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Interaction of nuclear receptor ligands with the
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Abstract

A number of hormonal ligands and/or the nuclear receptors that mediate their actions have been targeted for prostate cancer therapy.
Androgens, the ligands for the androgen receptor (AR), are critical for the growth of prostate cancer. Inhibition of androgen production has
been the mainstay of treatment for advanced prostate cancer for decades. Other more recently tested targets include retinoid receptors (RAR
and RXR), glucocorticoid receptors (GR), estrogen receptors (ER) and peroxisome proliferator-activated receptors (PPAR). Calcitriol, acting
through the Vitamin D receptor (VDR), has many tumor suppressive activities in the prostate, including inhibition of proliferation, induction
of apoptosis and/or differentiation, and reduction of cellular invasion. Because of these properties, calcitriol and its less hypercalcemic analogs
are being evaluated as agents to prevent or treat prostate cancer. Androgens, retinoids, glucocorticoids, estrogens and agonists of PPAR directly
o prevent or
t considered.
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r indirectly impact Vitamin D signaling pathways, and vice versa. In order to design the most effective strategies to use calcitriol to
reat prostate cancer, the interactions of other nuclear receptors and their ligands with the Vitamin D signaling pathway need to be
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. Introduction

Androgen deprivation and/or blockade of androgen recep-
or (AR) activity is classically used to treat prostate can-
er [1]. Other nuclear receptors besides AR have been tar-
eted for therapy by retinoids[2–5], glucocorticoids[6,7],
strogens[8] and thiazolidinedione agonists of peroxisome
roliferator-activated receptor (PPAR)� [9]. While most of

hese ligands show some activity against prostate cancer,
fficacy is often limited by toxicity. This is true as well

or the ligand of the Vitamin D receptor (VDR), 1,25-
ihydroxyVitamin D3 (calcitriol). Although calcitriol exerts
multitude of anti-tumor activities against cultured prostate

ancer cells and xenografts, activity in humans is limited by
ypercalcemia[10]. To improve the therapeutic index of cal-
itriol, current strategies focus on therapies that include inter-
ittent dosing regimens, calcitriol in combination with other
gents, including nuclear receptor ligands, or the use of less
alcemic analogs of calcitriol. These strategies are based on
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limited, but evolving, knowledge of the interactions of ot
nuclear receptor signaling pathways with Vitamin D in
prostate.

2. Vitamin D

2.1. Calcitriol

Calcitriol is the physiologically active metabolite of V
tamin D. Normal and malignant prostatic epithelial cells
press VDR, and activation of VDR by calcitriol genera
results in inhibition of proliferation and cell cycle arrest[10].
There is some evidence that calcitriol increases differ
ation of prostatic epithelial cells, stimulates apoptosis
inhibits invasive and migratory properties of prostate c
cer cell lines[10]. The ability of calcitriol to inhibit prostat
growth has been demonstrated in primary cultured
from normal tissues, benign prostatic hyperplasia (BPH)
prostate cancer, multiple prostate cancer cell lines and se
xenograft models of prostate cancer[10]. The mechanism o
E-mail address:dpeehl@stanford.edu (D.M. Peehl). growth inhibition by calcitriol appears to be mutifactorial but
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induction of p21WAF1/CIP1and/or p27Kip1 seems to be a major
pathway[11–13].

Initial clinical trials of calcitriol in prostate cancer pa-
tients indicated some anti-cancer activity in that the increase
in rise of serum prostate-specific antigen (PSA), a biochem-
ical marker of progression of prostate cancer, was slowed
by treatment in some individuals or declined in others[10].
However, the ability to raise serum levels of calcitriol was
limited by hypercalciuria. Trump and co-workers[14] used
intermittent dosing of calcitriol (three times per week) com-
bined with glucocorticoids to diminish hypercalcemia with
some success (see below). This group has also combined cal-
citriol with various chemotherapy agents and shown some
promising results[15,16]. Recently, Beer et al.[17] have de-
vised an intermittent method of dosing once weekly that per-
mits treatment with extremely high doses of calcitriol, while
causing only transient hypercalcemia apparently without tox-
icity. The responses of patients receiving this weekly bolus
delivery are encouraging, and other recent trials suggest that
combination of high doses of calcitriol with drugs such as
docetaxol may be even more efficacious[18].

