
MINI REVIEW 

Vitamin D and Prostate Cancer (44389) 
SARAH E. BLUIT AND NANCY L. WEIGEL' 

Department of Cell Biology, Baylor College of Medicine, Houston, Texas 77030 

Abstract Classically, the actions of vitamin D have been associated with bone and 
mineral metabolism. More recent studies have shown that vitamin D metabolites in- 
duce differentiation andlor inhibit cell proliferation of a number of malignant and 
nonmalignant cell types including prostate cancer cells. Epidemiological studies 
show correlations between the risk factors for prostate cancer and conditions that can 
result in decreased vitamin D levels. The active metabolite of vitamin D, 1,25- 
dihydroxyvitamin D, (calcitriol), inhibits growth of both primary cultures of human 
prostate cancer cells and cancer cell lines, but the mechanism by which the cells are 
growth-inhibited has not been clearly defined. Initial studies suggest that calcitriol 
alters cell cycle progression and may also initiate apoptosis. One of the disadvan- 
tages of using vitamin D in vivo is side-effects such as hypercalcemia at doses above 
physiological levels. Analogs of calcitriol have been developed that have comparable 
or more potent antiproliferative effects but are less calcemic. Further research into the 
mechanisms of vitamin D action in prostate and identification of suitable analogs for 
use in vivo may lead to its use in the treatment or prevention of prostate cancer. 
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Vitamin D and Prostate Cancer 
The idea that diet and nutrition are important risk fac- 

tors in cancer incidence and progression is not new. Nu- 
merous epidemiological and experimental studies have been 
based on the hypothesis that cancer can be linked to risk 
factors that involve dietary components. Cell culture, ani- 
mal model, and human epidemiological studies in cancers 
such as esophagus, lung, pancreas, stomach, colon, breast, 
cervix, prostate, kidney, and bladder have indicated that 
modifications in nutrition reduce cancer incidence (1). Vi- 
tamins A, B, C, D, E, and K have all been investigated for 
cancer preventive or cancer treatment potential in many 
cancers (l), and the lack of adequate vitamin D has been 
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suggested as a risk factor for prostate cancer (2). Current 
research in this area has focused on using in vivo and in 
vitro models to study the effects of vitamin D on prostate 
cancer, investigating the mechanisms through which vita- 
min D inhibits prostate cancer cell growth, correlating vi- 
tamin D receptor alleles and prostate cancer incidence, and 
developing vitamin D analogs as potential therapeutic or 
preventative agents for the treatment of prostate cancer. 

Vitamin D. Vitamin D is a key regulator of bone and 
mineral metabolism and it plays an important role in the 
regulation of calcium and phosphorus transport in the small 
intestine (3, 4). Vitamin D deficiencies in humans cause a 
variety of health problems including rickets, hypocalcemia, 
and bone loss in adults (5) .  More recently, investigators 
have found that vitamin D modulates growth and differen- 
tiation in a wide range of tissues including, but not limited 
to the breast, prostate, pancreas, and skin (6-9). The lack of 
vitamin D has been linked to a predisposition for the devel- 
opment of cancers in these tissues (1) suggesting that low 
levels of vitamin D may also play a role in prostate cancer 
etiology (2). 

Prostate Cancer Etiology and Epidemiology. Pros- 
tate cancer is the second leading cause of death from cancer 
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in American males, and over 11 million men in the United 
States have prostatic lesions that can be histologically clas- 
sified as prostate cancer (10). Although prostate cancer 
grows more slowly than many cancers, the mortality rate 
due to the disease is on the rise. Consequently, prostate 
cancer has become a major heath concern in recent years. 

