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Parathyroid hormone-related protein (PTHrP) is expressed by prostate cancer
cells. Since PTHrP enhances the growth and osteolytic potential of prostate cancer cells,
it is important to control PTHrP expression in these cells. 1,25-Dihydroxyvitamin D3
(1,25(0OH),D3) downregulates PTHrP expression in a variety of human cell types,
including prostate cancer cells. Therefore, downregulation of PTHrP gene expression by
1,25(0OH),D3; may enhance the therapeutic benefits of 1,25(OH),D; by neutralizing
PTHrP’s contribution to the pathogenesis and progression of prostate carcinoma and its
tendency to metastasize to bone. In this study, we show that 1,25(OH),D3 and its non-
hypercalcemic analog EB1089 decrease cell proliferation and suppress PTHrP mRNA
and protein levels in the human prostate cancer cell lines LNCaP, C4-2, and PC-3. These
cell lines represent early to advanced stages of prostate cancer, since LNCaP cells are
weakly metastatic, androgen receptor (AR)-positive and androgen-responsive cells, C4-2
cells are AR-positive and androgen-independent LNCaP variants, and PC-3 cells are
highly metastatic AR-negative cells. We identified a negative vitamin D response
element (nVDREprp;p) within the human PTHrP gene; interaction of the vitamin D
receptor (VDR) with this nVDRE is decreased by 1,25(OH),D;. However, transient
transfection of nVDREpryp cloned upstream of the SV40 promoter downregulated
promoter activity in response to 1,25(OH),D; or EB1089 treatment in LNCaP and C4-2,
but not in PC-3, cells. The retinoid X receptor (RXR) is a frequent heterodimeric partner
of the VDR. We show that RXRa forms part of the nuclear protein complex that
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interacts with nVDREpry,p with the VDR in LNCaP, C4-2, and PC-3 cells. The RXR
ligand 9-cis-retinoic acid (9-Cis-RA) downregulates PTHrP mRNA levels in both LNCaP
and C4-2 cells; this decrease is more pronounced in LNCaP than in C4-2 cells. 9-Cis-RA
also enhances the 1,25(OH),D;-mediated downregulation of PTHrP expression in both
cell lines; this effect is more pronounced in LNCaP cells. Co-treatment with
1,25(0OH),D;3 or EB1089 and 9-cis-RA further decreased promoter activity driven via
nVDREpryp in LNCaP, but not C4-2, cells. The proliferation of LNCaP, but not C4-2,
cells is decreased by 9-Cis-RA. These results indicate that PTHrP gene expression is

regulated by 1,25(OH);Ds in a cell line-specific manner in prostate cancer cells.
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CHAPTER ONE: INTRODUCTION

PROSTATE CANCER

Prostate cancer (PC) is the most commonly diagnosed life-threatening malignancy
in men in developed countries, and seems ready to surpass lung cancer as the major cause
of cancer death . Huggins and Hodges first described PC as a testosterone-centric
disease, because androgens seem to act by promoting growth and cell division >3 The
role of androgens, specifically dihydrotestosterone (DHT), in promoting PC is still
unclear, but PC does not seem to occur in a group of pseudohermaphrodites in whom 5
alpha-reductase (5o-red) is absent *. Variability in the geographic incidence of PC may
relate to different levels of DHT in different ethnic groups *. The role of androgens in
induction and promotion of PC is not completely understood, but once the malignant
transformation has become established, androgens certainly have a role in stimulating the
malignant cell division and invasion *.

Several recent clinical studies propose that neuroendocrine (NE) differentiation in
the prostate gland predicts tumor relapse and progression after total prostatectomy and
radiation therapy. There are several mechanisms by which NE differentiation can affect
the natural history and prognosis of PC °. The absence of detectable nuclear androgen
receptor (AR) strongly suggests that neoplastic NE cells are androgen-insensitive and
escape hormonal control. NE cell types are defined by the most commonly used
endocrine marker, chromogranin A °. Prostatic NE cells produce a variety of
neurosecretory products with growth promoting activities, including bombesin/gastrin-
related peptide, serotonin, EGF (epidermal growth factor), IGF (insulin-like growth
factor), calcitonin, and parathyroid hormone related protein (PTHrP). These regulatory
peptides also promote tumor progression and metastasis, and may act through
lumencrine, endocrine, paracrine and autocrine mechanisms. They are probably involved

in normal growth, differentiation and secretory functions of the prostate gland. In



summary, NE differentiation may have important implications in prostatic malignancies
and promotion of tumor progression with significant endocrine features °. Furthermore,
the absence of proliferation activity may endow NE tumor cells with relative resistance

toward cytotoxic drugs and radiation therapy °.

The knowledge that most PCs are androgen-dependent has been used in anti-
androgens therapy and chemical castration or reversible medical castration using LH-
RHa (luteinizing hormone-releasing hormone analog) to inhibit LH (luteinizing hor-
mone) and FSF (follicle stimulating hormone) release and to subsequently suppress
testosterone secretion. Also, oral or parenteral estrogens have been utilized to reduce
growth by down-regulating the production of androgen itself, or by blocking the AR. In
addition, multiple forms of combination therapies have been employed to obtain maximal
androgen blockade ’. The drawback of the hormonal therapies used at this time is the
ability of many types of cancer to become androgen independent, which eliminates the
main target of those therapies and limits their use to early stages of the diseases or in
combination with prostatectomy and radiation therapy.

The fact that there are androgen independent types of PC and that in those the
secretion of neuroendocrine peptides by NE cells promotes tumor growth, progression

and metastases, could provide targets for new therapies in the future.

PARATHYROID HORMONE RELATED PROTEIN (PTHRP)

PTHrP was originally identified as the factor responsible for Humoral Hypercal-
cemia of Malignancy (HHM), one of the most frequent paraneoplastic syndromes *',
which is expressed by prostate, breast, lung, kidney, colon, and other tumors °. Several
studies show that the protein is ubiquitously produced and secreted by most normal fetal
and adult tissues '*"°. However, PTHrP is not normally present in the circulation ',
suggesting an autocrine/paracrine, rather than endocrine, mechanism of action. PTHrP
plays a physiological role in normal bone formation (where it is produced by the
periarticular cells and acts on receptors located in the proliferating cartilage cells in a

paracrine manner '); influences development of the mammary gland (where it is secreted



by epithelial cells; and acts in a paracrine manner on mesenchymal stromal cells '), skin
and teeth; and regulates the contractility of smooth muscle (where it is secreted in
response to mechanical stretch resulting in muscle relaxation, via paracrine/autocrine
pathways '"). These effects of PTHrP are mediated via the parathyroid hormone
(PTH)/PTHrP type I (PTH1) receptor. In addition, PTHrP is also capable of entering the
nucleus and/or the nucleolus to influence cellular events in an intracrine fashion '*2.
The PTHrP molecule contains a midregion Nuclear Localization Signal (NLS) with
multibasic clusters in the 88-106 region, similar to the NLS found in viral and

1821 " paracrine/autocrine and intracrine effects of

mammalian transcription factors
PTHrP are tissue specific and may have opposite outcomes. For example, overexpression
of PTHrP in MCF-7 cells was associated with an increase in mitogenesis, whereas
inhibiting endogenous PTHrP production resulted in decreased cell proliferation 2. In
contrast, PTHrP interaction with the cell surface PTH/PTHrP receptor resulted in
decreased cell proliferation in the same cell line, effects that were abolished by
neutralization of added peptide with an anti-PTHrP antiserum **. The net effect of
autocrine/paracrine and intracrine effects of PTHrP in MCF-7 cells overproducing the
protein was accelerated cell growth **. Similarly, PTHrP gene transfection into rat A10
vascular smooth cells resulted in a striking increase in mitogenesis ». Transfection of
PTHrP lacking the NLS did not elicit the proliferative response, indicating that this is an
intracrine effect ». This nuclear effect on proliferation is the diametric opposite of the
effects of PTHrP when it is added to the rat vascular smooth muscle cells and interacts
with cell surface receptors on these cells *°.

The human PTHrP gene is present as a single copy in chromosome 12; it has 9
exons and three distinctive promoters (P1, P2, and P3), with P3 being used most often in
cancer cells ** (Figure 1.1). All PTHrP transcripts have products from exons 5 and 6,
these two exons encode the pre-pro region and the majority of the mature peptide '”.
Alternative splicing events give rise to three different isoforms (1-139, 1-141, 1-173
amino acids), which are identical in sequence in the first 139 amino acids '’ (Figure 1.1).

These three isoforms are post-translationally processed to a family of mature secretory



forms of PTHrP (including 1-36, 38-94, 38-95 and 38-101, as well as the C-terminal
fragments 107-138 and 109-138 ***°). PTHrP’s amino-terminal part has PTH-like
properties and plays a role in increased bone reabsorption '’. The C-terminal fragments,
on the contrary, are involved in the inhibition of bone reabsorption >’ and may also
increase bone formation via induction of mitogenesis in the osteoblasts **. The mid-
region fragments (amino acids 67-86) are involved in fetal calcium transport *°. The
signal sequence (-36 to -1) directs PTHrP to the endoplasmic reticulum where the pre-pro
sequence is removed prior to secretion '’. Each of these secretory forms is thought to
have one or more unique receptors on the cell surface that mediates the paracrine and
autocrine actions of PTHrP . Only the PTH1 receptor, that binds to PTH, PTHrP, and

their N-terminal analogs, has been cloned to date ***'.

Figure 1.1. Diagrammatic representation of the genomic organization and
alternative splicing pattern of the PTHrP gene. The coding regions and the
untranslated sequences are indicated by the light blue and turquoise boxes, respectively.
Indicated above the map (dashed arrows) are the three promoters, P1, P2, and P3, of
which P1 and P3 are TATA-containing promoters (5’ to exons I and IV, respectively) and
P2 is a GC-rich promoter (5’ to exon III). Known splicing events are indicated by the
dashed lines below the map.