2.2. Vitamin D analogs

Analogs of Vitamin D that are less calcemic but equally
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agent, ATRA generally inhibits the proliferation of cultured
normal and malignant prostatic epithelial cells at concentra-
tions of 1 nM or higher, but instances of growth-stimulatory
activity of lower concentrations of ATRA have been reported
[22–24]. Like calcitriol, ATRA may increase differentiation
of prostatic epithelial cells. When primary cultures of nor-
mal or malignant prostatic epithelial cells were treated with
ATRA, cytokeratins 8 and 18, markers of differentiated se-
cretory epithelial cells, were increased[25]. ATRA, like cal-
citriol, also increased the expression of PSA in the prostate
cancer cell line LNCaP[22,24,26]. Another example of simi-
lar effects of retinoids and Vitamin D compounds on prostate
cells is the increase in synthesis of insulin-like growth fac-
tor (IGFBP)-3 that occurs in response to ATRA[27] or cal-
citriol [28–31]. IGFBP-3 has been implicated as a primary
mediator of the growth inhibition of the prostate cancer cell
line LNCaP by calcitriol[30]. IGFBP-3 has recently been
shown to enter the nucleus and bind to RXR, enhancing RXR-
mediated activity[32]. Therefore, IGFBP-3 may be a key
element in a loop in which nuclear receptor ligands induce
IGFBP-3 expression, then IGFBP-3 enhances the activity of
nuclear receptor heterodimers with RXR. Since IGFBP-3 is
induced by calcitriol, these downstream events may relate to
calcitriol’s action in prostate cells. Similarly, IGFBP-3 may
be the molecular focal point of cross-talk between nuclear re-
c RA
a pro-
s
a tion
o

3

ors
( or
s on
p
d n
c and
i cell
c ycle
r r-
m ike
A ells
[ XR
a
l and
g by
9
b

tate
c ion
i ERT)
t enon
d de-
p ith
r more effective than calcitriol at inhibiting growth or m
iating other anti-tumor effects have been synthesized
tudied[10]. The mechanism for the differential activity
ot completely clear but relates to several different activi
hese include pre-receptor differences in pharmacokin
s well as differences in the functional conformation of

igand-bound VDR complex which can alter properties
XR hybridization, DNA binding and co-activator recru
ent[19] (see below). Very recently Bettoun et al.[20] de-

cribed a “phantom ligand effect” whereby VDR ligands
bled the recruitment of the p160 family of co-activator
XR itself. This phenomenon may account for the abilit
ome Vitamin D analogs to elicit enhanced VDR heterod
ormation with RXR and contribute to increased potenc
he analogs.

Vitamin D analogs have been extensively tested in
nd in xenograft models[10]. Many can be used at high
oncentrations than calcitriol and yet still exhibit less hy
alciuria and hypercalcemia, while inducing antiprolifera
ffects that exceed those of calcitriol. The ability to use hi
oncentrations than calcitriol with less toxicity bodes w
or this approach. Clinical trials are currently underway w
everal analogs[15].

. Retinoids

.1. All-trans retinoic acid (ATRA)

ATRA, the physiologically active retinoid, is a ligand
etinoic acid receptor (RAR)-�, -� and -� [21]. As a single
eptors. Synergistic growth-inhibitory interactions of AT
nd Vitamin D compounds on normal and malignant
tatic epithelial cells have been reported, for example[33],
nd possible mechanisms of interaction, including induc
f IGFBP-3, are discussed below.

