-
tial relaxation of the chromatin [47, 50]. The p160 coactivator makes physical con-
tact with VDR through an LXXLL (leucine xx leucine leucine) motif and recruits 
histone acetyltransferases (HATs) such as CBP/p300 and p/CAF. The HATs medi-
ate acetylation of lysine and arginine residues of histones H3 and H4 locally and 
also at other regions where promoters are present, thus initiating transcription 
throughout the gene locus [51]. Chromatin relaxation by acetylation leads to the 
assembly of additional coregulatory complexes including histone modifiers (meth-
yltransferase/demethylase, ubiquitin ligase/deubiquitinase, kinase/phosphatase) 
and chromatin remodelers (such as SWI/SNF-containing WINAC complex) [48]. A 
26-subunit mediator complex integrates the final transcriptional regulation by serv-
ing as the conduit for relaying the regulatory signal from DNA-associated VDR to 
the basal transcription machinery and RNA polymerase II at the transcription start 
site [52] (Fig. 4.4).

In the chromatin, the preferred genome-wide vitamin D-responsive binding ele-
ment (VDRE) for the VDR/RXR heterodimer is a direct repeat of the consensus 
half-site sequence AG(G/T)TCA with three intervening nucleotides (DR3) [53]. 
Genes with clusters of DR3 type VDREs preferably respond to the transcriptional 
regulation by ligand-activated VDR. VDR contacts the 6-base 5′ half-site within the 
major groove of DNA via the first zinc finger module of DBD. The second zinc 
finger of VDR associates with the RXR DBD.  A DR3 element mediates robust 
VDR-mediated transactivation of CYP24A1 by 1,25-D3 [29]. Other DR configura-
tions (most frequently DR4, DR5) are also involved in vitamin D-mediated induc-
tion of target genes. We reported the involvement of a DR7-type VDRE in the 
VDR-mediated induction of SULT2B1 sulfotransferase in transfected prostate can-
cer cells. SULT2B1b (in short SULT2B) is a cholesterol and DHEA sulfotransferase 
that is present at relative abundance in the normal human prostate. SULT2B levels 
are reduced in primary prostate cancer [54], and its expression is non-detectable in 
>90% cases of distant metastasis (B. Chatterjee, unpublished).

Gene repression by VDR can occur through a direct mechanism, known as tran-
srepression [48]. Reduced CYP27B1 gene transcription by calcitriol in the kidneys 
entails association of the ligand-bound VDR with several negative vitamin D 
response elements (nVDRE) [55]. The nVDREs in the CYP27B1 upstream pro-
moter are of two types—one having sequence organization resembling a positive 
VDRE with specific affinity for the VDR/RXR dimer in a ligand-dependent manner 
and the other with binding specificity for a specific transcription factor such as the 
VDR interacting repressor (VDIR), which is inhibited due to interference from the 
tethered VDR or by VDR bound to a nVDRE that bears no similarity to a classical 
VDRE. A DR4-type nVDRE mediates transrepression of the CCNC gene, which 
codes for cyclin C [29].
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 Interplay of Androgen and Vitamin D in Prostate: 
Impacts on Cell Proliferation, Vitamin D Metabolism, 
and the AR Pathway

 Effects on Cell Cycle Regulation and E2F1, a Key Cell 
Cycle Regulator

Calcitriol-mediated inhibition of normal and malignant prostate cell proliferation 
has been widely documented in various experimental models such as primary 
cells isolated from normal and malignant prostate tissue, immortalized normal 
epithelial cell lines, tumor-derived prostate cancer cell lines, and xenograft 
tumors of prostate cancer cells. The inhibition involves diverse mechanisms 
including the G1/S arrest of cell cycle, apoptosis, pro-differentiation changes, 
microRNA regulation, and diminished angiogenesis (reviewed in [4] and refer-
ences therein). E2F1 transcription factor activity drives expression of DNA syn-
thesis genes, and loss of E2F1 function, upon its sequestration by accumulated 
hypo-phosphorylated retinoblastoma protein (Rb), leads to cell cycle block at the 
G1 → S checkpoint. Hypo- phosphorylated Rb accumulates in calcitriol-treated 
cells due to CDK2 inactivation by elevated p21/Waf1 (a CDK2 inhibitor). Also, 
calcitriol triggered CDK2 exit from the nucleus, thereby preventing CDK2-cyclin 
interaction and, hence, CDK2 activation. Calcitriol also caused nuclear accumu-
lation of the CDK2 inhibitor p27/Kip1 [56]. CDK2 (cyclin-dependent kinase 2) is 
a serine/threonine kinase with a key role in cell cycle progression, especially dur-
ing the G1 to S phase transition. Partner proteins such as cyclin E or cyclin A and 
the cell cycle inhibitor p21/Cip1 (CDKN1A) or p27/Kip1 (CDKN1B) regulate 
CDK2 activity.

