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INTRODUCTION 

We have previously shown that calcitriol (1,25-dihydroxyvitamin D3) the 
active hormonal form of vitamin D, is antiproliferative in several prostate cancer 
(PCa) models including human prostate cancer cell lines (1-3). This has led us to 
hypothesize that calcitriol may be a useful therapy for PCa (4). In studies of the 
LNCaP human PCa cell line, we further demonstrated that calcitriol induction of 
insulin-like growth factor binding protein-3 (IGFBP-3) was necessary for the 
antiproliferative activity (5). The IGFBP-3 gene appears to mediate the 
antiproliferative activity of calcitriol by inducing a subsequent gene, p21, an inhibitor 
of the cell cycle. Prevention of IGFBP-3 expression, using antibodies to 
immunoneutralize IGFBP-3 or antisense to prevent IGFBP-3 mRNA transcription, 
abrogated the antiproliferative activity of calcitriol and the induction of p21. We 
therefore concluded that induction of IGFBP-3 is the critical step in calcitriol's 
antiproliferative activity in the LNCaP cells (5). 

IGFBP-3 is the major binding protein for circulating IGF-1, a potent mitogen 
(6). IGFBP-3 has activities that are antimitogenic because it sequesters IGF-1. 
However, it has recently become clear that IGFBP-3 also has IGF-independent 
actions that are antiproliferative and proapoptotic (7). These activities make IGFBP-3 
a potentially important factor in halting cancer cell growth (5, 8, 9). The circulating 
blood level of IGFBP-3 has also been studied as a potential marker of PCa risk (10) 

The goal of the current project is to further investigate the role of IGFBP-3 in 
the antiproliferative actions of vitamin D in PCa. Calcitriol regulates target genes by 
binding to the vitamin D receptor (VDR) (11). The calcitriol-bound VDR dimerizes 
with retinoid X receptor (RXR) and this complex then binds to a vitamin D 
regulatory element (VDRE) in the promoter region of target genes (12). Therefore, to 
study the vitamin D regulation of IGFBP-3, we set out to determine whether a VDRE 
was present in the promoter region of the IGFBP-3 gene. 

In addition, we hoped to resolve another controversy about the nature of 
calcitriol regulation of the critical gene, p21. This gene is a cyclin-dependent kinase 
(Cdk) inhibitor and an important regulator of the cell cycle and cell proliferation. In 
our studies, calcitriol appeared to regulate IGFBP-3 that then regulated p21. In 
contrast, the studies of Liu et al (13) concluded that calcitriol directly regulated p21. 
The differences could be resolved, at least partially, by demonstrating a VDRE in the 
IGFBP-3 promoter region and demonstrating direct regulation of IGFBP-3 by 
calcitriol. 

BODY 

CALCITRIOL REGULATION OF IGFBP-3 BY A VDRE 
In our Statement of Work, our major goal was to investigate the regulation of 

IGFBP-3 by calcitriol in PCa cells. In previous work, we have clearly demonstrated 
that calcitriol's antiproliferative actions in some PCa cells are mediated by induction 
of IGFBP-3 (5). Thus, it is possible that a VDRE exists in the IGFBP-3 promoter to 
directly regulate the effect of calcitriol on IGFBP-3. 

The second goal of this project is to determine the molecular mechanism of 
calcitriol's action on IGFBP-3. To study this we performed the following 



experiments. The figures and Table will be found in the copy of the paper appended 
to this report. 

Induction of IGFBP-3 mRNA by l,25-(OH)2D3 in LNCaP Cells 
We have previously shown that treatment of LNCaP cells with 1-1000 nM of 

l,25-(OH)2D3 for 48 h caused a 1.3- to 2.9-fold increase of IGFBP-3 at both 
message and protein levels (5). To further elucidate the mechanism for 1,25- 
(OH)2D3 induction of IGFBP-3, we performed a time course of IGFBP-3 mRNA 
expression in LNCaP cells treated with 10 nM l,25-(OH)2D3. As shown in Fig. 1 
(see appended paper from Molecular Endocrinology), at 6 h IGFBP-3 mRNA is 
induced 2.7-fold in the l,25-(OH)2D3-treated cells. At 12 h, the IGFBP-3 mRNA 
peaks and remains elevated after 48 h, which is consistent with our previous report 
(5). The IGFBP-3 protein level is increased approximately 3-fold after 48 h achieving 
concentrations of 3-6 ng/ml in the conditioned medium of l,25-(OH)2D3-treated 
LNCaP cells (5). These results suggest that l,25-(OH)2D3 may directly regulate the 
transcription of IGFBP-3 in LNCaP cells. Although growth inhibition by 
exogenously added IGFBP-3 appears to require 10-100 ng/ml of the protein, the 
intracrine as well as paracrine effects of endogenously synthesized IGFBP-3 induced 
by l,25-(OH)2D3 appear to be sufficient to cause growth inhibition (5). 

To determine whether l,25-(OH)2D3 is involved in the transcriptional 
regulation of the IGFBP-3 gene in LNCaP cells, we cloned a PCR fragment 
containing approximately 1.9 kb of the published IGFBP-3 promoter sequence 
(-1901 to +55) into the promoterless luciferase reporter vector, pGL3-basic. We then 
cotransfected this construct with a VDR expression vector (pSG5-VDR) into LNCaP 
and HeLa cells. As shown in Fig. 2 (appended), the 1.9-kb fragment showed no 
stimulation by l,25-(OH)2D3 in either cell line. We then used the published 
sequence to search the GenBank database to obtain more 5' flanking sequence. Based 
on our search, we generated further upstream sequence of the IGFBP-3 promoter by 
PCR. A DNA fragment from -1901 to -3595 was ligated to the -1901 construct, 
generating a promoter sequence from -3595 to +55. In transactivation assays, this 
promoter sequence showed approximately 2-fold induction by l,25-(OH)2D3 in both 
LNCaP and HeLa cells (Fig. 2). No further increase in l,25-(OH)2D3 transactivation 
was observed when sequences up to -5992 were tested. These results suggest that a 
putative VDRE is present in the region from -3595 to -1901 of the IGFBP-3 
promoter. 

Identification of a Functional VDRE in the Distal Promoter of the IGFBP-3 
Gene 

To determine whether the sequence between -3590 and -1901 can act as an 
enhancer element, the sequence from -3590 to -1753 was cloned 5' of the 
heterologous simian virus 40 (SV40) promoter in the pGL3-promoter vector. LNCaP 
and HeLa cells were cotransfected with this chimeric construct and pSG5-VDR and 
then treated with 10 nM l,25-(OH)2D3. As shown in Fig. 3A, the sequence from 
-3590 to -1753 showed an increase in SV40 promoter activity of about 1.8-fold in 
LNCaP and 2.5-fold in HeLa cells, demonstrating l,25-(OH)2D3 responsiveness by 
this 1.8-kb fragment. 



To further define the VDRE within this 1.8-kb fragment of the IGFBP-3 
promoter, deletions were generated, cloned into the pGL3-promoter vector and then 
transfected into HeLa cells. As shown in Fig. 3B, removal of the 3' sequence from 
-1753 to -2474 did not change the enhancer activity. Further deletions from -2950 to 
-2474 and from -3205 to -2950 displayed similar enhancer activity. The data 
suggest that a VDRE is located in the 386-bp fragment between -3590 and -3205. 
Additional deletions within this fragment were made to characterize the minimal 
enhancer sequence (Fig. 3B). When the 5' sequence was further deleted from -3590 
to -3410, the activity remained the same as the -3590/-3205 construct. Further 3' 
deletion from -3410 to -3205, however, resulted in complete loss of the enhancer 
activity. The data suggest that the VDRE is located within this 206-bp fragment 
between -3410 and -3205. 