.2. 9-cis retinoic acid (9cRA)

9cRA binds to RARs as well as to retinoid X recept
RXR)-�, -� and -� [21]. Many studies show additive
ynergistic effects of Vitamin D compounds and 9cRA
rostate cancer as well as other types of cells[34,35]. In a
etailed analysis, Elstner et al.[36] showed that 9cRA i
ombination with a Vitamin D analog caused synergistic
rreversible growth inhibition of LNCaP cells, increased
ycle arrest in G0/G1, elevated expression of the cell c
egulators p21WAF1/cip1 and p27kip1, and prevented the fo
ation of LNCaP colonies on bone marrow stroma. L
TRA and calcitriol, 9cRA increases PSA in LNCaP c

24]. 9cRA and a specific RAR agonist, but not an R
gonist, also induced IGFBP-3 in LNCaP cells[27]. 9cRA,

ike calcitriol, also increased AR protein in LNCaP cells,
rowth inhibition and induction of PSA in LNCaP cells
cRA was blocked by Casodex, an antagonist of AR[35] (see
elow).

Ikeda et al.[37] recently reported that treatment of pros
ancer cell lines with calcitriol and 9cRA in combinat
nhibited human telomerase reverse transcriptase (hT
ranscription as well as telomerase activity. This phenom
id not occur with either agent alone, and was shown to
end on direct interaction of the VDR/RXR heterodimer w
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the DR3′ sequence in the hTERT gene promoter. Combi-
nation of calcitriol with an RXR selective ligand, PA024,
achieved the same result. These investigators also showed
that calcitriol and 9cRA together inhibited growth of PC-3
cell cultures and xenografts better than either agent alone.
The effects of these agents may be an illustration of the in-
duction of senescence through inhibition of telomerase as a
tumor suppressor mechanism.

3.3. Other retinoids

Fenretinide [N-(4-hydroxyphenyl)retinamide] has been
tested in clinical trials to treat prostate cancer with rather
limited effect [38], despite antiproliferative activity against
prostate cancer cell lines[39–41]. Chemopreventive activity
of fenretinide was demonstrated in a rat model of androgen-
promoted carcinomas of the seminal vesicle and prostate by
some investigators[42]. The Vitamin D analog Ro24-5531
was also moderately effective at inhibiting the development
of carcinomas in this model, but the retinoid and Vitamin D
analog were not evaluated in combination for possible addi-
tive or synergistic activity. Others did not find that fenretinide
protected rats from prostate cancer[43], and the results of a
chemopreventive trial to reduce the incidence of prostate can-
cer with fenretinide were not encouraging[44].

onal
p P-1
p ally
a with
p -
n fos.
A nti-
A gh
a ally
i sive
p gen-
i in
D in
D was
n herin
w loss
o state
c te
t

3
D

O
m i-
v ds
a cep-
t
i

outcome of treatment with Vitamin D as well as retinoids
[52].

The mechanisms responsible for additive or synergistic
activities of Vitamin D compounds and retinoids are likely
multifactorial. Some effects might occur through activation
of VDRE and RARE in combination in target genes. For
example, p21WAF1/CIP1 has both VDRE and RARE and is
upregulated by both Vitamin D and retinoids in some cells.

A molecule implicated in growth-inhibitory activity of
both retinoids and Vitamin D compounds in prostate cells
is transforming growth factor (TGF)-�. Either ATRA or cal-
citriol inhibited the growth of an immortal but nonmalignant
rat prostatic epithelial cell line, NRP-152, and increased syn-
thesis of TGF-� [53]. Combined treatment resulted in addi-
tive growth inhibition and increased production of TGF-�.
Regulation of expression of TGF-� by calcitriol is probably
mediated by VDRE in the promoter of the TGF-� gene[54].