The mitogenic impact of androgen on prostate cancer cells can be blocked by cal-
citriol, since increase in the proliferation of androgen-stimulated LNCaP prostate can-
cer cells was prevented by concurrent treatment of the cells with calcitriol. E2F1 
induction by androgen was also blocked by calcitriol (Fig. 4.5a), and a parallel reduc-
tion of the androgen-stimulated E2F1 promoter activity in the presence of calcitriol 
could be demonstrated in transfected LNCaP cells in promoter-reporter assay. 
Chromatin immunoprecipitation (ChIP) demonstrated engagement of the androgen 
receptor (AR), the coactivator p300 (a histone acetyltransferase) and the transcrip-
tionally competent RNA polymerase II (pol II, the serine5-phosphorylated form) at an 
androgen-responsive E2F1 upstream promoter region in androgen- treated LNCaP 
cells (Fig. 4.5b). VDR occupied the same region in the E2F1 promoter independent of 
calcitriol treatment, which is expected since nuclear VDR remains chromatin-bound 
in the ligand-free state as well. AR occupancy persisted at the androgen-responsive 
region during E2F1 de-induction by calcitriol, indicating that AR and VDR are part of 
the same corepressor complex (Fig. 4.5b). Characterization of individual components 
of the corepressor complex may identify druggable upstream regulators involved in 
E2F1 gene repression by calcitriol in androgen-stimulated cells.
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 Effects on Vitamin D Metabolism and on the Intratumoral 
AR Axis

In certain contexts, androgen facilitates the antiproliferative activity of calcitriol. 
For example, calcitriol reduced the prostate size of testis intact but not castrated 
Sprague-Dawley rats [57], and androgen-dependent, AR-positive LNCaP pros-
tate cancer cells were inhibited by calcitriol more robustly than androgen- 
independent, highly aggressive PC-3 and moderately aggressive DU-145 prostate 
cancer cells [58]. PC-3 and DU-145 cells are mostly considered AR-negative, 
although very weak AR expression in these cells were noted in some reports. 
Androgen nearly completely blocked marked upregulation of CYP24A1 mRNAs 
by calcitriol in AR-expressing C4-2B castration-resistant prostate cancer cells, 
while androgen alone had no detectable effect on CYP24A1 (Fig. 4.6a). A simi-
lar result on the androgen-regulated inhibition of CYP24A1 induction by cal-
citriol in LNCaP cells was previously reported [59]. Since CYP24A1 converts 
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Fig. 4.5 Loss of androgen-mediated induction of E2F1 in prostate cancer cells in the presence of 
calcitriol. (a) Western blot assay of E2F1 levels in LNCaP cell lysates after various treatments. 
R1881: synthetic androgen, non-metabolizable; C: calcitriol. (b) Chromatin immunoprecipitation 
(ChIP) from LNCaP cells for analysis of the recruitment of AR, the coactivator p300 (a histone 
acetyltransferase), VDR, RNA polymerase II (Pol II) to the androgen-responsive region in the 
E2F1 promoter after cells were treated with vehicle, R1881 and R1881 plus calcitriol. The 
androgen- responsive sequence in the E2F1 promoter is located at around −400 upstream region. 
ChIP with anti-COX2 antibody was a negative control (COX-2, cyclooxygenase-2). An equal pro-
tein amount of the supernatant of sonicated cells from each treatment was used for ChIP of indi-
vidual proteins, shown by similar input signals
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calcitriol to an inactive metabolite, its induction is normally beneficial for ensur-
ing vitamin D homeostasis. By contrast, in the context of the vitamin D’s role as 
an antiprostate cancer hormone, CYP24A1 induction assumes an adversarial role 
due to degradation of bioactive hormonal vitamin D.  Indeed, pharmacologic 
inhibition of CYP24A1 by RC2204, a specific CYP24A1 inhibitor, or by keto-
conazole, a general inhibitor of the cytochrome P450 family of enzymes, aug-
mented calcitriol’s anticancer effects on PC-3 prostate cancer cells, evidenced by 
heightened suppression of the clonogenic survival of the cells in culture, greater 
reduction of xenograft tumor burden, and more robust activation of caspase-
independent apoptosis [60]. In the same study, pharmacokinetics showed that 
serum calcitriol levels were higher when normal mice (nontumor bearing) 
received calcitriol plus a CYP24A1 inhibitor compared to mice receiving cal-
citriol alone.