PTHRP AND PROSTATE CANCER CELLS

Recent studies provide direct evidence that PTHrP contributes to the pathogenesis
and progression of prostate carcinoma and the tendency of this tumor to metastasize to
bone ****. While PTHrP-caused HHM is not a very common complication of
disseminated prostate carcinoma, its occurrence is a significant contributor to the

morbidity of the affected patients >*. Normal prostate epithelial cells express low levels
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of PTHrP, while in NE cells PTHrP is very abundant **. PTHrP is also widely distributed
in prostate cancer cells '’ and the PTHrP 1-139 isoform is clearly detected in the prostatic
cancer tissue *°.

In previous studies we demonstrated that PTHrP increases proliferation of the
prostate cancer cell line PC-3 through both autocrine/paracrine and intracrine pathways®’.
PTHrP also decreases cell apoptosis in prostate cancer cells **. It also upregulates
expression of the pro-invasive integrins a 1, o 6, and B 4, and increases adhesion to the
extracellular matrix (ECM) components collagen type I, fibronectin, and laminin in the
human AR-negative prostate cancer cell line, PC-3 ***°. Furthermore, PTHrP and its
receptor are expressed in most prostate cancers and metastases, thus serving as a basis for
both the autocrine/paracrine as well as the intracrine effects of this protein .

Asadi and Kukreja, 2005 " reviewed in deep detail the factors that regulate
PTHrP gene expression in PC. PTHrP expression is regulated through its three
promoters. PTHrP promoter usage is cell-and tissue-specific. Most cancer cells use
primarily the P3 promoter, while P1 is used the least. Those promoters contain multiple
positive and negative Cis- and trans-acting regulatory sequences. Furthermore, the
PTHrP gene is a downstream target for ras and Src oncogene activation. Some of these
factors that regulate PTHrP gene expression, reviewed by Asadi and Kukreja 2005 ', are
androgens, growth factors [principally EGF, and transforming growth factor alpha and
beta (TGF-a and TGF-f)], vitamin D, and the adenoviral protein EIA. Here, I will only
discuss the effects of androgens and growth factors on PTHrP expression, and in the next
section of this introduction, I will discuss the effects of vitamin D on PTHrP expression,
which is the main focus of the present dissertation.

In the androgen-sensitive PC cell line, LNCaP, addition of androgens to the
culture medium increases PTHrP mRNA levels, while in the androgen-independent PC-3
cells, no effect on PTHrP mRNA levels was seen 4142 Furthermore, transfection of
functional androgen receptor into PC-3 cells led to a marked decrease in cell growth, and
to an inhibition of PTHrP production after treatment with DHT **. Thus, in these AR-

transfected PC-3 cells, cell growth correlates inversely with androgen sensitivity and



directly with PTHrP production in vivo and in vitro *. The effects of androgens on
PTHrP production are mediated partially by transcriptional regulation via the AR .
EGF and TGF-a can stimulate the expression of PTHrP in various tissues. In
normal prostate cells, benign prostatic hyperplasia (BPH), and prostate cancer cells, EGF
stimulates PTHrP secretion **. Furthermore, establishment of tumor in the bone, and the
associated increased bone reabsorption, results in the release of TGF-f3, which is stored
extensively in the bone matrix; this TGF-B release may stimulate PTHrP-production *.
In fact, TGF-pl increased PTHrP mRNA and protein expression in canine prostate
epithelial cells and prostate cancer cells. However, TGF-Bl decreased PTHrP mRNA
expression in prostate stromal cells *°. The mechanisms of stimulation of PTHrP
expression by TGF- have been studied in normal keratinocytes, and squamous cell
carcinoma and breast cancer cell lines '*’. TGE-p and its effector Smad3 activate the P3
promoter of the PTHIrP gene through an AGAC box and an Ets binding site involving

47,48

Etsl and to some extent Ets2 proteins . In addition, TGF- stimulates P3 promoter

activity via Smad-independent pathways that involve the p38 MAP kinase *°.

The role of PTHrP in PC has been questioned because the protein is proteoly-
tically cleaved by prostate specific antigen (PSA). PSA is a serine protease that is
expressed by the secretory epithelial cells lining the human prostatic lumen *°. PSA

proteolytically cleaves PTHrP between amino acids 23 and 24 >'*

30,31

, the region where

PTHrP interacts with the cell surface PTH1 receptor
51,52

. This cleavage eliminates
PTHrP’s ability to stimulate cAMP production °”*. However, PTHrP can still exert
autocrine/paracrine effects though its other biologically active isoforms as well as
through direct intracrine effects '***°7**>3 Thus, even though PSA cleaves PTHrP at the
N-terminus, there are still other pathways via which the protein can exert its biological
effects in the prostate. Therefore, cleavage by PSA does not diminish the importance of
PTHrP in PC.

For these reasons, PTHrP production may be a key element supporting tumor
growth and metastasis in prostate cancer. Therefore, downregulating its expression might

provide therapeutic benefits.



1,25-DIHYDROXYVITAMIN D; ( 1,25(0H),D;)

1,25(0OH),Ds or calcitriol, the biologically active form of vitamin D, is formed in
the kidneys and other tissues after 1a-hydroxylation of 25-(OH)D; (the major circulating
metabolite of vitamin D) by 25-hydroxyvitamin Ds-1a-hydroxylase (1a-(OH)ase). This
reaction is strongly stimulated by parathyroid hormone (PTH). The main function of
1,25(0OH),Ds is the preservation of calcium homeostasis. 1,25(OH),Dj also affects
several other cell systems, including the immune system (immunosuppression) and the
regulation of growth (anti-proliferation) and differentiation (pro-differentiation) in
various tissues and cell lines having vitamin D receptors (VDR)**™°

In prostate cancer, there is biologic evidence for an anti-cancer role of 25-
(OH)Dj;; however, the epidemiologic data are non-supportive *°. Studies on populations
with low vitamin D deficiency report no association between higher 25-(OH)D; levels
and a reduced prostate cancer risk > ®'. Only two studies **®, done in Nordic countries,
report an inverse association for 25(OH)D3, however one of these studies found also a
increased risk in men with the highest 25-(OH)D; . Additionally, there is one study that
supports an anti-cancer role for 1,25(0OH),D; °’, while another study ** suggest an inverse
association for circulating 1,25(OH),Ds and aggressive prostate cancer, particularly in
older men. Prostate cancer cells lose the ability to hydroxylate 25-(OH)Dj; to
1,25(0OH),Ds, and thus may rely on the circulation as the main source of 1,25(OH),D; 56,
Several studies suggest that higher circulating 1,25(0OH),D; is more important than 25-
(OH)D; for protection against aggressive poorly-differentiated prostate cancer **°'. The
suppression of circulating 1,25(OH),D; levels by calcium intake could explain why
higher calcium and milk intakes appear to increase risk of advanced prostate cancer >°,

Several studies have shown that 1,25(OH),Ds inhibits the proliferation of many

64-69

malignant cells, including prostate carcinoma cell lines and primary cultures of

normal and prostate cancers '°. However, the extent to which 1,25(OH),Ds inhibits

growth varies among different prostate cancer cell lines and is cell type-specific '"7%. 1

n
clinical studies, 1,25(OH),Ds prolonged the PSA doubling time in patients with early

recurrent PC who had no evidence of metastases . However, 1,25(0OH),;Ds is



hypercalcemic in vivo, and therefore cannot be used clinically, suggesting the necessity of
developing vitamin D analogs with increased antiproliferative potency and reduced
hypercalcemic activity. Some analogs that have been developed include 1,25-dihydroxy-
22,24-diene-24,26,27-trihomovitamin D3 (EB1089 7°), 22-ene-25-oxa-vitamin D
(ZK156979), lalpha-hydroxyvitamin D, (lalpha-OH-D»), 22-oxa-1,25-(OH)2D3 (22-
oxacalcitriol, OCT, maxacalcitol), 19-nor-1,25(OH),D; (paricalcitol), 1alpha(OH)D,
(doxercalciferol), GS1590, CB1393 and MC1598.

1,25(0OH),D3; downregulates PTHrP expression in a variety of human cell types,
including: in TT cells (a human C-cell line) ', in primary cultures of normal human
keratinocytes ", in primary cultures of normal human mammary epithelial cells (HMEC)
derived from nonlactating breast tissue '°, in a human lung squamous cancer cell line,
NCI H520 7%, in human oral squamous carcinoma cell line (HSC-3) ", in the human T
cell line MT2 cells *, and in both normal human melanocytes and a human amelanotic
melanoma cell line (A375)*". In this series of studies, we report that 1,25(OH),Ds and a
non-hypercalcemic analog, EB1089, downregulate PTHrP gene expression and
production in three human prostate cancer cell lines, the AR-positive LNCaP *, the AR-
negative PC-3 *** and the AR-positive, but androgen independent LNCaP-derived C4-2
cell lines. Therefore, downregulating PTHrP expression via 1,25(OH),D; and its non-
hypercalcemic analogs may provide extra therapeutic benefits in neutralizing PTHrP’s
contribution to the pathogenesis and progression of prostate carcinoma and the tendency

of this tumor to metastasize to bone.