The VDREs are generally composed of two direct repeats of six bases 
separated by a three-nucleotide spacer referred to as a DR3 motif. Computer analysis 
of the 206-bp fragment identified a potential VDRE (GGTTCA ccg GGTGCA) 
located between -3296 and -3282. We refer to this 15-bp sequence as BP3-VDRE. 
This sequence contains two hexameric core sites separated by three nucleotides 
resembling a DR3 motif. As shown in Table 1, the BP3-VDRE is 92% identical with 
the distal VDRE of the rat 24-hydroxylase promoter located at -259 (designated r24- 
OHdistal VDRE) and 87% identical with the VDRE consensus sequence. 

Confirmation of VDRE Properties by EMSA 
We used EMSA to determine whether the VDR can bind to the putative 

IGFBP-3 VDRE sequence. Double-stranded BP3-VDRE and r24-OH distal VDRE 
oligonucleotides were incubated with crude cell extracts from COS-7 cells 
transfected with pSG5 or pSG5-VDR vectors. A strong specific DNA-protein 
complex with the VDR-transfected cell extracts was observed both with probe BP3- 
VDRE (Fig. 4B, lane 4) and with probe r24-OHdistal VDRE (data not shown). This 
binding activity was highly induced by 10 nM of l,25-(OH)2D3 (Fig. 4B, lane 5). A 
complex with identical mobility to the VDR-transfected cell extracts was also 
observed with the empty vector-transfected cell extracts (Fig. 4B, lane 2); however, it 
was not induced by l,25-(OH)2D3 (Fig. 4B, lane 3). When a 200-fold molar excess 
of unlabeled oligonucleotide, either BP3-VDRE or r24-OHdistal VDRE, was added, 
the signal was diminished (Fig. 4B, lanes 6 and 7). In contrast, when an unlabeled 
oligonucleotide containing mutations in either the 5' (BP3-VDREml) or the 3' (BP3- 
VDREm2) hexamic sequence (Fig. 4A) was added, the DNA-binding was no longer 
competed (Fig. 4B, lanes 8 and 9). These results indicate that the BP3-VDRE 
sequence may be similar to the r24-OH distal VDRE that binds the nuclear proteins 
VDR and RXR. 

To confirm the presence of VDR and protein in the BP3-VDRE complex, 
VDR or RXR antibodies were added for supershift assays. As shown in Fig. 4C, the 
BP3-VDRE sequence was bound by proteins recognized by VDR or RXR antibodies, 
thus producing supershifted complex SSI (lane 3) or complex SS2 (lane 4), 
respectively. Both complexes SSI and SS2 were of similar mobility to that seen with 
the r24-OHdistal VDRE probe (data not shown). 



Confirmation of VDRE Properties by Chromatin Immunoprecipitation (ChIP) 
Assay 

ChIP assays were performed to further prove that l,25-(OH)2D3 was capable 
of recruiting VDR/RXR to the chromatinized BP3-VDRE in the native IGFBP-3 
promoter in the absence of VDR overexpression. LNCaP cells were treated with or 
without l,25-(OH)2D3 and then subjected to ChIP assay. PCR was performed with 
the purified immunoprecipitated chromatin DNA using the primers designed to 
amplify the IGFBP-3 promoter sequence encompassing BP3-VDRE. As shown in 
Fig. 5, with the antibody against VDR (lanes 5 and 6) or RXR (lanes 7 and 8) added 
in the immuoprecipitation reaction, an expected size band was produced only in the 
l,25-(OH)2D3-treated cells (lanes 6 and 8), indicating that the BP3-VDRE is the 
interacting sequence with the VDR/RXR complex. The results further confirm a 
functional VDRE site in the natural chromatin structure in the intact cells. 
Therefore, our EMSA and ChIP assay results strongly indicate that the BP3-VDRE 
sequence in the human IGFBP-3 promoter is a novel VDR binding element. 

Confirmation of Enhancer Activity of the BP3-VDRE by Transactivation 
To determine whether the BP3-VDRE sequence acts as an enhancer in a 1,25- 

(OH)2D3 inducible fashion, a single copy of this sequence was cloned into the 
pGL3-promoter expression vector upstream of the heterologous SV40 promoter in 
both sense and antisense orientations (Fig. 6). LNCaP cells cotransfected with the 
BP3-VDRE/SV40 promoter chimeric constructs and pSG5-VDR showed 
approximately 2-fold induction of luciferase activity in the presence of 10 nM 1,25- 
(OH)2D3 as compared with the cells without l,25-(OH)2D3. This increase occurred 
whether the BP3-VDRE was in the sense or antisense orientation. The pGL3- 
promoter empty vector showed no l,25-(OH)2D3 induction (data not shown). The 
mutations (Fig. 4A) in the RXR-binding site (ml) or VDR-binding site (m2) of the 
BP3-VDRE enhancer, which disrupt VDR/RXR binding in the EMSA study (Fig. 
4B), were also introduced into the BP3-VDRE/SV40 promoter hybrid construct. As 
shown in Fig. 6, both mutants ml and m2 resulted in loss of l,25-(OH)2D3 
inducibility, indicating that the two hexameric sequences are required for the 
enhancer activity of the BP3-VDRE. To reveal whether BP3-VDRE functions in the 
same manner in both the native promoter and the heterologous SV40 promoter, the 
same mutations (ml or m2) were introduced into the -5992/+55 native promoter 
reporter construct. Neither mutant showed induction by l,25-(OH)2D3 that is 
comparable to the mutated heterologous promoter construct (Fig. 6). 

A single copy of wild-type BP3-VDRE sequence in either the sense (wt-s) or 
antisense orientation (wt-as), as well as mutated BP3-VDRE (ml or m2) in the 
antisense direction, was cloned into the pGL3-promoter reporter vector. The ml and 
m2 oligonucleotides are the same as used in the EMSA (Fig. 4A). The ml 
oligonucleotide has a mutation in the RXR binding site (), whereas the m2 contains a 
mutation in the VDR binding site (). The same mutations were also introduced into 
the -5992/H-55 pGL3-Basic reporter construct. Either the heterologous or the natural 
promoter constructs were cotransfected with pSG5-VDR into LNCaP cells and 
treated with ethanol or 10 nM l,25-(OH)2D3 for 16-18 h. The activity of each 
construct is expressed as fold induction over control. Data are representative of three 
independent experiments, each performed in triplicate. 



OTHER GOALS OF THE RESEARCH REGARDING IGFBP-3 Regulation 

Androgen/calcitriol interactions 
Another goal of this project is to study the interaction of androgens and 

calcitriol in regulating target genes including IGFBP-3. Using real-time PCR, we 
showed that androgen treatment (R1881) alone increased IGFBP-3 mRNA about 3- 
fold. However, androgen together with calcitriol resulted in a remarkable increase of 
over 25-fold indicating a synergistic effect of androgen and calcitriol on IGFBP-3 
regulation. In transactivation assays, the 6 kb IGFBP-3 promoter sequence responded 
to calcitriol or androgen treatment. The combination of androgen and calcitriol 
doubled the effect of either hormone alone. Whether this induction of IGFBP-3 by 
androgen is a direct or indirect effect remains to be determined. Currently this study 
is in progress using the IGFBP-3 reporter constructs described above. 