There are three major risk factors for prostate cancer: 
age, race, and geography (1 1). Prostate cancer incidence 
increases with age, with over 80% of prostate cancers found 
in men over the age of 65 (2). Other epidemiological studies 
have clearly shown that the incidence of prostate cancer in 
African Americans is higher than in American Caucasians 
(2, 12) whereas the rates for Japanese men are 1/20 those of 
Americans (13). Another epidemiological study showed 
that mortality rates for the disease are high in North 
America and in northwest Europe but are low in Africa and 
in Central and South America (1 1). Thus far. there are no 
strong correlations linking prostate cancer incidence to diet, 
venereal disease, sexual habits, smoking, or occupational 
exposure (1  4-16). However, some reports have suggested 
that serum hormone levels of testosterone and prolactin may 
affect prostate cancer risk, but the studies on these effects 
are limited (1 6). The basis of these predispositions for pros- 
tate cancer development have not been determined. Al- 
though there are likely to be multiple factors involved, each 
of these risk factors can be correlated with changes in vi- 
tamin D as described below. 

Vitamin D and the Vitamin D Receptor. Vitamin 
D is a secosteroid that can be obtained through dietary 
means or synthesized in vivo (5) .  For most Americans, the 
major source of vitamin D is endogenous synthesis in the 
skin where 7-dehydrocholesterol is converted through a 
photosynthetic reaction followed by a heat-catalyzed step to 
Vitamin D,. Both endogenously synthesized and dietary 
Vitamin D, are transported to the liver by vitamin D- 
Binding Protein (DBP) where they are hydroxylated at the 
C-25 position ( 5 ) .  From the liver. the 25-hydroxylated form 
is transported to the kidney where it is hydroxylated a sec- 
ond time at the C-1 position to form the biologically active 
metabolite, 1,25-dihydroxyvitamin D, (calcitriol) (5) .  

Calcitriol acts by binding to the vitamin D receptor 
(VDR), a ligand-activated transcription factor (3). VDR is a 
member of the steroid hormone receptor family of transcrip- 
tion factors that also includes the thyroid hormone receptors 
and the retinoic acid receptors (3). These receptors activate 
or repress the transcription of target genes upon binding 
their respective ligands (3). The VDR, which acts as a het- 
erodimer with retinoid X receptor, regulates the transcrip- 
tion of numerous proteins including osteocalcin, calcium 
binding proteins, FTH, and c-myc ( 1  7, 18). The three human 
prostate cancer cell lines most widely used for in vim stud- 
ies of prostate cancer, LNCaP, PC3, and DU145, all contain 
a functional VDR (19, 20). 

Vitamin D and Other Cancers. A number of epi- 
demiological reports have suggested a ljnk between low 
vitamin D levels and the incidence of cancer including 

breast cancer (21,22). Like the epidemiological correlations 
found between vitamin D and prostate cancer (see below) 
(2, 23), calcitriol levels in women that were subsequently 
diagnosed with breast cancer were lower when compared to 
women who did not develop breast cancer (24). Over 80% 
of human breast tumors have been found to contain the 
VDR (8, 25) and thus would be candidates for treatment 
with calcitriol. In vitro, many of the established human 
breast cancer cell lines are growth inhibited by calcitriol 
(26, 27). 

In addition to breast cancer, the VDR has been found in 
many tumors including lung carcinomas, malignant mela- 
nomas, osteosarcomas, and colon carcinomas (28,29). Evi- 
dence that calcitriol can induce cellular differentiation in 
\ i r r -o  was reported initially in a study of human normal and 
leukemic myeloid stem cells (30). As might be predicted, 
many of the cell lines developed from the various tumors 
are growth inhibited and/or differentiated in vitro by cal- 
citriol (31). Moreover, in vivn studies using animal models 
of skin, colon, and breast cancer, have shown that calcitriol 
may have preventive and/or therapeutic effects in the treat- 
ment of these cancers (31). 