VITAMIN D RECEPTOR AND THE NEGATIVE VITAMIN D RESPONSE
ELEMENT (NVDRE)

The majority of the genomic cellular effects of 1,25(OH),D3 are mediated via the
vitamin D receptor (VDR), a member of the superfamily of ligand-inducible nuclear
transcription factors. The liganded VDR activates gene transcription through its binding
to vitamin D response elements (VDRESs), which consist of two direct (but imperfect)

repeats (DR) separated by a three-nucleotide spacer (DR3). The VDR binds to the



VDRE in the target genes together with co-activators; this mechanism of action of the
VDR is well understood (reviewed in Haussler et al., 1998 ). Cheskis and Freedman *°
demonstrated that VDR is a monomer in solution; VDR binding to a specific DNA
element leads to the formation of a homodimeric complex through a monomeric
intermediate. They also found that 1,25(OH),Ds, the ligand for VDR, decreases the
amount of the DNA-bound VDR homodimer complex. It does so by significantly
decreasing the rate of conversion of DNA-bound monomer to homodimer and at the same
time enhancing the dissociation of the dimeric complex. This effectively stabilizes the
bound monomeric species, which in turn serves to favor the formation of a VDR-RXR
(retinoic X receptor) heterodimer. The ligand for RXR, 9-cis-retinoic acid, has the
opposite effect of destabilizing the heterodimeric-DNA complex *. Koszewski et al. 5%
showed similar findings using the murine osteopontin vitamin D response element (mOP
VDRE *) and four other individual DNA fragments ranging in size from ca. 250-320

bp ¥. On the other hand, negative gene regulation by 1,25(OH), D is not as well
defined. 1,25(OH),Dj5 inhibits the expression of numerous genes, including the PTH **%
and PTHIP genes "**. The identified nVDRE within the human PTH gene possesses just
one of the two hexameric motifs that form the core of the consensus positive VDRE *°.
The human PTHrP gene, which is derived from a common ancestral gene with the PTH
gene ', also includes a single heptameric DNA sequence that is closely homologous to
the nVDRE within the PTH gene *.

In Chapter Two of the present study **, we investigated whether this single
heptameric motif within the human PTHrP gene (nVDREpry:p 80) is responsible for the
vitamin D-mediated downregulation of PTHrP gene expression in the cell lines LNCaP
and PC-3. Our results indicate that nVDREpryp mediates the PTHrP gene repression in
response to 1,25(OH),D; and EB1089 in LNCaP, but not in PC-3, cells. However,
1,25(0OH),D3 does downregulate PTHrP gene expression via a transcriptional pathway in
PC-3 cells ¥. In Chapter Three, we examined the nVDRE;pryp-mediated response to
1,25(0OH),Ds in prostate cancer cell lines that represent different stages of prostate cancer

progression. We compared this response in the androgen-responsive LNCaP cells vs. the



androgen-independent C4-2 cells, which are more metastatic variants of LNCaP cells”"*.

Now we report that 1,25(0OH),D; and EB1089 downregulate nVDREprp-driven
promoter activity in both LNCaP and C4-2 cells.

9-CIS-RETINOIC ACID AND THE RETINOIC X RECEPTOR (RXR)

9-cis-Retinoic acid (9-Cis-RA), a metabolite of vitamin A, can bind with high
affinity and activate both the retinoic X receptor (RXR-a,-f and -y) and the retinoic acid
receptor (RAR-a,-f and -y). Both receptors are members of the superfamily of ligand-
activated transcription factors and can mediate the biological activity of 9-Cis-RA mainly
as RAR-RXR heterodimers ****. In the presence of 9-cis-RA, RXR binds to its cognate
DNA regulatory elements to activate transcription predominantly as a homodimer *>*°.
In the absence of ligand, RXR can form stable tetramers or heterodimerize with other
members of ligand-activated transcription factors including the VDR *7*°, RXR mediates
many biological processes, including cell growth (e.g. RXR-selective ligands are very

100

active in inhibiting PC-3 and LNCaP prostate cancer clonal growth "), differentiation,

metabolism, morphogenesis, and homeostasis during embryonic development and post-

natal life '°"192,

VDR BINDING PARTNERS

The VDR normally forms a heterodimer with the RXR to induce 1,25(OH),Ds-
mediated transcriptional activation through heterodimeric binding to the VDRE, as is the
case of 1,25(OH),D3-mediated gene regulation via VDRE o, (Which consists of the DR3-
motif 99) in different cells. In contrast, it was demonstrated that the nVDREpry.p
specifically interacts with the Ku-antigen, but not with RXR, along with the VDR in the
human T-cell line MT-2 (human adult T cell lymphoma/leukemia virus-infected T cells™.
However, studies about the effects of 1,25(0OH),D; and 9-Cis-RA on PTHrP expression in
human oral squamous carcinoma cells showed that both 1,25(OH),D; and 9-Cis-RA
suppress PTHrP expression . The inhibitory effect of 1,25(OH),Ds and 9-cis-RA on
PTHrP mRNA levels was additive, suggesting that this inhibition might be through the
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binding of the heterodimer (RXR-VDR) to the nVDRE(s) within the PTHrP gene, or that
the VDR and RXR may be exerting their effects through different sequence elements;
however, these sequences were not mapped. In Chapter Three, we demonstrated that
RXR, and not Ku, forms part of the nuclear protein complex that interacts with the
nVDREpryp along with the VDR in both LNCaP and C4-2 cells. These results suggest
that the accessory proteins which interact with the VDR to promote PTHrP
downregulation are cell-line specific. These specific interactions might depend on the
presence of cell type-specific transcription factors and/or on cell line-specific promoter
utilization.

In Chapter Three, we also report that 9-Cis-RA downregulates PTHrP mRNA
levels in both LNCaP and C4-2 cells, though this effect is more pronounced in LNCaP
cells. Furthermore, our experiments using the nVDREpry;p cloned upstream of the
SV40 promoter show that treatment with 9-Cis-RA decreased promoter activity driven by
this construct in LNCaP, but not in C4-2 cells. These results suggest that the down-
regulation of PTHrP mRNA levels by 9-Cis-RA in C4-2 cells might be mediated either
via a different vitamin D response element than the nVDRE,pri:p or via activation by
9-cis-RA of either RAR or RXR promoting RAR-RXR heterodimer, RXR homodimer, or
PPAR-RXR (peroxisome proliferator-activated receptor) heterodimer formation.

We also show that the combination of 1,25(OH),D; and 9-Cis-RA allows the
usage of lower concentrations of each compound to reach significant downregulation of
PTHrP gene expression in LNCaP and C4-2 cells. Thus, understanding the mechanisms
for downregulation of PTHrP expression by 1,25(OH),D3 may lead to the development of
combination therapies for the treatment of prostate cancer that are more effective and

result in lower adverse side effects.

OBJECTIVES AND EXPERIMENTAL DESIGN

The overall goal of this project was to study the effects of 1,25(OH),D; and a

non-hypercalcemic analog, EB1089 on PTHrP gene expression in prostate cancer cells
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and the underlying mechanisms involved. The major hypotheses were that (1) down-
regulation of PTHrP gene expression by 1,25(OH),D3 and its non-hypercalcemic analogs
contributes to the therapeutic benefits of 1,25(OH),Ds in prostate cancer; and (2) the
mechanisms underlying this response are cell type-specific and correlate with the
different stages of prostate cancer progression. In order to test this hypothesis, we used
the AR-negative, highly metastatic, PC-3 cell line, which was initiated from bone
metastasis of prostatic adenocarcinoma; the AR-positive, weakly metastatic, LNCaP cell
line, which was initiated from lymph node metastasis of prostate carcinoma; and the AR-
positive, but androgen independent, and more metastatic C4-2 cell line, which was
established by co-inoculating LNCaP cells with nontumorigenic mouse stromal

fibroblasts derived from an osteosarcoma, as models to investigate the following issues:

Objective 1: To investigate the effects of 1,25(OH),D; and a non-hypercalcemic
analog, EB1089, on cell proliferation, and PTHrP expression and production by

human prostate cell lines

There have been conflicting reports about the effects of 1,25(OH),Ds on PC-3 cell
proliferation. In Chapter Two, we therefore measured the effects of 1,25(OH),D; and
EB1089 on the proliferation of the PC-3 cell line. The LNCaP cell line was used as a
positive reference for growth inhibition, since all published studies have reported that the
proliferation of this cell line is inhibited by 1,25(0OH),D; and EB1089 *%72 We also
examined the effects of 1,25(OH),D; and EB1089 on PTHrP mRNA and protein levels,
using Northern blot analysis, immunoassays for secreted PTHrP, and immuno-
fluorescence labeling for cellular PTHrP levels. In Chapter Three, we compared the
effects of 1,25(OH),D; and EB1089 on PTHrP gene expression in LNCaP cells and their

more metastatic variants, C4-2 cells.
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Objective 2: To determine the mechanisms via which 1,25(OH);D; and non-

hypercalcemic analog downregulate PTHrP gene expression

To explore the mechanisms involved in the downregulation of PTHrP gene
expression, we investigated first whether the single heptameric motif within the promoter
1 region of the human PTHrP gene (nVDRE}pry;p) is responsible for the 1,25(0OH),Ds-
mediated downregulation of PTHrP gene expression in PC-3, LNCaP (addressed in
Chapter Two), and C4-2 (addressed in Chapter Three) cells using the chloramphenicol
acetyl transferase (CAT) gene as reporter and the electrophoretic mobility shift assay
(EMSA). We also asked whether the VDR is involved in negative regulation of the
PTHrP gene by 1,25(OH),Ds and EB1089 and identified the VDR binding partner in this
negative regulation (addressed in Chapter Three). As part of this objective, we also
studied 1) the effects of 9-Cis-RA, alone and as a combination treatment with
1,25(0OH),D5 or EB1089, on PTHrP gene expression, and 2) the role of 9-Cis-RA in
negative regulation of the PTHrP gene by 1,25(OH),D3; and EB1089 via the nVDREwprmp
(also addressed in Chapter Three).

Model Systems:

Chapter Two:

In this part of the study, we chose the AR-negative highly metastatic PC-3 cell
line, which was initiated from a bone metastasis of prostatic adenocarcinoma; and the
AR-positive weakly metastatic LNCaP cell line, which was initiated from a lymph node
metastasis of prostate carcinoma. The reasons for choosing these two cell lines are
summarized in Table I. In summary: these two cell lines differ in their AR content, and
also vary greatly in their metastatic potential. Since both cell lines express detectable
levels of PTHrP and VDR, the differential PTHrP regulation as it reflects to different

stages of PC progression can be tested.
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Table I. Summary of properties of PC-3 and LNCaP cell lines which makes them an
appropriate model system

PC-3 LNCaP
PTHrP levels ++ +
VDR + +
AR - +
Metastatic potential +++ -
Chapter Three:

In this part of the study, we chose the AR-positive weakly metastatic LNCaP cell
line, which was initiated from a lymph node metastasis of prostate carcinoma; and the
AR-positive, but androgen independent more metastatic LNCaP-variant, the C4-2 cell
line, which was established by inoculating castrated mice with LNCaP cells together with
nontumorigenic mouse stromal fibroblasts derived from an osteosarcoma. The reasons
for choosing these two cell lines are summarized in Table II. In summary: both cell lines
express similar levels of AR, however, while LNCaP cell growth is androgen-dependent,
C4-2 cell growth is AR-dependent and androgen-independent. The two cell lines also
represent different stages of prostate carcinoma.