Retinoids, PPARs and HDAC inhibitors 
We have also studied the interaction of other important regulators including 

9-cis retinoic acid [(9 cis-RA), the RXR ligand], rosiglitazone [a peroxisome 
proliferator-activated receptor (PPAR)y ligand], and tricostatin A [TSA, a histone 
deacetylase (HDAC) inhibitor] using Northern blot analysis as well as our established 
IGFBP-3 promoter-reporter transactivation system. We found that all of these 
regulators significantly enhanced calcitriol's upregulation of IGFBP-3 expression. 
These findings suggest that these agents given in combination with calcitriol would 
increase calcitriol's antiproliferative activity. It is possible that combination therapy 
would allow the use of lower doses of calcitriol to achieve a therapeutic 
antiproliferative effect and thereby diminish the hypercalcemic side-effects of 
calcitriol in prostate cancer therapy. 

Regulation of IGFBP-3 by calcitriol analogs 
Another goal of the project was to evaluate IGFBP-3 regulation by several 

calcitriol analogs that are less hypercalcemic than calcitriol. In other words, we 
wanted to know whether ability to induce IGFBP-3 could be used to explore the 
antiproliferative activity of the calcitriol analogs on PCa cells. To establish this assay, 
we measured both the effect of the analogs on PCa cell proliferation as well as real- 
time PCR to assess the analog's ability to induce IGFBP-3. We used LNCaP cells for 
both the growth studies and the IGFBP-3 induction. Analogs EB1089, Ro24-5531, 
KH1060 and Ro27-0574, each at 10 nM, resulted in over 10-fold increase in IGFBP- 
3 mRNA compared to the vehicle treatment. The analogs inhibited cell proliferation 
by over 65%. In comparison, 10 nM calcitriol induced a 2-3 fold of induction of 
IGFBP-3 mRNA and about 55% inhibition of cell growth. The studies indicate that 
these analogs have a higher potency than calcitriol at both IGFBP-3 induction and 
antiproliferative activity. 

KEY RESEARCH ACCOMPLISHMENTS 

• Identified the presence of a VDRE in the IGFBP-3 promoter. 

• Proved that calcitriol directly regulates IGFBP-3. 

• Demonstrated that calcitriol indirectly regulates p21and the effect is mediated 
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through IGFBP-3 induction. 

• Characterized an important VDRE with unique characteristics in an important calcitriol 
target gene. 

• Provided information on the promoter region of the IGFBP-3 gene. 

• Established an advanced biotechnique, the ChIP assay, to study DNA-protein 
interactions in our lab that will be very useful to study additional hormone receptor-DNA 
interactions. 

• Demonstrated the induction of IGFBP-3 via action on its promoter by 
other important regulators including androgens, retinoids, PPAR ligands and HD AC 
inhibitors. 

• Evaluated the potency of several less hypercalcemic calcitriol analogs to induce IGFBP- 
3 and concurrently their ability to be antiproliferative in PCa cells. 

• Provided data on possible approaches to combination therapy that would improve the 
therapeutic potency of calcitriol in PCa therapy. 

• Clones of our IGFBP-3 promoter have been requested by several labs working in this 
field. We have supplied our reporter fragments to all labs that have requested the 
materials. 

REPORTABLE OUTCOMES 

All of the above mentioned research accomplishments are reportable. We 
have written one publication describing the identification of a functional VDRE in the 
IGFBP-3 promoter that has recently been published in Molecular Endocrinology 
18:1109-1119,2004 (appended to this report). Other outcomes will be brought to 
publication stage during the next year of the grant. 

CONCLUSIONS 

This research has elucidated the presence of a VDRE in the promoter region 
of the IGFBP-3 gene. This finding establishes the fact that calcitriol directly regulates 
IGFBP-3 via a classical VDRE. Since only a modest number of VDREs have been 
characterized, this finding adds to the series of known VDREs and provides useful 
data for further elucidation of additional VDREs. The research also demonstrates 
how this critical gene is regulated and provides DNA sequence data for the IGFBP-3 
promoter region to support further analysis of additional regulators or modulators of 
IGFBP-3 gene expression. Most importantly, the work clarifies how calcitriol induces 
this most important regulator of PCa cell growth. 

This study has also demonstrated enhanced calcitriol action to induce IGFBP- 
3 by other important regulators including androgen, retinoid, rosiglitazone and 
HD AC inhibitor and has evaluated the potency of several calcitriol analogs with less 



hypercalcemic activity. The results have provided new insights into improving 
calcitriol's therapeutic efficacy in PCa therapy. 

As detailed in the original grant, we plan to evaluate the IGF/IGFBP-3 axis in 
several PCa cell lines and study the nuclear mechanisms of IGFBP-3 interaction with 
RXR and VDR to inhibit PCa cell growth. 

RESPONSE TO RECOMMENDATIONS FOR REVISION 

1. Comprehensive Data have been added to the body of the report as requested. 

2. Reportable outcomes include the manuscript published in Molecular Endocrinology 
that is appended to this report. 

3. Progress delays include two items. First, the VDRE in IGFBP-3 is over 3,000 base- 
pairs upstream of the start site. This is further away from the start site than any other 
VDRE identified to date. To find it and characterize it required cloning large amounts of 
new DNA and searching for the appropriate region. Second, during the conduct of this 
research, the ChIP assay was popularized as a uniquely useful method to confirm the 
nature of functional regulatory elements. This method had to be developed in our 
laboratory. It is now routinely performed by us. 
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1,25-Dihydroxyvitamin D3 [1,25-(OH)2D3] plays a 
critical role in maintaining calcium and phosphate 
homeostasis and bone formation but also exhibits 
antiproliferative activity on many cancer cells, in- 
cluding prostate cancer. We have shown that the 
antiproliferative actions of 1,25-(OH)2D3 in the 
LNCaP human prostate cancer cell line are me- 
diated in part by induction of IGF binding protein-3 
(IGFBP-3). The purpose of this study was to deter- 
mine the molecular mechanism involved in 1,25- 
(0H)2D3 regulation of IGFBP-3 expression and to 
identify the putative vitamin D response element 
(VDRE) in the IGFBP-3 promoter. We cloned ap- 
proximately 6 kb of the IGFBP-3 promoter se- 
quence and demonstrated its responsiveness to 
1,25-(OH)2D3 in transactivation assays. Computer 
analysis identified a putative VDRE between 
-3296/-3282 containing the direct repeat motif 
GGTTCA ccg GGTGCA that is 92% identical with 

THE CALCIOTROPIC HORMONE vitamin D, 
through its biologically active metabolite 1,25-di- 

hydroxyvitamin D3 [1,25-(OH)2D3], plays an important 
role in maintaining calcium and phosphate homeosta- 
sis and bone formation (1). In addition, recent evidence 
has revealed that 1,25-(OH)2D3 exhibits antiprolifera- 
tive and differentiation-inducing effects in a variety of 
cancer cells including prostate cancer (PCa) (2-7). A 
number of investigations have examined the mecha- 
nism of the anticancer action of 1,25-(OH)2D3 in hu- 
man PCa cells. Several mechanisms for the anticancer 
effects of 1,25-(OH)2D3 have been proposed including 
G1/G0 cell cycle arrest (4, 8), stimulation of apoptosis 
by down-regulating the oncogenes bcl-2 and c-myc 
(9, 10), increase in cyclin-dependent kinase inhibitory 
protein p21/WAF1 (11,12), and induction of IGF bind- 
ing protein-3 (IGFBP-3), which has been shown to 
inhibit cell growth and stimulate apoptosis (13-15). 

