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INTRODUCTION 

 

The main function of pleiotropic vitamin D is to preserve calcium and phosphorus 

homeostasis, together with certain other factors, in order to promote skeletal 

mineralization and to maintain signal transduction, metabolic activities and 

neuromuscular function. In addition to the classic target organs involved in mineral 

homeostasis (intestine, kidney, bone and parathyroid glands), vitamin D regulates cell 

growth and differentiation in a variety of other tissues, controls other hormonal 

systems and modulates immunologically mediated processes.  

 

The metabolic activation of vitamin D synthesized in the skin or obtained from the 

diet is brought about in two stages by the enzymes 25-hydroxylase and 1α-

hydroxylase, leading to the hormonally active form of vitamin D, 1α,25-

dihydroxyvitamin D (1α,25(OH)2D3). The action of 1α,25(OH)2D3 is terminated by 

the enzyme 24-hydroxylase. Two distinct signalling systems are involved in vitamin 

D-mediated effects. The majority of its actions are mediated through 1α,25(OH)2D3 

binding to nuclear vitamin D receptor (VDR), which can directly modulate the 

transcription of genes possessing a functional binding site for the VDR in their 

regulatory region. The non-genomic effects of vitamin D involve stimulation of signal 

transduction systems on the plasma membrane.  

 

Although the physiological effects of vitamin D in the ovary and prostate are in 

general poorly understood, some experimental studies have shown that 1α,25(OH)2D3 

and calcium might be necessary for normal ovarian folliculogenesis. In addition, 

1α,25(OH)2D3 has been reported to modulate the growth and induce differentiation in 

the prostate. Cancers of the ovary, prostate and several other organs are more common 

in areas where solar UV-B radiation is limited, and it has been hypothesized that 

vitamin D may mediate the beneficial effects of sunlight. Results of epidemiological 

studies on the association between prostate cancer and vitamin D have been 

inconsistent, but experimental findings have supported the hypothesis envisaging 

1α,25(OH)2D3-induced growth inhibition in ovarian and prostate cancer cells. 

Moreover, 1α,25(OH)2D3 has been reported to stimulate cellular differentiation and 

inhibit the metastatic potential of prostate cancer cells. Various mechanisms have 
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been shown to be involved in the anti-cancer action of 1α,25(OH)2D3 on prostate 

cancer cells, including regulation of the cell cycle, induction of programmed cell 

death (apoptosis) and modulation of growth factor, oncogene and tumor suppressor 

gene expression. Furthermore, vitamin D metabolizing enzymes have been reported to 

modulate the action of vitamin D in prostate cells. Little is known, however, as to the 

mechanisms of 1α,25(OH)2D3-induced growth inhibition in ovarian cancer cells.  

 

This study was undertaken to clarify the controversy raised by epidemiological studies 

of the role of vitamin D in the etiology of prostate cancer, to reveal the cellular 

distribution of VDR within normal prostate tissue and to add to knowledge of the 

actions of vitamin D in ovarian cancer. The results presented provide an insight into 

the role of vitamin D, VDR and vitamin D metabolizing enzymes in the complicated 

process of prostate and ovarian carcinogenesis. 
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REVIEW OF THE LITERATURE  

 

1. VITAMIN D 

 

1.1. Physiological functions of vitamin D 

Vitamin D comprises a group of closely related compounds which evince antirachitic 

activity (Collins and Norman 2001). The two most prominent members of this group 

are ergocalciferol (vitamin D2) and cholecalciferol (vitamin D3), together with their 

various metabolites. In addition, other naturally occurring members of the vitamin D 

family include vitamin D4, vitamin D5, vitamin D6 and vitamin D7, which differ from 

each other in the structure of their side chain (Collins and Norman 2001). In the 

present discussion, however, vitamin D covers vitamin D2 and vitamin D3 and their 

metabolites. 

 

The main function of vitamin D is to preserve calcium and phosphorus homeostasis 

by increasing the efficiency of intestinal calcium and phosphorus absorption in order 

to maintain signal transduction, metabolic activities and neuromuscular function and 

to promote skeletal mineralization (Holick 2001). In parallel, vitamin D markedly 

increases the levels of several vitamin D-regulated calcium-binding proteins 

(calbindin-D) in its classical target tissues (intestine, kidney and bone) (Walters 

1992). Hypocalcemia or hypercalcemia is prevented by the joint action of vitamin D, 

parathyroid hormone (PTH) and probably calcitonin (Fraser 1995).  

 

In addition to the classic target organs involved in mineral homeostasis (intestine, 

kidney, bone and parathyroid glands), vitamin D has functions in most if not all of 

other tissues. Vitamin D has been shown to regulate growth and differentiation in, e.g, 

hematopoietic and reproductive tissues, skin, muscle, heart, cartilage and a variety of 

cancer cells. Furthermore, it controls other hormonal systems, enhances insulin and 

inhibits calcitonin synthesis, for example, and modulates the immune system, 

enhancing control of viral and bacterial infections, and tumor growth. However, it 

should be noted that part of the vitamin D effects in vivo are achieved at doses which 

cause hypercalcemia as a side-effect (for reviews see Issa et al. 1998, Brown et al. 

1999). 
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1.2. Vitamin D metabolism 

 

1.2.1. Photobiology of vitamin D 

There are two nutritional forms of vitamin D, vitamin D3 and vitamin D2. Upon 

exposure to sunlight, the UV radiation (290-315 nm) penetrate the epidermis of the 

skin and photolyze 7-dehydrocholesterol (provitamin D3) to previtamin D3. In this 

process, the B-ring of the steroid structure is cleaved, yielding a characteristic 

secosteroid structure. Once formed, previtamin D3 undergoes a thermally induced 

isomerization to vitamin D3. Continued exposure of previtamin D3 or vitamin D3 to 

sunlight causes isomerization into biologically inactive photoisomers, thus preventing 

the excess production of vitamin D3. The amount of vitamin D3 produced is directly 

related to the intensity of the exposure and inversely related to the pigmentation of the 

skin. The amount of 7-dehydrocholesterol in the epidermis decreases with aging, 

resulting in decreased production of vitamin D3 (MacLaughlin and Holick 1985).  

 

Vitamin D2 (ergocalciferol) is produced by UV radiation of the plant steroid 

ergosterol. Vitamin D2 is in fact a rare form of vitamin D in nature and is of minor 

importance in humans (Fraser 1995). It is, however, used as a food additive and in 

multivitamin preparations, since it has been found able to substitute for vitamin D3 in 

humans and to have weaker hypercalcemic side-effects than vitamin D3 when 

administered in large and potentially toxic doses (Breslau and Zerwekh 1997, Horst 

and Reinhardt 1997). Thus, discussion of the metabolism and action of vitamin D2 is 

in most cases covered by vitamin D3.  

 

For humans, there are few natural foods which contain substantial amounts of vitamin 

D; in general vitamin D status is thus maintained by exposure to sunlight (Fraser 

1995). In this sense vitamin D is not actually a vitamin, as vitamins are obtained only 

from dietary sources. However, people living at latitudes where exposure to sunlight 

is limited during winter months will easily develop vitamin D insufficiency or 

deficiency (Lehtonen-Veromaa et al. 1999, Lamberg-Allardt et al. 2001, Outila et al. 

2001). The designation �vitamin D insufficient� refers to a subject with reduced levels 

of vitamin D and �vitamin D deficient� a subject severely lacking in vitamin D. Hence 

vitamin D supplementation during winter months might be warranted especially for 
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children and pregnant and lactating women, as their need for vitamin D is increased, 

and for elderly people, as their production of vitamin D is decreased. 

 

1.2.2. The vitamin D 25-hydroxylase 

Both vitamin D3 and vitamin D2 are biologically inactive precursors which must 

undergo successive hydroxylations before they can bind and activate the vitamin D 

receptor. The metabolism of vitamin D is presented in Figure 1. The first step in its 

activation is hydroxylation of carbon 25 in the side-chain. Vitamin D produced in the 

skin (vitamin D3) or vitamin D from dietary sources (vitamin D3 or vitamin D2) is 

hydroxylated to the prohormone 25-hydroxyvitamin D3 or 25-hydroxyvitamin D2, 

respectively, predominantly in the liver, but also in extra-hepatic tissues such as the 

kidney, intestine and skin (Gascon-Barre et al. 2001, Schuessler et al. 2001, 

Theodoropoulos et al. 2001). The hepatic enzyme catalyzing 25-hydroxylation of 

vitamin D, CYP27A, is located in the mitochondria and belongs to the cytochrome 

P450 superfamily of mixed-function oxidases (Portale and Miller 2000, Wikvall 

2001). The same enzyme may also 26-hydroxylate cholesterol in the liver, which is 

needed for bile acid biosynthesis (Su et al. 1990). Mitochondrial cytochrome P450 

enzymes receive electrons from NADPH (reduced nicotinamide adenine dinucleotide 

phosphate) via an electron-transfer chain consisting of two proteins, a flavoprotein 

termed ferredoxin reductase and an iron-sulfur protein termed ferredoxin. Also a 

microsomal cytochrome P450 enzyme capable of vitamin D 25-hydroxylation have 

been reported in the pig liver, but its role in humans remains to be determined (Axen 

et al. 1994). Production of 25-hydroxyvitamin D (25(OH)D) is not significantly 

regulated, being primarily dependent on substrate concentration. Therefore, serum 

25(OH)D concentrations are commonly used as an indicator of vitamin D status. The 

function of 25(OH)D apart from its role as a vitamin D precursor remains to be 

determined. 
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Figure 1. The basic metabolic pathway for the major circulating vitamin D 

metabolites. The details of the tissue distribution of the key enzymes and the 

regulation of vitamin D metabolism are discussed in the text. Vitamin D2 obtained 

from the diet can be metabolized in a similar fashion to produce several metabolites 

analogous to vitamin D3. Further metabolism of 1α,25-dihydroxyvitamin D3 and 

24,25-hydroxyvitamin D3 involves a number of steps and leads finally to excretion. 
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1.2.3. The 25-hydroxyvitamin D 1α-hydroxylase 

The hydroxylation of circulating 25-hydroxyvitamin D to the biologically active 

secosteroid form, 1α,25-dihydroxyvitamin D (1α,25(OH)2D), takes place mainly in 

the kidney. The mitochondrial cytochrome P450 enzyme CYP27B is generally 

considered to be the most important 1α-hydroxylase in humans, catalyzing 

hydroxylation of carbon 1 in the A-ring of 25(OH)D (Wikvall 2001). In addition, 

mitochondrial 25-hydroxylase might have a role in 1α-hydroxylation in humans 

(Pikuleva et al. 1997, Sawada et al. 2000). In contrast to vitamin D 25-hydroxylase, 

renal vitamin D 1α-hydroxylase is tightly regulated to maintain calcium homeostasis. 

The most important agencies of regulation here are 1α,25(OH)2D3 itself suppressing 

the activity of the enzyme that produces it, and parathyroid hormone up-regulating 

this activity (Breslau 1988, Kain and Henry 1989, Murayama et al. 1998). The other 

reported inducers of 1α-hydroxylase activity are low serum calcium and phosphorus 

levels, calcitonin, insulin-like growth factor, estrogen and possibly prolactin, while 

high serum calcium and phosphorus levels are reported to suppress the enzymatic 

activity (Breslau 1988, Verhaeghe and Bouillon 1992, Hewison et al. 2000, Portale 

and Miller 2000). The promoter of the human 1α-hydroxylase gene has been found to 

contain a positively regulatory region for parathyroid hormone and calcitonin and a 

negatively regulatory region for 1α,25(OH)2D3, indicating that the regulation of 1α-

hydroxylase may take place at transcriptional level (Murayama et al. 1998). 

 

Although circulating concentrations of 1α,25(OH)2D3 primarily reflect its renal 

synthesis, 1α-hydroxylase activity is also found in human skin, lymph nodes, 

macrophages, colon, pancreas, adrenal medulla, brain and placenta and in human 

prostate, lung and colon cancer cells (Mawer et al. 1994, Schwartz et al. 1998, Jones 

et al. 1999, Monkawa et al. 2000, Tangpricha et al. 2001, Zehnder et al. 2001). 

Although renal and extra-renal 1α-hydroxylase activity is reported to be due to a 

single gene product, the expression and regulation of 1α-hydroxylase in extra-renal 

tissues is evidently different from that observed with the kidney enzyme (Jones et al. 

1999, Hewison et al. 2000). For example in human colon adenocarcinoma and lung 

carcinoma cells and in primary human keratinocytes, 1α-hydroxylase expression is 

constitutive and unaffected by 25(OH)D3 or 1α,25(OH)2D3 (Cross et al. 1997, Jones et 

al. 1999, Schuessler et al. 2001). The co-expression of 1α-hydroxylase and a specific 
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receptor for 1α,25(OH)2D3 in several tissues suggest a role for 1α-hydroxylase as an 

intracrine modulator of vitamin D function in peripheral tissues.  

 

1.2.4. The 25-hydroxyvitamin D 24-hydroxylase 

The 25-hydroxyvitamin D 24-hydroxylase, CYP24, is a mitochondrial cytochrome 

P450 enzyme able to oxidize the side-chain of 25(OH)D or 1α,25(OH)2D to 24,25-

dihydroxyvitamin D (24,25(OH)2D) or 1α,24,25-trihydroxyvitamin D 

(1α,24,25(OH)3D), respectively (Portale and Miller 2000). It has been reported that 

24-hydroxylase might also catalyze further hydroxylation steps of vitamin D 

metabolites, leading to calcitroic acid and excretion in the bile (Sakaki et al. 1999). 

Although 24-hydroxylase is regarded as a catabolic enzyme leading to inactivation of 

1α,25(OH)2D3, some 24-hydroxylated metabolites of vitamin D may have biological 

activities. 24,25(OH)2D3 has been found to play a role in the suppression of PTH 

secretion, in the mineralization of bone and in fracture healing (Collins and Norman 

2001). Recent reports suggest that 1α,24,25(OH)3D3 and the further oxidized product, 

1α,25(OH)2-24-oxo-vitamin D3, might exert growth-modulating effects (Campbell et 

al. 1999, Rashid et al. 2001). Like 1α-hydroxylase, 24-hydroxylase is predominantly 

expressed in the kidney and regulated to maintain calcium homeostasis. These two 

renal enzyme activities are frequently regulated in reciprocal manner. For example, 

1α-hydroxylase activity is up-regulated during high PTH/low calcium states, whereas 

24-hydroxylase activity is down-regulated. In contrast, a high 1α,25(OH)2D3/high 

calcium concentration results in low 1α-hydroxylase and high 24-hydroxylase 

activity.  

 

In addition to the kidney, 24-hydroxylase activity has been documented in a wide 

variety of other human tissues, for example lymphocytes, fibroblasts, bone, 

keratinocytes, macrophages and human colon adenocarcinoma, lung and prostatic 

carcinoma cells (Armbrecht et al. 1992, Miller et al. 1995). The main stimulator of 

24-hydroxylase mRNA in both renal and extra-renal tissues is 1α,25(OH)2D3, and 

regulation is most likely transcriptional, as two or even three vitamin D response 

elements (VDREs) have been reported in the promoter region of the human and rat 

24-hydroxylase gene, respectively (Chen and DeLuca 1995, Kerry et al. 1996, 

Ohyama et al. 1996). Estrogen and testosterone may modulate the expression of renal 

 17



24-hydroxylase in birds (Tanaka et al. 1976, Trechsel et al. 1979). The regulation of 

the enzyme by PTH or serum calcium is different in renal and extra-renal tissues. The 

stimulation of 24-hydroxylase mRNA in response to 1α,25(OH)2D3 is inhibited by 

PTH in the kidney, whereas in the intestine PTH has no effect and in bone PTH 

enhances stimulation (Shinki et al. 1992, Armbrecht and Hodam 1994, Armbrecht et 

al. 1996, Armbrecht et al. 1998). Low serum calcium is reported to reduce renal and 

increase bone 24-hydroxylase (Shinki et al. 1992, Nishimura et al. 1994, Matkovits 

and Christakos 1995). 