Vitamin D and the Incidence of Prostate Can- 
cer. Schwartz et al. (2) in 1990 hypothesized that vitamin 
D deficiency increases the risk of prostate cancer. Although 
dietary sources provide a small amount of the daily require- 
ment for vitamin D, the major source of vitamin D for 
Americans is ultraviolet light-induced conversion of a pre- 
cursor as a result of exposure to sunlight (31). Deficiency in 
vitamin D due to reduced synthesis of a previtamin D, is a 
potential common element among the three major risk fac- 
tors for prostate cancer. First, older men generally are ex- 
posed to less sunlight compared to their younger counter- 
parts (32), and their capacity to synthesize previtamin D, 
decreases with age (33). Second, the high melanin content 
of the skin of African Americans reduces the efficiency of 
synthesis of previtamin D, (34). Third, Hanchette et al. (1 1 )  
showed that mortality rates for prostate cancer were in- 
versely associated with the availability of sunlight. Interest- 
ingly, one study has shown that men with low serum levels 
of calcitriol were more likely to develop prostate cancer 
subsequently than men with higher levels of serum calcitriol 
(23). However, other studies failed to find a correlation (35, 
36). The lower incidence of clinical disease in Japanese men 
may be related to the high amount of vitamin D obtained 
from fish oils in the traditional Japanese diet (13). Consis- 
tent with this is the finding that Japanese men who migrate 
to the United States and adopt a Western diet show a sig- 
nificant increase in the incidence of prostate cancer (13). 

A Role for VDR Polymorphisms in Prostate 
Cancer? Several polymorphisms have been identified in 
the VDR gene locus (37, 38). These include a poly A mi- 
crosatellite in the 3’ flanking region (38) (L218 poly A’s or 
S 5 1 7  poly A’s), an alteration in intron 8 that generates a 
BsmI site (B = no site; b = B s d  site), and a polymor- 
phism in exon 9 that generates a TaqI site (T = no site; t = 
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Taq site) without altering the amino acid sequence. Al- 
though there are a few studies suggesting association of L,T 
with increased risk of prostate cancer (37), a study compar- 
ing men who died from prostate cancer with healthy con- 
trols showed no correlation (39). Importantly, none of the 
polymorphisms found to date are associated with changes in 
receptor sequence and function. This suggests that it is more 
likely that an alteration linked to these polymorphisms, ei- 
ther within or near the gene encoding VDR, alters prostate 
cancer risk. 

Vitamin D and Normal Prostate. Receptor expres- 
sion studies in whole sections of the prostate show local- 
ization primarily in the secretory epithelial cells (40), the 
main site of cancer development (41). Cultures of human 
prostate cells from normal tissue express VDR with higher 
levels found in prostate epithelial cells compared to prostate 
fibroblasts (42). The hormone-binding affinity of the recep- 
tors is indistinguishable from VDR found in classical target 
tissues (42). Interestingly, under the cell culture conditions 
used, the cell lines derived from the normal epithelial and 
fibroblastic prostate tissue were irreversibly growth inhib- 
ited by treatment with calcitriol (42). Little is known about 
the effects of calcitriol on normal prostate in vivo. However, 
Konety et al. (43) found that calcitriol not only increased 
stromal cell proliferation and reduced epithelial cell prolif- 
eration in the prostate of castrated rats but also increased 
prostate cell differentiation when administered in combina- 
tion with androgens. 

Vitamin D and Prostate Cancer. Good animal 
models have been a limitation in studying prostate cancer. 
Although new models have been developed in recent years 
(44, 4 3 ,  most of the evaluations of calcitriol and synthetic 
analogs have been done in prostate cancer cells using assays 
for cell growth, clonal expansion, or invasion. An additional 
limitation is the paucity of human or other prostate cancer 
cell lines that retain the characteristics of human prostate 
cancers, including expression of functional androgen recep- 
tor and androgen dependence for growth. A number of es- 
tablished cell lines lack androgen receptors (46) although 
the receptors are usually expressed even in androgen abla- 

tion-resistant disease (47, 48). Other cell lines contain mu- 
tations in known tumor suppressors such as p53 or retino- 
blastoma protein (Rb), both of which are not mutated at high 
frequencies in human prostate tumors (49-52). The majority 
of the studies have used human or rat prostate cancer cell 
lines to examine the growth properties and characteristics of 
prostate cancer cells in vitro. Table I illustrates character- 
istics of some of the more widely used cell lines. Some of 
these characteristics may contribute to the differences in 
response to calcitriol. 