Our principal goal in comparing the effects of 1,25(OH),Ds and EB1089 on
PTHrP gene expression and cell growth in these two closely related cell lines was to
mimic the effect of these compounds on the natural progression of lethal phenotypes of
human prostate cancer to androgen independence and their propensity to form osseous

metastases (represented by the C4-2 cell line '®).
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Table II. Summary of properties of LNCaP and C4-2 cell lines which makes them
an appropriate model system

LNCaP C4-2
AR + +

Androgen dependent + -

Metastatic potential - +

e Karyotypic analysis shows that LNCaP and C4-2 cells share common marker
chromosomes.

e C(Cluster designation (CD) phenotyping show similarities between both cell lines.
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CHAPTER TWO: PROSTATE CANCER CELL TYPE-
SPECIFIC REGULATION OF THE HUMAN PTHRP GENE
VIA A NEGATIVE VDRE-

ABSTRACT

Parathyroid hormone-related protein (PTHrP) is expressed by prostate cancer
cells. Since PTHrP increases the growth and enhances the osteolytic effects of prostate
cancer cells, it is important to control the level of PTHrP expression in these cells. We
show that 1,25-dihydroxyvitamin D; (1,25(0OH),D3) and its non-hypercalcemic analog,
EB1089, suppress PTHrP mRNA and protein levels in the human prostate cancer cell
lines PC-3 and LNCaP. The human PTHrP gene contains a sequence element
homologous to the negative vitamin D response element within the parathyroid hormone
gene. This DNA sequence (nVDREpry;p) bound the vitamin D receptor present in
nuclear extracts from both PC-3 and LNCaP cells. However, when cloned upstream of
the SV40 promoter and transiently transfected into PC-3 and LNCaP cells, nVDREprpp
downregulated promoter activity in response to 1,25(OH),D3 or EB1089 treatment in
LNCaP, but not in PC-3, cells. These results may help to explain why some prostate

cancers appear to be refractory to treatment with vitamin D analogs.

INTRODUCTION

The primary role of the biologically active form of vitamin D, 1,25-dihydroxy-
vitamin Dj; (1,25(OH),D3), is to maintain calcium homeostasis '°*. 1,25(OH),Ds is also
involved in the regulation of cellular proliferation and differentiation in various tissues

and cell lines having vitamin D receptors (VDR) 104, Generally, 1,25(0OH),;D; acts as a

* “Reprinted from Molecular and Cellular Endocrinology, Vol 204, Tovar Sepulveda V.A. and Falzon M.,
Prostate cancer cell type-specific regulation of the human PTHrP gene via a negative VDRE, Pages No. 51-
64, Copyright (2003), with permission from Elsevier”
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growth inhibitor in many of these cell types, including prostate carcinoma cell lines >

and primary cultures of normal and prostate cancers "’. However, the degree to which
1,25(0OH),Ds inhibits the growth of different prostate cancer cell lines varies, and is cell
type-specific /2.

Many of the cellular effects of 1,25(OH),D; are mediated via the vitamin D
receptor (VDR), a member of the superfamily of ligand-activated transcription factors '*.
The mechanisms via which these receptors activate gene transcription have been

196) " In contrast, the mechanisms via which the VDR

extensively studied (reviewed in
and other members of this superfamily mediate transcriptional repression are not as well
understood. 1,25(OH),D; has been shown to inhibit transcription of several genes,

20197 and parathyroid hormone-related protein

including parathyroid hormone (PTH)
(PTHrP) 77788983198 11y the human PTH gene, the negative VDRE (nVDRE) contains
only one of the two heptameric motifs that form the core of the consensus positive
VDRE *. The human PTHrP gene, thought to be derived from an ancestral gene in
common with the PTH gene '', also contains a single heptameric DNA sequence which is
highly homologous to the nVDRE within the PTH gene *°.

PTHrP was initially identified through its role in Humoral Hypercalcemia of
Malignancy, and is found in prostate, breast, lung and kidney tumors, among others '*.
More recently, the protein was shown to be distributed in most normal fetal and adult

14199 " pTHYP affects both cell proliferation and apoptosis in prostate cancer

tissues
cells *"*®. In PC-3 human prostate cancer cells, PTHrP also upregulates expression of the
pro-invasive integrins al, a6, and B4, and increases adhesion to the extracellular matrix
(ECM) components collagen type I, fibronectin, and laminin ***. Furthermore, recent
studies provide direct evidence for a role of PTHrP expression in the development of

P . . . 2
bone metastasis in patients with prostate carcinoma >

. Therefore, PTHrP production
by prostate cancer cells may be one of the key elements supporting tumor growth and
metastasis.

Prostate cancer is a common malignancy in the United States, Western Europe,

and Australia, and is the most common cancer and the second leading cause of cancer-
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related deaths in men in the United States >*. Therefore, downregulating PTHrP
expression via 1,25(OH),D; and its non-hypercalcemic analogs may be therapeutically
important. Here we examined the effects of 1,25(OH),D; and a non-hypercalcemic
analog, EB1089 (1a,25-dihydroxy-22,24-diene-24,26,27-trihomovitamin D "), on
PTHrP gene expression and production in two human prostate cancer cell lines, the
androgen receptor (AR)-positive LNCaP and the AR-negative PC-3 cell lines. We also
investigated whether the single heptameric motif within the human PTHrP gene
(nVDREpprh:p 80) is responsible for the vitamin D-mediated downregulation of PTHrP
gene expression in these two cell lines. We report that nVDREpry,p mediates PTHrP
gene repression in response to 1,25(OH),D; and EB1089 in LNCaP, but not in PC-3,
cells. However, 1,25(0OH),D; does downregulate PTHrP gene expression via a

transcriptional pathway in PC-3 cells *.
MATERIALS AND METHODS

Materials

1,25(0OH),Ds and EB1089, kindly provided by Dr. M. Uskokovic (Hoffmann La-
Roche, Inc., Nutley, New Jersey) and Dr. Lise Binderup (Leo Pharmaceuticals, Ballerup,
Denmark), respectively, were dissolved in ethanol at 10 M. Fetal bovine serum (FBS)
and dialyzed FBS were obtained from Atlanta Biologicals (Norcross, GA) and Sigma (St.
Louis, MO), respectively. Tissue culture supplies were purchased from Life Technolo-
gies, Inc. (Gaithersburg, MD). Anti-human PTHrP mouse monoclonal antibody was
obtained from Oncogene Research Products (Cambridge, MA). The fluorescent goat
anti-mouse antibody (Alexa Fluor'™ 488) was purchased from Molecular Probes, Inc.
(Eugene, OR). Anti-VDR antibody and normal rat polyclonal IgG were obtained from
Affinity Bioreagents (Golden, CO) and Santa Cruz Biotechnology (Santa Cruz, CA),

respectively.
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Cell Culture

PC-3 and LNCaP cells were obtained from the American Type Culture Collection
(ATCC, Manassas, VA). PC-3 cells were grown at 37 °C in a humidified 95% 0,-5%
CO; atmosphere in Ham’s F-12 medium supplemented with 7% FBS and L-glutamine.
LNCaP cells were grown under the same conditions in RPMI 1640 medium
supplemented with 10% FBS and L-glutamine. In some of the experiments, as indicated
below, conventional FBS was replaced with dialyzed FBS in order to reduce the amount

of endogenous vitamin D compounds present in the serum.

Cell proliferation

To measure the effects of 1,25(OH),Ds or EB1089 on PC-3 and LNCaP cell
proliferation, cells were plated in 24-well dishes at 10* cells/well in medium containing
7% (PC-3) or 10% (LNCaP) FBS. After 24 h, the medium was replaced with dialyzed
FBS-containing medium. After a further 24 h, the cells were treated with the indicated
concentrations of 1,25(0OH),D; or EB1089 (10 to 10”7 M). Control cells received an
equivalent volume of vehicle (ethanol; 0.01% final concentration). Cells were counted
after 0, 3 and 7 days of treatment. After 3 days, the growth medium was replaced with
fresh 1,25(OH),Ds- or EB1089-containing medium. The cells were then trypsinized and

counted using a Coulter Counter (Hialeah, FL).

Plasmids and Oligonucleotides

The 231 bp DNA fragment used as a probe to detect PTHrP mRNA in Northern
blot analysis was generated by the reverse transcription/polymerase chain reaction (RT/
PCR) using a pair of oligonucleotides (upstream, 5'-CTGGTTCAGCAGTGGAGCGTC-
3" and downstream, 5'-GTTAGGGGACACCTCCGAGGT-3") spanning exons 5 and 6 of
the human PTHrP gene, and was cloned into the vector pCR II (Invitrogen) as previously
described ”’. ECORI was used to release the fragment from the recombinant plasmid. For
Northern blot analysis, the isolated fragment was labeled by asymmetric PCR, using the
downstream primer and [a->*P]dCTP (6,000 Ci/mmol; Amersham). To normalize for

equal RNA loading and transfer, a DNA fragment containing cyclophilin sequences '
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was labeled by the random primer extension method with a multiprime labeling kit
(Amersham) and [a->*P]dCTP (6,000 Ci/mmol).