 

The widespread distribution of 24-hydroxylase and its induction by 1α,25(OH)2D3 

supports the contention that a major role for the enzyme involves regulating the local 

concentration and action of 1α,25(OH)2D3 (Cross et al. 1997, Jones et al. 1999, 

Schuessler et al. 2001). The simultaneous expression of VDR, constitutive 1α-

hydroxylase, and inducible 24-hydroxylase activity in the same cell or in cells of the 

immediate environment suggests that they constitute a means for in situ regulation of 

the response to vitamin D (Dusso et al. 1994). 

 

1.3. Transport and storage of vitamin D 

Vitamin D and its hydroxylated metabolites 25-hydroxyvitamin D, 24,25-

dihydroxyvitamin D and 1α,25-dihydroxyvitamin D are lipophilic molecules. In the 

circulation, vitamin D compounds are therefore transported bound to plasma proteins. 

The most important of the carrier proteins is the vitamin D-binding protein (DBP). 

Other carrier proteins for vitamin D metabolites are albumin and lipoproteins. Under 

normal physiological conditions, the majority of circulating vitamin D compounds are 

bound to protein, this prolonging their half-life in circulation (Safadi et al. 1999). The 

concentration of the free vitamin D fraction in the circulation is tightly regulated and 

is considered to be the active fraction, as it has been hypothesized that only unbound 

sterol can diffuse through the plasma membrane into the target cell (Bikle and Gee 

1989). The validity of this diffusion hypothesis has however recently been challenged. 

Results on DBP null mice have suggested that DBP may have an additional active 

role in modulating the rates of bioavailability, activation and end-organ 

responsiveness of vitamin D (Safadi et al. 1999). It has also been reported that renal 

uptake of DBP-bound 25(OH)D and activation of 25(OH)D might involve the 
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endocytic receptor megalin (Nykjaer et al. 1999). It is not known, however, whether a 

similar endocytic mechanism exists in other tissues.  

 

After intramuscular injection of high doses of vitamin D or prolonged oral 

administration of vitamin D, serum 25(OH)D concentration remains at a fairly high 

level for several months, although the half-life of 25(OH)D is about three weeks 

(Heikinheimo et al. 1991, Breslau and Zerwekh 1997). The means to keep serum 

25(OH)D at a suitable level is to store vitamin D in tissues which provide for its 

sustained release. In human, adipose tissue and muscle are reported to be the major 

storage sites for vitamin D (Collins and Norman 2001). 

 

2. VITAMIN D RECEPTOR 

 

2.1. The nuclear receptor superfamily 

The majority of the actions of 1α,25(OH)2D3 are mediated via the VDR, which 

belongs to the superfamily of nuclear receptors. These receptors form the largest 

known family of eukaryotic transcription factors, which is reported to contain 48 

members in humans (Maglich et al. 2001). The receptors bind to DNA and regulate 

the transcription of specific genes in response to their cognate ligands, and thus 

control numerous physiological events in development, growth, reproduction and cell 

differentiation, proliferation and apoptosis, and in the maintenance of homeostasis. In 

addition to vitamin D, known natural ligands for nuclear receptors include steroid and 

thyroid hormones, retinoic acid and dietary lipids (Renaud and Moras 2000, Chawla 

et al. 2001). On the basis of amino acid sequence homology and mode of action, the 

VDR forms a subfamily with the constitutive androstane receptor (CAR), the 

pregnane X receptor (PXR), the liver X receptor (LXR) and the farnesoid receptor 

(FXR) (Maglich et al. 2001). Structurally, nuclear receptors show significant 

homology in amino acid sequences and have a modular structure composed of five to 

six domains designated A-F. The most conserved domains in the nuclear receptor 

family are C, the DNA binding domain, and E, the ligand-binding domain (Renaud 

and Moras 2000). 
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2.2. Structure of VDR 

Structure-function studies of VDR by deletion mutation analysis and amino acid 

sequence comparison with other nuclear receptors has led to the identification of four 

domains in VDR, designated A/B, C, D and E (Issa et al. 1998). The domain structure 

of human VDR and several functional activities within these domains are presented in 

Figure 2.  

 

The aminoterminal A/B domain of the human VDR is short (21 amino acids) 

compared to 88-421 amino acids in other human nuclear receptors (Baker et al. 1988, 

Issa et al. 1998). The A/B domain of VDR in other species studied is about the size of 

that in the human VDR, but the avian VDR has an N-terminal extension of 20 amino 

acids (Elaroussi et al. 1994, Suzuki et al. 2000). In the majority of nuclear receptors, 

the ligand-independent transactivation function (AF-1) is located in the A/B domain 

(Renaud and Moras 2000). However, VDR has no known AF-1 (Sone et al. 1991).  

 

 

 
 

Figure 2. Domain structure of human vitamin D receptor (VDR) and the functional 

activities of the domains. 

 

 

The DNA-binding domain (domain C) of VDR is located in amino acid residues 24-

90 of the human VDR (McDonnell et al. 1989, Sone et al. 1991). A defining feature 

of the DNA-binding domain of nuclear hormone receptors is eight positionally 

conserved cysteine residues which tetrahedrally coordinate two zinc atoms to form 

zinc finger DNA-binding motifs (Issa et al. 1998). The two zinc modules of the 
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nuclear receptors appear to serve different functions. The amino-terminal zinc module 

makes specific contact with DNA response elements, whereas the carboxy-terminal 

zinc module forms a dimerization interface for other nuclear receptor DBDs 

(Freedman 1992). The amino acid residues 92 and 93 of VDR in the T-box may be 

involved in heterodimerization with the retinoid X receptor (RXR) (Freedman 1992, 

Hsieh et al. 1995, Rastinejad et al. 1995). In addition, the amino acids 49-58 of VDR 

correspond to a region between the two zinc fingers and may represent a nuclear 

localization signal (Hsieh et al. 1998). Also basic residues at both ends of VDR 

sequence 79-105 might be equally necessary for nuclear accumulation (Luo et al. 

1994). However, it is not known whether these nuclear localization regions function 

together or independently. 

 

Domain D (hinge domain) of VDR is located in amino acids 90-125 and links the 

DNA-binding and ligand binding domains in a highly flexible fashion to allow for 

simultaneous receptor dimerization and DNA binding (McDonnell et al. 1989, 

Chawla et al. 2001). Domain D of VDR might also be involved in specific DNA 

contact (Miyamoto et al. 2001). In addition, the hinge domain contains a nuclear 

localization signal (Michigami et al. 1999). 

 

The ligand-binding domain (domain E) is located in residues 125-427 of the human 

VDR. A crystalization study has revealed that domain E is composed of 12 α-helical 

structures and a three-stranded β sheet (Rochel et al. 2000). The last of these helixes, 

helix 12 at the extreme C-terminus of VDR, is held to function like a lid closing a 

hydrophobic ligand-binding pocket of nuclear receptor upon ligand binding and 

exposing an interface for potential interaction with coactivators (Moras and 

Gronemeyer 1998). Residues 246 and 420 together serve as a charge clamp for 

coactivator interaction, although the direct interaction is mediated by hydrophobic 

amino acids on the surface of VDR (Väisänen et al. 2002). Activation function 2 (AF-

2) involved in transcriptional control has been located in helix 12 of the VDR (Jurutka 

et al. 1997, Issa et al. 1998). However, Whitfield and coworkers (1995) have 

suggested that residue 246 might also be involved in transactivation. In domain E of 

VDR there are also regions needed for heterodimerization with RXR (Nakajima et al. 

1994, Haussler et al. 1995, Jin et al. 1996, Gampe et al. 2000).  
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2.3. Regulation of VDR abundance 

The regulation of VDR abundance plays an important role in determining the 

magnitude of the target cell response to 1α,25(OH)2D3. The amount of intracellular 

VDR in a target cell is regulated by 1α,25(OH)2D3 or other VDR ligands (homologous 

regulation) and by other hormonal and physiological signals (heterologous regulation) 

(Krishnan and Feldman 1997). The regulation is species-, tissue- and cell-type- 

specific and is altered during development and aging and in disease states (Christakos 

et al. 1996, Issa et al. 1998). The state of differentiation of the cells, which is closely 

related to the rate of proliferation, may also be involved in the regulation of VDR 

abundance (Krishnan and Feldman 1997). The mechanism of regulation may involve 

transcriptional, post-transcriptional (alteration of mRNA stability), or post-

translational effects (alteration in receptor half-life).  

 

Ligands of VDR have been reported to up-regulate VDR abundance in many models, 

e.g. in pig kidney cells and human skin fibroblasts (Costa et al. 1985, Li et al. 1999), 

rat and human osteosarcoma cells (Arbour et al. 1993, Mahonen and Mäenpää 1994) 

and human colon cancer cells (Zhao and Feldman 1993). However, some reports 

suggest that VDR is not regulated or even down-regulated by its ligands (Kizaki et al. 

1991, Hulla et al. 1995, Song 1996). The mechanism of homologous up-regulation 

involves stabilization of VDR protein with no change (Wiese et al. 1992, Arbour et al. 

1993, van den Bemd et al. 1996) or increase in VDR mRNA abundance (Costa and 

Feldman 1986, Mahonen and Mäenpää 1994), depending on the model system used. 

A recent report suggests that 1α,25(OH)2D3 may up-regulate VDR in human skin by 

blocking ubiquitin/proteasome-mediated degradation without altering VDR mRNA 

levels (Li et al. 1999). 

 

The heterologous regulators of VDR abundance include hormones such as 

glucocorticoids, estrogens, androgens, retinoids, growth factors, activators of specific 

intracellular second messenger systems (protein kinase A, protein kinase C and 

intracellular calcium), and other growth and developmental signals (Escaleira et al. 

1993, Krishnan and Feldman 1997). The effect of glucocorticoids on intestinal VDR 

abundance appears to be species-specific; up-regulation occurs in the rat and dog, 

down-regulation in the mouse and no change in chickens (Krishnan and Feldman 

1997)). Androgen (dihydrotestosterone) has been reported to induce an increase in 
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VDR levels in T47D breast cancer cells (Escaleira et al. 1993). The capacity of 

parathyroid hormone to activate multiple second messenger systems might provide a 

mechanism for tissue-, cell- and differentiation state-specific variations in VDR 

regulation (Krishnan and Feldman 1997). The mechanisms of heterologous regulation 

are complex, but the outcome is to sensitize (up-regulation) or de-sensitize (down-

regulation) the target cells to the actions of vitamin D.  

 

3. THE MECHANISMS OF VITAMIN D RECEPTOR ACTION 

 

In general, binding of the ligand to the nuclear receptor initiates a series of events 

which results in activation or repression of the target genes. The main reactions in this 

cascade are activation of the nuclear receptor by its cognate ligand, and dimerization 

and binding of the activated receptor to specific hormone response elements in DNA, 

resulting in negative or positive effects on transcription of the target genes (for a 

review see Aranda and Pascual 2001). A model for VDR action is presented in   

Figure 3. 

 

3.1. Ligand binding 

Binding of 1α,25(OH)2D3 to VDR induces a conformational change within a ligand 

binding domain of VDR. Helix 12 in the extreme C-terminus of the VDR functions 

like a lid closing the hydrophobic ligand binding pocket (Moras and Gronemeyer 

1998). This conformational change induces dissociation of co-repressors, such as the 

nuclear receptor co-repressor (NCoR) or Alien, and facilitates the interaction of the 

AF-2 domain with co-activator proteins such as members of the p160 family, e.g. 

steroid receptor coactivator 1 (SRC-1), transcription intermediary factor 2 (TIF2) and 

receptor-associated coactivator 3 (RAC3) (Hörlein et al. 1995, Chen and Li 1998, 

Dressel et al. 1999, Polly et al. 2000). The VDR co-activator interaction further 

facilitates recruitment of other factors to form a larger complex which modulates the 

chromatin structure and initiates transcription (Spencer et al. 1997). Although the 

principal natural ligand of VDR is 1α,25(OH)2D3, other vitamin D metabolites such as 

25(OH)D3 and 24,25(OH)2D3 may bind to VDR, albeit with lower affinity (Costa et 

al. 1985, Collins and Norman 2001). The relative binding affinity of 25(OH)D3 to 

VDR is about 700-fold lower than that of 1α,25(OH)2D3 (Collins and Norman 2001). 
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Figure 3. A model for vitamin D receptor (VDR) action. The details of the model are 

discussed in the text. Briefly, binding of 1α,25(OH)2D3 to VDR induces a 

conformational change which leads to dissociation of co-repressor proteins (CoR) and 

facilitation of heterodimerization with RXR. Transcriptional activation of 

1α,25(OH)2D3 responsive genes is achieved by interaction of VDR-RXR heterodimer 

with a specific DNA sequence, the vitamin D response element, and recruitment of 

coactivators which bridge the contact between the receptors and general transcription 

apparatus. 

 

 

The subcellular distribution of VDR may change upon ligand binding. Unoccupied 

VDR exists in equilibrium between the cytosol and the nucleus, the minor (Berger et 

al. 1988, Clemens et al. 1988, Milde et al. 1989) or substantial (Barsony et al. 1997) 
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portion of VDR being in the cytosol. Upon ligand binding, VDR is redistributed to the 

nucleus (Barsony et al. 1990, Barsony et al. 1997) and in the ligand-bound state VDR 

is predominantly a nuclear protein. VDR, like most steroid hormone receptors, is 

phosphorylated hormone-dependently (Pike and Sleator 1985, Brown and DeLuca 

1990). The function of VDR phosphorylation is poorly understood, although it might 

represent a means for signals from the cell membrane to modulate nuclear hormone 

receptor function in response to growth factor stimulation (Issa et al. 1998). 

 

Although nuclear receptors generally need the ligand for transcriptional regulation, 

some receptors which heterodimerize with RXR, for example the retinoic acid 

receptor (RAR) and thyroid hormone receptor (TR), act as silencers in the absence of 

the ligand repressing basal transcription of target genes (Chen and Evans 1995, 

Hörlein et al. 1995). The silencing activity is reported to be mediated by the co-

repressor protein NCoR and the silencing mediator for retinoic acid and thyroid 

hormone receptors (SMRT) (Horwitz et al. 1996). In early reports, it has been 

suggested that VDR might not interact with co-repressors and act as a transcriptional 

silencer (Hörlein et al. 1995, Chen et al. 1996), whereas later reports show the 

opposite (Dwivedi et al. 1998, Tagami et al. 1998, Polly et al. 2000).  

 

3.2. DNA-binding and dimerization 

The affinity of monomeric VDR to specific DNA target sequences is not sufficient for 

the formation of a stable protein-DNA complex and thus formation of homo- and/or 

heterodimeric complexes with a second partner receptor is required for efficient DNA 

binding (Carlberg and Polly 1998). Like other members of nuclear receptor subfamily 

1, VDR preferentially forms heterodimeric complexes with RXR, which is a nuclear 

receptor for 9-cis retinoic acid (Levin et al. 1992, Carlberg et al. 1993). Binding of the 

VDR-RXR heterodimer to DNA is enhanced by 1α,25(OH)2D3, whereas 9-cis retinoic 

acid inhibits this association, this possibly being related to the role of this retinoid in 

facilitating RXR homodimer formation (MacDonald et al. 1993, Kimmel-Jehan et al. 