Most of the studies investigating the effects of calcitriol 
on prostate cancer cell growth in vitro have used growth 
assays to measure differences in cell number as a result of 
treatment with calcitriol or synthetic analogs. Of these stud- 
ies, many have focused on LNCaP cells, which most closely 
mimic a human prostate cancer cell by being androgen re- 
sponsive and secreting prostate-specific antigen (PSA), a 
prostate cell differentiation marker, in response to androgen. 
However, this line does contain a point mutation in its an- 
drogen receptor which broadens the range of hormones to 
which it responds (53, 54). Miller et al. (19) first showed an 
effect of calcitriol on LNCaP prostate cancer cells. Al- 
though the LNCaP cells grown in charcoal-stripped serum 
were somewhat growth stimulated by calcitriol, PSA ex- 
pression was induced, suggesting induction of dfferentia- 
tion (1 9). Subsequent studies performed in medium contain- 
ing fetal bovine serum showed that calcitriol substantially 
inhibits the growth of LNCaP cells (20). Figure 1 shows a 
typical growth curve for LNCaP cells grown in the absence 
or presence of calcitriol. Remarkably, this treatment essen- 
tially halts growth within a few days of initiating treatment. 
Moreover at limiting concentrations of calcitriol, Blutt et al. 
(55) found that retinoid X receptor ligands in combination 
with calcitriol synergistically inhibited growth of LNCaP 
cells. 

The effect of calcitriol on other prostate cancer cell 
lines has also been studied. Skowronski et al. (20) found 
that PC3 cells are much less responsive to calcitriol, and 
DU145 cells are essentially unresponsive to growth inhibi- 
tion by calcitriol although both lines contain functional 

Table 1. Characteristics of Available Prostate Cancer Cell Lines 

Cell line 

LNCaP 
PC3 
DU145 
JCA-1 
ALVA-31 

NRP-152 
NRP-154 
AT-2 

CPA 

MLL 

Source P53 
Respond to 
androgen 

Calcitriol 
VDR growth AR 

inhibition 
Rb 

Note. Numbers refer to references listed at the end of the review. Y = present; N = absent; N/A = information not available; AR = androgen 
receptor; VDR = vitamin D receptor; Rb = retinoblastoma gene product. 
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Figure 1. Effect of calcitriol on the growth of LNCaP human prostate 
cancer cells. Cells were plated in SIX well dishes at a density of 
13,000 cells/well and treated with either ethanol (vehicle) or 100 n M  
calcitriol for the indicated number of days. Fresh medium and hor- 
mone were added every 3 days. Cells were trypsinized and counted 
using a Coulter Counter. Bars represent the mean * SD (n = 3). *, P 
5 0.05 compared to vehicle-treated cells on the same day. 

VDR. The reasons for these differences are, as yet. 
unknown. 

Clonal expansion assays in soft agar and invasion as- 
says have also been used to measure the effects of calcitriol. 
Calcitriol significantly inhibits the clonal proliferation of 
both the LNCaP and the PC3 cell lines (70% and 90% of 
control colonies after 14 days of treatment with 10 nM 
calcitriol, respectively) while minimally affecting the 
DU145 cell line (56). Although primary cultures of prostate 
cancer cells have been difficult to establish, Peehl et al. (42) 
have established cultures of human prostatic epithelial cells 
from malignant tissues. They detected VDR in all of the 
primary cultures established (10 strains tested) and also 
showed using clonal growth assays that these primary cul- 
tures are irreversibly growth inhibited by as little as 2 hr of 
calcitriol treatment (42). Other studies using invasion assays 
(Amgel assay) have revealed that although the LNCaP 
and PC3 cell line are not invasive in Amgel, the DU145 
cells are highly invasive and are markedly inhibited (66%) 
by treatment with 100 nM calcitriol for 72 hr (57). The 
DU145 cell response to calcitriol in this assay suggests that 
the invasion assay is measuring an activity of calcitriol that 
differs from that which causes growth inhibition. 