Abbreviations: ChIP, Chromatin immunoprecipitation; 
DTT, dithiothreitol; FBS, fetal bovine serum; IGFBP, IGF bind- 
ing protein; 1,25-(OH)2D3, 1,25-dihydroxyvitamin D3; PCa, 
prostate cancer; RXR, retinoid X receptor; SV40, simian virus 
40; VDR, vitamin D receptor; VDRE, vitamin D response 
element. 
Molecular Endocrinology is published monthly by The 
Endocrine Society (http://www.endo-society.org), the 
foremost professional society serving the endocrine 
community. 

the rat 24-hydroxylase distal VDRE. In EMSAs, the 
vitamin D receptor (VDR) showed strong binding to 
the putative IGFBP-3 VDRE in the presence of 1,25- 
(0H)2D3. Supershift assays confirmed the presence 
of VDR in the IGFBP-3 VDRE complex. Chromatin 
immunoprecipitation assay demonstrated that 
1,25-(OH)2D3 recruited the VDR/retinoid X receptor 
heterodimer to the VDRE site in the natural 
IGFBP-3 promoter in intact cells. In transactivation 
assays, the putative VDRE coupled to a heterolo- 
gous simian virus 40 promoter construct was in- 
duced 2-fold by 1,25-(OH)2D3. Mutations in the 
VDRE resulted in a loss of inducibility confirming 
the critical hexameric sequence. In conclusion, we 
have identified a functional VDRE in the distal re- 
gion of the human IGFBP-3 promoter. The induc- 
tion of IGFBP-3 by 1,25-(OH)2D3 appears to be di- 
rectly mediated via VDR interaction with this VDRE. 
(Molecular Endocrinology 18: 1109-1119, 2004) 

Our recent studies demonstrate that induction of 
IGFBP-3 by 1,25-(OH)2D3 in LNCaP cells is essential 
for the growth inhibitory action of 1,25-(OH)2D3 (16). 
Both immunoneutralization of IGFBP-3 with specific 
antibodies and antisense treatment that prevents 
IGFBP-3 synthesis, abolish the growth inhibitory ac- 
tions of 1,25-(OH)2D3 (16). Furthermore, IGFBP-3 
alone induces p21/WAF1 and IGFBP-3 antisense 
treatment prevents 1,25-(OH)2D3 induction of p21/ 
WAF1 and abrogates its antiproliferative activity (16). 
We have shown that 1,25-(OH)2D3 increases IGFBP-3 
expression and protein levels in LNCaP cells (16). We 
also showed using cDNA microarrays that the expres- 
sion of IGFBP-3 increases after 1,25-(OH)2D3 treat- 
ment of LNCaP cells (17). Furthermore, epidemiolog- 
ical studies indicate that low IGF-I and high IGFBP-3 
levels in the circulation lower the risk of PCa, providing 
additional support for a linkage between the IGF axis 
and 1,25-(OH)2D3 in PCa (18-24). 

IGFBP-3 is a member of the IGFBP family that binds 
the potent mitogen IGF-I with high affinity and speci- 
ficity. IGFBPs serve to extend half-life as well as trans- 
port and modulate the biological actions of IGFs on 
target cells. IGFBP-3 is the most abundant circulating 
IGFBP binding more than 75% of serum IGFs (25). In 
addition to regulating IGF action and bioavailability, 
IGFBP-3 also mediates IGF-independent actions, in- 
cluding inhibition of cell growth and induction of apo- 
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ptosis (13, 26, 27). Several mechanisms of IGF-inde- 
pendent actions of IGFBP-3 have been revealed. 
These include IGFBP-3 binding to TGFß type V recep- 
tor (28), nuclear translocation via the importin ß-sub- 
unit (29), and direct interaction with the nuclear recep- 
tor retinoid X receptor a (RXRa) (30, 31). IGFBP-3 
expression is regulated by specific growth promoters 
and inhibitors including TGFß (32, 33), retinoic acid 
(33), vitamin D (14,16), TNFa (34), the histone deacety- 
lase inhibitors trichostatin A and sodium butyrate (35), 
as well as p53 (14, 34, 36-38). However, limited infor- 
mation is known regarding functional response ele- 
ments within the human IGFBP-3 promoter. Only p53 
has been shown to up-regulate IGFBP-3 synthesis in 
vitro via direct protein/gene interaction (37). 

The purpose of this study was to investigate the 
molecular mechanism of IGFBP-3 regulation by 1,25- 
(0H)2D3 in PCa. The actions of 1,25-(OH)2D3 are me- 
diated by the vitamin D receptor (VDR), a member of 
the steroid hormone receptor superfamily. The VDR 
heterodimerizes with RXR and modulates gene ex- 
pression in a ligand-dependent manner via specific 
vitamin D response elements (VDREs) in target gene 
promoters (39-41). As discussed above, we have pre- 
viously shown that the antiproliterative actions of 1,25- 
(OH)2D3 are due in part to up-regulation of IGFBP-3 
(16). In this study, we examined the molecular mech- 
anism of 1,25-(OH)2D3 action on the IGFBP-3 pro- 
moter in LNCaP cells and identified and characterized 
a functional VDRE in this promoter. 

RESULTS 

Induction of IGFBP-3 mRNA by 1,25-(OH)2D3 in 
LNCaP Cells 

We have previously shown that treatment of LNCaP 
cells with 1-1000 nM of 1,25-(OH)2D3 for 48 h caused 

a 1.3- to 2.9-fold increase of IGFBP-3 at both message 
and protein levels (16). To further elucidate the mech- 
anism for 1,25-(OH)2D3 induction of IGFBP-3, we per- 
formed a time course of IGFBP-3 mRNA expression in 
LNCaP cells treated with 10 nM 1,25-(OH)2D3. As 
shown in Fig. 1, at 6 h IGFBP-3 mRNA is induced 
2.7-fold in the 1,25-(OH)2D3-treated cells. At 12 h, the 
IGFBP-3 mRNA peaks and remains elevated after 
48 h, which is consistent with our previous report (16). 
The IGFBP-3 protein level is increased approximately 
3-fold after 48 h achieving concentrations of 3-6 ng/ml 
in the conditioned medium of 1,25-(OH)2D3-treated 
LNCaP cells (16). These results suggest that 1,25- 
(OH)2D3 may directly regulate the transcription of 
IGFBP-3 in LNCaP cells. Although growth inhibition 
by exogenously added IGFBP-3 appears to require 
10-100 ng/ml of the protein, the intracrine as well 
as paracrine effects of endogenously synthesized 
IGFBP-3 induced by 1,25-(OH)2D3 appear to be suffi- 
cient to cause growth inhibition (16). 

Induction of the IGFBP-3 Promoter Activity by 
1,25-(OH)2D3 in LNCaP Cells 

To determine whether 1,25-(OH)2D3 is involved in 
the transcriptional regulation of the IGFBP-3 gene in 
LNCaP cells, we cloned a PCR fragment containing 
approximately 1.9 kb of the published IGFBP-3 pro- 
moter sequence (-1901 to +55) (42) into the promot- 
erless luciferase reporter vector, pGL3-basic. We then 
cotransfected this construct with a VDR expression 
vector (pSG5-VDR) into LNCaP and HeLa cells. As 
shown in Fig. 2, the 1.9-kb fragment showed no stim- 
ulation by 1,25-(OH)2D3 in either cell line. We then 
used the published sequence to search the GenBank 
database to obtain more 5' flanking sequence. Based 
on our search, we generated further upstream se- 
quence of the IGFBP-3 promoter by PCR. A DNA 
fragment from -1901 to -3595 was ligated to the 
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Fig. 1. Time Course of 1,25-(OH)2D3 Up-Regulation of IGFBP-3 mRNA in LNCaP Cells 
A, Confluent LNCaP cells were treated with vehicle or 10 nM 1,25-(OH)2D3 in 1 % FBS-RPMI medium for 0, 6,12, 24, and 48 h. 