1997, Lemon et al. 1997, Jensen et al. 1998, Thompson et al. 1998). However, some 

reports indicate that 9-cis retinoic acid might be necessary for heterodimer formation 

(Carlberg et al. 1993, Dong and Noy 1998). If VDR before complexing with RXR 

occupies 1α,25(OH)2D3, the resulting heterodimer may be relatively resistant to 

dissociation and diversion to other pathways by 9-cis retinoic acid (Thompson et al. 
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1998). There might thus be hormonal crosstalk between metabolites of vitamins A and 

D in controlling VDR-mediated transcriptional regulation. Although the main partner 

of VDR is RXR, VDR also dimerizes with RAR, TR and VDR itself (Carlberg and 

Polly 1998). Monomeric binding of VDR to the promoter region of the granulocyte-

macrophage colony-stimulating factor, leading to repression of gene transcription, has 

been reported (Towers and Freedman 1998).  

 

Once heterodimeric VDR-RXR or the homodimeric VDR complex is formed, it 

modulates transcription by binding to specific DNA elements in the promoter regions 

of vitamin D responsive genes termed VDREs. Although there is considerable 

variation between natural VDREs, a consensus positive VDRE can be defined as a 

direct repeat (DR) of two half-elements of the sequence AGGTCA, separated by three 

intervening nucleotides (DR3) (Umesono et al. 1991). Other VDRE structures, for 

example direct repeats with four or six spacing nucleotides (DR4- and DR6-type 

respectively), inverted palindromes with nine intervening nucleotides (IP9-type) and 

more complex VDREs consisting of three core binding motifs, have been reported 

(Carlberg and Polly 1998, Toell et al. 2000). In addition to positive VDREs, genes 

which are negatively regulated by vitamin D are reported to contain VDREs differing 

from positive VDREs both in sequence composition and in the requirement for 

particular cellular factors other than VDR for repression of transcription (Demay et al. 

1992, Mackey et al. 1996, Nishishita et al. 1998). It has been reported that the polarity 

of VDR-RXR heterodimer may be preferentially 5�-RXR-VDR-3�, and reversed in 

specific VDREs (Carlberg and Polly 1998, Brown et al. 1999). 

  

3.3. Regulation of gene expression 

The effects of nuclear receptors on gene expression are mediated through recruitment 

of co-regulators, co-repressors and co-activators (Aranda and Pascual 2001). 

Unliganded VDR is bound to co-repressor proteins such as NCoR or Alien (Polly et 

al. 2000), which are found within multicomponent complexes containing histone 

deacetylase activity (Aranda and Pascual 2001). Deacetylation of histones leads to 

chromatin compaction and transcriptional repression. Binding of 1α,25(OH)2D3 to 

VDR induces a conformational change leading to dissociation of co-repressors and 

facilitating heterodimerization with RXR and interaction of the AF-2 domains with 

co-activator proteins, such as activator-recruited cofactor/ vitamin D receptor-
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interacting protein (ARC/DRIP) complexes and members of the p160 family SRC-1, 

TIF2 and RAC3 (Chen and Li 1998, Rachez et al. 1999). Some of the co-activator 

proteins are chromatin-remodeling factors or posses histone acetylase activity, 

whereas others may interact directly with the basic transcriptional machinery (Aranda 

and Pascual 2001). Transcription factors and co-activators bridge contact between the 

VDRE-bound receptors, histone acetylases and RNA polymerase II (Issa et al. 1998). 

Recruitment of co-activator complexes to the target promoter leads to chromatin 

decondensation, allowing for binding and assembly of the transcription machinery and 

finally initiation of transcription (Aranda and Pascual 2001). 

 

Transcriptional repression by nuclear hormone receptors occurs through a number of 

mechanisms (Issa et al. 1998). Inhibition of transcription factor function may be one 

mechanism by which VDR exerts transcriptional repression (Alroy et al. 1995, Kim et 

al. 1996). VDR may also inhibit the transcriptional function of TR, RAR and growth 

hormone receptor (GR) by competing for dimerization with RXR or possibly 

squelching co-activators (Garcia-Villalba et al. 1996, Yen et al. 1996, Polly et al. 

1997). 

 

4. NON-GENOMIC ACTIONS OF VITAMIN D 

 

Steroid hormones can also have responses which occur within a few minutes after 

addition of a hormone and are therefore too rapid to involve changes in gene 

expression. These rapid actions are mediated by mechanisms other than nuclear 

receptors. The non-genomic actions of 1α,25(OH)2D3 include rapid increases in 

intracellular calcium levels, stimulation of intestinal calcium transport and phosphate 

fluxes, changes in phosphoinositide metabolism, elevation of cyclic 3�,5�-guanosine 

monophosphate (cGMP) levels and activation of protein kinase C (reviewed in Brown 

et al. 1999). It has been suggested that the plasma membrane protein annexin II might 

be the membrane receptor which mediates the rapid actions of 1α,25(OH)2D3 (Baran 

et al. 2000a, Baran et al. 2000b). The rapid non-genomic effects may modulate the 

genomic actions of 1α,25(OH)2D3 (Bouillon et al. 1995). 
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5. VITAMIN D IN PROSTATE CANCER  

 

Numerous in vitro studies have shown that 1α,25(OH)2D3 regulates growth and 

differentiation in a variety of normal and cancerous cells. Several mechanisms are 

thought to be involved in the anti-cancer effects of vitamin D, for example modulation 

of the cell cycle, apoptosis, growth factor and hormone secretion, telomerase activity, 

differentiation, angiogenesis, invasion and metastasis (van Leeuwen and Pols 1997, 

Hansen et al. 2001). Use of 1α,25(OH)2D3 in vivo is however limited due to its 

hypercalcemic side-effects, and therefore several hundred vitamin D analogs have 

been developed with the aim of separating growth-regulating effects from the 

calcemic adverse effects. 

 

5.1. Prostate cancer 

Prostate cancer is the most frequently diagnosed cancer in males in Finland and in 

many Western countries; its etiology remains nonetheless unclear. Epidemiological 

studies have suggested that the cause of prostate cancer is multifactorial, involving 

both genetic and environmental risk factors including aging, dark skin, a family 

history of prostate cancer, living in northern latitudes, and diet (Zhao and Feldman 

2001). The majority (90%) of prostate cancers are sporadic and approximately 10% 

are hereditary; a number of genes have been held to be associated with prostate cancer 

risk (Zhao and Feldman 2001). Although sex hormones possibly contribute to 

prostatic carcinogenesis, circulating sex hormone levels in adult males have not been 

established as definitive etiological factors for prostate cancer (Taplin and Ho 2001).  

 

5.2. Hormonal factors in prostate cancer 

The prostate gland is stimulated to grow during development, is maintained in size 

and function by the presence of serum testosterone produced in the testis (Frick and 

Aulitzky 1991). In the prostate, the major proportion of testosterone is converted to 

the more potent intracellular androgen, dihydrotestosterone, by 5α-reductase enzyme 

activity. Androgens can bind and activate the androgen receptor, which like VDR, 

belongs to the superfamily of nuclear receptors. Androgens and AR are most likely 

involved in the genesis and progression of prostate cancer (Bosland 2000, Taplin and 

Ho 2001). Most prostate carcinomas react to generally used primary androgen 

ablation therapy by temporary involution and apoptosis of prostatic epithelial cells, 
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but usually subsequently relapse to an androgen-insensitive state, which is a major 

challenge in prostate cancer management (Bosland 2000).  

 

Other hormonal factors like estrogen, vitamin D, prolactin, growth hormone and 

luteinizing hormone may act alone or in concert with androgens both in the normal 

prostate and in prostate cancer development and progression (Reiter et al. 1999, 

Taplin and Ho 2001).  

 

5.3. Vitamin D in the etiology of prostate cancer 

Epidemiological interest in the role of vitamin D in the etiology of prostate cancer 

was in 1990, when Schwartz and Hulka (1990) published their hypothesis that vitamin 

D deficiency might be a risk factor for the condition. According to this conception all 

known risk factors for clinical prostate cancer (aging, black race and living in 

northern latitudes) are associated with decreased synthesis of vitamin D. In contrast to 

clinical prostate cancer, subclinical prostate carcinoma is geographically virtually 

universal, this possibly reflecting factors which influence tumor progression. Results 

from geographical studies support the suggestion of an inverse relationship between 

the level of solar UV radiation and prostate cancer mortality (Hanchette and Schwartz 

1992, Grant 2002). However, although Corder and coworkers (1993) were able to 

show an association between low serum 1α,25(OH)2D3 and prostate cancer risk, 

subsequent analytical epidemiological studies on the role of vitamin D in the etiology 

of prostate cancer have failed to prove the vitamin D hypothesis (Braun et al. 1995, 

Gann et al. 1996, Nomura et al. 1998). Dietary calcium obtained from dairy products 

has been shown in epidemiological studies to increase the risk of prostate cancer, 

possibly by suppressing the enzymatic activity of 1α-hydroxylase and thereby 

lowering the serum 1α,25(OH)2D3 concentration (Chan and Giovannucci 2001). The 

results of some, although not all, epidemiological studies show that polymorphisms in 

the VDR gene may contribute to the risk of prostate cancer (Taylor et al. 1996, Ingles 

et al. 1997, Kibel et al. 1998, Correa-Cerro et al. 1999, Furuya et al. 1999, Watanabe 

et al. 1999, Blazer et al. 2000, Habuchi et al. 2000, Chokkalingam et al. 2001, 

Hamasaki et al. 2001).  
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5.4. In vitro and in vivo studies 

Despite controversial results in analytical epidemiological studies of the role of 

vitamin D in prostate cancer, numerous experimental studies have provided evidence 

supporting the vitamin D hypothesis. The finding of VDR within epithelial and 

stromal cells in the human prostate as well as in human prostate cancer cells 

confirmed that 1α,25(OH)2D3 might play a direct role in prostate biology (Miller et al. 

1992, Skowronski et al. 1993, Peehl et al. 1994). Though the effect of 1α,25(OH)2D3 

on human prostatic cells is generally growth-inhibitory in vitro, mitogenic effects 

have been reported with low concentrations of 1α,25(OH)2D3 using charcoal-stripped 

serum in cell culture medium (Gross et al. 1997). Studies on rat prostates in vivo have 

shown that in addition to its inhibitory effects on epithelial cells 1α,25(OH)2D3 may 

promote the growth of prostate size in pubertal and adult rats when 1α,25(OH)2D3 is 

administered in high doses prenatally, and the growth of stromal cells in castrated rats 

(Konety et al. 1996, Konety et al. 1999, Krill et al. 1999). Stimulation of prostatic 

stromal cells by 1α,25(OH)2D3 has also been reported in primary cultures of human 

cells (Krill et al. 1999). The growth inhibition by 1α,25(OH)2D3 in human prostate 

cancer cells is mediated via VDR and may involve both androgen-dependent and 

androgen-independent mechanisms; the response is modulated by factors which are 

cell line-specific (Hedlund et al. 1996a, Hedlund et al. 1996b, Yang et al. 2002, Zhao 

et al. 1997, Zhao et al. 2000, Zhuang et al. 1997).  

 

In addition to its antiproliferative effects, 1α,25(OH)2D3 may stimulate cellular 

differentiation. It has been reported that 1α,25(OH)2D3 induces expression of prostate- 

specific antigen (PSA), a marker of the differentiated prostatic phenotype in LNCaP 

prostate cancer cells (Skowronski et al. 1993, Skowronski et al. 1995, Hsieh et al. 

1996, Campbell et al. 1997, Zhao et al. 1997), and E-cadherin, a cell adhesion protein 

which may act as a putative tumor suppressor, in LNCaP and PC-3 cells (Campbell et 

al. 1997). In combination, 1α,25(OH)2D3 and dihydrotestosterone (DHT) may 

synergistically enhance PSA secretion (Zhao et al. 1997). An in vivo study on 

castrated rats has also shown that 1α,25(OH)2D3 in concert with testosterone may play 

an important role in the differentiation of the normal prostate (Konety et al. 1996). 

Furthermore, 1α,25(OH)2D3 has been shown to inhibit the invasiveness and reduce the 

adhesion and migration of prostatic cancer cells in vitro and inhibit metastasis in vivo 

in a rat model (Schwartz et al. 1997, Lokeshwar et al. 1999, Sung and Feldman 2000).  
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The response to vitamin D can be modulated in prostatic cells by vitamin D 

hydroxylating enzymes. Induction of the 1α,25(OH)2D3-inactivating 24-hydroxylase 

enzyme has been reported in human prostate cancer cell lines after 1α,25(OH)2D3 

treatment; growth inhibition of the cell lines by 1α,25(OH)2D3 was inversely related 

to 24-hydroxylase activity (Skowronski et al. 1993, Miller et al. 1995). Ketoconazole 

is used for secondary hormonal manipulation in the treatment of prostate cancer, 

because, at high doses, it blocks both testicular and adrenal synthesis of testosterone 

(Peehl et al. 2001). It inhibits the cytochrome P450 enzymes needed for androgen 

biosynthesis but also for vitamin D metabolism (Loose et al. 1983). Treatment 

combining ketoconazole with 1α,25(OH)2D3 is held to have additional beneficial 

effects due to inhibition of 1α,25(OH)2D3 inactivation (Peehl et al. 2001). Liarozole is 

another inhibitor of cytochrome P450 enzymes which has been shown to act 

synergistically with 1α,25(OH)2D3 to inhibit the growth of human prostate cancer cell 

line DU 145 (Ly et al. 1999). In a study of 50 primary organ-confined prostate 

adenocarcinomas a minimal overlapping region of gain, indicative of the presence of 

oncogene, was found at 20q13.3-qter, which is a chromosomal region containing the 

24-hydroxylase gene (Wolter et al. 2002). In addition to inactivation of 

1α,25(OH)2D3, prostate cells have been shown to 1α-hydroxylate the prohormone, 25-

hydroxyvitamin D3 to active 1α,25(OH)2D3 form (Schwartz et al. 1998, Barreto et al. 

2000, Hsu et al. 2001). The ability of 25(OH)D to inhibit the growth of prostatic 

epithelial cells in vitro has been reported (Barreto et al. 2000, Chen et al. 2000, Hsu et 

al. 2001). However in cancer cells, the antiproliferative action of 25(OH)D was shown 

to be reduced compared to that of 1α,25(OH)2D3 due to deficient 1α-hydroxylase 

activity in these cells (Hsu et al. 2001). Taken together, these in vitro and in vivo 

findings show that the prostate may be a target organ of 1α,25(OH)2D3 and may in 

addition both activate and inactivate vitamin D compounds.  

 

5.5. Clinical trials and vitamin D analogs  

The efficacy of vitamin D treatment has been tested in a few clinical trials. An open 

label, non-randomized pilot trial on seven early recurrent prostate cancer patients by 

Gross and colleagues (1998) provided evidence that 1α,25(OH)2D3 may effectively 

slow the rate of PSA rise in select cases, although dose-dependent calciuric side-

effects limit its clinical usefulness. Later, a phase I trial of 1α,25(OH)2D3 in patients 

with advanced solid tumors, including six patients with prostate cancer, indicated that 
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substantial doses of 1α,25(OH)2D3 could be administered subcutaneously with 

tolerable toxicity (Smith et al. 1999). Van Veldhuizen and coworkers (2000) have 

conducted a phase II trial and reported that a major part of advanced hormone 

refractory prostate cancer patients (seven out of 16 studied) may have decreased 

baseline vitamin D levels and that supplementation with vitamin D2 (ergocalciferol) 

may be a useful adjunct for alleviating pain associated with prostate cancer bone 

metastasis, and improving muscle strength and quality of life in these patients. 

Preliminary results from a phase II study on androgen-independent prostate cancer 

patients suggest that combinatory treatment with 1α,25(OH)2D3 and docetaxel may 

reduce prostate-specific antigen levels by at least 50% with 5 patients studied (Beer et 

al. 2001).  