Analyses of the effects of VDR agonists in animals or 
humans to date are minimal, and unfortunately, prostate 
cancer models are quite limited. Dogs provide the best 
model for human prostate cancer, but they are expensive. 
and extensive studies are difficult because of inherent ge- 
netic variation (58) .  Various mouse and rat models for pros- 
tate cancer have been developed (44,45,59-61) that can be 
used to look at prostate cancer therapies in vivo while keep- 
ing genetic background constant and costs acceptable. Sev- 
eral of these models rely on implanting cells grown in tissue 
culture into genetically compatible hosts or immune- 
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compromised mice to produce tumors. Getzenberg et al. 
(62) demonstrated that calcitriol inhibits the growth of the 
MLL and the AT-2 cell lines, both of which are highly 
metastatic Dunning rat prostate cancer cell lines. Very high 
concentrations (20 cLM> were needed in cell culture to ob- 
tain 50% growth inhibition, but calcitriol treatment of the 
rats with MLL tumors implanted subcutaneously in the 
flanks of Copenhagen rats resulted in a decreased tumor 
volume and a reduction in the size and number of lung 
metastases (62). However, the animals, which were given 1 
p,g of calcitriol three times a week for 3 weeks, had signifi- 
cantly elevated serum calcium levels, which would be un- 
acceptable in treatment of humans (62). 

Two reports have addressed the effects of calcitriol on 
prostate cancer in humans. In a small trial in 13 men with 
hormone refractory prostate cancer, only two men exhibited 
a decrease in PSA levels during the course of treatment with 
calcitriol(63). However, Gross et al. (64) showed that in six 
of seven asymptomatic patients with increasing PSA levels, 
calcimol treatment significantly decreased the rate of PSA 
rise. A dose-dependent hypercalciuria as a result of treat- 
ment limited the amount of hormone administered (64). 

Use of Analogs of Calcitriol. One of the limita- 
tions in using calcitriol as a treatment is that calcitriol can 
cause hypercalciuria and hypercalcemia, which limits the 
amounts administered to patients (5). The levels of calcitriol 
used in the cell studies are much higher than circulating 
levels of calcitriol (16-65 pg/ml) and cannot be safely 
achieved in vivo (65). Consequently, analogs of calcitriol 
that efficiently activate VDR, but are less calcemic are be- 
ing developed and tested for both growth inhibitory and 
differentiation properties. A number of more potent analogs 
have been developed, some of which are less calcemic. 
Several studies have shown that many of these analogs can 
inhibit the growth of prostate cancer cells (66-69) as well as 
other cancer cells (6, 8, 9, 70) at lower concentrations than 
calcitriol. Schwartz et al. (67) showed that 16-diene analogs 
were more effective in inhibiting growth than calcitriol and 
that, interestingly, the DU145 cell line, which is unrespon- 
sive to calcitriol, was significantly growth inhibited by the 
analogs. Moreover, one diene analog, 1,24-dihydroxy- 16- 
ene-23-yne-vitamin D,, tested on the proliferation of human 
prostate cancer cells (PC3) in a nude mouse model, was 
found to significantly reduce the relative increase in tumor 
volume over a 22-day period without raising serum calcium 
levels (71). 24-0x0 metabolites of vitamin D have also been 
reported not only to inhibit the growth of LNCaP more 
effectively but also to inhibit growth of the DU145 cells 
(72). Fluorine derivatives of calcitriol also exhibit similar 
properties (66). One of the promising analogs is 1(S),3(R)- 
dihydroxy-20(R)-(5'-ethyl-5'-hydroxy-hepta- 1 '(E),3 '(E)- 
dien- 1 '-y1)-9,1O-secopregna-5(Z),7(E), 10( 19)-triene 
(EB1089). a deltanoid compound developed by Leo Phar- 
maceuticals (Ballerup, Denmark) (73). This analog, re- 
ported to be 2-fold more potent in displacing labeled cal- 
citriol from the VDR, exhibited 3-fold greater inhibitory 



activity when administered to LNCaP cells (74) and also 
inhibited the growth of PC3 cells (75). 