RNA was collected and transferred to membranes by Northern blotting. The blot was hybridized with 32P-labeled IGFBP-3 and 
L7 probes. Northern blot analysis of time course shows up-regulation of IGFBP-3 mRNA. Ribosomal protein L7 serves as a control 
for RNA loading. B, Quantitation of Northern blot was performed using densitometric analysis with each value expressed as 
percent of vehicle-treated control. 
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Relative Fold-Induction 
Fig. 2. Transcriptional Activation of the Human IGFBP-3 Promoter by 1,25-(OH)2D3 

The IGFBP-3 promoter (1.9 kb) and deletions thereof were cloned into the pGL3-Basic reporter vector as indicated on the left. 
Numbers are in reference to the transcription start site that is at +1. These constructs were transiently cotransfected with 
pSG5-VDR expression vector into LNCaP and HeLa cells. The cells were treated with vehicle or 10 nM 1,25-(OH)2D3 for 16-18 
h. A Renilla luciferase expression vector was used to control for transfection efficiency. The activity of each construct was 
expressed as 1,25-(OH)2D3 treatment vs. control that is set as 1. Each value represents the mean of two independent 
transfections, each performed in triplicate. 

2.5 

-1901 construct, generating a promoter sequence 
from -3595 to +55. In transactivation assays, this 
promoter sequence showed approximately 2-fold in- 
duction by 1,25-(OH)2D3 in both LNCaP and HeLa 
cells (Fig. 2). No further increase in 1,25-(OH)2D3 trans- 
activation was observed when sequences up to 
-5992 were tested. These results suggest that a pu- 
tative VDRE is present in the region from -3595 to 
-1901 of the IGFBP-3 promoter. 

Identification of a Functional VDRE in the Distal 
Promoter of the IGFBP-3 Gene 

To determine whether the sequence between -3590 
and -1901 can act as an enhancer element, the se- 
quence from -3590 to -1753 was cloned 5' of the 
heterologous simian virus 40 (SV40) promoter in the 
pGL3-promoter vector. LNCaP and HeLa cells were 
cotransfected with this chimeric construct and pSG5- 
VDR and then treated with 10 nM 1,25-(OH)2D3. As 
shown in Fig. 3A, the sequence from -3590 to -1753 
showed an increase in SV40 promoter activity of about 
1.8-fold in LNCaP and 2.5-fold in HeLa cells, demon- 
strating 1,25-(OH)2D3 responsiveness by this 1.8-kb 
fragment. 

To further define the VDRE within this 1.8-kb frag- 
ment of the IGFBP-3 promoter, deletions were gener- 
ated, cloned into the pGL3-promoter vector and then 
transfected into HeLa cells. As shown in Fig. 3B, re- 
moval of the 3' sequence from -1753 to -2474 did 
not change the enhancer activity. Further deletions 
from -2950 to -2474 and from -3205 to -2950 
displayed similar enhancer activity. The data suggest 
that a VDRE is located in the 386-bp fragment be- 
tween -3590 and -3205. Additional deletions within 
this fragment were made to characterize the minimal 
enhancer sequence (Fig. 3B). When the 5' sequence 
was further deleted from -3590 to -3410, the activity 
remained the same as the -3590/-3205 construct. 
Further 3' deletion from -3410 to -3205, however, 
resulted in complete loss of the enhancer activity. The 
data suggest that the VDRE is located within this 
206-bp fragment between -3410 and -3205. 

The VDREs are generally composed of two direct 
repeats of six bases separated by a three-nucleotide 
spacer referred to as a DR3 motif. Computer analysis 
of the 206-bp fragment identified a potential VDRE 
(GGTTCA ccg GGTGCA) located between -3296 and 
-3282. We refer to this 15-bp sequence as BP3- 
VDRE. This sequence contains two hexameric core 
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Fig. 3. Localization of the VDRE Enhancer to a Short Region of the Human IGFBP-3 Promoter 

A, A 1.85-kb fragment encompassing nucleotides -3590 and -1901 of the IGFBP-3 promoter was cloned into the SV40 
promoter-driven luciferase reporter vector pGL3-promoter. The reporter construct was transfected into LNCaP and HeLa cells and then 
treated with 10 nM 1,25-(OH)2D3. The activity of the construct was expressed as fold increase over control. Data are representative of 
three independent experiments, mean ± SE. B, Deletions both 5' and 3' made within the sequence between -3590 and -1753 (as 
illustrated on the left) were cloned into the pGL3-promoter vector and transfected into HeLa cells. The activity of each construct is 
expressed as fold induction over control. Each value represents the average of two experiments, each performed in triplicate. 

sites separated by three nucleotides resembling a DR3 
motif. As shown in Table 1, the BP3-VDRE is 92% 
identical with the distal VDRE of the rat 24-hydroxy- 
lase promoter located at -259 (designated r24-OH- 
distal VDRE) and 87% identical with the VDRE con- 
sensus sequence (43). 

Confirmation of VDRE Properties by EMSA and 
Chromatin Immunoprecipitation (ChIP) Assay 

We used EMSA to determine whether the VDR can 
bind to the  putative  IGFBP-3  VDRE  sequence. 

Double-stranded BP3-VDRE and r24-OH distal 
VDRE oligonucleotides were incubated with crude 
cell extracts from COS-7 cells transfected with 
pSG5 or pSG5-VDR vectors. A strong specific DNA- 
protein complex with the VDR-transfected cell ex- 
tracts was observed both with probe BP3-VDRE 
(Fig. 4B, lane 4) and with probe r24-OHdistal VDRE 
(data not shown). This binding activity was highly 
induced by 10 nwi of 1,25-(OH)2D3 (Fig. 4B, lane 5). 
A complex with identical mobility to the VDR-trans- 
fected cell extracts was also observed with the 
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Table 1. Comparison of VDRE in the IGFBP-3 Promoter to Known VDREs 
Source Sequence" Identity (%) 

Consensus VDRE6 (37) 
Human osteopontin (52) 
Rat 24-OHase-distal (41) 
Human 24-OHase (43) 
Human IGFBP-3C 

Mouse IGFBP-3" 

PuGGTCA NNG PuGTTCA 
GGGTCG TAT GGTTCA 
GGTTCA GCG GGTGCG 
AGTTCA CCG GGTGTG 
GGTTCA CCG GGTGCA 
TGGTTA GAA GGTGCA 

Position 

100 
87 -1892/-1878 
80 -259/-245 
73 -293/-273 
87 -3296/-3282 
73 -2505/-2490 

a Nucleotides identical to the VDRE consensus sequence are in bold. 
b Consensus VDRE determined by binding of VDR/RXR heterodimers to randomly selected high affinity VDRE. Pu 
c GenBank accession no. AC091524. 
0 GenBank accession no. AL607124.   