 

The above results are of course preliminary in view of the limited number of prostate 

cancer patients involved in these studies, but may nonetheless prove useful in the 

treatment of prostate cancer. The problem is that effective doses are difficult to 

administer without inducing hypercalcemia, and several hundred vitamin D analogs 

have been synthesized with the aim of separating the growth-regulating effects from 

the adverse calcemic effects (Mørk Hansen et al. 2001). One of the most promising 

synthetic analogs to date is EB 1089 (Leo Pharmaceutical Products), which has an 

altered side-chain structure with 26,27 dimethyl groups, insertion of an extra carbon 

atom (24a) at C-24, and two double bonds at C-22,23 and C-24,24a (Colston et al. 

1992). The structure of EB 1089 is presented in Figure 4. In vitro studies have shown 

that this analog is 50-200 times more potent than 1α,25(OH)2D3 in regulating cell 

growth and differentiation, while its calcemic effects are approximately 50% weaker 

than those of 1α,25(OH)2D3 in vivo in rats (Mørk Hansen et al. 2000). The biological 

half-life of EB 1089 is similar to that of 1α,25(OH)2D3 (Mørk Hansen et al. 2001), but 

its side-chain metabolism may differ from 1α,25(OH)2D3 and may not involve 24-

hydroxylation (Kissmeyer et al. 1997, Shankar et al. 1997). Another strategy is to 

develop VDR modulators structurally distinct from the secosteroid 1α,25(OH)2D3. A 

nonsecosteroidal VDR modulator, LG190119, was recently shown to inhibit LNCaP 

xenograft tumor growth without increased serum calcium levels or any other apparent 

side-effects (Polek et al. 2001). However, more studies are needed to confirm the 

safety and efficacy of these compounds in humans. 
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Figure 4. Structures of 1α,25-dihydroxyvitamin D3 and vitamin D analog EB 1089. 

 

 
5.6. Mechanisms of growth regulation by vitamin D 

Although there are abundant data on the antiproliferative action of vitamin D, the 

underlying mechanisms are less fully known. It has been suggested that growth 

inhibition by 1α,25(OH)2D3 might involve, e.g., regulation of the cell cycle, induction 

of apoptosis and modulation of growth factor, oncogene and tumor suppressor gene 

expression.  

 

Studies on the LNCaP prostate cancer cell line have shown that the growth inhibitory 

action of 1α,25(OH)2D3 may be due to both accumulation of cells in the G0/G1 phase 

of the cell cycle and induction of programmed cell death, apoptosis (Blutt et al. 1997, 

Hsieh and Wu 1997, Blutt et al. 2000, Yang et al. 2002). The blocking of cells by 

1α,25(OH)2D3 in the G0/G1 phase may be associated with alterations of important 

cell cycle regulators. In LNCaP cells, the activity of cyclin-dependent kinase 2 has 

been found to be reduced, the cyclin-dependent kinase inhibitors p21 and p27 

upregulated and phosphorylation of retinoblastoma protein reduced by 1α,25(OH)2D3 

or analog (Campbell et al. 1997, Zhuang and Burnstein 1998, Yang et al. 2002). In 

ALVA-31, PC-3 and DU-145 cells, the expression of cyclin-dependent kinase 

inhibitor p21 has been shown to be either up-regulated or not induced by 

1α,25(OH)2D3 or analog (Campbell et al. 1997, Zhuang and Burnstein 1998, Moffatt 

et al. 2001). The apoptotic effect of 1α,25(OH)2D3 in LNCaP cells is accompanied by 

a down-regulation of Bcl-2 and Bcl-X(L) proteins, both of which protect cells from 

undergoing apoptosis (Blutt et al. 2000). In a culture of cells derived from benign 
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prostatic hyperplasia patients and in human prostate cancer cell line DU 145, a 

vitamin D analog induced apoptosis in both unstimulated and keratinocyte growth 

factor-stimulated cells, which was associated with decreased basal bcl-2 expression 

(Crescioli et al. 2002). EB1089 is reported to induce apoptosis in vivo in rats 

(Nickerson and Huynh 1999).  

 

In addition, 1α,25(OH)2D3 may modulate the expression of several growth factors 

possibly participating in the progression of prostate cancer. The results of a study by 

Huynh and coworkers (1998) showed that 1α,25(OH)2D3 and EB1089 inhibit the 

insulin-like growth factor (IGF) system of mitogens in PC-3 prostate cancer cells by 

up-regulating IGF binding protein-3 and down-regulating IGF-II expression. 

However, 1α,25(OH)2D3 had no effect on IGF-binding protein-3 secretion in LNCaP 

cells (Goossens et al. 1999). In primary cultures of non-transformed prostate epithelial 

cells, the growth inhibition induced by 1α,25(OH)2D3 has been accompanied by an 

up-regulation of IGF binding protein 3 (Sprenger et al. 2001). In the rat, EB1089 has 

been shown to induce a regression of the ventral prostate which was associated with 

up-regulation of IGF- binding proteins 2, 3, 4 and 5 as well as IGF-I expression levels 

(Nickerson and Huynh 1999). One study on a rat epithelial prostate cell line has 

shown that cellular differentiation promoted by 1α,25(OH)2D3 may be mediated 

through transforming growth factor β (TGFβ) 2 and 3 (Danielpour 1996). However, 

TGFβ may promote a smooth muscle cell phenotype in human prostatic stromal cells 

while 1α,25(OH)2D3 may not be involved in this differentiation process (Peehl and 

Sellers 1997). In vitro studies on human prostate cells have shown that 1α,25(OH)2D3 

and analog may counteract the mitogenic activity of keratinocyte growth factor 

(Crescioli et al. 2000, Crescioli et al. 2002). The expression of parathyroid hormone-

related protein (PTHrP), an epidermal growth factor-regulated secretory product of 

human prostatic epithelial cells, is inhibited by 1α,25(OH)2D3 in several cell types but 

possibly not in epithelial cells of the prostate (Cramer et al. 1996). On the other hand, 

a recent study by Sepulveda and Falzon (2002) has shown that the expression of 

PTHrP is down-regulated by 1α,25(OH)2D3 in PC-3 cells.  

 

It is further conceivable that, 1α,25(OH)2D3 may regulate specific oncogenes and 

tumor suppressor genes in the prostate. Campbell and colleagues (2000) have studied 

several prostate cancer cell lines and shown that the anti-proliferative effects of 
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1α,25(OH)2D3 may be mediated, in part, by the induction of breast cancer 

susceptibility gene 1 (BRCA1) expression. BRCA1 has been implicated in the 

maintenance of global genome stability, possibly controlling both DNA damage repair 

and the transcription of DNA damage-inducible genes (Zheng et al. 2001).  

 

6. VITAMIN D IN OVARIAN CANCER 

 

6.1. Ovarian cancer 

Ovarian cancer is the fourth most frequently diagnosed cancer in females in Finland 

and in many Western countries. The survival of patients with ovarian cancer is low as 

the condition is diagnosed late in its course, which may be asymptomatic until 

advanced state. The etiology of ovarian cancer is poorly understood. The results of 

epidemiological studies suggest that both genetic and environmental risk factors are 

involved in its pathogenesis. Multiparity, the use of oral contraceptives, tubal ligation 

and hysterectomy are associated with a reduced risk of ovarian cancer, whereas aging, 

nulliparity and genital talc application are thought to increase the risk (Daly and 

Obrams 1998, Riman et al. 1998, La Vecchia and Franceschi 1999, Holschneider and 

Berek 2000). The majority of ovarian cancer cases are sporadic and about 5 % are 

familial (Kristensen and Trope 1997, Holschneider and Berek 2000). The oncogenes 

or tumor suppressor genes associated with sporadic ovarian cancer include human 

epidermal growth factor receptor-2 (HER-2/neu), c-myc and K-ras, whereas familial 

ovarian cancer is associated with BRCA1 and BRCA2 tumor suppressor genes 

(Aunoble et al. 2000, Holschneider and Berek 2000). The majority (80 � 90%) of 

ovarian tumors arise from the ovarian surface epithelium and a minority from germ 

cells or sex cord/stromal cells (Kristensen and Trope 1997).   

 

6.2. Hormonal factors in ovarian cancer 

In women of fertile age, the ovaries are the major sites of sex steroid hormone 

production. In addition to progesterone and estrogenic hormones, the ovaries secrete 

significant amounts of the androgenic hormones androstendion and testosterone. The 

menstrual cycle, the maturation of follicles in the ovaries, is regulated by the 

concerted action of gonadotropin-releasing hormone, follicle-stimulating hormone, 

luteinizing hormone, estrogens, progesterone and inhibin. Ovarian androgens may 

directly augment granulosa cell responsiveness to follicle-stimulating hormone, serve 
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as substrates for estrogen synthesis in the preovulatory follicle and play a role in the 

promotion of atresia in ovarian follicles (Armstrong and Papkoff 1976, 

Chryssikopoulos 2000). In the menopause, the production of ovarian estrogens and 

progesterone decreases and the postmenopausal ovaries produce mainly androgens 

(androstendion) (Adashi 1994). The majority of ovarian cancer cases are diagnosed in 

postmenopausal women aged 50-60 years.  

 

The mechanisms of ovarian carcinogenesis are not fully understood. In view of the 

higher prevalence of ovarian cancer in nulliparous than in multiparous women and the 

lower frequency of disease in users of oral contraceptives compared with non-users, it 

has been suggested that the risk of epithelial ovarian cancer could be related to 

repetitious ovulatory activity (Kristensen and Trope 1997, Risch 1998). The 

traumatized ovarian surface epithelium is recurrently repaired and exposed to 

estrogen-rich follicular fluid which may increase genetic abnormalities and lead to 

malignant transformation (Kristensen and Trope 1997, Riman et al. 1998). Excessive 

gonadotropin and androgen stimulation of the ovary have been postulated as 

contributing factors (Risch 1998, Holschneider and Berek 2000), whereas 

progesterone may have a protective role in the etiology of ovarian cancer (Risch 

1998). The production of androgens in the post-menopausal ovaries as well as the 

predominance of AR and the production of androgens in ovarian cancer tissue 

suggests a role for androgens in the etiology of the malignancy (Mahlck et al. 1986, 

Kuhnel et al. 1987, Slotman et al. 1989, Adashi 1994, Ilekis et al. 1997, Cardillo et al. 

1998). 

 

6.3. Vitamin D in the etiology of ovarian cancer  

It has been observed that the ovarian cancer incidence and mortality are higher in 

northern than southern latitudes. Geographical studies have provided evidence that 

sunlight may be protective against ovarian cancer mortality (Lefkowitz and Garland 

1994, Grant 2002). As UV radiation is needed for vitamin D synthesis in the skin, it 

has been suggested that the beneficial effect of sunlight might be mediated through 

the action of vitamin D. However, analytical epidemiological studies measuring 

vitamin D levels in serum, as yet not available, are needed to evaluate the possible 

relationship. 
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6.4. Vitamin D in non-malignant ovaries 

The ovary is reported to be a target organ for vitamin D as vitamin D receptor has 

been shown using ligand-binding assay and autoradiography in the ovaries of 

hamsters, hens and mice (Dokoh et al. 1983, Stumpf and Denny 1989). In the rat 

ovary, the presence of VDR has been shown by immunohistochemistry (Johnson et al. 

1996). In addition, the ovaries might be capable of catalyzing 25-hydroxylation of 

vitamin D3 as has been shown in rats (Su et al. 1990). Furtermore, vitamin D 

metabolites (25(OH)D, 1α,25(OH)2D3 and 24,25(OH)2D3) have been shown in the 

follicular fluid of human ovaries, albeit in lower concentrations than in serum 

(Potashnik et al. 1992). The polycystic ovarian syndrome is one of the most common 

female endocrine disorders and is characterized by hyperandrogenic chronic 

anovulation with infertility, irregular menses and dysfunctional uterine bleeding 

(Franks 1995). Treatment of polycystic ovarian syndrome patients, of whom the 

majority evince low serum 25(OH)D concentrations, with vitamin D and calcium has 

resulted in normalized menstrual cycles, which suggests that abnormalities in calcium 

homeostasis might be partially responsible for the arrested follicular development in 

women suffering from this syndrome (Thys-Jacobs et al. 1999). 

 

Studies on female rats have shown that vitamin D deficiency markedly reduces 

fertility, and the situation is not corrected by normalizing hypocalcemia, but requires 

1α,25(OH)2D3 (Halloran and DeLuca 1980, Kwiecinksi et al. 1989). However, the 

high doses of 1α,25(OH)2D3 which bring about hypercalcemia might disturb the 

estrous cycle, as reported in the rat (Horii et al. 1992). Studies on null mutant mice 

have suggested that 1α,25(OH)2D3 may play a role in ovarian function, as infertility 

and impaired folliculogenesis were seen in both VDR and 1α-hydroxylase null mutant 

mice (Yoshizawa et al. 1997, Panda et al. 2001). The effect of 1α,25(OH)2D3 on 

ovarian function remains, however, unclear, as dietary supplementation with calcium, 

which corrected hypocalcemia, partially normalized fertility and the aromatase 

enzyme needed for estrogen biosynthesis in the VDR null mutant mice (Kinuta et al. 

2000, Johnson and DeLuca 2001). Moreover, female mice in a study using different 

VDR null mutant mice model were fertile (Li et al. 1997).  
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6.5. Vitamin D in human ovarian cancer 

The receptor for vitamin D has also been reported in four human ovarian cancer 

tissues out of nine studied and in the ovarian cancer cell line OVCAR-3, using ligand 

binding assay (Frampton et al. 1982, Saunders et al. 1992). Induction of 24-

hydroxylase activity by 1α,25(OH)2D3 has been shown in ovarian neoplasms, 

indicating that the tissue is responsive to 1α,25(OH)2D3 (Christopherson et al. 1986). 

Inhibition of ovarian cancer cell growth by 1α,25(OH)2D3 has been reported 

(Saunders et al. 1992, Saunders et al. 1995).  The growth-inhibitory action of 

1α,25(OH)2D3 in ovarian cells may be mediated through down-regulation of proto-

oncogene c-myc (Saunders et al. 1993). Amplification of chromosomal region 20q12-

q13, containing the 24-hydroxylase gene, has been reported in ovarian cancer 

(Iwabuchi et al. 1995, Tanner et al. 2000); possible amplification of 24-hydroxylase 

gene has not however been confirmed. Amplification of the 24-hydroxylase gene has 

been reported in breast cancer and it has been suggested that 24-hydroxylase might act 

as an oncogene limiting and abrogating the growth control mediated by 1α,25(OH)2D3 

(Albertson et al. 2000). 

 

A clinical trial has been conducted on the efficacy of 1α,25(OH)2D3 combined with 

isotretinoin in the treatment of epithelial ovarian cancer patients after chemotherapy 

(Rustin et al. 1996). The investigators treated 22 women with 1α,25(OH)2D3 and 

isotretinoin for up to 74 weeks and tumor response was monitored using serum cancer 

antigen CA 125 level as a marker of tumor progression. Treatment produced no 

responses or change in the tumor growth rate based on CA 125 except in one patient 

with borderline ovarian serous carcinoma, which was behaving in a malignant 

invasive manner. However, the VDR status was not studied in these patients. More 

studies are needed to evaluate the effects of 1α,25(OH)2D3 and its analogs in ovarian 

cancer. 
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AIMS OF THE PRESENT STUDY 

 

The aims of the present study were: 

 

1. to raise and characterize a specific antibody to the VDR which can be used to 

analyze VDR protein expression by immunohistochemistry and Western blot in 

human tissues (I). 

 

2. to examine the cellular distribution of VDR in the prostate, and compare relative 

VDR abundances between different human prostate samples (I). 