Other deltanoid analogs, KH1060, HM, V, and MC 
1288 can also inhibit the growth of LNCaP and PC3 cells at 
10-1 00-fold lower concentrations (74). Importantly, some 
of the analogs can inhibit growth at concentrations that do 
not induce hypercalcemia. The basis for the increased sepa- 
ration between concentrations that activate VDR and those 
that induce hypercalcemia has not been clearly delineated, 
but may be related to the weaker affinity of DBP for these 
compounds, which increases the available circulating levels. 
Also, some of these analogs are not metabolized as quickly 
as calcitriol (76). A phase4 trial has been performed using 
EB 1 089 to treat patients with advanced breast and colorec- 
tal cancer with results suggesting that there is some stabi- 
lization of the disease with treatment (77). 

Mechanism of Vitamin D Action in Prostate Cancer 
Role of the Vitamin D Receptor. A number of 

studies have addressed the mechanism by which calcitriol 
reduces growth in cancer cells although more extensive 
studies have been done in nonprostate cells. In some cases 
the findings agree with studies performed in prostate cell 
systems, whereas in others they differ substantially. Cal- 
citriol acts through poorly defined nongenomic pathways 
not involving the nuclear receptor as well as through path- 
ways requiring the receptor (78, 79). Several studies have 
led to the conclusion that the VDR is required for calcitriol- 
mediated inhibition of prostate cancer cell growth. The 
JCA-1 human prostate cancer cell line, which does not ex- 
press the VDR, is unresponsive to treatment with calcitriol, 
but JCA-1 cells stably transfected with a VDR-expression 
plasmid are growth inhibited by calcitriol (80). ALVA-31 
human prostate cancer cells stably transfected with an an- 
tisense plasmid for VDR, which reduced VDR expression, 
showed a reduced growth inhibition in response to calcitriol 
(81). These studies showed that the antiproliferative effects 
of calcitriol require the VDR in prostate cancer cells. 
Whether nongenomic actions also contribute to the respon- 
siveness remains to be determined. However, although the 
receptor appears to be required for response, the amount of 
receptor is not indicative of a cell’s ability to respond, nor 
does the presence of a functional receptor necessarily confer 
response. The ALVA-31 cells contain more VDR than the 
LNCaP cells yet the LNCaP cells are much more sensitive 
to calcitriol (82). The DU145 cell line contains functional 
VDR yet is minimally responsive to calcitriol (20). These 
studies suggest that although the VDR is required for cal- 
citriol action, the response probably involves multiple com- 
ponents rather than simple induction or repression of a 
single target gene. 

Differentiation. One of the mechanisms by which 
calcitriol might inhibit tumor growth is through induction of 
differentiation with a concomitant reduction in prolifera- 
tion. Calcitriol has been shown to induce differentiation of 
a number of normal cell types (83-87). Calcitriol treatment 

also induces expression of characteristic, differentiation- 
specific, cell surface markers in leukemic cells that are de- 
tected using flow cytometry (88, 89). One specific marker, 
Prostate Specific Antigen (PSA), is secreted by prostate 
cells that are differentiated (90, 9 1). Rising serum PSA lev- 
els are an indication of prostate cancer and result from an 
increase in the total number of cells (92, 93). Calcitriol 
treatment of prostate cancer cell lines results in the increase 
of the cellular synthesis of PSA, suggesting that calcitriol 
may be capable of causing differentiation of prostate cells 
(19, 20, 94). Although this appears to be inconsistent with 
the fact that rising serum PSA levels are an indication of 
prostate cancer, the ability of calcitriol to reduce cell num- 
ber will result in an overall decrease in total PSA. 