Some interactions, although not all, necessitate activation
through RXR. Levels of RXR have been shown to influ-
ence cellular sensitivity to both Vitamin D compounds and
retinoids[55]. In some cases, potentiation of activity occurs
through reciprocal upregulation of the receptor. Zhao et al.
[56] investigated the relationship between the ability of Vi-
tamin D analogs to induce heterodimerization of VDR with
RXR and the level of transcriptional activation of the analogs.
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Nuclear receptors indirectly regulate other transcripti
athways via AP-1 repression. Dimerization of the A
roteins, c-jun and c-fos, into an active form is gener
ssociated with transactivation of genes associated
roliferation. Some nuclear receptors, including RAR�,
egatively regulate AP-1 activity by down-regulating c-

synthetic retinoid, SR11238, with predominately a
P-1 activity and minimal ability to transactivate throu
retinoic acid response element (RARE), synergistic

nhibited the growth of both the androgen-respon
rostate cancer cell line LNCaP as well as the andro

ndependent cell line PC-3 in combination with a Vitam
analog[45]. Transactivation of the osteocalcin Vitam
response element (VDRE) by the Vitamin D analog

ot enhanced by SR11238, but the expression of E-cad
as additively upregulated by both compounds. Since
f E-cadherin is associated with poor prognosis for pro
ancer[46,47], restoration of E-cadherin might contribu
o tumor suppression by this combination therapy[48].

.4. Mechanisms of interaction of retinoids and Vitamin
compounds

Both VDR and RAR form heterodimers with RXRs[49].
f the three subtypes of RXR (-�, -� and -�), RXR� is the
ost important for VDR activity[20,50]. Responses of ind

idual cell types to combinations of Vitamin D compoun
nd retinoids depend on the constituency of nuclear re

ors in the cells. The absence of RAR-�, the loss of which
s common in prostate and other cancers[51], alters the
hey concluded that the level of transcriptional activa
orrelated well with the strength of VDR–RXR heterodim
zation for the most part, but that the potency of the ana
as not fully revealed by heterodimerization activity.
Modifications of RXR� may affect signal transductio

y calcitriol. For example, mitogen-activated protein kin
MAPK) was shown to inhibit growth-inhibitory activity o
alcitriol by phosphorylating RXR� [57]. Phosphorylatio
f RXR� disrupts VDR–RXR� heterodimer formation[58].
his finding likely explains resistance ofras-transformed
rostate cell lines to growth inhibition by calcitriol, and m
e a factor in the resistance of other prostate cancer cel
s well. This observation is also relevant to therapeutic a

ty of calcitriol, since several publications suggest that MA
ctivity is elevated in advanced prostate cancer[59,60].

Synergistic activity of retinoids and Vitamin D compoun
ay also occur through modulation of receptor levels. AT

or example, upregulates VDR protein[61].

. Androgens

.1. Androgen activity in the prostate

Androgens are essential for the development of
rostate and for maintenance of normal growth and di
ntiation of the adult prostate[62]. Androgens are also r
uired for the initiation and progression of prostate can
nd androgen deprivation therapy has long been the m
tay of treatment for advanced prostate cancer[1]. Androgen
ction is mediated by the AR, which is expressed pred
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nantly in differentiated secretory cells of the benign prostatic
epithelium and in cancer cells. Prostatic stromal cells also
express AR[63] and may release cytokines when stimulated
by androgens that promote growth and differentiation of ep-
ithelial cells[64]. Eventual failure of prostate cancer patients
to respond to androgen deprivation and their progression to
androgen-independent disease is usually not accompanied
by loss of AR, but rather by mutations in the AR that alter
ligand specificity or other alternate means of activating the
AR [65].

4.2. Interactions of androgen and Vitamin D

Many of the effects of Vitamin D compounds on androgen-
responsive prostate cancer cells appear to be mediated
through effects of Vitamin D on the AR. Treatment of the
androgen-responsive prostate cancer cell line LNCaP with
calcitriol resulted in upregulation of AR mRNA and pro-
tein, increased AR nuclear localization, and increased ligand
binding [24,66–68]. The AR is not a direct target of Vita-
min D, however, and induction of AR by calcitriol is me-
diated by an unidentified intermediate protein[35]. In the
LNCaP cell line, recent cDNA microarray experiments re-
vealed that some target genes regulated by calcitriol are also
androgen target genes[69]. In particular, both calcitriol and
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cells cultured from BPH, but effects of the Vitamin D analog
on levels of AR were not investigated[74].