Oligonucleotides for electrophoretic mobility shift assays (EMSA) and for
construction of the chloramphenicol acetyltransferase (CAT) constructs for transfection
were synthesized as single-stranded molecules that were annealed before use as probes
and competitors. For use as probes, these oligonucleotides were 5' end-labeled with
[y-**P] ATP and T4 polynucleotide kinase. The following oligonucleotide sequences for
the negative VDRE from the human PTHrP gene (n"VDREpryp 80) and the mouse
osteopon-tin gene (VDRE,,p, positive control 1) were used as probes. The sequence of

the upper strand is shown.
nVDREwprip -546 TAAAGTGCTATAGaTTCATATTTGGTTTAT  -517

VDREp -760 AGAGCAACAAGGTTCACGAGGTTCACGTCTC -730

In nVDREpprH:p, the position of the heptanucleotide motif comprising the putative
nVDRE is underlined. The lower case a represents the sole difference between the
nVDRE from the human PTH gene (in this case present on the lower or anti-strand *°)
and the nVDREpprip. In VDRE o, the underlined sequences represent the two hexanu-
cleotide motifs from the mouse osteopontin gene '''. In this case, each of these motifs is
identical to the nVDRE motif within the human PTH gene *°.

The oligonucleotides corresponding to the nVDREppri:p and VDRE,, were
cloned upstream of the SV40 promoter in the vector pCAT promoter (Promega, Madison,
WI). pCAT promoter was used as the empty vector control. These constructs were used

in transient transfection assays, as described below.

Northern blot analysis

Total RNA was isolated using RNA STAT-60 (Tel-Test "B", Friendswood, TX),
and poly(A)" RNA was prepared using the mRNA Isolator kit (Clontech Laboratories,

Inc., Palo Alto, CA). RNA gel electrophoresis was performed under standard conditions,
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using 25 pg of total RNA or 2 pug of poly(A") RNA. The RNA was then blotted onto
nitrocellulose (Schleicher and Schuell, Keene, NH) by capillary action. The probe for
detection of PTHrP was prepared by asymmetric PCR, as described above. The blots
were prehybridized for 30 min and hybridized for 2 h in ExpressHyb (Clontech, Palo
Alto, CA) at 65 °C. After hybridization, the blots were washed twice in 2 x SSC (1 x
SSC is 0.15 M NaCl plus 0.15 M sodium citrate), 0.05% SDS for 15 min at room
temperature, and then twice in 0.1 x SSC, 0.1% SDS at 50°C for 30 min. The washed
membranes were exposed to Kodak X-Omat film (Eastman Kodak, Rochester, NY) at
-70 °C with intensifying screens.

To normalize for any differences in RNA loading and transfer, the membranes
were also probed with a DNA fragment containing cyclophilin sequences ''°, as
described above. After autoradiography, the intensities of the bands representing PTHrP
and cyclophilin were quantified using the Sigmagel program (Jandel Scientific, San
Rafael, CA). Densitometry was carried out using exposure times producing signals in the
linear range of film sensitivity. Darker exposures are presented in the figures for

illustration purposes.

Immunoassay for secreted PTHrP

The amount of PTHrP secreted into the culture medium was measured using an
immunoradiometric "sandwich" assay (Nichols Institute, San Juan Capistrano, CA)
employing two affinity-purified antisera to human PTHrP. One antiserum, labeled with
1251, recognizes PTHrP amino acid residues 1-40, while the second, labeled with biotin,
recognizes PTHrP residues 60-72. This kit provides a standard, human PTHrP (1-86), as
a positive control. The detection limit of this kit is 0.7 pmol/liter ''2. PC-3 and LNCaP
cells were grown to ~ 50% confluence and then treated with the indicated concentrations
of 1,25(OH),Ds or EB1089. After 48 h, the conditioned medium was collected and
frozen at -80 °C for future use, and the cell number was determined using a Coulter
Counter (Coulter electronics, Inc., Hialeah, FL). Before assay, aliquots of the

conditioned media (range 0.4 to 1 ml, calculated to represent the same number of cells)

were concentrated to 0.2 ml by acetone precipitation. Unconditioned medium (that never
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was exposed to cells), similarly concentrated, served as the negative control. The assay

was carried out per the manufacturer's specifications.

Immunofluorescence labeling

To detect PTHrP, cells grown on Lab-Tek chamber slides (Nalge Nunc,
Napierville, IL) were treated with 1,25(OH),D3; or EB1089 (10®* M) for 72 h. Aftera
wash with cold phosphate-buffered saline (PBS), they were fixed in acetone for 10 min at
-20 °C, washed again with PBS, incubated in 50 mM ammonium chloride in PBS for 15
min at room temperature, and then washed with PBS. After blocking non-specific
protein binding sites by incubation with 5% milk (Novagen, Madison, WI) for 1 h at
room temperature and washing with PBS, the cells were incubated with primary antibody
(anti-human PTHrP mouse monoclonal IgG; Oncogene Research Products) for 60 min at
room temperature. Control cells received no primary antibody. After another wash with
cold PBS, the cells were treated with goat anti-mouse secondary antibody (Alexa'™ 488;
Molecular Probes) for 1 h at room temperature, washed again in PBS, mounted using a
Prolong Antifade Kit (Molecular Probes), and analyzed using an Olympus fluorescence

microscope (Olympus Corp., Melville, NY) with a wide-band green filter.

Electrophoretic mobility shift assay

Nuclear extracts were prepared from untreated cells or from cells pretreated with
107 or 10® M 1,25(0H),D; or EB1089 for 48 h, as described by Liu et al. (2000) '*>.
EMSAs were performed as previously described ''*. Binding reactions contained 20 mM
Tris—HCI (pH 7.5), 60 mM KCI, 5 mM MgCl,, 1 mM DTT, 4% glycerol, 100 pg/ml
bovine serum albumin (BSA), 25 ng poly(dI-dC) - poly(dI-dC) (Amersham Biotech., Inc.,
Piscataway, NJ) as a non-specific competitor, 10 000 cpm of 5' end-labeled DNA (0.003-
0.01 ng) and 1.5 to 3 pl of nuclear extract (concentration 4-6 mg/ml; each reaction
contained an equal amount of protein), in a final volume of 25 pl. After a 40 min
incubation at 25 °C, the binding reactions were fractionated through a native 5%
polyacrylamide gel (29% acrylamide, 1% bis-acrylamide in 0.5 X TBE), which was

autoradiographed with an intensifying screen at -70 °C. Competition experiments were
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carried out under the same conditions, using a 100- to 200-fold molar excess of
competitor oligomers. In some experiments, nuclear extracts were pretreated with 10% M
or 107 M 1,25(0H),Ds or EB1089 for 30 min before addition of competitor and probe
DNA. In binding reactions carried out in the presence of antibody, anti-VDR antibody
(Affinity Bioreagents; concentration 1 ug/ml) or normal rat polyclonal IgG (Santa Cruz
Biotechnology, concentration 1 ug/ml) was preincubated with nuclear extract in the
presence of binding buffer for 20 min at 25 °C. Non-specific competitor and probe DNA

were then added, and incubation was carried out for a further 40 min.

Transfection and CAT assays

For transfection, PC-3 or LNCaP cells were plated in 6-well dishes (1 x 10° cells/
well) in medium containing 7% (PC-3) or 10% (LNCaP) FBS. When the cells had
reached ~ 70% confluence, transfection was carried out in the absence of FBS, using
~ 1.5 pg of plasmid DNA (constructs described in Plasmids and Oligonucleotides
section) in the presence of 4 pl Lipofectamine Plus™ and 6 pl Plus Reagent (Life
Technologies). After 4 h, dialyzed FBS was added to the cells (final concentration 10%).
After 12 h, the cells were washed with PBS, and 1,25(OH),D; or EB1089 (10 or 107 M)
in 1% dialyzed FBS was added; control cells received an equal volume of ethanol
(vehicle control). Cells were harvested after 48 h, washed with PBS, and lysed by
incubation with 400 pl/well of Reporter Lysis buffer (Promega) for 15 min at room
temperature. The cells were then scraped, transferred to microcentrifuge tubes, and
heated for 10 min at 60 °C to inactivate endogenous deacetylase activity. After a 2 min
centrifugation, the supernatant was collected and stored at -80 °C for analysis of CAT
activity. To correct for variations in cell number, CAT assays were performed using the
same amount of cellular protein per sample, determined by the Bio-Rad assay (Bio-Rad,
Hercules, CA). CAT assays were carried out using the CAT enzyme assay system
(Promega), per the manufacturer’s specifications. The standard reaction contained cell
extract (25 - 100 pl), 5 ul of n-butyryl-CoA (cofactor), and 4 pl of ['*C] chloramphenicol
(50 - 62 mCi/mmol; Amersham Biosciences) in a final volume of 125 ul. After

incubation at 37 °C for 30 to 60 min, the n-butyrylated chloramphenicol products were
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extracted with 400 pl xylene (Sigma-Aldrich). After washing the upper xylene phase
twice with 100 pl of 0.25 M Tris-HCI, pH 8.0, 200 ul of this organic phase was
processed for liquid scintillation counting. As a negative control, reactions were carried
out in the absence of cell extract; this value was subtracted from the values obtained in

the presence of cell extract.

Statistics

Numerical data are presented as the mean + SEM. The data were analyzed by
ANOVA followed by a Bonferroni post test to determine the statistical significance of
differences. All statistical analyses were performed using Instat Software (GraphPad

Software, Inc., San Diego, CA).