Androgen prevented calcitriol-mediated induction of AR (Fig. 4.6b). Thus 
inhibitory interplay between androgen and vitamin D signaling can interfere 
with an AR-driven growth pathway. We also observed that androgen prevented 
 calcitriol- mediated induction of 3β-hydroxysteroid dehydrogenase-1 (HSD-3β1), 
which is a major driver of testosterone and DHT biosynthesis. HSD-3β1 catalyzes 
conversion of dehydroepiandrosterone (DHEA) to androstenedione. Association of 
advanced prostate cancer with HSD-3β1 mutations, which enhanced stability and 
activity of this enzyme, has been reported [61]. Results in Fig. 4.6 suggest that a 
vitamin D/androgen combination therapy may be beneficial due to higher calcitriol 
availability and reduced androgen-AR signaling.
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Fig. 4.6 Androgen-regulated loss of induction of CYP24A1 and androgen receptor (AR) mRNA 
in calcitriol-treated cells. Castration-resistant C4-2B prostate cancer cells were analyzed for the 
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 Prostate Tumor Suppression by Calcitriol and Analogs: 
Outcomes of Preclinical Studies and Clinical Trials

 Preclinical Studies

Calcitriol is consistently effective in reducing tumor burden and metastases for 
castration- sensitive and castration-resistant prostate cancer in xenograft and 
allograft tumors and in prostate tumors developed in genetically altered mice. 
Calcitriol can also act synergistically to enhance the efficacy of chemotherapy drugs 
against prostate cancer [1, 62]. Dietary supplementation of vitamin D3 and intraperi-
toneally injected calcitriol reduced tumor growth of PC-3 prostate cancer cell xeno-
grafts with similar efficacy. These treatments caused intratumoral induction of 
mRNAs for CYP24A1, 15-PGDH (15-prostaglandin dehydrogenase), IGFBP-3 
(insulin-like growth factor-binding protein-3), p21/Cip1 (inhibitor of cyclin- 
dependent kinases), and repression of cycloxygenase-2 and EP4 prostaglandin 
receptor mRNAs [25]. Consistent with these changes, a combination of calcitriol 
and a nonsteroidal anti-inflammatory drug (NSAID) caused synergistic inhibition 
of prostate cancer xenografts [25].

A chemopreventive role of calcitriol was revealed from its ability to prevent pro-
gression of PIN (prostate intraepithelial neoplasia) lesions in Nkx3.1; Pten mutant 
mice to dysplastic and neoplastic lesions [63]. Early intervention of TRAMP mice 
with calcitriol raised levels of E-cadherin (a pro-differentiation marker) in the tumor 
tissue and reduced early growth of primary prostate tumor under androgen stimulation 
[64]. TRAMP mice develop prostate cancer as a consequence of SV40 (simian virus 
40) T antigen expression in the prostate. Continued calcitriol administration, however, 
enhanced distant organ metastases in these mice, indicating that long-term calcitriol 
therapy is potentially harmful. This result is somewhat reminiscent of the clinical find-
ing that high serum levels of 25(OH) D3 elevate risks for advanced prostate cancer [8].