 

3. to study the expression and regulation of VDR and AR proteins by cognate ligands 

in human ovarian cancer tissue and ovarian cancer cell line OVCAR-3 (II). 

 

4. to study the effects of vitamin D compounds (1α,25(OH)2D3, EB 1089 and 

25(OH)D3) and androgen (DHT) on the growth of OVCAR-3 cells (II, III). 

 

4. to evaluate the possible association between serum vitamin D status (25-

hydroxyvitamin D concentration) and the risk of prostate cancer (IV).  
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MATERIALS AND METHODS 

 

1. ANTIBODIES (I, II) 

 

1.1. VDR antibody 

Antibody R112 was raised in a rabbit by immunization of a synthetic peptide 

corresponding to the N-terminal residues 10-24 of the human VDR. A male New 

Zealand white rabbit was injected subcutaneously with 100 µg of peptide conjugated 

to thyroglobulin. The first injection was given in 0.6 ml of Freund´s complete 

adjuvant and the subsequent three in 0.6 ml of Freund´s incomplete adjuvant at 1-

month intervals. The serum was precipitated by addition of saturated ammonium 

sulphate to a final volume of 40%, and the resulting IgG fraction was further 

characterized for VDR specificity. The immunoreactivity of the IgG fraction was 

tested against the corresponding ovalbumin-conjugated peptide (0.5 µg/ml) 

immobilized on microtiter plates (Nunc-Immuno Plate, MaxiSorp, Nunc, Roskilde, 

Denmark).  

 

1.2. AR antibody 

A polyclonal antibody, AR70, was produced in rabbits against a synthetic peptide 

corresponding to the N-terminal residues 1 to 17 of human AR. This sequence is 

identical in human and rat AR (Tähkä et al. 1997).   

 

2. CELL CULTURE (I, II, III) 

 

2.1. MG-63 human osteosarcoma cells 

MG-63 cells (ATCC, Manassas, USA), which are known to express VDR (Franceschi 

et al. 1985), were grown in RPMI medium (Gibco, NY, USA) supplemented with 7% 

fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/ml penicillin, and 0.1 mg/ml 

streptomycin at 37°C in a humidified 95% air/ 5% CO2 incubator. To enhance VDR 

expression, as previously reported (Costa and Feldman 1986, Mahonen et al. 1990, 

Mahonen and Mäenpää 1994), 10 nM 1α,25-dihydroxyvitamin D3 (Hoffman 

LaRoche, Basel, Switzerland) was added to the culture medium. Treatments were 

carried out in RPMI 1640 medium containing 2% charcoal-treated FBS. 
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2.2. OVCAR-3 human ovarian adenocarcinoma cells 

OVCAR-3 cells (ATCC) were grown in RPMI 1640 medium (Sigma Aldrich, St. 

Louis, USA) supplemented with 10% FBS, 10 µg/ml insulin and antibiotics at 37°C in 

a humidified 95% air/ 5% CO2 incubator. For cell growth assays, OVCAR-3 cells 

were seeded at 1500 (II) or 2000 (III) cells/ well in 96-well culture plates. After 

allowing the cells to attach for 24 h, they were treated with ethanol vehicle or 10 nM 

or 100 nM 1α,25(OH)2D3 (a kind gift from Leo Pharmaceuticals, Ballerup, Denmark) 

and/or DHT (5α-androstan-17β-ol-3-one; Fluka, Buchs, Switzerland). Media 

containing ethanol vehicle and/or hormones were changed every third day. Cell 

growth was analyzed for 0, 1, 3, 5, 7 or 9 days after hormone treatment under non-

confluent conditions. 

 

For Western blot analysis, near-confluent cells were treated for 24 h with 10 nM or 

100 nM 1α,25(OH)2D3 and/or DHT. Control cells received ethanol vehicle at a 

concentration equal to that in hormone-treated cells (0.1% vol/vol). Cell pellets were 

collected for Western blot analysis.  

 

2.3. HaCaT human keratinocyte cells and COS monkey kidney cells 

HaCaT cells were grown in DMEM supplemented with 10% FBS and antibiotics and 

COS cells in DMEM/F12 supplemented with 5% FBS and antibiotics (Sigma 

Aldrich). The cells were kept at 37°C in a humidified 95% air/ 5% CO2 incubator.  

 

2.4. Cell fractionation and protein extraction 

Nuclear and cytosolic protein extracts were prepared from cell pellets according to a 

modified version of the method of Hurst and colleagues (1990), omitting the heat-

denaturation step. The cells were washed twice with phosphate-buffered saline (PBS; 

0.14 M NaCl, 2.6 mM KCl, 1.5 mM KH2PO4, 7.8 mM Na2HPO4*2H2O), harvested 

with a cell scraper, and resuspended in 300 µl of ice-cold lysis buffer (20 mM Hepes 

[pH 8.0], 20 mM NaCl, 0.5% Nonidet P-40, 1 mM dithiothreitol and protease 

inhibitor coctail [Roche Diagnostics, Mannheim, Germany]) and left on ice for 5 min. 

A nuclear pellet containing proteins tightly associated with nuclear structures was 

obtained by centrifugation for 1 min at maximal speed in an Eppendorf centrifuge. 

Supernatant was taken as a cytosolic fraction. The crude nuclear pellet was 
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resuspended in 60 µl of buffer (20 mM Hepes [pH 7.9], 25% [by vol.] glycerol, 0.42 

M NaCl, 1.5 µM MgCl2, 2 µM EDTA [pH 8.0], 1 mM dithiothreitol and protease 

inhibitors) and left on ice for 15 min, resuspended, and left for a further 15 min. 

Nuclear debris was removed by centrifugation as above and supernatant was taken as 

a nuclear fraction. Protein concentrations were determined using the method of Lowry 

(1951). 

 

2.5. Cell growth assays 

Relative cell numbers were quantified by crystal violet staining, as previously 

described (Kueng et al. 1989). Briefly, cells were fixed by addition of 10 µl of an 11% 

glutaraldehyde solution to 100 µl of medium. After being shaken for 15 min (500 

cycles/min), the plates were washed with de-ionized water and air-dried, then stained 

by addition of 100 µl of a 0.1% solution of crystal violet dissolved in de-ionized 

water. After incubation for 20 min, excess dye was removed by extensive washing 

with de-ionized water. The plates were air-dried prior to bound-dye solubilization in 

100 µl of 10% acetic acid. The optical density of dye extracts was measured directly 

in the plates using a Victor 1420 Multilabel Counter (Wallac, Turku, Finland). The 

wavelength selected was 590 nm. The growth curves were presented differently in 

studies II and III. In study II, A590nm values were taken as such as relative cell 

numbers, whereas in study III the A590nm value on day 0 (overnight culture of 2000 

cells) was set as 0 by subtracting it from all other values (day 1-11). The time taken 

by OVCAR-3 cells to double in number (cellular doubling time) was calculated in the 

logarithmic growth phase (II).  

 

Statistical analysis. Cell growth experiments with different hormone concentrations 

were repeated one to four times, 7 (II) or 8 (III) replicates each. Relative cell numbers 

(II) or relative cell growth (III) was compared using a two-tailed Student�s t-test.  

 

3. TISSUE SAMPLES (I, II) 

 

3.1. Human tissue samples 

Human skin donors were healthy volunteers (I). Prostatic tissues were obtained from 8 

men undergoing radical prostatectomy for urinary bladder cancer (I). Patient ages 
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varied from 69 to 75 years, mean 72 years. Ovarian cancer tissues were obtained from 

14 women undergoing radical ovariectomy for ovarian cancer (II); 9 serous 

cystadenocarcinomas, one mucinous cystadenocarcinoma, 3 endometrioid carcinomas 

and one granulosa cell tumor. Patient ages varied from 42 to 84 years, mean 63 years. 

Some of the tissues were collected between 1995 and 1997 in the Department of 

Pathology, and some were obtained directly from the Department of Obstetrics and 

Gynecology, Tampere University Hospital. The local ethical committee approved 

these studies. 

 

3.2. Rat tissue samples 

Kidney, intestine and prostate were taken from adult male rats (I). Ovaries were taken 

from adult female rats (II). 

 

4. WESTERN BLOT ANALYSIS (I, II) 

 

Protein samples were mixed 1:2 with sample buffer (125 mM Tris, 20% glycerol, 4% 

SDS, 5% (I) or 10% (II) β-mercaptoethanol, 0.05% bromophenolblue) and boiled for 

5 min. The proteins (40 µg/lane) were resolved according to their electrophoretic 

mobility in 12% (for VDR)(I, II) or 7.5% (for AR)(II) polyacrylamide running gels 

according to the method of Laemmli (1970) and transferred to nitrocellulose 

membranes in transfer buffer (25 mM Tris, 192 mM glycine, 20% (v/v) methanol) on 

ice. The membranes were incubated for 1 h at 37°C with TBST (50 mM Tris, 0.9% 

NaCl, 0.05% Tween 20, pH 8.0) containing 5% non-fat milk to block unspecific 

binding of proteins, and thereafter with primary antibody (5 µg/ml) in TBS (50 mM 

Tris, 0.9% NaCl) (I) or in TBST (II) containing 1% non-fat milk overnight at 4°C. 

After washing with TBST, the membranes were incubated with peroxidase-

conjugated goat anti-rabbit IgG (Cappel, West Chester, USA) diluted 1:10000 for 1 hr 

at room temperature. Immunoreactive protein bands were detected using the enhanced 

chemiluminescence (ECL) method (Amersham, Aylesbury, UK). Relative band 

intensities and areas were measured using the SigmaScan program (II).  

 

The molecular weight standards (BioRad Laboratories, Richmond, USA) were myosin 

(Mr 200,000), β-galactosidase (Mr 116,250), phosphorylase b (Mr 97,400), bovine 
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serum albumin (Mr 66,200), ovalbumin (Mr 45,000), carbonic anhydrase (Mr 31,000), 

trypsin inhibitor (Mr 21,500) and lysozyme (Mr 14,400). 

 

4.1. Controls for Western blot 

To verify the specificity of the VDR band, primary antibody was presaturated with an 

excess of the corresponding peptide for 5 h at 4°C (I). Human VDR produced in vitro 

in the TnT-coupled rabbit reticulocyte lysate system (Promega, Madison, USA) 

according to manufacturer�s instructions was used as a positive control (I, II).  

 

5. IMMUNOHISTOCHEMISTRY (I, II) 

 

5.1. Cells 

MG-63 cells were plated on glass slides and grown to about 50% confluency. The 

cells were washed with PBS, fixed with 4% paraformaldehyde in PBS on ice, 

followed by permeabilization with 0.5% Triton X-100 in PBS for 40 min at room 

temperature. The slides were incubated with 2.5% non-fat milk in PBS for 30 min, 

and thereafter with primary antibody (10 µg/ml) in PBS containing 0.5% non-fat milk 

at 4°C overnight. Biotinylated secondary antibody (goat anti-rabbit IgG, Vector 

Laboratories, Burlingame, USA) was incubated for 30 min and finally the avidin 

biotin-peroxidase complex (Vectastain Elite, ABC Kit, Vector, Burlingame, USA) 

was incubated for 30 min. Peroxidase activity was visualized by an incubation in 

0.02% 3,3´diaminobenzidine tetrahydrochloride (Sigma, St. Louis, USA), 0.01% 

imidazole, and 0.02% H2O2 in 0.5 M Tris, pH 7.6, for 5-7 min. The specimens were 

washed in PBS after every incubation step, except after blocking. 

 

5.2. Tissues 

 

5.2.1. Tissue fixation  

Tissue samples were immersion-fixed with 4% paraformaldehyde in PBS or Baker´s 

fluid (4% paraformaldehyde and 1% CaCl2 in distilled water, pH 7.6) at 4°C for 1.5-2 

h (I) or at room temperature for 18-24 h (II). Thereafter the samples were dehydrated 

and embedded in paraffin. 
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5.2.2. Immunostaining  

Paraffin sections (5 µm) were deparaffinized with xylene and rehydrated in a graded 

ethanol series. The antigens (VDR and AR) were unmasked by heating the specimens 

in 0.01 M sodium citrate buffer (pH 6.0) at 100°C for 10 min, followed by cooling for 

20 min at room temperature and rinsing in TBS buffer (pH 7.6). Endogenous 

peroxidase activity was eliminated by treatment with 0.5% H2O2 in methanol for 15 

min. After washing in distilled water and PBS, non-specific binding was eliminated 

with 10% normal goat serum in PBS, followed by incubation with primary antibody 

(5 µg/ml) overnight at 4°C. Biotinylated secondary antibody (goat anti-rabbit IgG; 

Vector) was incubated for 30 min, and finally, avidin biotin-peroxidase complex 

(Vectastain Elite, ABC Kit; Vector) was incubated for 30 min. Alternatively (III), 

histochemical staining was performed using the Histostain-Plus Kit (Zymed, San 

Francisco, USA). Peroxidase activity was visualized by an incubation in 0.02% 

3,3´diaminobenzidine tetrahydrochloride (Sigma), 0.01% imidazole, and 0.02% H2O2 

in 0.5 M Tris, pH 7.6, for 10 min. 

 

5.3. Immunohistochemical controls 

Control experiments included presaturation of the primary antibody (R112) with an 

excess of the corresponding peptide (I, II), substitution of R112 with PBS (II) or 

normal rabbit IgG at the same concentration as R112 (I, II) and serial dilutions of 

R112 up to extinction (I). 

 

6. RT-PCR ANALYSIS (III) 

 

Reverse transcription-polymerase chain reaction (RT-PCR) was used to detect 1α-

hydroxylase and 24-hydroxylase mRNAs. The culture medium of cells grown to 70% 

confluence was replaced with medium containing 100 nM 1α,25(OH)2D3, 25(OH)D3 

or EB 1089. Ethanol was used as vehicle and was also added to control cells. After 4, 

6 and 24 h treatment RNA was extracted using TRIZOL reagent (Life Technologies, 

Carlsbad, USA). The integrity of RNA samples was confirmed on gel electrophoresis. 

 

The specific oligonucleotide primers for RT-PCR were synthesized by Amersham 

Bioscience. To detect 1α-hydroxylase RT-PCR was performed according to 
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manufacturer�s instructions from 1 µg total RNA (RobusT RT-PCR Kit, Finnzymes, 

Espoo, Finland). The RT-PCR protocol was as follows: reverse transcription at 48°C 

for 30 min and a denaturation step at 94°C for 2 min followed by 30 cycles with 

denaturation at 94°C for 30 s, annealing at 54°C for 30 s and extension at 72°C for 30 

s. The final extension step after the cycles was at 72°C for 7 min. Total RNA (0.5 µg) 

from monkey kidney COS cells transfected with human 1α-hydroxylase cDNA  (a 

kind gift from Shigeaki Kato, Institute of Molecular and Cellular Biosciences, 

University of Tokyo, Japan) using Lipofectamine reagent (Life Technologies) was 

used as positive control. A functional control included in the RT-PCR kit was carried 

out in the same run as the other samples. Agarose gel electrophoresis (1.5% gel) was 

used to detect RT-PCR products. These were extracted from the gel after 

electrophoresis and the sequences verified by hybridization with a [32P]-labelled probe 

made from 1α-hydroxylase cDNA.  