RESULTS

1,25(0OH),D; and EB1089 decrease PC-3 and LNCaP cell proliferation

We measured the effects of 1,25(OH),D; and EB1089 on the proliferation of
PC-3 and LNCaP cells. Treating these cells with 1,25(OH),D3; or EB1089 caused a
concentration-dependent decrease in cell growth that was more profound in LNCaP than
in PC-3 cells. Thus, a 10”7 M concentration of either compound for 7 days decreased cell
number by ~ 2- to 2.5-fold in PC-3 cells vs. ~ 3.5- to 4-fold in LNCaP cells (Fig. 2.1).
LNCaP cell number was decreased ~ 2-fold after a 3 day treatment with 107 M
1,25(OH),D3 or EB1089 (Fig. 2.1). At the same concentration, only 1,25(OH),Ds
produced a significant decrease in cell number after a 3 day treatment (Fig. 2.1).
Concentrations < 10" M produced proportionately smaller effects (Fig. 2.1). These
effects of 1,25(0OH),D3; and EB1089 on LNCaP cell proliferation are in agreement with
previous studies '>'"°>. However, the effects of 1,25(0OH),D; and EB1089 on PC-3 cell
proliferation have been less clearly defined, as both growth inhibition and a lack of effect
have been reported ''>''®. Here we show that these compounds decrease both PC-3 and

LNCaP cell proliferation, though LNCaP cells appear to be more sensitive.
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Figure 2.1. Proliferation of PC-3 and LNCaP cells treated with 1,25(OH),D; or
EB1089. Cells were plated in medium containing 7% (PC-3 cells) or 10% (LNCaP cells)
dialyzed FBS at a density of 10* cells/well in 24-well dishes. After 24 h, the cells were
treated with 10° to 10”7 M 1,25(OH),Ds (D3) or EB1089 (EB). Control cells were treated
with ethanol (vehicle). At the indicated time intervals, the cells were trypsinized, and cell
numbers were determined using a Coulter Counter. Each point is the mean £ S.E.M. of
three independent experiments (four wells per experiment). Where no error bar is shown,
the S.E.M. is smaller than the symbol. @, vehicle control; O, 10°M; ¥, 10° M;

¥V, 107 M. *, significantly different from control (vehicle only) at P < 0.01.
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1,25(0OH),D3; and EB1089 decrease steady-state PTHrP mRNA and protein levels in
PC-3 and LNCaP cells

Both PC-3 and LNCaP cells have been shown to express functional VDRs 7'
and therefore offer appropriate model systems to study the effects of vitamin D analogs
on PTHrP mRNA and protein levels. We have previously shown that 1,25(OH),D;
causes a concentration-dependent decrease in PTHrP mRNA levels in PC-3 cells (**, Fig.
2.2, A). Here we show that treatment with 10" M to 10" M EB1089 for 24 h also
caused a concentration-dependent decrease in PC-3 cell PTHrP mRNA levels (Fig. 2.2,
A). Densitometric scanning of the autoradiographs revealed a ~ 5-fold decrease in
mRNA by 10®* M EB1089. Concentrations of 10"° and 10 M produced proportionally
smaller effects (Fig. 2.2, A). The peak effect was observed after 24 h, was essentially of
the same magnitude after 48 h, and was decreased by 72 h. Since PC-3 cells maintained
in 7% FBS express relatively low levels of PTHrP mRNA *, these experiments were
carried out using poly(A") RNA.

PTHrP mRNA levels were also decreased in a concentration-dependent manner
by 1,25(OH),D; and EB1089 in LNCaP cells (Fig. 2.2, B). Essentially the same profile
was obtained as with PC-3 cells; a maximal effect was observed after treatment with 10
M 1,25(0OH),Ds or EB1089 for 24 h (Fig. 2.2, B). Since LNCaP cells express even lower
PTHrP mRNA levels than PC-3 cells, these experiments were also carried out using
poly(A") RNA.

We have also previously shown that 1,25(OH),D; decreases PTHrP secretion in a
concentration-dependent manner in PC-3 cells (*’, Fig. 2.3, A). Here we show that
EB1089 produces similar effects in this cell line (Fig. 2.3, A), and that both 1,25(0OH),D;
and EB1089 decrease PTHrP secretion in a concentration-dependent manner in LNCaP
cells (Fig. 2.3, B). Thus, we observed a ~ 50 to 70% decrease in secreted PTHrP after
treatment with 10 M 1,25(0OH),D5 or EB1089 for 48 h (treatment was carried out for 48
h to allow accumulation of measurable levels of PTHrP in the culture medium). Lower
concentrations of these vitamin D analogs produced proportionally smaller effects
(*, Fig. 2.3, A and B).
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Figure 2.2. Effects of 1,25(OH),D; or EB1089 on steady-state PTHrP mRNA levels
in PC-3 and LNCaP cells. Cells were cultured in the absence (-) or presence of the
indicated concentrations (log of molarity) of 1,25(OH),Ds (D3) or EB1089 (EB) for 24 h.
Poly (A+) RNA was then prepared and analyzed by Northern blot analysis. Each bar
represents the mean = S.E.M. of three independent experiments. Significantly different
from the control (no 1,25(0OH),D; or EB1089 treatment) at *, P < 0.05; ** P <0.01.
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Figure 2.3. Effects of 1,25(OH),D; or EB1089 on secreted PTHrP levels in PC-3 and
LNCaP cells. Cells were cultured in the absence (-) or presence of the indicated
concentrations (log of molarity) of 1,25(0OH),D; (D3) or EB1089 (EB) for 48 h.
Conditioned medium was collected and concentrated, and secreted PTHrP was measured
by an immunoradiometric assay. Each bar is the mean + S.E.M. of three independent
experiments, obtained after subtracting the background value (unconditioned medium).
Significantly different from the control (no 1,25(OH),D; or EB1089 treatment) at

*, P <0.05; ** P <0.01.

27



Cytoplasmic and nuclear PTHrP staining was assessed by fluorescence immuno-
cytochemistry (Fig. 2.4, A and B). The level of cytoplasmic staining was higher in PC-3
cells than in LNCaP cells (Fig. 2.4, A and B); in fact, to allow clear visualization of
signal in LNCaP cells, these cells were exposed for a longer period than were PC-3 cells.
The level of nuclear staining was also higher in PC-3 cells than in LNCaP cells (Fig. 2.4,
A and B). Treating these cell lines with 10 M 1,25(OH),D; or EB1089 for 72 h
decreased both whole cell and nuclear PTHrP staining (*; Fig. 2.4, A and B). For
LNCaP cells, this decrease is more evident at higher magnifications (Fig. 2.4, B, bottom
panels). Treatment with the two vitamin D analogs also altered the morphology of both
PC-3 and LNCaP cells. This effect was more pronounced with LNCaP cells, where the

normal extended morphology was replaced by a more rounded shape (Fig. 2.4, B).

The nVDREptHre confers vitamin D responsiveness on LNCaP, but not PC-3, cells

To determine whether the nVDREpryp sequence, located between nucleotides
-546 and -517 of the human PTHrP gene, confers responsiveness to the vitamin Ds
analogs 1,25(0OH),D; and EB1089, this sequence was cloned upstream of the SV40
promoter in the vector pCAT promoter. This construct was used in transient transfection
assays in PC-3 or LNCaP cells, which were then treated with 1,25(OH),D3; or EB1089.
In order to determine whether these cells do respond to these vitamin D compounds in
transient transfection assays, the VDRE from the mouse osteopontin gene (VDRE ),
also cloned in the vector pCAT promoter, was used as a positive control.

Treatment of LNCaP cells with 107 or 10° M 1,25(0OH),D3 or EB1089 for 48 h
inhibited CAT activity driven by the nVDREprip sequence, such that CAT activity in
the treated cells was ~ 30 to 60 % that of cells transfected with the empty vector
(Fig. 2.5).
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Figure 2.4. Effects of 1,25(OH),D; or EB1089 in PC-3 (A) and in LNCaP (B) cells
on cellular PTHrP levels. Cells were cultured in the presence of 10® M 1,25(0H),Ds or
EB1089 for 72 h. Immunofluorescence was carried out as described in Materials and
Methods. -1°, cells incubated in the absence of primary antibody; EB, cells cultured in
the presence of EB1089; Ds, cells cultured in the presence of 1,25(0OH),Ds; -, vehicle
(ethanol) control.
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Figure 2.5. Effects of 1,25(OH),D; and EB1089 on promoter activity mediated via
nVDREprup in LNCaP or PC-3 cells. The nVDREpry:p sequence was cloned
upstream of the SV40 promoter/CAT gene in the vector pCAT promoter (pCAT
nVDREprh:p), and transfected into LNCaP or PC-3 cells. pCAT VDRE,, and pCAT
promo (empty vector) served as positive and negative controls, respectively. After
transfection, cells were treated with the indicated concentrations (log of molarity) of
1,25(0OH),Ds (D3) or EB1089 (EB) for 48 h. Control transfections (-) received ethanol
(vehicle). Promoter activity was measured after 48 h by the CAT assay. Each bar
represents the mean + S.E.M. of three independent experiments. Significantly different

from the control at *, P <0.05; ** P <0.01.
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In contrast, the same concentration of 1,25(OH),D3; or EB1089 had no effect on
CAT activity driven by the nVDREprp sequence in PC-3 cells (Fig. 2.5). Transfection
of the pCAT/VDRE,,,, construct produced a significant increase in CAT activity in both
LNCaP and PC-3 cells in response to 1,25(OH),D; or EB1089 (Fig. 2.5), confirming the
functionality of the VDR in these cells, as well as the ability of these cells to respond to
these vitamin D analogs. However, the VDRE,,-mediated increase in promoter activity
in response to the vitamin D analogs was ~ 3-fold greater in LNCaP than in PC-3 cells
(Fig. 2.5). Ethanol (vehicle control) had no significant effect on CAT activity in either
PC-3 or LNCaP cells.

1,25(0OH),D3; and EB1089 interact with the VDR in vitro in both LNCaP and PC-3 cells

We examined the interaction between the nVDREprup or VDRE,,o, sequences
and nuclear proteins from PC-3 and LNCaP cells. As shown in Fig. 2.6, nuclear extracts
from both cell lines formed protein-DNA complexes with these oligonucleotides. The
migratory position of the major complex appeared similar for the nVDREpry,p and
VDRE,,, oligonucleotides (Fig. 2.6). The involvement of the VDR in these complexes
was established by carrying out EMSA in the presence of an anti-VDR antibody, which
blocks interaction of the VDR with its response element ''”. This antibody did inhibit
complex formation with both the nVDREprip and VDRE o, oligonucleotides, as shown
in Fig. 2.6.