The interaction of androgen and Vitamin D in regulating
the growth and development of the adult rat prostate was also
investigated[75]. Administration of calcitriol for 3 weeks
to intact animals decreased prostate size by 40%. Histolog-
ical changes were interpreted as loss of epithelium as well
as stroma. In rats that had been castrated 1 week prior to the
administration of calcitriol, prostate size was not changed.
However, histological examination indicated that there was a
loss of cytoplasmic area of the epithelium, but an increase in
the stroma. A growth-stimulatory effect of calcitriol on cul-
tured human prostatic stromal cells was previously reported
by these investigators[76], although others found that cal-
citriol inhibited similar cells[77]. AR and VDR protein lev-
els were both increased in the prostates of Vitamin D-treated,
intact rats, whereas only AR was increased by Vitamin D in
the prostates of castrated rats.

Other studies suggest that calcitriol has an “imprinting”
effect on the prostate[78], as has been described for estrogen
[79]. Prenatal exposure to a high dose of calcitriol influenced
growth and development of the rat prostate[78]. At prepu-
berty, the prostatic weight of calcitriol-exposed animals was
35% greater than controls. In adults, prostatic weight of ex-
posed animals was 68% greater than controls. Administration
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70]. These responses to Vitamin D compounds all ap
o be mediated, at least in part, by androgen action vi
R. Down-regulation of FAS could be an important elem

n anti-cancer activity of Vitamin D, since FAS is overe
ressed in prostate cancer[71] and has been associated w
romotion of cancer growth.

The induction of IGFBP-3 was discussed above as a
iator of the antiproliferative effects of Vitamin D in prost
ells. If calcitriol’s effects on prostate cells occur throu
pregulation of the AR, then it might be expected that
rogen would also upregulate IGFBP-3. Androgen, h
ver, reportedly decreased expression of IGFBP-3 in LN
ells regardless of whether cells were treated with gro
timulatory or -inhibitory concentrations of androgen[27],
lthough others found that IGFBP-3 was enhanced in si
tudies[72]. The effects of androgen on IGFBP-3 expres

n prostate cells require further investigation.
Whether Vitamin D affects AR in nonmalignant prosta

pithelial cells is unclear. Treatment of the immortal
onmalignant prostatic epithelial cell line 267B-1 (SV40-

ransformed neonatal cells) with supraphysiologic leve
alcitriol increased levels of AR protein at 24 h[73]. Cal-
itriol was noted to upregulate its own receptor as has bee
sual pattern[61]. The active metabolite of androgen in
rostate, dihydrotestosterone (DHT), increased VDR bin
ctivity. These studies, therefore, suggest cross-talk bet
uclear receptor signaling pathways at the level of rece
egulation. Another group reported that a calcitriol ana
locked androgen-induced growth proliferation in stro
f calcitriol just before puberty was not found to significan
nfluence prostatic growth in the presence of endogeno
xogenously administered DHT[80].

In adult rats, calcitriol cooperated with testosterone to
uce differentiation of normal prostatic epithelial cells[81].

n intact or castrated rats, calcitriol had a regressive e
n the epithelium as well. Interestingly, stromal volume

ncreased in treated animals, especially in castrated ra
entioned above.