Cell Cycle. The means by which calcitriol inhibits 
proliferation is an active area of study. Both changes in cell 
cycle progression and changes in cell death have been in- 
vestigated. Leukemia cells and some breast cancer cell lines 
treated with calcitriol accumulate in the G ,  phase of the cell 
cycle (95,96). LNCaP prostate cancer cells also accumulate 
in the G, phase of the cell cycle as a result of treatment (55, 
97). However, neither the ALVA-31 (97) cells nor the PC3 
cells accumulate in G,  (97) even though they are both 
growth inhibited by calcitriol. This suggests that calcitriol 
also acts through alternative pathways to inhibit growth ob- 
served in these cells. The means by which the G ,  accumu- 
lation is induced has not been determined, but the data 
support a role for retinoblastoma gene product (Rb), a criti- 
cal regulator of the G ,  to S phase transition (98). The active 
form of Rb is underphosphorylated and binds to and seques- 
ters the transcription factor E2F, which is important for 
transcription of proteins involved in cell proliferation (99, 
100). Once Rb is inactivated by phosphorylation, E2F is 
released, and progression through S phase ensues (99, 100). 
Rb mutations have been identified in a variety of human 
cancers although their frequency is low in prostate cancer 
(101, 102). Regulation of Rb phosphorylation depends on 
the activity of cyclin-dependent kinases (cdk), which are 
regulated by cyclins, which activate the kinases, and by 
cyclin-dependent kinase inhibitors (cdki). which inhibit ki- 
nase activity (1 03). Zhuang et al. have demonstrated that Rb 
is in a hypophosphorylated state; E2F has decreased tran- 
scriptional activity; the levels of p21, a cdki, are elevated; 
and there is decreased cdk2 activity in LNCaP cells after 
treatment with calcitriol (97). Studies by Liu et al. (104) 
using leukemic U937 cells indicated that p21 is directly 
regulated by VDR through a putative vitamin D response 
element; however, p21 induction was not observed in PC3 
cells, consistent with the lack of G, accumulation as a result 
of treatment (97). These data suggest that the regulation of 
the cell cycle by calcitriol is more complex in prostate cells 
than a simple direct induction. Interestingly, the DU145 cell 
line, which does not contain functional Rb (105) is not 
growth inhibited by calcitriol (20). Similarly, prostate can- 
cer cells transformed with an SV40 large T antigen, which 
blocks Rb function, are also not growth inhibited by cal- 
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citriol (1 06). Collectively these data suggest that response 
to calcitriol in prostate cancer cells may depend on func- 
tional Rb. 

Apoptosis. Apoptosis, or programmed cell death, is 
an alternate means for reducing cell accumulation. Cab 
citriol-induced apoptosis in cancer cells appears to be de- 
pendent on the cancer cell line studied. In some breast can- 
cer cell lines, calcitriol induces apoptosis whereas in others, 
it does not (107, 108). Calcitriol clearly does not induce 
apoptosis in HL-60 leukemic cells ( 109), but calcitriol- 
induced induction of apoptosis in prostate cancer cells is 
more controversial. Zhuang et ul. (97) did not detect apop- 
tosis in LNCaP cells whereas Hsieh reported a small amount 
in a subpopulation of floating cells (1 10). In contrast, Fife et 
al. (6) reported extensive apoptosis under conditions that 
differed from those used by other investigators. Although 
Vanweelden demonstrated apoptosis in MCF-7 breast can- 
cer cell tumors in nude mice ( 1  1 I ) ,  there are no reports of 
the effects of calcitriol or analogs on the induction of ap- 
optosis in prostate cancer cells in vivo. 