AorG. 

empty vector-transfected cell extracts (Fig. 4B, lane 
2); however, it was not induced by 1,25-(OH)2D3 

(Fig. 4B, lane 3). When a 200-fold molar excess of 
unlabeled oligonucleotide, either BP3-VDRE or r24- 
OHdistal VDRE, was added, the signal was dimin- 
ished (Fig. 4B, lanes 6 and 7). In contrast, when an 
unlabeled oligonucleotide containing mutations in 
either the 5' (BP3-VDREm 1) or the 3' (BP3-VDREm2) 
hexamic sequence (Fig. 4A) was added, the DNA- 
binding was no longer competed (Fig. 4B, lanes 8 
and 9). These results indicate that the BP3-VDRE 
sequence may be similar to the r24-OH distal VDRE 
that binds the nuclear proteins VDR and RXR. 

To confirm the presence of VDR and protein in the 
BP3-VDRE complex, VDR or RXR« antibodies were 
added for supershift assays. As shown in Fig. 4C, the 
BP3-VDRE sequence was bound by proteins recog- 
nized by VDR or RXR« antibodies, thus producing 
supershifted complex SS1 (lane 3) or complex SS2 
(lane 4), respectively. Both complexes SS1 and SS2 
were of similar mobility to that seen with the r24- 
OHdistal VDRE probe (data not shown). 

ChIP assays were performed to further prove that 
1,25-(OH)2D3 was capable of recruiting VDR/RXR to 
the chromatinized BP3-VDRE in the native IGFBP-3 
promoter in the absence of VDR overexpression. 
LNCaP cells were treated with or without 1,25- 
(OH)2D3 and then subjected to ChIP assay. PCR was 
performed with the purified immunoprecipitated 
chromatin DNA using the primers designed to am- 
plify the IGFBP-3 promoter sequence encompass- 
ing BP3-VDRE. As shown in Fig. 5, with the antibody 
against VDR (lanes 5 and 6) or RXRa (lanes 7 and 8) 
added in the immuoprecipitation reaction, an ex- 
pected size band was produced only in the 1,25- 
(OH)2D3-treated cells (lanes 6 and 8), indicating that 
the BP3-VDRE is the interacting sequence with the 
VDR/RXR complex. The results further confirm a 
functional VDRE site in the natural chromatin struc- 
ture in the intact cells. 

Therefore, our EMSA and ChIP assay results 
strongly indicate that the BP3-VDRE sequence in the 
human IGFBP-3 promoter is a novel VDR binding 
element. 

Confirmation of Enhancer Activity of the BP3- 
VDRE by Transactivation 

To determine whether the BP3-VDRE sequence acts 
as an enhancer in a 1,25-(OH)2D3 inducible fashion, a 
single copy of this sequence was cloned into the 
pGL3-promoter expression vector upstream of the 
heterologous SV40 promoter in both sense and anti- 
sense orientations (Fig. 6). LNCaP cells cotransfected 
with the BP3-VDRE/SV40 promoter chimeric con- 
structs and pSG5-VDR showed approximately 2-fold 
induction of luciferase activity in the presence of 10 nM 
1,25-(OH)2D3 as compared with the cells without 1,25- 
(0H)zD3. This increase occurred whether the BP3- 
VDRE was in the sense or antisense orientation. The 
pGL3-promoter empty vector showed no 1,25- 
(0H)2D3 induction (data not shown). The mutations 
(Fig. 4A) in the RXR-binding site (ml) or VDR-binding 
site (m2) of the BP3-VDRE enhancer, which disrupt 
VDR/RXR binding in the EMSA study (Fig. 4B), were 
also introduced into the BP3-VDRE/SV40 promoter 
hybrid construct. As shown in Fig. 6, both mutants ml 
and m2 resulted in loss of 1,25-(OH)2D3 inducibility, 
indicating that the two hexameric sequences are re- 
quired for the enhancer activity of the BP3-VDRE. To 
reveal whether BP3-VDRE functions in the same man- 
ner in both the native promoter and the heterologous 
SV40 promoter, the same mutations (ml or m2) were 
introduced into the -5992/+55 native promoter re- 
porter construct. Neither mutant showed induction by 
1,25-(OH)2D3 that is comparable to the mutated het- 
erologous promoter construct (Fig. 6). 

DISCUSSION 

Previous studies from our lab have demonstrated that 
IGFBP-3 is a direct mediator of 1,25-(OH)2D3 antipro- 
liferative action in LNCaP human PCa cells (16). 
However, the mechanism by which 1,25-(OH)2D3 

up-regulates IGFBP-3 is unknown. In this study, we 
identified a functional VDRE (BP3-VDRE) located be- 
tween -3296 and -3282 upstream of the human 
IGFBP-3 gene. Thus, 1,25-(OH)2D3 is able to directly 
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Fig. 4. Specific Binding Activity of VDR to the Putative BP3-VDRE Sequence 
A, Nucleotide sequences of wild-type BP3-VDRE or mutated BP3-VDREs containing mutations in the 5' RXRa binding site 

(BP3-VDREm1) or in the 3' VDR binding site (BP3-VDREm2). The consensus nucleotides for VDR/RXR binding are illustrated in 
bold with lower case letters representing the mutated nucleotides. B, EMSA. The nucleotides were annealed and end-labeled with 
[y-32P]ATP using T4 polynucleotide kinase. The labeled probe BP3-VDRE was then incubated with 5 tig of cell extracts isolated 
from transfected COS-7 cells with empty vector pSG5 (lanes 2 and 3) or with VDR expression vector (lanes 4-9) in the absence 
or presence of 1,25-(OH)2D3. Lane 1, No cell extract. C, Supershift was performed with specific antisera to VDR or RXRa in the 
absence or presence of 1,25-(OH)2D3 yielding supershifted complexes SS1 and SS2, respectively. 

activate IGFBP-3 expression at the transcriptional 
level through binding of the hormone-bound VDR/RXR 
heterodimer to BP3-VDRE. The presence of a VDRE in 
the IGFBP-3 promoter is strongly supported by the 
fact that the BP3-VDRE sequence confers 1,25- 
(0H)2D3 responsiveness both in its natural promoter 
setting and in a heterologous promoter system. More- 
over, mutations within the BP3-VDRE abolish 1,25- 
(0H)2D3 induction of both heterologous and natural 
promoters. Also, the specific binding of VDR to this 
responsive element is demonstrated in gel shift assays 
and importantly, addition of anti-VDR or anti-RXRa 
antibodies causes supershift of the BP3-VDRE com- 
plex. This BP3-VDRE complex can be competed with 
unlabeled BP3-VDRE and r24-OH distal VDRE se- 
quences, but not with mutated BP3-VDRE sequences. 

Furthermore, ChIP assays demonstrate that 1,25- 
(OH)2D3 is able to recruit the VDR/RXR heterodimer to 
the VDRE site in the context of native IGFBP-3 pro- 
moter architecture. 