A number of calcitriol analogs have been synthesized by introducing chemi-
cal modification either at the A ring, at the central CD ring, or at the side chain 
of the natural hormone in order to develop more potent and less calcemic vita-
min D analogs [65, 66]. Many synthetic calcitriol analogs showed higher anti-
cancer potency than the natural hormone [67, 68]. For instance, inecalcitol 
 (19-nor-14-epi-23-yne-1,25(OH)2D3), a highly potent calcitriol analog, is several 
hundredfolds less hypercalcemic than calcitriol. In one study, the maximum toler-
ated dose of inecalcitol injected intraperitoneally three times per week was found to 
be 30 μg per injection per mouse, whereas the tolerated dose for calcitriol under the 
same condition was 0.0625 μg per injection per mouse [67]. Distinct conformations 
of the inecalcitol- bound versus calcitriol-bound VDR/RXR complex account for 
differential affinities of these complexes for VDR response elements, which results 
in an agonist- selective unique transcriptome profile. The markedly reduced hyper-
calcemia in inecalcitol- administered mice is thought to be the result of a unique 
profile of gene expression driven by inecalcitol-bound VDR [69].
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 Clinical Trial Outcomes

Several large-scale trials led to the conclusion that as monotherapy, calcitriol or its 
synthetic analogs did not provide any clinical benefit against prostate cancer. The 
hypercalcemic effect of hormonal vitamin D at clinical doses elevated risks for car-
diovascular disease and lethal prostate cancer [1, 67, 70]. In randomized controlled 
trials, patients with metastatic prostate cancer receiving a combination of α-calcidol 
and docetaxel had no benefit for overall survival or PSA response [71]. An ongoing 
randomized Vitamin D and Omega-3 Trial (VITAL) on ~26,000 US participants 
with no prior history of major illnesses is assessing whether daily supplements of 
cholecalciferol (vitamin D3) at the physiological dose of 2000 international unit 
with or without daily omega-3 fatty acid (fish oil, 1 g) supplements will reduce risks 
for various cancers including prostate cancer and lower risks for stroke and cardio-
vascular diseases [72]. Inecalcitol combined with docetaxel is being investigated for 
safety and pharmacodynamics in a phase I study on metastatic castration-resistant 
prostate cancer patients [62].

A more promising clinical benefit may arise from the chemoprevention activity 
of vitamin D, especially for low-risk prostate cancer. A pilot study evaluated the 
effect of enhancing serum vitamin D status by vitamin D3 supplements (4000 IU 
per day) on prostate cancer progression for 44 patients who are on active surveil-
lance due to diagnosis of low-risk prostate cancer. When these patients took a 
daily physiological dose of vitamin D3 supplement for 1  year, positive cores 
decreased in number at repeat biopsy, and Gleason scores dropped for more than 
50% of the subjects. Serum PSA levels were unchanged [73]. The yearlong vita-
min D3 intake had no adverse health impact. In a second pilot study with 37 
patients awaiting elective prostatectomy, inflammatory lesions decreased dramati-
cally in resected prostate cancer specimens from men who took a daily physiolog-
ical dose (4000 IU) of vitamin D3 for 2 months prior to prostatectomy [74]. For 
60% of the patients in the vitamin D3 group, tumors in resected tissues either 
shrank or disappeared, and inflammation was drastically reduced, revealed from 
lower levels of inflammation- related lipids and proteins. The growth factor dif-
ferentiation factor-15 (GDF-15, also known as macrophage-inhibiting anti-
inflammatory cytokine-1, MIC1), which is an anti-inflammatory cytokine, was 
elevated in the vitamin D3 arm, whereas specimens from the placebo arm had 
biochemical evidence for severe inflammation and showed marked reduction of 
GDF-15. These results are consistent with an anti- inflammatory activity of the 
hormonal vitamin D3 [2] and add credence to the concept that inflammation is 
closely linked to the etiology and progression of various cancers including pros-
tate cancer [75]. Preclinical studies showed that 1,25 D3 reduced the prostaglan-
din level in prostate tumors by causing diminished expression of COX-2 and the 
prostaglandin receptor and elevated expression of 15- prostaglandin dehydroge-
nase. Therefore, as proposed earlier [76], impacts of combined use of vitamin D3 
supplements with a nonsteroidal anti-inflammatory drug (NSAID) on prostate 
cancer should be thoroughly assessed.