Since the major protein-DNA complex obtained with the nVDREppryp and
VDRE,,, oligonucleotides showed similar migratory positions in both PC-3 and LNCaP
cells, we carried out cross-competition experiments to determine whether the same
accessory proteins, in combination with the VDR, were involved in the interactions with
these two oligonucleotide sequences. Data for LNCaP and PC-3 nuclear extracts are

shown in Fig. 2.7 and Fig. 2.8, respectively.
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Figure 2.6. Effects of anti-VDR antibody on the interaction of nVDREprgp With
nuclear proteins from PC-3 and LNCaP cells. VDRE,,,, was used as positive control.
Anti-VDR antibody (VDR-ADb) was incubated with 1.5 ul of nuclear extract (NE) from
PC-3 or LNCaP cells before addition of poly (dI-dC)-poly (dI-dC) (nonspecific
competitor) and the indicated probe. C, DNA/nuclear protein complex; F, free probe.

When nVDREprHp Was used as probe, both nVDREpry:p and VDRE
competed effectively at 100- and 200-fold molar excess (Fig. 2.7,A and 2.8,A). In
contrast, when VDRE,,, was used as probe, nVDREprup Was a very inefficient
competitor, even at 200-fold molar excess, while VDRE,,,, was an effective competitor
(Fig. 2.7,B and 2.8,B). These results indicate that (1) the nVDREprur and VDRE 0
have different affinities for their respective nuclear proteins, (2) there may be differences
in the composition of the protein-DNA complexes formed with the nVDREpry,p and
VDRE,,, oligonucleotides, and (3) the VDRE,p,-nuclear protein interaction is stronger

than the nVDREprip-nuclear protein interaction.
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Figure 2.7. Cross-competition experiments using nuclear extracts from LNCaP cells
and nVDREprurp (A) or VDRE,,,, (B) as probes. The specific competitors are
indicated at the top. Poly (dI-dC)-poly (dI-dC) (non-specific competitor) and 1.5 pul of
nuclear extract were used in each binding reaction. The binding reactions in lanes 1 and
4 were carried out in the absence of specific competitor (-), and in lanes 2 and 5, 3 and 6,
in the presence of a 100- or 200-fold molar excess of the indicated specific competitor,
respectively. C, DNA/nuclear protein complex; F, free probe.
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Figure 2.8. Cross-competition experiments using nuclear extracts from PC-3 cells
and nVDREprurp (A) or VDRE,,,, (B) as probes. The specific competitors are
indicated at the top. Poly (dI-dC)-poly (dI-dC) (non-specific competitor) and 1.5 pl of
nuclear extract were used in each binding reaction. The binding reactions in lanes 1 and
5 were carried out in the absence of specific competitor (-), and in lanes 2 and 6, 3 and 7,
4 and 8 in the presence of a 50-, 100- or 200-fold molar excess of the indicated specific
competitor, respectively. C, DNA/nuclear protein complex; F, free probe.
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1,25(0OH),D3; and EB1089 attenuate the binding between NVDREpryrp and the VDR

The effects of 1,25(OH),D; and EB1089 on the nVDREprip-VDR interaction
were investigated using nuclear extracts from cells pretreated with these compounds.
Treating LNCaP cells with 1,25(OH),D; or EB1089 for 48 h weakened the binding
between nVDREpprp and LNCaP nuclear proteins in a dose-dependent manner (Fig.
2.9,A). Treating PC-3 cells under the same conditions also weakened the protein-DNA
interactions (Fig. 2.10,A).
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Figure 2.9. Effects of 1,25(OH),D; and EB1089 on the interaction between the
nVDRE;prur sequence and the VDR in nuclear extracts from LNCaP cells. Poly
(dI-dC)-poly (dI-dC) (non-specific competitor) and 1.5 pl of nuclear extract from LNCaP
cells were used in each binding reaction. D3 = 1,25(OH),D;; EB = EB1089;- = vehicle
(ethanol) control. (A) Nuclear extracts were prepared from LNCaP cells pre-treated with
the indicated concentrations (log of molarity) of 1,25(OH),D3; or EB1089 for 48 h. (B)
Nuclear extracts from LNCaP cells were treated with the indicated concentrations (log of
molarity) of 1,25(0OH),D; or EB1089 for 30 min before addition of probe DNA.

C, DNA/nuclear protein complex; F, free probe.
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Figure 2.10. Effects of 1,25(OH),;D; and EB1089 on the interaction between the
nVDRE;pru,r sequence and the VDR in nuclear extracts from PC-3 cells. Poly (dI-
dC)-poly (dI-dC) (non-specific competitor) and 1.5 ul of nuclear extract from PC-3 cells
were used in each binding reaction. D;=1,25(OH),Ds; EB = EB1089;- = vehicle
(ethanol) control. (A) Nuclear extracts were prepared from PC-3 cells pre-treated with
the indicated concentrations (log of molarity) of 1,25(0OH),D; or EB1089 for 48 h. (B)
Nuclear extracts from PC-3 cells were treated with the indicated concentrations (log of
molarity) of 1,25(OH),D; or EB1089 for 30 min before addition of probe DNA.

C, DNA/nuclear protein complex; F, free probe.

Incubating LNCaP nuclear extracts in vitro with 1,25(OH),D; or EB1089 for 30
min before addition of probe DNA (nVDREptip) also decreased protein-DNA complex
formation in a dose-dependent manner (Fig. 2.9,B). Similar results were obtained with
nuclear extracts from PC-3 cells, with decreased protein/DNA complex formation after
treatment with 107 M or 10® M 1,25(0OH),D5 or EB1089 for 30 min (Fig. 2.10,B).
Taken together, these results indicate that treatment with either 1,25(OH),D; or EB1089
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weakens the binding between the VDR and nVDREpry:p, but not VDRE,qp, in PC-3 and
LNCaP cells.

DISCUSSION

The role of vitamin D in prostate cancer has been extensively studied, and vitamin
D deficiency has been linked to an increased incidence of this disease (reviewed in .
The clinical usefulness of 1,25(0OH),D; is limited by its effect on calcium metabolism and
the associated risks of hypercalcemia and soft tissue calcifications. Like 1,25(OH),Djs,
the vitamin D analog EB1089 exerts strong antiproliferative effects on cancer cells.
However, unlike 1,25(OH),Ds, EB1089 has relatively minor effects on calcium
metabolism ''®'?°. Another advantage of EB1089 is its relative metabolic stability in
Vivo (vs. 1,25(0OH),;Ds) as a result of different routes of side-chain metabolism for the two

compounds '

. EB1089 has been undergoing clinical evaluation in patients with
proliferative disorders, including cancer and psoriasis 2.

In this study, we report that both 1,25(OH),D; and EB1089 decrease steady-state
PTHrP mRNA as well as secreted and intracellular PTHrP levels in the human prostate
cancer cell lines, PC-3 and LNCaP. These data are in agreement with and extend our
previous study that showed downregulation of PTHrP gene expression and protein levels
by 1,25(0OH),D; in PC-3 cells *. PTHrP plays an important role in the growth and

. L yiun 32.38,122
metastasis of prostate cancers in vivo °~°

. In addition, PTHrP overexpression in PC-3
cells enhances cell-surface expression of the pro-invasive integrins al, a6, and 4, and
increases adhesion to the ECM proteins collagen type I and laminin **. Conversely,
1,25(0OH),Ds has been shown to decrease the expression of the a6 and B4 integrin
subunits in PC-3, DU145 '* and SK-MEL-28 (human melanoma) '** cells. 1,25(0OH),Ds
also inhibits tumor invasion '*>'*®, and more specifically, PC-3 and DU145 cell adhesion,
migration, and invasion '>. These effects may be mediated, at least partially, via the
1,25(0OH),Ds-mediated downregulation of PTHrP expression. Hence, downregulation of

PTHrP expression by vitamin D analogs may be clinically significant.
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In this study, we have also shown that promoter activity driven by a putative
nVDRE from the human PTHrP gene (nVDREnptip) was downregulated in a cell line-
specific manner in response to 1,25(OH),Ds or EB1089. This putative nVDREprp
shows a high degree of homology to the negative vitamin D response element present in
the human PTH gene (nVDREpry °). Sequence comparison between the two nVDREs
shows that 11 of 13 nucleotides are identical, with the nVDREpryp being in reverse
orientation to the nVDREpryy. The nVDREpry;p also shows a high degree of homology
to the nVDRE within the chicken TGF2 gene '*’. Of 13 nucleotides, 12 are identical;
the only difference lies in the heptameric motif, with an AGATTCA within nVDREpr:p
and an AGGTTCA within the TGFB2 gene '*’. The heptameric AG(G/A)TTCA in the
nVDREprhp, N'VDRERpTH, and nVDRErgrg; genes also shows significant homology to
the heptameric motif which makes up the core element to which the vitamin D, thyroid
hormone, and retinoic acid (retinoic acid and RXR) receptors bind 128 However, unlike
these classical VDREs, which consist of two such motifs separated by a spacer of three
nucleotides (DR3 ''"'?%), only one such motif is present in the nVDRE genes ***°.