The BP3-VDRE shows an 87% identity to the rat 
24-hydroxylase distal VDRE (43, 44). The 24-hydrox- 
ylase is the most responsive known primary 1,25- 
(0H)2D3 target gene in mammals (43, 45). The rat 
24-hydroxylase promoters has two VDREs, a distal 
VDRE located at -259, and a proximal VDRE at -152 
from the transcription start site (Table 1) (43). These 
two sites located in close vicinity to each other and to 
the transcription start site synergistically contribute to 
the strong responsiveness of the gene to 1,25-(OH)2D3 

treatment. When fused to the thymidine kinase pro- 
moter, the 24-OHase distal VDRE results in a 2.5-fold 
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Fig. 5. ChIP Assay Demonstrating that VDR and RXRa Are Recruited to the IGFBP-3 Promoter by 1,25-(OH)2D3 in LNCaP Cells 

LNCaP cells were plated at 3 x 106 cells per 10-cm dish and treated with (+) or without (-) 10 nM of 1,25-(OH)2D3. After 18 h, 
the cells were subjected to ChIP assay as described in Materials and Methods. After the immunoprecipitation, the samples were 
amplified by PCR using primers designed to amplify a 134-bp fragment of the IGFBP-3 promoter from -3340 to -3207 
encompassing the BP3-VDRE. Lanes 1 and 2, Input DNA; lanes 3 and 4, mouse IgG; lanes 5 and 6, anti-VDR; lanes 7 and 8, 
anti-RXRa. 
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Fig. 6. The BP3-VDRE Is a Functional VDRE 
A single copy of wild-type BP3-VDRE sequence in either the sense (wt-s) or antisense orientation (wt-as), as well as mutated 

BP3-VDRE (ml or m2) in the antisense direction, was cloned into the pGL3-promoter reporter vector. The ml and m2 
oligonucleotides are the same as used in the EMSA (Fig. 4A). The ml oligonucleotide has a mutation in the RXRa binding site (A), 
whereas the m2 contains a mutation in the VDR binding site (•). The same mutations were also introduced into the -5992/+55 
pGL3-Basic reporter construct. Either the heterologous or the natural promoter constructs were cotransfected with pSG5-VDR 
into LNCaP cells and treated with ethanol or 10 nM 1,25-(OH)2D3 for 16-18 h. The activity of each construct is expressed as fold 
induction over control. Data are representative of three independent experiments, each performed in triplicate. 

induction by 1,25-(OH)2D3 (44) similar to the BP3- 
VDRE, which confers about 2-fold induction by 1,25- 
(OH)2D3. We also observed that two copies of the 
BP3-VDRE sequence in the heterologous promoter 
doubled the enhancer activity relative to a single copy 
of BP3-VDRE indicating a gene dosage effect (data 
not shown). However, the transactivation assays re- 
ported here were amplified only to a limited degree 
despite overexpression of VDR. In the absence of 
overexpressed VDR, 1,25-(OH)2D3 induction of the 
BP3-VDRE was only about 1.2-fold (data not shown). 
However, cDNA microarray and Northern blot analy- 
ses showed a remarkable induction of IGFBP-3 mes- 
sage in the absence of overexpressed VDR when 
LNCaP cells were treated with 1,25-(OH)2D3 (16, 17). 

Indeed, the best induction by 1,25-(OH)2D3 oc- 
curred when the BP3-VDRE was in its natural set- 
ting. It is possible that the low level of BP3-VDRE 
transactivation in vitro results from its distant loca- 
tion to the transcriptional machinery (46). In its nat- 
ural promoter context, the VDRE's response to 1,25- 
(OH)2D3 may be enhanced through interaction with 
additional flanking partner proteins. In addition, the 
functionality of a 1,25-(OH)2D3 responding gene, 
such as the 24-OHase gene, may depend upon the 
potential synergistic action of two or more VDREs 
(45). Although up to 6000 bp of promoter sequence 
has been examined in this study, the presence of 
additional VDRE(s) cannot be excluded in the 
IGFBP-3 gene. 
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VDREs have been identified in a number of other 
1,25-(OH)2D3 target genes including osteocalcin and 
osteopontin (47-54), j33 integrin (55), 24-hydroxylase 
(43, 44, 56, 57), and calbindin-D28k (58). All of these 
VDRE sites are located within the first 800 bp of pro- 
moter sequence upstream of the transcription start 
site. The IGFBP-3 VDRE, on the other hand, is uniquely 
located in the distal promoter region over 3 kb up- 
stream from the transcription start site. In addition, 
computer analysis of the mouse IGFBP-3 promoter 
sequence predicts a putative VDRE site whose core 
binding sequence is 75% homologous to the human 
BP3-VDRE that we identified. This putative mouse 
IGFBP-3 VDRE is located at -2505 from the transcrip- 
tion start site (Table 1); however, its functionality re- 
mains to be tested. 

We and others (11, 16) have shown that 1,25- 
(OH)2D3 up-regulates p21 a major regulator of the cell 
cycle. However, there is controversy about whether 
the action of 1,25-(OH)2D3 on p21 is a direct or an 
indirect effect (16, 59). Although Liu etal. (11) demon- 
strated that 1,25-(OH)2D3 directly acted on p21 gene 
expression through a functional VDRE in the promoter 
of the p21 gene in U937 leukemia cells, we could not 
demonstrate a direct effect in LNCaP cells. Indeed, we 
found that p21 up-regulation by 1,25-(OH)2D3 can be 
inhibited by immunoneutralization of IGFBP-3, which 
suggests that p21 induction is mediated by IGFBP-3 
and indirectly by 1,25-(OH)2D3 (16). This lack of a 
direct effect is supported by Eelen etal.'s recent report 
(59) in the mouse bone cells and keratinocytes. How- 
ever, it is possible that a hormone-responsive element 
may be active only in an appropriate cellular environ- 
ment due to cell specificity. 

Our findings provide significant insight into the mo- 
lecular regulation of IGFBP-3 by 1,25-(OH)2D3. To- 
gether with our previous data (16), we demonstrate 
that 1,25-(OH)2D3 directly increases IGFBP-3 expres- 
sion through binding to the BP3-VDRE site in the 
IGFBP-3 promoter in LNCaP cells. IGFBP-3 may then 
act via paracrine or intracrine pathways to activate 
pathways including activation of p21/WAF1 causing 
cell cycle arrest or cell death through induction of 
apoptosis (30, 60). In conclusion, our study provides 
strong evidence showing that 1,25-(OH)2D3 directly 
regulates IGFBP-3 via a VDRE located approximately 
3 kb upstream in the IGFBP-3 promoter. These find- 
ings provide additional insight into 1,25-(OH)2D3 reg- 
ulation of target genes as well as adding further data 
on the variable nature and location of VDREs. 

MATERIALS AND METHODS 

Cell Cultures 

Human cervical adenocarcinoma cells, HeLa (ATCC CCL-2) and 
monkey kidney fibroblast cells, COS-7 (ATCC CRL-1651), were 
cultured in DMEM supplemented with 10% fetal bovine serum 
(FBS) (Life Technologies, Inc., Rockville, MD). The human pros- 

tate carcinoma cell line, LNCaP (ATCC CRL-1740), was grown 
in RPM11640 medium containing 5% FBS. All cells were main- 
tained at 37 C in a humidified atmosphere with 5% C02. 

Northern Blot Analysis of IGFBP-3 mRNA 

LNCaP cells were treated with 10 nM 1,25-(OH)2D3 or ethanol 
control in 1% FBS medium. At specific time intervals, the 
cells were collected and total RNA extracted using TRIZOL 
reagent (Invitrogen, Carlsbad, CA). Northern blots were per- 
formed as previously described (61). A 200-bp fragment rep- 
resenting exon 2 of the human IGFBP-3 gene was labeled 
with [a-32P]deoxy-CTP using the Rediprime DNA labeling kit 
(Amersham, Piscataway, NJ). The ribosomal protein gene L7 
was used as a control to normalize RNA loading and transfer 
efficiency. 