 

The reactions for 24-hydroxylase were performed in the LightCycler instrument 

(Roche Diagnostics) from 300 ng total RNA and PBGD was used as an external 

control. A master mix of the following components was prepared in a 20 µl volume: 

0.3 µM 24-hydroxylase primers or 0.5 µM PBGD primers and 3.25 Mn2+ for 24-

hydroxylase or 3.5 mM Mn2+ for PBGD. Nucleotides, Tth DNA polymerase with 

reverse transcriptase activity, SYBR Green I and reaction buffer were included in the 

LightCycler-RNA Master SYBR Green I kit (Roche Diagnostics). For preparation of 

the standard curve, total RNA from HaCaT cells known to express 24-hydroxylase 

RNA (Harant et al. 2000) was amplified in the same run as the samples. The RT-PCR 

protocol was as follows: reverse transcription at 61°C for 20 min and denaturation at 

95°C for 30 s followed by 45 cycles with denaturation at 95°C for 1 s, annealing at 

57°C for 24-hydroxylase or at 62°C for PBGD for 7 s and extension at 72°C for 12 s. 

Detection of fluorescent product was performed at the end of the extension step of 

each cycle. To verify specific products, melting curve analysis and gel electrophoresis 

were applied. The data were quantified by the Fit Points method with LightCycler 

Data Analysis software. The amplification efficiency and the relative expression ratio 

of 24-hydroxylase were calculated according to the method of Pfaffl (2001). 
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 7. A CASE-CONTROL STUDY (IV) 
 

7.1. Study population 

The association between vitamin D status and the risk of prostate cancer was 

examined in a case-control study nested within a cohort of 18,966 men aged 40-55 

who participated in the first health examination for the Helsinki Heart Study in 1981-

1982 and had not previously had clinically detected prostate cancer. The Helsinki 

Heart Study is a randomized double-blind primary prevention trial on the efficacy of 

lowering serum lipid levels with gemfibrozil to reduce coronary heart disease risk 

(Frick et al. 1987). The participants were selected by screening from employees in 

two governmental agencies and five industrial companies. The workplaces were 

located in different parts in Finland. 

 

7.2. Selection of cases and controls 

For the present study the participants were followed up for prostate cancer diagnosed 

from 1981-1982 to the end of 1995 by record linkage to the countrywide population-

based Finnish Cancer Registry. During the follow-up, 158 cases of prostate cancer 

were identified in the cohort. Baseline serum sample was available from 149 of them. 

The controls were selected by cumulative incidence sampling from those with no 

prostate cancer during the follow-up and alive at the time of diagnosis of the 

corresponding cases. They were matched (1:4) for age at entry (±2 years), time of 

sample retrieval (±2 months) and residence. Some of the stored frozen samples had 

been accidentally thawed. Of the 149 samples from prostate cancer cases, 58 were 

among those thawed. The samples from the controls had been stored in the same 

freeze room as those of the corresponding cases, and were thus subject to the same 

temperature changes, which eliminated the potential effect of thawing. The mean (SD) 

levels of 25(OH)D among cases were 39.1 (17.4) nmol/l among those thawed and 

42.8 (22.4) nmol/l among those not thawed, while among controls the levels were 

42.5 (17.3) nmol/l and 45.1 (18.8) nmol/l. 

 

7.3. Measurement of serum 25-hydroxyvitamin D 

Serum concentrations of 25(OH)D were analyzed by radioimmunoassay (Incstar 

Corporation, Stillwater, USA). The method measures both 25(OH)D2 and 25(OH)D3. 

The samples were analyzed blinded, without knowledge of the case-control status and 
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using the same lot of assay kits. Cases and their corresponding controls were analyzed 

in the same run. The coefficients of intra- and interassay variations for 25(OH)D assay 

were 8.5% and 16%, respectively. The cut-off points of the quartiles of 25(OH)D 

concentrations were based on the total original cohort.  

 

7.4. Statistical methods 

All analyses of the association of 25(OH)D level and risk of prostate cancer were 

performed using conditional logistic regression analysis on the SAS program package 

(SAS Institute, Gary, NC, USA); the matching status could thus be maintained. In this 

kind of analysis, differences between case and the control values of the covariate are 

considered instead of the actual concentrations. This is an advantage when strong 

potential confounders are matched for. The 25(OH)D levels were categorized by 

quartiles to explore the pattern of association with prostate cancer risk. In addition to 

the factors matched for, adjustment was made for the following potential confounders: 

smoking (non, past or current); treatment with gemfibrozil (no, yes); and a number of 

factors (body mass index, systolic blood pressure, and level of HDL cholesterol) 

related to the insulin resistance syndrome (as continuous variables). 
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SUMMARY OF RESULTS  

 

1. VDR ANTIBODY R112 (I)  

 

1.1. Characterization of the immunoreactivity of R112 in Western blot 

A polyclonal antibody R112 was raised in a rabbit by immunization of a synthetic 

peptide corresponding to the N-terminal residues 10-24 of the human VDR. The 

selected peptide sequence is located in the A/B domain of the receptor and is identical 

in human, rat, mouse and bovine VDR. The immunoreactivity of R112 in Western 

blot was tested with hVDR expressed in vitro in a reticulocyte lysate system and with 

untreated and 1α,25(OH)2D3-treated MG-63 osteosarcoma cells. Antibody R112 

recognized a protein of 48 kDa in all samples. The protein was up-regulated by 

1α,25(OH)2D3 in MG-63 cells. No signal was detected in the negative control (the 

transcription/translation reaction in vitro performed without added DNA), and the 

excess of the corresponding peptide saturated the primary antibody R112 completely. 

 

1.2. Optimization of the immunohistochemical method for paraffin-embedded 

tissues 

Tissues known to express VDR protein were selected to test the capacity of R112 to 

perform immunohistochemistry on paraffin-embedded tissue samples. No VDR-

positive cells were found after the conventional staining procedure without 

pretreatment of the paraffin sections. Several fixation fluids and unmasking methods 

were therefore tested in different combinations to optimize the efficiency of the 

staining. The optimal combination was found to be a formalin-based fixative (Baker´s 

fluid or 4% paraformaldehyde in PBS) and heating in citrate buffer (0.01 M, pH 6.0) 

for 10 min. 

 

1.3. Characterization of the immunoreactivity of R112 in immunohistochemistry 

The classical vitamin D target organs, intestine, kidney and skin, were used to verify 

immunohistochemical staining with R112. The distribution of VDR in these tissues 

was in agreement with that previously observed (Stumpf et al. 1984, Berger et al. 

1988, Milde et al. 1991, Kumar et al. 1994). 
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2. VDR EXPRESSION IN HUMAN AND RAT PROSTATE (I) 

 

VDR was localized in the nuclei of secretory epithelial cells and a few stromal cells of 

the human and rat prostate. In the rat prostate, weak immunostaining was also 

observed in the cytoplasm of secretory epithelial cells. The nuclear staining in the 

secretory epithelial cells was concentrated near the nuclear membrane and in discrete 

foci in the nucleoplasm. In the rat prostate, virtually all secretory epithelial cells 

showed nuclear staining, whereas in human samples the staining was more focal, only 

a few cells in one acinus being VDR-positive. In the human prostate, the number of 

VDR-positive cells/acinus was higher in acini with cuboidal than in those with 

columnar epithelium. Screening of different human prostatic tissues (n = 8) revealed 

marked variation in VDR expression between individual samples, ranging from strong 

positive staining to no immunoreactivity. 

 

3. EXPRESSION AND REGULATION OF VDR AND AR PROTEINS IN 

OVARY (II)  

 

3.1. VDR and AR in human ovarian cancer tissue 

VDR and AR protein distributions were studied immunohistochemically on 14 

ovarian cancer cases (aged 42-84 years) whose stage, differentiation and diagnosis 

were assigned following the recommendations of the World Health Organization.   

 

VDR. Six of the 14 ovarian cancer cases studied expressed VDR, 3 showing moderate 

staining and 3 weak staining. Immunoreactivity was located mainly in the nuclei of 

cancer cells with some cytoplasmic staining. In some cases, only stromal cells 

adjacent to cancer cells showed immunoreactivity, while cancer cells showed none. In 

VDR-positive cases, tumor cells displayed a rather heterogeneous staining pattern. 

The mean age of patients with VDR-positive (+ and +/-) tumors was 74 years 

compared to 55 years in patients with undetectable VDR levels. Five out of six VDR-

positive cases were in stage I or II, one was in stage IV. 

 

AR. Nine of the 14 cases studied expressed AR, 6 showing moderate and 3 weak 

staining. Immunoreactivity was located mainly in the nuclei of cancer cells. Some 

cells showed weak immunoreactivity in the cytoplasm. The intensity of nuclear AR 

 50



staining varied markedly from sample to sample and within a given sample from cell 

to cell. Three cases expressed both AR and VDR. The mean age of patients with AR-

positive (+ and +/-) tumors was 64 years compared to 62 years in patients with 

undetectable AR levels. Five out of nine AR positive cases were in stage I or II, three 

in stage III or IV. 

 

3.2. VDR and AR in rat ovary 

Both VDR and AR were observed in varying staining intensities in the nuclei of most 

cell types of the rat ovary. AR staining was evenly distributed throughout the nucleus, 

whereas VDR staining was concentrated in discrete foci in the nucleoplasm. The 

number of VDR foci varied according to cell type. 

 

VDR. More abundant VDR protein expression was seen in the theca cells of primary 

and secondary follicles, theca lutein cells of the corpus luteum and granulosa cells of 

atretic follicles. In the surface epithelium, in the follicular cells of primordial follicles 

and in the granulosa cells of primary and secondary follicles and of the corpus luteum, 

VDR protein expression was moderate. Weak VDR immunoreactivity was seen in the 

ovarian stroma and endothelial cells of blood vessels. Epithelial cells of the oviduct 

showed strong VDR staining, whereas stromal and muscle cells showed moderate 

staining. 

 

AR. Most intense AR staining was seen in the granulosa cells of primary and 

secondary follicles. Moderate AR immunoreactivity was detected in the granulosa 

cells of atretic follicles, in the follicular cells of primordial follicles, in the theca cells 

of primary and secondary follicles and of the corpus luteum, in the surface epithelium 

and ovarian stroma. Weakly AR-positive cells were observed in the granulosa lutein 

cells of the corpus luteum and in the endothelial cells of blood vessels. Weak AR 

staining was shown in muscle and stromal cells of the oviduct, whereas no staining 

was seen in epithelial cells. 

 

3.3. Regulation of VDR and AR protein expression in OVCAR-3 cells 

Homologous and heterologous regulation of VDR and AR protein levels by 

1α,25(OH)2D3 and/or DHT were studied using cell fractionation and Western blot 

analysis. 
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VDR. A 48 kDa VDR protein was detected only in the nuclear fraction of OVCAR-3 

cells. A dose-dependent increase in VDR protein was seen after treatment with 10 and 

100 nM 1α,25(OH)2D3 (4.7-fold and 7-fold, respectively), suggesting homologous up-

regulation. DHT also induced VDR protein in a dose-dependent manner, but the effect 

was weaker than that of 1α,25(OH)2D3 (heterologous regulation). Combination of 10 

nM 1α,25(OH)2D3 and 10 nM DHT slightly enhanced the effect of 10 nM 

1α,25(OH)2D3 alone. However, treatment with 10 nM 1α,25(OH)2D3 and 100 nM 

DHT reduced VDR expression induced by either hormone alone. Combination of 100 

nM 1α,25(OH)2D3 and 10 nM DHT slightly lowered the effect of 100 nM 

1α,25(OH)2D3 alone. 

 

AR. A 110 kDa AR protein was detected in both the nuclear and cytoplasmic 

fractions of OVCAR-3 cells. A dose-dependent increase in AR expression was seen 

after DHT treatment in both fractions, which suggests homologous up-regulation of 

AR in ovarian cells. Nuclear AR protein was also induced by 100 nM 1α,25(OH)2D3 

(heterologous regulation). Combination of 100 nM DHT and 100 nM 1α,25(OH)2D3 

increased AR protein above the level induced by 100 nM DHT alone. 

 

4. REGULATION OF OVCAR-3 CELL GROWTH BY DHT AND VITAMIN D 

COMPOUNDS (II, III) 

 

The growth-regulatory effects of dihydrotestosterone and various vitamin D 

compounds were studied on a human ovarian adenocarcinoma cell line, OVCAR-3, 

using cell growth assays. It should be noted that increase/reduction in relative cell 

numbers (%) are presented in study II, whereas growth inhibition/stimulation (%) are 

shown in study III based on differently presented values on the growth curve.  

 

4.1. Growth stimulation by DHT 

The growth-stimulatory effect of DHT on OVCAR-3 cells was seen with both 

concentrations (10 and 100 nM) after 5 days of exposure, being more evident after 7 

days. At the end of the study (day 9), 10 nM DHT increased relative cell numbers 

41%, and 100 nM DHT 48%, above that of controls. DHT shortened the cellular 

doubling time from 83 h (control cells) to about 70 h at both 10 and 100 nM 

concentrations.  
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4.2. Combinatory effects of 1α,25(OH)2D3 and DHT 

Combination of 1α,25(OH)2D3 with DHT showed that 1α,25(OH)2D3 clearly reduces 

the growth-stimulatory effect of DHT on OVCAR-3 cells. The effect was observed 3 

or 7 days after treatment with 100 or 10 nM 1α,25(OH)2D3, respectively, combined 

with both DHT concentrations. At the end of the study, 10 nM 1α,25(OH)2D3 

combined with 10 or 100 nM DHT reduced the effect of DHT alone by 12% or 22%, 

respectively. At the same time point, 100 nM 1α,25(OH)2D3 combined with 10 or 100 

nM DHT inhibited the growth-stimulatory effect of DHT by 56 or 59%, respectively. 

1α,25(OH)2D3 inhibited the effect of DHT on the cellular doubling time.  

 

4.3. Growth modulation by 1α,25(OH)2D3 and vitamin D analog EB 1089 

A dose-dependent growth modulation of OVCAR-3 cells was seen with different 

concentrations of 1α,25(OH)2D3. Growth of OVCAR-3 cells was inhibited with 100 

nM 1α,25(OH)2D3. The effect was already to be observed 5 days after 1α,25(OH)2D3 

exposure. After 9 days 100 nM 1α,25(OH)2D3 reduced relative cell numbers to 27% 

of those in control cells (II) and at the end of the study (day 11) the cell number was 

26% of that in control (III). A weak growth-promoting effect was seen with 10 nM 

1α,25(OH)2D3 on days 5 (III) and 7 (II) but at the end of the study (day 11) 10 nM 

1α,25(OH)2D3 inhibited growth by 8% when compared to control (III). With a 1 nM 

concentration, 1α,25(OH)2D3 had no effect on cell growth and the physiological 

concentration of 1α,25(OH)2D3 (0.1 nM) stimulated the growth by 23% after 11 days 

of treatment (III). 

 

Studies on vitamin D analog EB 1089 showed it to be more potent than the parent 

hormone, 1α,25(OH)2D3, in inhibiting the growth of OVCAR-3 cells (III). Similar 

growth inhibition was seen with both 1 nM and 100 nM concentrations, which 

equaled the growth inhibition induced by 100 nM 1α,25(OH)2D3. However, the lowest 

EB 1089 concentration tested (0.01 nM) stimulated growth by 22% by the end of the 

study (day 11). 

 

4.4. Growth stimulation by 25(OH)D3 

In the range of 10 nM to 500 nM, 25(OH)D3 stimulated the growth of OVCAR-3 

cells. With lower concentrations (10 to 200 nM) growth stimulation was between 32% 
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and 41%, whereas the highest concentration used (500 nM) stimulated growth by 11% 

when compared to control.  

 

5. EXPRESSION AND REGULATION OF 1α-HYDROXYLASE AND 24-

HYDROXYLASE mRNA IN OVCAR-3 CELLS (III) 

 

The response of cells to vitamin D is dependent in part on metabolism. To test 

whether enzymes 1α-hydroxylase and 24-hydroxylase might be involved in the 

metabolism of vitamin D compounds in OVCAR-3 cells, the expression and 

regulation of these enzymes by vitamin D compounds were studied at mRNA level.     