C. Killer et al.



93

Insensitivity to VDR/vitamin D signaling can contribute to a lack of response to 
vitamin D-based therapy. Altered VDR expression and transcriptional activity due 
to single nucleotide polymorphism of the VDR gene can occur. For VDR FokI poly-
morphism, the longer, less active VDR variant arises from the f allele, and a more 
active shorter VDR is produced by the F allele due to mRNA translation from a 
downstream ATG initiation codon. An f allele VDR combined with a low serum 
vitamin D status associated with ~twofold greater prostate cancer risk compared to 
an FF or Ff genotype and high serum 25(OH)D3 [77]. The VDR TaqI polymor-
phism giving rise to synonymous mutation at exon-9 reduces mRNA stability for 
VDR, thereby lowering VDR abundance and its transcriptional activity. Vitamin D 
homeostasis is expected to be impacted by reduced VDR activity since genes 
involved in vitamin D biosynthesis and metabolism (e.g., CYP2R1, CYP27B1, 
CYP24A1) are transcriptionally regulated by VDR.  In meta-analysis, VDR TaqI 
polymorphism significantly associated with prostate cancer risk in Asian and 
African-American men [78].

Epigenetic mechanisms may also contribute to vitamin D insensitivity. Critical 
genes influencing vitamin D signaling and vitamin D homeostasis, such as VDR, 
CYP2R1, CYP27B1, and CYP24A1, are potential targets for epigenetic silencing 
from DNA hypermethylation since long CpG islands localize in the promoter 
regions of these genes. Furthermore, certain histone demethylases such as the 
lysine-specific demethylases and Jumonji C domain-containing histone demethyl-
ases are direct targets of VDR-mediated transcription regulation [79]. Trichostatin 
A (TSA), which is a pan-HDAC (histone deacetylase) inhibitor, restored antiprolif-
erative activity of calcitriol in PC-3 cell cells [80]. In another example, calcitriol did 
not inhibit proliferation of prostate cancer cells that overexpressed the corepressors 
NCoR1 and NCoR2/SMRT, whereas corepressor silencing rescued castration- 
resistant prostate cancer cells from the loss of response to calcitriol [80, 81]. 
Elevated expression of NCoR1 and SMRT was detected in prostate cancer cell lines 
and in the primary culture of malignant cells isolated from prostate tumor xeno-
grafts [81, 82]. NCoR1 and SMRT physically interact with VDR, and they are part 
of the repressive complex that associates with ligand-free, transcriptionally inactive 
VDR. They are also components of the corepressor complex that regulates VDR- 
mediated transrepression [83].

 Breast Cancer Suppression by Calcitriol

An inverse association of serum vitamin D levels with breast cancer risks in women 
is indicated from epidemiology and meta-analyses, although confounders such as 
disease heterogeneity and variable estrogen status of the study cohort have pre-
cluded any definitive conclusions in this regard. Recent results from a prospective 
cohort study of 1666 breast cancer survivors showed that patients with advanced 
breast cancer had lower serum levels of 25-hydroxyvitamin D3, with lowest levels 

4 Vitamin D Hormone Action in the Endocrine Tissue



94

in premenopausal women who present with triple negative breast cancer [10]. The 
triple negative phenotype signifies a lack of the estrogen receptor (ER), progester-
one receptor (PR), and growth factor receptor HER2/ErbB2, thus making triple 
negative breast cancer nonresponsive to available targeted therapies. Furthermore, 
serum vitamin D levels inversely correlated with hazards of breast cancer progres-
sion and death, and women at the highest tertile of serum vitamin D showed 
improved overall survival compared to women at the lowest tertile [10]. However, 
interpretation of these results did not take into account confounders such as smok-
ing and alcohol consumption, which may reduce serum vitamin D status while 
increasing risks for cancer in general [84]. Clinical trials for assessing benefits of 
vitamin D supplementation for breast cancer chemoprevention are in progress [85].