Growth Factors. Stromal-epithelial interactions are 
one of the most important regulators of growth in the pros- 
tate (112, 113). Androgens play a major role in the devel- 
opment and growth of the prostate (1 14). It is believed that 
the development of independence from these interactions 
occurs through expression of autocrine growth factors by 
the epithelium and contributes to cancer growth and pro- 
gression. Some of the other critical factors for positive regu- 
lation of epithelial growth in the prostate include epidermal 
growth factor (EGF), keratinocyte growth factor (KGF), ba- 
sic fibroblastic growth factor (bFGF), and insulin-like 
growth factor (IGF) (1 15, 116). Imbalances in the activity of 
these growth factors may contribute to the progression of 
prostatic disease. 

Some evidence suggests that calcitriol can alter the ac- 
tivities of growth factors in the prostate. Calcitriol has been 
implicated in the positive regulation of IGF binding pro- 
teins, which regulate availability of IGF in ALVA-3 1 pros- 
tate cancer cells (117, 118). There is also evidence that 
TGFP, an inhibitory growth factor, can be induced by cal- 
citriol(ll9). TGFP may contribute to the calcitriol-induced 
growth inhibition in PC3 cells (120,121). However, LNCaP 
cells are not responsive to TGFP (120), suggesting that 
calcitriol-induced growth inhibition in LNCaP cells occurs 
through a TGFP-independent mechanism. 

Several studies have suggested a potential relationship 
between response to calcitriol and androgens. Testosterone 
and its more potent metabolite, dihydrotestosterone (DHT), 
act by binding to the androgen receptor, which is a member 
of the same family of ligand-activated transcription factors 
as the VDR (122-125). Calcitriol induces androgen receptor 
expression as measured both by western blot and binding 
assays (126, 127). Moreover when calcitriol and DHT are 
administered in combination to LNCaP cells, the cells show 
a synergistic enhancement of PSA expression (127). This 
effect, interestingly, was much more pronounced when the 
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cells were cultured in serum stripped with charcoal (126), 
which removes endogenous steroids as well as other small 
hydrophobic molecules including peptides. LNCaP cells are 
not growth inhibited by calcitriol when the cells are cultured 
in charcoal-stripped serum (19), but the antiproliferative 
ability of calcitriol was restored in charcoal-stripped serum 
when DHT was added back to the medium (94, 126). Re- 
markably, the androgen receptor antagonist, bicalutamide, 
partially reversed the growth inhibitory effects of calcitriol. 
These studies suggest that calcitriol action is closely linked 
to androgen action and that androgen regulation may con- 
tribute to the effectiveness of calcitriol in inhibiting growth. 

Angiogenesis. Angiogenesis, the process through 
which new blood vessels are created, is a critical step in the 
progression and ultimate metastasis of tumors (128). Cal- 
citriol has been shown to inhibit angiogenesis in an experi- 
mental tumor cell-induced angiogenesis assay in mice (129, 
I30), suggesting that cacitriol treatment may aid in reducing 
angiogenesis. 

Summary 

The epidemiological data are consistent with the hy- 
pothesis that low levels of vitamin D are a risk factor for 
prostate cancer. There have been numerous studies exam- 
ining the effects of calcitiol and analogs on prostate cancer 
cell growth. In some cases (LNCaP cells (20) and primary 
prostate cancer cells (42)) growth inhibition is extensive, 
whereas in other cell lines, growth inhibition is modest. In 
vivo studies using the more responsive cells have not yet 
been described, so it is not known whether this remarkable 
growth inhibition will be reproduced in vivo. Whether the 
response of human prostate tumors will more closely match 
the response of primary cultures or of some of the more 
aggressive cell lines remains to be determined. The chief 
limitations in using calcitriol therapeutically are the adverse 
side effects of hypercalciuria and hypercalcemia. Nonethe- 
less, Gross et al. (64) in a small study, were able to reduce 
the rate of PSA rise (which is used as a marker for prostate 
cancer) in a series of patients treated with calcitriol. The 
newly developed analogs that are less calcemic may permit 
treatment at levels sufficient to reduce tumor growth and 
provide an effective therapeutic or preventive agent as an 
alternative or addition to current prostate cancer therapies. 
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