.3. Androgen-independent activity of calcitriol

Certainly all activity of Vitamin D on prostatic epith
ial cells is not mediated through effects on the AR, s
R-negative cells, such as primary cultures or PC-3 c
re responsive to Vitamin D[10]. Even in cells that ex
ress AR, some or all of the actions of Vitamin D oc
y AR-independent mechanisms. For example, MDA
ells express AR but respond to calcitriol in an andro
ndependent manner[82]. LNCaP-104R1, an AR-expressin
ndrogen-independent variant of LNCaP cells, remaine
ponsive to growth inhibition by calcitriol and this effect w
ot blocked by the AR antagonist Casodex[83]. Similarly,

ntroduction of AR into a Vitamin D-resistant prostate c
er cell line, ALVA 31, did not restore sensitivity to Vitam
[83].
It is interesting that introduction and stable expressio

R in PC-3 cells enhanced sensitivity to ATRA, but no
alcitriol [84]. However, in this study, androgen and calcit
dditively inhibited growth of AR-expressing PC-3, as no
reviously for LNCaP cells.
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5. Glucocorticoids

5.1. Glucocorticoids and prostate cancer

Glucocorticoids are often used to treat advanced prostate
cancer, either as a single agent or in combination with other
drugs[6]. Despite the widespread application of this thera-
peutic approach, the mechanism of anti-tumor activity is not
clear[6]. Glucocorticoids suppress adrenal androgen secre-
tion, and therefore, may contribute to suppression of prostate
cancer growth by enhancing androgen deprivation. Alter-
natively, glucocorticoids might directly affect prostate can-
cer growth through the glucocorticoid receptor (GR). While
some prostate cancer cell lines express GR[85,86], GR ex-
pression in prostate cancer tissues may be low[87]. In ad-
dition, the observed effects of glucocorticoids on prostate
cancer cells are not always consistent with anti-tumor activ-
ity. For example, glucocorticoids may stimulate, rather than
inhibit, growth of prostate cancer cells in culture[88]. A strik-
ing example is the effect of glucocorticoids on the prostate
cancer cell lines MDA PCa 2a and 2b. Derived from a bony
metastasis of an individual with androgen-independent can-
cer, the cell lines have a doubly mutated AR (L701H and
T877A) that confers high affinity for cortisol and cortisone
[89]. These glucocorticoids, acting via the mutant AR, stim-
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percalcemic toxicity of Vitamin D, glucocorticoids combined
with calcitriol are being tested in clinical trials to treat prostate
cancer[15]. However, it is worth considering that effects of
glucocorticoids on Vitamin D activity are varied and species-
specific as well as cell-specific. Although a glucocorticoid
response element (GRE) has been identified in the promoter
region of the VDR gene[94], VDR levels are not consistently
changed by glucocorticoids among different types of cells.
The VDR in mouse and rat tissues exhibit divergent responses
to glucocorticoids[61] with VDR in rat bone and intestine up-
regulated, while mouse bone and intestine VDR were down-
regulated. On the other hand, dexamethasone was reported to
enhance anti-tumor activity of calcitriol and increase VDR
protein in murine squamous cell carcinoma cells[95]. In hu-
man cells, dexamethasone potentiated the antiproliferative
activity of calcitriol in PC-3 prostate cancer cells[96]. In con-
trast, hydrocortisone reduced the growth-inhibitory action of
calcitriol on primary cultures of human prostate cancer cells
but did not change VDR levels[33]. Interactions of glucocor-
ticoids and Vitamin D may occur at levels other than nuclear
receptor cross-talk, and Bernardi et al.[97] have suggested
involvement of Erk/Akt signaling pathways in antiprolifera-
tive effects of combined glucocorticoids and calcitriol.

Nevertheless, initial findings in a Phase II clinical trial of
combined dexamethasone and calcitriol in patients with ad-
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The T877A mutant AR found in LNCaP cells[90]
s thought to be quite common in androgen-indepen
rostate cancer, since it can be selected for by treatmen

he anti-androgen flutamide[91]. The mutation widens th
ange of hormones that bind to the AR and allows flutam
o act as an agonist[90]. Recently, it was shown that ce
ith the T877A mutation also can be stimulated to grow
drenal corticosteroids, such as deoxycorticosterone (D
nd corticosterone[92]. Suppression of these adrenal se

ion products by exogenous glucocorticoid administra
hich suppress adrenocorticotrophic hormone (ACTH)
retion from the pituitary, is another pathway by which
dministration of exogenous glucocorticoids may inhibit
rowth of androgen-independent prostate cancers harb
utant ARs[65].
Recently, it was shown that whereas cortisol, cortis

nd dexamethasone stimulated the growth of MDA PC
nd 2b cells carrying the double AR mutation (T877A
701H), triamcinolone did not. This finding raised the p
ibility that triamcinolone might be an especially effec
ynthetic glucocorticoid for patients with mutant ARs[89].