Construction of Plasmids for Promoter Analysis 

The 1.9 kb of the published IGFBP-3 promoter sequence (42) 
was amplified by PCR and cloned into the promoterless 
luciferase reporter vector pGL3-basic (Promega, Madison, 
Wl). Additional 5' flanking sequence was determined from the 
GenBank database (AC091524) using sequence homology 
searches with the 1.9-kb promoter sequence. Three frag- 
ments (A, -1901/+55; B, -3590/-1753; and C, -5992/ 
-3590) were generated by PCR from human genomic DNA 
(CLONTECH, Palo Alto, CA) using primers containing restric- 
tion enzyme sites. The sequences of these primers were 
shown as follows: fragment A—upper, 5'-GGAATCCAG- 
GCAGGAAGCGGCTGAT-3'; lower, 5'-AGACCTGGGACCT- 
CAAGAATTGCAT-3'; fragment B—upper, 5'-AACTCTGAG- 
GAGCCCCTGTCT-3'; lower, 5 '-TAGTATCTGCGTTGACACC- 
CA-3'; fragment C—upper, 5'-GGGGTACCAAATGTGCA- 
AGAGTAGCACTAC-3'; lower, 5'-CAGTGGTACCTGTGG- 
CAGTGGAAAT-3'. PCR was performed using the following 
conditions: 95 C for 5 min, then 35 cycles of 94 C for 1 min, 
60 C for 1 min, and 72 C for 2 min with a final step of 72 C for 
10 min. PCR products were TOPO-cloned into the pCR2.1 
TA-TOPO cloning vector (Invitrogen). The nucleotide se- 
quence of the PCR fragments was confirmed by sequencing. 
The promoter fragments were then directionally cloned into 
the pGL3-basic vector. Fragment A (1.95 kb) was cloned into 
the pGL3-basic at the Kpn\ and H/ndlll sites (pGL3-A), frag- 
ment B (1.85 kb) to the Kpn\-Hind\\ sites of pGL3-A (pGL3-B), 
and fragment C (2.4 kb) at the Kpn\ sites of pGL3-B (pGL3-C). 
Plasmid DNA was prepared using plasmid purification kits 
(QIAGEN, Valencia, CA). 

Heterologous Constructs for Enhancer Analysis 

The 1.85-kb Kpn\-Hind\\ fragment (-3590/-1753) from plas- 
mid pGL3-B was cloned into the Kpn\/Sma\ sites of pGL3- 
promoter vector, a heterologous SV40 promoter-driven lucif- 
erase reporter (Promega). Further deletions within the -3590/ 
-1753 fragment, including sequences -3590/-2474, 
-3590/-2950, -3590/-3205, -3590/-3410, and -3410/ 
-3205, were made using internal restriction sites and then 
cloned into pGL3-promoter at the Smal site. A pair of oligo- 
nucleotides 5'-CGCGTTATAAATGCACCCGGTGAACCTC- 
TCTGA-3' and 5'-CGCGTCAGAGAGGTTCACCGGGTGC- 
ATTTATAA-3', located between -3303 and -3276 enclosing 
the putative VDRE site were synthesized (Operon, Alameda, 
CA) containing an Mlu\ overhang on the 5' end. These oligo- 
nucleotides were annealed and ligated to the Mlu\ site of the 
pGL3-promoter vector. The orientation of each insert in the 
heterologous construct was verified by sequencing. 
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Mutagenesis in the BP3-VDRE Sequence in the Natural 
and Heterologous Promoters 

rriM borate, and 1 mM EDTA at 170 V constant voltages for 
1.5 h. The gels were dried and exposed to x-ray film at -80 C. 

Mutations in the potential RXR (ml) or VDR (m2) binding site 
in the BP3-VDRE sequence were introduced into the -5992/ 
+55/pGL3-Basic reporter construct by the GeneEditor in 
vitro Site-Directed Mutagenesis System (Promega) following 
the manufacturer's instructions. Two pairs of oligonucleo- 
tides containing same mutations ml or m2 in the BP3-VDRE 
sequence with Mlu\ site overhangs were synthesized and 
directly cloned to the pGL3-promoter vector. Positive clones 
were identified by sequencing. 

DNA Transfections and Luciferase Assay 

LNCaP cells were plated at a density of 5 x105 cells/35-mm 
in six-well plates the day before transfection. At approxi- 
mately 75% confluence, the cells were transfected with 1 ixg 
DNA using 2 LII of TranslT-lnsecta transfection reagent per 
well (Mirus, Madison, Wl). HeLa cells (7.5 x 104/20-mm in 
12-well plates) were transfected at approximately 70% con- 
fluence using PolyFect transfection reagent (QIAGEN). Ten 
nanograms of the fien/7/a luciferase plasmid pRL-null (Pro- 
mega) were included in each transfection to control for the 
transfection efficiency. After 20 h, the cells were treated with 
10 nM 1,25-(OH)2D3 or ethanol for 16-18 h. The cells were 
lysed using Passive Lysis Buffer (Promega). Luciferase activ- 
ity was determined using the Dual Luciferase Assay System 
(Promega) that was normalized to the fien/7/a luciferase ac- 
tivity. The induction of each construct's luciferase activity by 
1,25-(OH)2D3 was expressed as fold induction over ethanol 
control. 

Expression of VDR in COS-7 Cells 

COS-7 cells were grown to approximately 80% confluence in 
10-cm tissue culture flasks and transfected with 2 pg of 
empty vector pSG5 or VDR expression plasmid pSG5-VDR 
using the PolyFect agent as described previously (62). After a 
48-h transfection, the cells were collected, rinsed with PBS, 
and resuspended in M-PER mammalian cell extraction buffer 
(Pierce Chemical Co., Rockford, IL) containing 300 mM KCI, 5 
mM dithiothreitol (DTT) and a protease inhibitor tablet (1 tab- 
let/50 ml) (Roche Molecular Biochemicals, Indianapolis, IN). 
After 10 min incubation at ambient temperature, the suspen- 
sion was centrifuged at 12,000 x g for 10 min at 4 C. The cell 
extracts were aliquoted and stored at -80 C. 

ChIP 

ChIP assay was carried out using the Upstate Biotechnology 
(Charlottesville, VA) ChIP assay kit with modifications. In 
brief, LNCaP cells were cultured in 5% FBS-RPMI and 
treated with 10 nM 1,25-(OH)2D3 overnight. After cellular 
chromatin cross-linking with 1% formaldehyde, chromatin 
pellets were sonicated to an average of 200- to 1000-bp 
fragments of DNA. The chromatin fragments were subjected 
to immunoprecipitation with the 2 /xg of polyclonal antisera to 
VDR or RXRa (65) (Santa Cruz Biotechnology) overnight at 4 
C. The precipitates were eluted into the elution buffer con- 
taining 1% SDS, 100 mM NaHC03, and 10 mM DTT. The 
cross-links were reversed with a 4-h incubation at 65 C in the, 
elution buffer with addition of 200 mM NaCI. The immunopre- 
cipitated DNA fragments were purified using QIAGEN Mini- 
Elute Reaction Cleanup kits and subjected to PCR using a 
pair of primers (upper, 5'-TGACCACACCGACAGGTTTG-3'; 
lower, 5'-ATTTCACAGGCTGGCTGGAGTG-3'), which were 
designed to amplify the IGFBP-3 promoter sequence from 
-3340 to -3207 containing BP3-VDRE and give rise to a 
134-bp fragment. The DyNAmo SYBR Green qPCR kit (MJ 
Research Inc., South San Francisco, CA) was used in the 
PCR. PCR was carried out as follows: 95 C for 5 min, then 35 
cycles of 94 C for 20 sec, 58 C for 20 sec, and 72 C for 30 sec 
with a final extension for 6 min at 72 C. PCR products were 
separated on 2.5% agarose gels and visualized with ethidium 
bromide staining. 
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