 

5.1. 1α-hydroxylase 

The expression of the 25(OH)D3-activating enzyme 1α-hydroxylase in OVCAR-3 

cells was studied using RT-PCR. An RT-PCR product of 303 bp was detected in both 

untreated and vitamin D-treated OVCAR-3 cells, suggesting that mRNA for 1α-

hydroxylase was expressed in these cells. The expression level was not altered by the 

vitamin D compounds (25(OH)D3, 1α,25(OH)2D3 and EB 1089) and the concentration 

(100 nM) tested after 4 h.  

 

5.2. 24-hydroxylase 

The expression of 24-hydroxylase enzyme, which inactivates 1α,25(OH)2D3, was 

studied in OVCAR-3 cells using quantitative RT-PCR. An RT-PCR product of 212 bp 

was detected in both untreated and vitamin D-treated cells, suggesting that 24-

hydroxylase mRNA was expressed in these cells. Expression of 24-hydroxylase 

mRNA was induced in these cells 650-fold by 1α,25(OH)2D3 and 600-fold by EB 

1089 after 6 h treatment and after 24 h induction was 1100-fold and 1000-fold, 

respectively, compared to control. After 6 h treatment with 25(OH)D3 the 24-

hydroxylase mRNA expression was slightly up-regulated, but declined to basal level 

after 24 h treatment.  
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6. ASSOCIATION BETWEEN SERUM 25(OH)D LEVEL AND RISK OF 

PROSTATE CANCER (IV) 

 

Prostate cancer risk, analyzed by quartiles of the 25(OH)D levels, was inversely 

related to serum 25(OH)D. The risk was, however, on the increase only among values 

lower than the median of 40 nmol/l. Adjustment for factors possibly affecting the 

prostate cancer risk did not essentially change the pattern of risk. The difference in the 

mean levels of serum 25(OH)D between cases and controls was restricted to subjects 

aged <52 years at entry. The mean level of serum 25(OH)D was 6.2 nmol/l lower 

among cases younger at entry (<52 years) compared to their controls (37.1 vs. 43.3 

nmol/l), whereas among those older than 51 at entry there was no difference (44.9 vs. 

44.6 nmol/l). Among the younger subjects (<52 years) the odds ratio (OR) for prostate 

cancer associated with low 25(OH)D level (≤ 40 nmol/l) was 3.07 (p = 0.001) 

compared to those with high levels of 25(OH)D (> 40 nmol/l), when no covariates 

were adjusted for, and 3.5 (p = 0.0006) when adjusting for factors related to insulin 

resistance syndrome. The corresponding values among those older than 51 at entry 

were both 1.2. 

 

The lowest mean serum level of 25(OH)D (32.7 nmol/l, OR 6.3) was seen in those 

younger at entry and with a non-localized cancer. However, since there was a high 

proportion of cases with unknown stage, no firm conclusions can be drawn. 

 

The mean age at diagnosis of the patients with 25(OH)D levels above the median was 

1.8 years higher than that of patients with 25(OH)D below the median (63.1 vs. 61.3 

years, p = 0.02). More than 75% of cases were diagnosed during the last 6 follow-up 

years, and therefore there is no great variation in the follow-up time between entry to 

study and diagnosis of cancer. 
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DISCUSSION  

 

1. VDR PROTEIN IS EXPRESSED IN VARYING ABUNDANCE IN HUMAN 

PROSTATE TISSUES 

 

Immunohistochemical analysis of the rat and human prostate revealed that VDR was 

located in the nuclei of secretory epithelial and a few stromal cells. The finding is in 

agreement with that in a previous report demonstrating VDR by ligand-binding and 

Northern blot analysis mainly in the epithelial but also in the stromal compartment of 

the human prostate (Peehl et al. 1994). In the secretory epithelial cells of the rat 

prostate, strong VDR staining was shown here in the nucleus and weak in the 

cytoplasm, whereas a previous report has indicated strong cytoplasmic staining in 

these cells (Johnson et al. 1996). This discrepancy might be due to different specifities 

of the polyclonal VDR antibodies used. In the human prostate, VDR was located in 

the nuclear compartment here as well as in a recent study (Krill et al. 2001).  

 

In addition to possible species-differences in VDR distribution, the lower frequency 

of VDR-positive epithelial cells in the human as against the rat prostate detected in 

the present study may be related to the advanced age of the human sample donors 

(mean 72 years). Previously, advancing age has been shown to result in a reduction in 

intestinal and bone VDR in the rat and in some, although not all, human studies (Horst 

et al. 1990, Ebeling et al. 1992, Kinyamu et al. 1997, Martinez et al. 2001). The 

marked variations in VDR protein abundance between prostatic samples from men 

aged 69-75 years observed in this study might be due to homologous and heterologous 

regulation of VDR by differing endocrine status (Krishnan and Feldman 1997). 

Recently, an immunohistochemical study on variations in VDR expression in males of 

different ages has shown that prostatic VDR expression may be lower in young (10-19 

years) as well as in aged (60-70 years) males and higher in the fifth decade (Krill et al. 

2001). Krill�s group also reported that VDR protein might be more abundant in the 

peripheral zone, the region where the majority of prostate cancers occur, compared to 

the central zone.  

 

The finding of VDR within epithelial and a few stromal cells of the human prostate 

suggests that 1α,25(OH)2D3 may play a direct role in prostate biology. Previous 

 56



experimental data showing that vitamin D may possess anti-cancer activity in prostate 

cells (Zhao and Feldman 2001) and the location of VDR mainly in the cells from 

which the majority of prostate cancers arise suggest that 1α,25(OH)2D3 might be a 

protective factor in the pathogenesis of prostate cancer. Study of possible changes in 

VDR protein expression during carcinogenesis might provide information on the role 

of VDR in prostate cancer. 

 

2. VDR AND AR PROTEINS ARE EXPRESSED IN HUMAN OVARIAN 

CANCER TISSUE; THE EXPRESSION IS REGULATED BY 1α,25(OH)2D3 

AND DHT IN OVCAR-3 CELLS 

 

Immunohistochemical analysis of the rat ovary here showed that VDR and AR 

proteins are widely expressed in this tissue. VDR protein was most abundant in the 

theca cells; in the granulosa cells and in the surface epithelium VDR density was 

moderate and in the ovarian stroma low. AR staining was most intense in granulosa 

cells, whereas in theca cells, in the ovarian surface epithelium and stroma staining was 

moderate. In human ovarian cancer, the expression of VDR and AR proteins was less 

abundant than in rat ovaries, with 43% (6/14) of cancer tissues expressing VDR and 

64% (9/14) expressing AR protein. In OVCAR-3 ovarian cancer cells, VDR protein 

was up-regulated by 1α,25(OH)2D3 and DHT, as was AR by both of these ligands. 

 

The distribution of VDR and AR proteins in the rat ovary observed in our study was 

in general agreement with previous immunohistochemical findings, although relative 

staining intensities have been somewhat different (Takeda et al. 1990, Tetsuka et al. 

1995, Johnson et al. 1996). In contrast to previous immunohistochemical studies, we 

showed AR also in thecal cells and in the surface epithelium of the ovaries (Takeda et 

al. 1990, Tetsuka et al. 1995). The most intense AR staining was seen in granulosa 

cells here as in a previous study (Tetsuka et al. 1995). The widespread expression of 

VDR and AR in rat ovarian cells observed in our study and reported elsewhere 

suggests important roles for vitamin D and androgen in ovarian function. Studies on 

mice and rats have suggested that vitamin D may be important for female fertility, 

especially for normal folliculogenesis (Halloran and DeLuca 1980, Kwiecinksi et al. 

1989, Li et al. 1997, Yoshizawa et al. 1997, Kinuta et al. 2000, Johnson and DeLuca 

2001, Panda et al. 2001). The effects of vitamin D might be mediated partially via 
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maintenance of calcium homeostasis (Kinuta et al. 2000, Johnson and DeLuca 2001). 

A study on polycystic ovarian syndrome patients has suggested that vitamin D and 

calcium might be necessary for normal menstrual cycles in humans (Thys-Jacobs et 

al. 1999). Direct regulation of vitamin D responsive genes involved in female fertility 

awaits further investigation. Androgens have been shown to modulate oocyte 

maturation in humans and frogs (Franke and Berendonk 1997, Nelson et al. 1999, 

Lutz et al. 2001). In frogs, androgens may signal through AR to promote oocyte 

maturation (Lutz et al. 2001).  

 

Previously, VDR expression has been shown in four ovarian cancer tissues out of nine 

in studies using ligand binding assay (Frampton et al. 1982, Saunders et al. 1992); the 

figure is quite similar to our result (six out of 14) based on immunohistochemistry. A 

recent immunohistochemical study has shown that the nuclei of epithelial cells in 

ovarian tumors might be strongly VDR-positive; however, the number of cases 

studied was not indicated (Krill et al. 2001). In our study, loss of VDR may not be 

related to the advanced age of the ovarian cancer patients, as patients with 

undetectable VDR levels in their tumors were younger than those with VDR-positive 

tumors (mean age 55 vs. 74 years). It is more likely that VDR protein expression is 

associated with the lower stage of the tumor, as five out of six VDR-positive tumors 

here were in stage I or II. Although the number of ovarian cancer cases studied was 

rather small and the result possibly due to selection of the material, it is conceivable 

that loss of VDR protein may contribute to ovarian tumor progression. In our study, 

AR protein was detected in nine ovarian cancer cases out of 14 studied, which is in 

agreement with previous results suggesting that the majority of ovarian cancer cases 

express AR protein (Kuhnel et al. 1987, Slotman et al. 1989, Ilekis et al. 1997, 

Cardillo et al. 1998). The mean age of the patients whose tumors showed or did not 

show AR immunoreactivity was quite similar, but AR was more frequently expressed 

in stage I/II compared to stage III/IV tumors. Similarly to loss of VDR, loss of AR 

might contribute to tumor progression. Altered expression of nuclear receptor genes 

has previously been observed in tumor development and progression, but the 

underlying mechanisms are poorly known. One suggested mechanism is aberrant 

cytosine methylation of the promoter regions, which may silence the nuclear receptor 

genes (Berger and Daxenbichler 2002). VDR protein expression has been reported to 

be considerably lower in chemically induced murine colon cancer compared to normal 
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mucosa, this being associated with a high frequency of VDR gene methylation in 

cancer tissue (Smirnoff et al. 1999). Methylation of AR gene promoter has been 

shown in AR-negative metastatic prostate cancer cells and biallelic methylation in 

80% of AR-negative uterine endometrial cancers (Jarrard et al. 1998, Kinoshita et al. 

2000, Sasaki et al. 2000). In females, one allele of the X-chromosomal AR gene is 

always methylated. 

  

Ligand-dependent homologous regulation of steroid receptor levels is one way to 

modulate steroid hormone-mediated responses. Homologous up-regulation of VDR 

protein by 1α,25(OH)2D3 has been reported in many models (Krishnan and Feldman 

1997), which is in line with our result on OVCAR-3 cells. The relatively low 

abundance of VDR in ovarian cancer tissues may be up-regulated by 1α,25(OH)2D3 

similarly to OVCAR-3 cells, and in this way cancer tissue might respond to 

1α,25(OH)2D3 treatment. A previous study, together with the present result, suggests 

that androgens may up-regulate AR protein in the human ovaries (Chadha et al. 1994). 

However, the effect of androgen on AR mRNA may be up-regulation, as reported on 

primate granulosa cells (Weil et al. 1998) or down-regulation as observed in rat 

granulosa cells (Tetsuka and Hillier 1996). Steroid receptor abundance is also 

regulated by factors other than their own ligands, for example other steroid hormones 

(heterologous regulation). Our finding that androgen (DHT) may up-regulate VDR 

protein is in agreement with that in a previous study on T 47D breast cancer cells 

(Escaleira et al. 1993). The up-regulation of AR protein by 1α,25(OH)2D3 observed 

here has been previously reported in LNCaP prostate cancer cells (Hsieh et al. 1996, 

Zhao et al. 1997, Zhao et al. 1999). The stimulatory effect of 1α,25(OH)2D3 on AR 

gene expression might be indirect, as a protein synthesis inhibitor has been shown to 

abolish the induction of AR mRNA by 1α,25(OH)2D3 (Zhao et al. 1999); however, 

future studies must clarify the underlying mecahnisms. The regulation of VDR by 

DHT and AR by 1α,25(OH)2D3 suggest possible cross-talk between 1α,25(OH)2D3 

and androgens and their cognate receptors.  
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3. THE GROWTH OF OVCAR-3 CELLS IS MODULATED BY DHT AND 

VITAMIN D COMPOUNDS 1α,25(OH)2D3, EB 1089 AND 25(OH)D3  

 

3.1. The growth of OVCAR-3 cells is stimulated by DHT  

In the present study, DHT at 10 and 100 nM concentrations stimulated the growth of 

OVCAR-3 cells. Previous studies of human ovarian cancer cell lines using androgens 

have shown either no effect on cell growth rates or growth inhibition with high 

concentrations (1-100 µM) (Thompson and Adelson 1993, Karlan et al. 1995). Anti-

androgen treatment has been shown to inhibit ovarian cancer cell proliferation in 

culture, which implies a role for androgen in ovary cell growth stimulation (Slotman 

and Rao 1989). In one recent study, growth stimulation of ovarian cancer cells was 

observed with androgen treatment, one cell line being however nonresponsive to 

androgen stimulation (Syed et al. 2001). The divergent results may be explained by 

the different androgen concentrations used and cell line-specific factors, such as 

different patterns of AR protein. Together, the results suggest that androgens may 

regulate the growth of ovarian cells. The growth-promoting effect of DHT would be 

in keeping with a suggested role of androgen as a contributing factor in ovarian 

carcinogenesis (Risch 1998, Holschneider and Berek 2000).   

 

3.2. 1α,25(OH)2D3 can antagonize the growth-promoting effects of DHT  

The ability observed in this study of 1α,25(OH)2D3 to efficiently antagonize the 

growth-promoting effects of DHT in OVAR-3 cells is in agreement with a previous 

study on prostate cancer cell line LNCaP (Esquenet et al. 1996). In primary cultures 

of human prostate epithelial cells the growth inhibitory action of 1α,25(OH)2D3 has 

been seen to be maintained in the presence of DHT (Krill et al. 1999). Growth 

inhibition of LNCaP cells by 1α,25(OH)2D3 may be mediated by an androgen-

dependent mechanism and is reported to be preceded by the induction of AR gene 

expression (Zhao et al. 1997, Zhao et al. 1999) as was also observed in the present 

study. Further studies on different prostate cancer cell lines have shown that 

antiandrogen may or may not block the antiproliferative effect of 1α,25(OH)2D3, 

indicating androgen-dependent and androgen-independent actions of 1α,25(OH)2D3 in 

different prostate cancer cell lines (Zhao et al. 2000). However, the combined growth 

effects of 1α,25(OH)2D3 and androgen are poorly understood and have not been 
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previously studied in ovarian cells. Further studies are needed to elucidate the 

mechanisms underlying the effects.  