In experimental models, calcitriol inhibited breast cancer, revealed from studies 
in cell culture, in mammospheres, and in animal models of mammary tumors [1, 
86–88]. Calcitriol downregulated the expression of ER-α as well as aromatase 
(CYP19A1), the latter regulating estrogen biosynthesis by catalyzing aromatization 
of testosterone. The calcitriol effect on aromatase expression was tissue selective, 
since in MCF7 breast cancer xenografts, calcitriol reduced aromatase expression in 
both the tumor tissue and in the surrounding mammary adipose tissue while elevat-
ing aromatase in bone marrow cells and having no effect on aromatase levels in the 
ovary and uterus [87]. Blocking of the estrogen signal by an aromatase inhibitor 
(such as letrozole) is a standard-of-care for managing ER-positive mammary 
tumor—a phenotype carried by ~70% of breast cancer patients.

The vitamin D/VDR signaling axis suppressed breast cancer in a tumor autono-
mous manner. A recently reported study demonstrated that xenografts from VDR- 
ablated breast cancer cells grew more rapidly and showed enhanced metastasis to 
distant organs, whereas ectopic expression of VDR in VDR-silenced breast cancer 
cells reduced xenograft growth and metastasis [89]. Enhanced cancer cell metastasis 
in VDR-knocked down xenografts was in part due to derepression of the ID1 (inhib-
itor of DNA binding 1), which is known to aid in tumor progression. For breast can-
cer patients, serum 25-hydroxy vitamin D3 levels at presurgery inversely correlated 
with the abundance of ID1 in the tumor tissues of resected specimens. A negative 
VDRE in the ID1 gene mediates the repressive effect of ligand-activated VDR [89]. 
Other examples of VDR-suppressed genes that are involved in breast cancer inva-
sion and metastasis include those encoding uPA (urokinase-type plasminogen acti-
vator), periostin (a secreted heparin-binding protein), HbEGF (a heparin- binding 
EGF-like growth factor), and hyaluronan synthase [90].  VDR- mediated repression 
of these genes was revealed from a comparative analysis of the gene expression 
profiles of breast tumor cells from carcinogen-exposed wild-type vs. Vdr-null mice 
[86]. Periostin promotes epithelial to mesenchymal transition (EMT), while uPA is 
functionally linked to stromal invasion and migration of cancer cells owing to its 
role in the cleavage of plasminogen that leads to the activation of metalloproteases. 
Periostin and uPA expressions are elevated in breast cancer. Binding of the cell sur-
face receptor CD44 to hyaluronic acid (HA), the extracellular proteoglycan which 
is synthesized by the catalytic action of hyaluronan synthase, triggers a sequence 
of events that lead to the activation of intracellular signaling induced by specific 
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ligand-activated growth factor receptors, thereby promoting cancer cell survival 
[86]. CD44-mediated cell survival signaling in triple negative breast cancer cells 
was suppressed by calcitriol [91]. Furthermore, repression of the breast cancer stem 
cell-like population by calcitriol was also demonstrated [88]. Insights into selected 
downstream effectors of the VDR pathway may be leveraged in pursuit of novel 
interventions against breast cancer.

 Conclusion

Most extraskeletal human tissues express vitamin D receptor (VDR) and thus are 
subject to transcription regulations by vitamin D/VDR signaling, which targets 
more than 1000 genes [92]. Insufficient serum 25-hydroxyvitamin D3 and an errant 
VDR pathway elevate risks for a number of pathologies, most notably those arising 
from malignant cell growth, insulin resistance, atherosclerosis, and illnesses from 
immune system dysfunctions. Biosynthesis of calcitriol (1α,25(OH)2 D3), the natu-
ral ligand for VDR, occurs primarily in the kidneys. Local synthesis of calcitriol 
from circulating 25(OH)D3 also occurs in prostate, breast, and other VDR-responsive 
extraskeletal tissues. CYP27B1, the 1α-hydroxylase that converts 25(OH) D3 (cal-
cidiol) to calcitriol, is expressed in both normal and cancerous cells of endocrine 
tissues such as the prostate and breast.