.2. Effects of glucocorticoids on Vitamin D activity

Glucocorticoids inhibit calcium absorption[93], modulate
DR concentration[61] and have been used to treat hyp
alcemia[93]. Because of their therapeutic and/or pallia
ctivity against prostate cancer and ability to reduce the
anced (androgen-independent) prostate cancer are pr
ng. A >50% reduction in serum PSA was seen in 5 o
atients and a decrease in PSA velocity was noted in th
aining 19 patients[15].

. PPARγ agonists

.1. Activity of PPAR� in the prostate

Ligands of PPAR�, such as thiazolidinediones, ha
ecently attracted interest as potential cancer thera
ic agents. These drugs are currently in clinical use
nti-diabetic agents due to their enhancement of insulin
itivity and regulation of lipid and lipoprotein metabolis
owever, the many anti-cancer functions of PPAR� agonists
ave prompted clinical trials to assess chemotherap
ctivity of these agents.

In contrast to retinoids or Vitamin D compounds, PPA�
gonists decrease, rather than increase, PSA product
NCaP cells[98]. This effect on PSA may be due to t
bility of PPAR� agonists to inhibit androgen activation
n androgen response element (ARE) in the regulator
ion of the PSA gene. PPAR� agonists do not, however, bi
R. The phenotype induced in prostate epithelial cells u
ctivation of PPAR� is distinctive and unlike that induce
y retinoids or Vitamin D compounds. PPAR� agonists in
ibit growth similarly to retinoids or Vitamin D, but after
xtended period of exposure to PPAR� ligands, numerou
acuoles develop in the cytoplasm of treated prostatic
9,99]. These vacuoles are negative for lipids, unlike th
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that develop in adipocytes after activation of PPAR�, and
their significance is not yet clear.

PPAR�, like VDR and RAR, heterodimerize with RXR.
PPAR� ligands in combination with 9cRA have been shown
to synergistically inhibit proliferation of myeloid leukemic
cell lines[9], but retinoids or Vitamin D compounds in com-
bination with PPAR� agonists have not yet been tested on
prostate cancer cells to our knowledge.

7. Nuclear receptor cofactors

Co-activator and co-repressor proteins modulate the
activity of nuclear receptors, including the VDR, and
determine their ability to increase the expression of target
genes by regulating RNA polymerase[100]. One important
function of co-activators is to remodel chromatin to loosen
the repressive effect of chromatin on gene expression.
The SRC/p160 family of co-activators contains histone
acetyl-transferase (HAT) activity that allows VDR and other
nuclear receptors to activate target genes. This activity is
reversed by molecules with histone deacetylase (HDAC)
activity. The relative insensitivity of some prostate cancer
cell lines to growth-inhibitory activity of calcitriol or Vitamin
D analogs was increased by co-treatment with inhibitors of
H n of
n ccurs
i other
h use
o atin
A own
a

8

tea-
s an-
c t
a mib,
h ines
a y
h /or
r ch
a ased
e of os-
t nd
9

9

ath-
w esti-
g use
a r treat

prostate cancer more effectively. An important consideration
will be the cell-specific effects of these receptors and their
co-factors, and additional preclinical studies are needed with
realistic cell culture and animal models of prostate cancer. Re-
cent clinical trials of calcitriol in prostate cancer are promis-
ing, and combination therapies that target nuclear receptors
that impact Vitamin D signaling pathways may enhance ac-
tivity.
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