 

3.3. 1α,25(OH)2D3 and its analog EB 1089 can inhibit the growth of OVCAR-3 

cells  

The growth inhibition of OVCAR-3 cells by 100 nM 1α,25(OH)2D3 observed in this 

study is in agreement with previous results on OVCAR-3 cells (Saunders et al. 1992, 

Saunders et al. 1993) and many other cancer cell lines (Christakos et al. 1996, Gross 

et al. 1997), and supports the hypothesis that vitamin D might be a factor protecting 

against ovarian cancer (Lefkowitz and Garland 1994, Grant 2002). Vitamin D 

analogue EB 1089 was a potent inhibitor of OVCAR-3 cell growth already at a 1 nM 

concentration in this study. Studies on other cancer cell types have suggested that EB 

1089 may be 50-200 times more potent than 1α,25(OH)2D3 in the regulation of cell 

growth (Hansen et al. 2000), this being again in accord with our result showing 

similar growth inhibition with 1 nM EB 1089 and 100 nM 1α,25(OH)2D3 in OVCAR-

3 cells. Mitogenic effects of 1α,25(OH)2D3 have been reported with low 

1α,25(OH)2D3 concentrations in prostate (Gross et al. 1997) and other cancer cell 

lines (Munker et al. 1986, Love-Schimenti et al. 1996) as well as in the ovarian cancer 

cell line in the present study. A very low concentration of EB 1089 (0.01 nM) also 

stimulated growth slightly in this study. In addition to 1α,25(OH)2D3, the growth 

response to other steroids such as androgen, estrogen, progesterone and glucocorticoid 

in some cell culture models is reported to be biphasic: growth stimulation with low 

concentrations and inhibition with higher concentrations (Chalbos et al. 1982, Hiraoka 

et al. 1987, Langeler et al. 1993, Landsman et al. 2001, Syed et al. 2001). However, 

the local metabolism possibly modulating intracellular hormone concentrations is 

poorly understood.  

 

The relatively high doses of 1α,25(OH)2D3 needed to obtain an inhibitory growth 

response may be due to the 1α,25(OH)2D3-inactivating enzyme 24-hydroxylase, 

which was highly inducible by 1α,25(OH)2D3 and EB 1089 (1100-fold and 1000-fold, 

respectively) in this study on OVCAR-3 cells. The ability of 1α,25(OH)2D3 to induce 

24-hydroxylase through a vitamin D receptor-dependent process is well known and is 

used as a marker of 1α,25(OH)2D3 action (Chen and DeLuca 1995, Kerry et al. 1996, 

Ohyama et al. 1996). Previously, induction of specific activity of 24-hydroxylase by 
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1α,25(OH)2D3 has been shown in ovarian cancer cells (Christopherson et al. 1986). 

Although EB 1089 up-regulated 24-hydroxylase mRNA expression here, the 

metabolism of EB 1089 may not primarily involve 24-hydroxylase due to the altered 

side-chain of the compound, and this may explain the higher potency of EB 1089 

compared to 1α,25(OH)2D3 (Shankar et al. 1997). Amplification of the 24-

hydroxylase gene has recently been reported in breast cancer, which may provide 

cancer cells a means to escape vitamin D-mediated growth control (Albertson et al. 

2000). The chromosomal region containing the 24-hydroxylase gene has been shown 

to be amplified in various ovarian cancers (Iwabuchi et al. 1995, Tanner et al. 2000), 

but this has not been studied in OVCAR-3 cells. The recently developed specific 

inhibitors of 24-hydroxylase might allow use of lower 1α,25(OH)2D3 concentrations 

to obtain growth inhibitory effects (Schuster et al. 2001a, Schuster et al. 2001b).  

 

3.4. Prohormone 25(OH)D3 is growth stimulatory  

The finding here that 25(OH)D3 stimulates the growth of OVCAR-3 cells is at odds 

with previous results showing inhibition of proliferation by 25(OH)D3 in cultured 

prostate cells (Barreto et al. 2000, Chen et al. 2000, Hsu et al. 2001) and in colon 

tissue in vivo (Holt et al. 2002). The effect of 25(OH)D3 may be cell type- and cell 

line-specific and depend e.g. on the status of the VDR and vitamin D metabolizing 

enzymes, 1α-hydroxylase and 24-hydroxylase, within cells. The activity of the 

25(OH)D3-activating enzyme 1α-hydroxylase may be different in these cells. In 

OVCAR-3 cells, 1α-hydroxylase activity may be so low that only minimal amounts of 

1α,25(OH)2D3 are produced and a low 1α,25(OH)2D3 concentration was shown to be 

growth-stimulatory in this study. The expression level of 1α-hydroxylase was not 

changed by treatment with the vitamin D compounds tested, which is in line with 

previous studies showing constitutive 1α-hydroxylase expression in extra-renal tissues 

(Cross et al. 1997, Jones et al. 1999, Schuessler et al. 2001). In the early phase of 

human colorectal cancer genesis, the expression of 1α-hydroxylase and VDR mRNA 

are up-regulated whereas in poorly differentiated late-stage carcinomas only low 

levels of the respective mRNAs can be detected (Cross et al. 2001). In prostate cancer 

cells, the activity of 1α-hydroxylase was reported 10- to 20-fold lower than in normal 

prostate cells, leading to reduced antiproliferative action of 25(OH)D3 (Hsu et al. 

2001). The results suggest that in the early stages of malignancy cancer cells might be 

able to increase their potential for an autocrine counter-regulatory response to 
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neoplastic cell growth by up-regulating 1α-hydroxylase and VDR expression, whereas 

cancer cells in later stages might limit the growth-regulatory action of 25(OH)D3 by 

down-regulating the expression of 1α-hydroxylase.  

 

A minor part of the mitogenic effects of 25(OH)D3 might be mediated through 24-

hydroxylated products, 24,25(OH)2D3 and 1α,24,25(OH)3D3, or directly by binding to 

VDR. The growth-modulating actions of 24-hydroxylated products of vitamin D are 

poorly known, but 1α,24,25(OH)3D3 and the further oxidized product, 1α,25(OH)2-24-

oxo-vitamin D3, might exert growth-modulating effects (Campbell et al. 1999, Rashid 

et al. 2001). The relative binding affinity of 25(OH)D3 to VDR is about 700-fold 

lower than that of 1α,25(OH)2D3 (Collins and Norman 2001), but 25(OH)D3 might 

bind to VDR, activate it and have effects of its own. The direct role of 25(OH)D3 in 

the regulation of vitamin D target genes is poorly known, but it has been reported that 

25(OH)D3 may up-regulate VDR expression, although to a much lesser extent than 

1α,25(OH)2D3 (Costa et al. 1985). Regulation of VDR expression has however been 

studied in pig kidney cells and human skin fibroblasts which are later reported to 

contain enzyme 1α-hydroxylase, suggesting that the effect on VDR up-regulation may 

be mediated by 1α,25(OH)2D3 rather than 25(OH)D3 (Wikvall 2001).   

 

The results here together with previous findings suggest that vitamin D may modulate 

the growth of ovarian cancer cells (Saunders et al. 1992, Saunders et al. 1993). 

Studies on cell cycle regulators and different growth factors may clarify the 

mechanisms of growth inhibition and stimulation of ovarian cancer cells by vitamin D 

compounds. The possible mitogenic effects of vitamin D should be considered when 

critically evaluating the possible treatment of ovarian cancer patients with vitamin D. 

 

4. LOW SERUM 25(OH)D CONCENTRATION IS ASSOCIATED WITH 

INCREASED RISK OF PROSTATE CANCER 

 

An inverse association between serum 25(OH)D concentration, the main indicator of 

vitamin D status (Fraser 1995), and prostate cancer risk was shown in this study. The 

highest prostate cancer risk (more than 3-fold) was among men younger than 52 years 

at entry who had low serum 25(OH)D concentrations (≤ 40 nmol/l). Among men 
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older at entry the risk associated with low serum 25(OH)D concentration was 

minimal, this possibly attributable to decreasing androgen values during the 

andropause (Lund et al. 1999). After 40 years of age, serum testosterone levels start to 

decrease and after 50 years the decrease might be significant, since androgen 

replacement therapy appears to be reasonable thereafter. Younger men in our study 

might have had an unopposed androgen effect on the prostate when vitamin D levels 

were low and this may have led to initiation of carcinogenesis. The ability of 

1α,25(OH)2D3 to efficiently antagonize the growth-promoting effects of androgens 

has previously been reported on prostate cancer cell line LNCaP (Esquenet et al. 

1996) and in our study on OVCAR-3 cells. In primary cultures of human prostate 

epithelial cells the growth inhibitory action of 1α,25(OH)2D3 was maintained in the 

presence of DHT (Krill et al. 1999). The growth-inhibitory effect of vitamin D may 

involve both androgen-dependent and independent mechanisms (Zhao et al. 2000). 

 

The present results suggest that vitamin D can affect the invasiveness of prostate 

cancer. The men with low serum 25(OH)D concentration and younger than 52 years 

at entry had an increased risk of non-localized prostate cancer (adjusted relative risk 

6.3), which is in agreement with experimental results suggesting that vitamin D may 

prevent invasion and metastasis of prostate cancer cells (Schwartz et al. 1997, 

Lokeshwar et al. 1999, Sung and Feldman 2000). However, a high proportion of 

prostate cancer cases in our study were of unknown state and further studies are 

therefore called for to confirm this finding. Shifting the cut-off point confirmed our 

conclusion that the excess risk of prostate cancer associated with low serum 25(OH)D 

concentration was almost entirely confined to those younger than 51-53 years at entry. 

Our material was, however, too small to be analysed in greater detail by age, and 

therefore larger cohorts are needed in order to clarify this aspect. 

 

An inverse (Corder et al. 1993) or no association (Braun et al. 1995, Gann et al. 1996, 

Nomura et al. 1998) has previously been observed between the serum concentrations 

of the active form of vitamin D, 1α,25(OH)2D3 and prostate cancer risk. We were 

interested in 25(OH)D because it had been reported that prostate cells may synthesize 

1α,25(OH)2D3 from 25(OH)D3 (Schwartz et al. 1998) and because tightly regulated 

serum 1α,25(OH)2D3, which has a short half-life (Breslau and Zerwekh 1997), may 

not correlate with intraprostatic 1α,25(OH)2D3 concentrations. The reliability of a 
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single 25(OH)D determination can be questioned in that there is high seasonal 

variation in serum 25(OH)D concentrations. Both age and time of blood retrieval were 

used as matching variables, so that their confounding effect was excluded, but a 

modifying effect may remain.  

 

Since the serum samples here were collected for the study of coronary heart disease 

(Frick et al. 1987), relevant confounders for prostate cancer were not measured. 

However, in consequence of this background the men were exceptionally young for a 

prostate cancer study, and we were therefore able to ascertain a high risk of prostate 

cancer among men younger than 52 years at entry. Results of earlier studies on serum 

25(OH)D and the risk of prostate cancer have shown no correlation (Corder et al. 

1993, Braun et al. 1995, Gann et al. 1996, Nomura et al. 1998). In the present series, 

more than half of the men had serum 25(OH)D concentrations below 50 nmol/l, 

which has been suggested to indicate vitamin D deficiency (Malabanan et al. 1998). In 

previous studies, the levels of 25(OH)D have been higher than here; only one quarter 

or less of the samples having had levels below 50 nmol/l (20 ng/ml). This difference 

in the 25(OH)D levels may partially account for the discrepancy between the previous 

negative results and our findings. However, the main reason for it is probably the 

older age and the cut-off point at older age in the earlier studies (Corder et al. 1993, 

Braun et al. 1995, Gann et al. 1996, Nomura et al. 1998).    

 

Taken together, our results suggest that vitamin D may be one of the components 

involved in the multifactorial process of prostate carcinogenesis. The increased 

relative risk of prostate cancer in men with low vitamin D levels, and younger at 

entry, is consistent with the hypothesis that vitamin D might be involved directly in 

the initiation (antiandrogenic effect) and in the regulation of the growth rate 

(antiproliferative effect) of prostate cancer. As previous epidemiological data on the 

issue are inconsistent, studies on larger populations with a focus on middle-aged men 

might clarify the possible increased risk of prostate cancer associated with low serum 

vitamin D level. Studies of the joint effects of vitamin D and other possible risk 

factors for prostate cancer, for example dietary factors and sex hormones, might 

provide valuable information on the role of vitamin D in the etiology of prostate 

cancer. 
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SUMMARY AND CONCLUSIONS 

 

1. This paper describes the production and characterization of a novel VDR antibody 

employed to study the cellular distribution of VDR protein in the prostate. This 

approach on the human prostate provides evidence that VDR may be located within 

epithelial and a few stromal cells of the human prostate and suggests that 

1α,25(OH)2D3 may play a direct role in prostate biology. Moreover, the results show 

that there may be strong variations in VDR protein expression between prostatic 

samples. Previous experimental data on the anti-cancer activities of vitamin D and the 

location of VDR mainly in epithelial cells whence the majority of prostate cancers 

arise suggest that 1α,25(OH)2D3 might be involved in the pathogenesis of prostate 

cancer. 

 

2. To gain an insight into the possible role of vitamin D and androgens in ovarian 

cancer, the expression and regulation of their receptors were studied in human ovarian 

cancer tissue and ovarian cancer cells. The expression of VDR or AR proteins in part 

of human ovarian cancer tissues suggests that these ovarian tumors may respond to 

vitamin D or androgen. VDR and AR protein expression seems to be associated with 

lower stage of the tumor, suggesting that loss of VDR and AR might contribute to 

ovarian tumor progression. The regulation of VDR and AR proteins by cognate 

ligands in ovarian cancer cell line OVCAR-3 sheds light on the possible mechanisms 

modulating the amplitude of responses to 1α,25(OH)2D3 and androgen in ovarian 

cancer cells. The revealed up-regulation of VDR by androgen and of AR by 

1α,25(OH)2D3 in OVCAR-3 cells suggests possible cross-talk between 1α,25(OH)2D3 

and androgens and their cognate receptors.  

 

3. The two studies provide evidence that the growth of OVCAR-3 cells may be 

modulated by various vitamin D compounds (1α,25(OH)2D3, EB 1089 and 25(OH)D3) 

and by androgen (DHT). The effect of DHT and 25(OH)D3 as well as low 

concentrations of 1α,25(OH)2D3 and EB 1089, was mitogenic in these studies. Higher 

concentrations of 1α,25(OH)2D3 and EB 1089 significantly inhibited growth. The 

newly found mRNA expression of both vitamin D-activating and -inactivating 

enzymes, 1α-hydroxylase and 24-hydroxylase, may modulate the growth response to 

vitamin D compounds in OVCAR-3 cells. The simultaneous expression of inducible 
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VDR and 24-hydroxylase and constitutive 1α-hydroxylase in OVCAR-3 cells 

suggests that they represent a means for in situ regulation of the response to vitamin 

D. The possible mitogenic effects of vitamin D compounds should be considered 

when critically evaluating the possibility of treating ovarian cancer patients with 

vitamin D. 

 

4. The availability of stored serum samples collected from men with prostate cancer 

on average 11 years later and from men who remained cancer-free for the same 

period, provided an opportunity to evaluate the relationship between vitamin D status 

and risk of prostate cancer. The inverse association between serum 25(OH)D 

concentration and prostate cancer risk shown in this study suggests that vitamin D 

may be one of the elements involved in the multifactorial process of prostate 

carcinogenesis. The highest prostate cancer risk was among men younger than 52 

years at entry who had low serum 25(OH)D concentration (≤ 40 nmol/l), whereas 

among older men the risk due to low serum 25(OH)D concentration was minimal. 

Together with previous experimental data our results suggest that one regulatory 

mechanism of vitamin D in prostate cancer might be inhibition of invasion and 

metastasis. The increased relative risk of prostate cancer in men with low vitamin D 

levels, and younger at entry, is consistent with the hypothesis that vitamin D might be 

directly involved in the initiation (antiandrogenic effect) and in the regulation of the 

growth rate (antiproliferative effect) of prostate cancer.  

 

Taken together, the data obtained provide evidence that vitamin D, VDR and vitamin 

D-metabolizing enzymes might constitute one of the factors involved in the 

complicated process of prostate and ovarian carcinogenesis. 
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ORIGINAL COMMUNICATIONS 
 
 
 
 
 
 
 
 
ERRATA 
 
There is an error in the original communication IV, page 849. In Table 2, the number 
(n) of controls in January-February reads 143, should read 343.  