In a randomized dosing study, orally administered vitamin D3 (cholecalciferol) 
caused a dose-dependent increase of calcitriol in the surgical specimens of prostate 
cancer patients who were treated for 2 months prior to prostatectomy. Serum PSA 
and parathyroid hormone levels also decreased, albeit modestly [22]. Reduced 
expression of the proliferation marker Ki-67 in the resected samples correlated with 
intra-prostate elevation of calcitriol. This is consistent with growth inhibition of 
prostate cancer cells by calcitriol—a finding that has been validated extensively in 
cell culture and animal experiments. Calcitriol analogs with markedly lower calce-
mic toxicity and robust agonist action on VDR at sub-nanomolar concentrations 
have demonstrated antiprostate cancer activity. Inecalcitol, a potent VDR agonist, 
was tolerated in mice at a ~400-fold higher dose than calcitriol [67]. However, nei-
ther calcitriol nor analog monotherapies showed a clear benefit against clinical pros-
tate cancer. A treatment protocol that combines inecalcitol with docetaxel (a 
standard chemotherapy drug) is currently under evaluation for the treatment of 
metastatic castration-resistant prostate cancer. The combination protocol was 
designed following the preclinical finding that VDR agonists can sensitize prostate 
cancer to chemotherapeutic interventions. In a small-scale study, vitamin D3 supple-
mentation at a physiological dose prevented disease progression for low-grade, 
organ-localized clinical prostate cancer. A final verdict on the chemoprevention 
activity of vitamin D3 awaits outcomes of large-scale clinical trials.

We observed that androgen prevented vitamin D-mediated induction of androgen 
receptor and CYP24A1 in castration-sensitive and castration-resistant prostate can-
cer cells. This data raises the intriguing possibility that androgen in conjunction 
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with calcitriol (or analog) may stem prostate cancer progression in a therapeutic 
setting. In this regard, we note that a high testosterone dose promoted ablation of 
castration-resistant prostate cancer cells in preclinical studies [93]. Further, in a 
pilot clinical study, bipolar androgen therapy, which entails rapid cycling from sup-
raphysiologic to near-castrate serum testosterone levels over a 4-week cycle, low-
ered serum PSA and reduced radiographic progression in asymptomatic patients 
with castration-resistant prostate cancer and limited metastatic burden [94]. Whether 
daily vitamin D3 supplementation can further enhance antiprostate cancer response 
to bipolar androgen therapy merits clinical evaluation.

Novel therapeutics against prostate and breast cancer may be identified by lever-
aging insights from upstream regulators and downstream effectors of the vitamin D/
VDR pathway. Distinct mechanisms such as G1/S cell cycle block, apoptosis, cel-
lular differentiation and inhibition of angiogenesis account for cell growth arrest by 
vitamin D action. The anti-inflammatory response elicited by vitamin D signaling 
may also interfere with malignant cell growth, given the close link of inflammation 
to cancer initiation and progression. Indeed, when patients with low-grade prostate 
cancer received daily vitamin D3 supplementation for 2 months prior to radical pros-
tatectomy, induction of the anti-inflammatory cytokine MIC-1 (known also as GDF- 
15) and reduction of inflammation in resected specimens were observed [74].

Insights into the epigenetics that play a role in the regulation of genes encoding 
VDR, CYP2R1, CYP27B1, CYP24A1, as well as the epigenetic mechanisms that 
direct VDR-mediated transcription regulation of genes encoding certain histone 
demethylases (such as lysine-specific demethylases and Jumonji C domain- 
containing demethylases) may uncover a new path to the inhibition of prostate and 
breast cancer. VDR-mediated microRNA regulation may also be leveraged in search 
of a new intervention strategy. As an example, microRNA-98, which inhibited clo-
nogenic growth of LNCaP prostate cancer cells, was induced in calcitriol-injected 
mice leading to its increased level in the blood. The potential of microRNA-98 as a 
candidate therapeutic as well as a biomarker for vitamin D action in vivo is being 
explored [95]. Above examples highlight the possibility that upstream or down-
stream effectors of the vitamin D/VDR pathway may provide opportunities for 
novel targeting of breast and prostate cancer.
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