In this study, the nVDREprip cloned upstream of the SV40 promoter was used
to study vitamin D responsiveness in PC-3 and LNCaP cells. Treatment with
1,25(0OH),D3 or EB1089 decreased promoter activity driven by this construct in LNCaP,
but not in PC-3 cells. The VDRE from the mouse osteopontin gene (VDRE,,p), also
cloned upstream of the SV40 promoter, was used to confirm that PC-3 cells can respond
to vitamin D treatment. In this case, treatment with 1,25(OH),D; or EB1089 increased
promoter activity driven by VDRE,,,, in both cell lines. Therefore, the effects of
1,25(0OH),D5 and its analogs on PTHrP expression mediated through the nVDREpryp
appear to be cell-type specific. In this and previous studies ¥, we have shown that
1,25(0OH),D3 does downregulate PTHrP gene expression in PC-3 cells, indicating the
presence of a second nVDRE in the PTHrP gene. It is also possible that different
negative regulatory proteins mediate downregulation of PTHrP gene expression in PC-3
and LNCaP cells via the nVDREpry:p, and that the 30 bp nVDREpr:p sequence used

here is not long enough to allow binding of these negative regulators in PC-3 cells. We
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and others have shown that the rat PTHrP gene contains at least two DNA sequence
elements responsible for negative regulation by vitamin D '**'*°; one sequence comprises
a single heptameric motif, and is oriented similar to the nVDRE within the human PTHrP
gene. The second sequence resembles the prototypical (DR3) VDRE, with two
heptameric motifs separated by a three nucleotide spacer '*'*°. Negative regulation of
the chicken PTH gene by vitamin D is also mediated via a DR3 sequence '*’. Therefore,
it appears that both the single heptameric and the DR3 nVDREs are involved in
downregulation of PTHrP gene expression.

Our EMSA experiments show that nuclear proteins from both PC-3 and LNCaP
cells interact with the nVDREpri,p, as well as with the VDRE,,,, (positive control)
sequences. As demonstrated by including an anti-VDR antibody in the binding reactions,
the VDR forms part of the protein-DNA complex formed with nuclear extracts from both
cells lines. The migratory positions of the major complexes obtained with nVDREprp
and VDRE,,, appear similar by EMSA. Since we have not yet identified any other
components of the nVDREprip-nuclear protein complex apart from the VDR, the reason
for this apparently similar migration of the protein complexes with these two VDREs is at
present unknown. However, the cross-competition EMSA experiments, using
nVDREprie or VDRE o, as probes and reciprocal competitors, indicate that binding of
nuclear proteins to the DR3 sequence, represented by VDRE,yp, is stronger than that to
the single heptamer motif, represented by nVDREprp;p, in that there was inefficient
competition of VDRE,o, by nVDREprip, While the reverse did not occur.

The mechanism via which 1,25(OH),D; represses PTHrP gene expression is not
well understood. Abe et al. 7 have shown that both 1,25(0OH),Ds and 9-Cis-RA
suppressed PTHrP gene expression in HSC-3 human oral squamous carcinoma cells,
indicating involvement of a VDR/RXR heterodimer. However, the sequence element via
which this effect was mediated has not been identified. In contrast, Nishishita et al. 80
have shown that, in MT-2 cells (human adult T-cell lymphoma/ leukemia virus-infected

T cells), the nVDREpryp does not bind the RXR in combination with VDR, and

transcription from this site is not influenced by 9-Cis-RA. Rather, Ku antigen has been
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shown to be part of the protein-DNA complex formed between MT-2 nuclear extracts
and the nVDREprip sequence. The Ku antigen, a heterodimeric nuclear protein with
strong affinity for the ends of linear double-stranded DNA and for nicked circular DNAs,
has been identified as a subunit of the DNA-activated protein kinase (DNA-PK) that
mediates DNA activation by linear DNA fragments or double-stranded

. . 131,132
oligonucleotides "'

. The Ku antigen also functions as a sequence-specific
transcription factor. For example, the p70 and p86 subunits of Ku have been shown to
interact with the negative calcium-responsive elements in association with redox factor
1 '**, and with the mouse mammary tumor virus promoter in association with the
glucocorticoid receptor '**. In the human PTHrP gene, binding of VDR and Ku in close
proximity on the nVDREpr:p sequence may induce vitamin D-mediated
phosphorylation of the VDR by Ku antigen, thereby weakening the ability of VDR to
bind to its cognate DNA sequence **. The net result in MT-2 cells *, and possibly
LNCaP cells (this study), is decreased promoter activity driven by nVDREyprp in
response to vitamin D treatment. However, this vitamin D-mediated effect on promoter
activity is not evident in PC-3 cells. This lack of effect in PC-3 cells may be associated
with a defect in the ability of Ku to phosphorylate the VDR in response to vitamin D
treatment, defects in other components of the transcription machinery that preclude
incorporation of Ku, or a mutation in the VDR which precludes its phosphorylation by

. % report that a mutation in helix

Ku antigen. By analogy, in a recent study, Malloy et a
12 of the VDR impairs its interaction with the steroid coactivator-1 (SRC-1) protein, as
well as with DRIP205, a subunit of the VDR-interacting protein (DRIP) coactivator
complex. While this mutant VDR exhibited many normal properties, including ligand
binding, heterodimerization with the RXR, and binding to the VDRE, it was unable to
elicit 1,25(OH),D;s-dependent transactivation *>. The clinical manifestation of this
mutation is hereditary vitamin D-resistant rickets '*°. Thus, it is possible that a similar
mechanism may explain why different cell lines show different responses to vitamin D
analogs, as well as why some prostate cancers appear to be refractory to treatment with

vitamin D analogs.
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In conclusion, the association between PTHrP expression and prostate cancer
growth and metastasis clearly demonstrates the importance of controlling PTHrP
production by prostate cancer cells. The current study shows that 1,25(OH),Ds and
EB1089 decrease steady-state PTHrP mRNA and protein levels in PC-3 and LNCaP
cells. In LNCaP, but not in PC-3 cells, this effect appears to be partially mediated via the
nVDRE;pry;p, indicating that the human PTHrP gene may contain a second, independent
nVDRE sequence. The effects of 1,25(0OH),D3; and EB1089 on PTHrP levels also
provides the rationale for the use of non-hypercalcemic vitamin D analogs to control

PTHrP production in prostate cancer.
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CHAPTER THREE: PROSTATE CANCER CELL TYPE-
SPECIFIC INVOLVEMENT OF THE RXR IN
REGULATION OF THE HUMAN PTHRP GENE VIA A
NEGATIVE VDRE

ABSTRACT

Parathyroid hormone-related protein (PTHrP) increases the growth and osteolytic
potential of prostate cancer cells, making it important to control PTHrP expression in
these cells. We show that 1,25-dihydroxyvitamin D3 (1,25(OH),D3) and its non-
hypercalcemic analog, EB1089, decrease PTHrP mRNA and cellular protein levels in the
androgen-dependent human prostate cancer cell line LNCaP and its androgen-
independent derivative, the C4-2 cell line. This effect is mediated via a negative vitamin
D response element (nVDREpryp) within the human PTHrP gene, and involves an
interaction between nVDREpryp and the vitamin D receptor (VDR). The retinoid X
receptor (RXR) is a frequent heterodimeric partner of the VDR. We show that RXRa
forms part of the nuclear protein complex that interacts with nVDREpryp along with the
VDR in LNCaP and C4-2 cells. We also show that the RXR ligand, 9-Cis-retinoic acid
(9-cis-RA), downregulates PTHrP mRNA levels; this decrease is more pronounced in
LNCaP than in C4-2 cells. In addition, 9-Cis-RA enhances the 1,25(OH),D;-mediated
downregulation of PTHrP expression in both cell lines; this effect also is more
pronounced in LNCaP cells. Proliferation of LNCaP, but not C4-2, cells is decreased by
9-cis-RA. Promoter activity driven by nVDREpu;p cloned upstream of the SV40
promoter and transiently transfected into LNCaP and C4-2 cells was downregulated in
response to 1,25(OH),D; and EB1089 in both cell lines. Co-treatment with these
compounds and 9-Cis-RA further decreased CAT activity in LNCaP, but not C4-2, cells.
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These results indicate that PTHrP gene expression is regulated by 1,25(OH),Ds in a cell

line-specific manner in prostate cancer cells.

INTRODUCTION

Prostate cancer is the most common cancer and the second leading cause of
cancer-related deaths among males in the United States '. Several studies have
demonstrated that parathyroid hormone-related protein (PTHrP) contributes to the
pathogenesis and progression of prostate carcinoma and its tendency to metastasize to the
bone **°. Tt is therefore clinically important to develop agents that decrease PTHrP
production by prostate cancer cells.

Numerous studies link vitamin D deficiency with an increased incidence of
prostate cancer, making dietary vitamin D an important agent in the prevention of this
cancer (reviewed in >*). 1,25-Dihydroxyvitamin Ds (1,25(0OH),D;), the hormonally
active form of vitamin D, inhibits the proliferation of many types of cancer cells,
including prostate carcinoma cells. The clinical effectiveness of 1,25(OH),Ds is limited
by its action on calcium metabolism and the increased risk of hypercalcemia. This effect
is diminished for a number of 1,25(OH),Ds analogs, such as EB1089 (1 ,25-dihydroxy-
22,24-diene-24,26,27-trihomovitamin D3 *), making these analogs more therapeutically
useful.

1,25(0OH),Ds also downregulates PTHrP expression in a number of human cell

82,83 :
*°. In a previous study,

types, including the prostate cancer cell lines PC-3 and LNCaP
we reported that a negative vitamin D response element (nVDRE) located between
nucleotides -546 and -517 of the human PTHrP gene (nVDREpryp) confers
responsiveness to 1,25(OH),D; and EB1089 in the weakly metastatic androgen receptor
(AR)-positive LNCaP cells, but not in the highly metastatic AR-negative PC-3 cells **.
In order to determine whether the nVDRE;pryp-mediated response to 1,25(OH),D;
differs in prostate cancer cells representing an early to more advanced stage of prostate
cancer, we compared this response in the androgen-responsive LNCaP cells to that in the

91,92

androgen-independent C4-2 cells * . The C4-2 cell line is a second-generation LNCaP
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subline which expresses lower AR protein and mRNA levels than the LNCaP cell line.
C4-2 cells are androgen-independent, have higher anchorage-independent cell growth,

91,92

and express 5- to 10-fold higher prostate-specific antigen (PSA) levels . In contrast to

LNCaP cells, C4-2 cells metastasize to the lymph nodes and bone when injected

1,92 .
192 Previously we also demonstrated

orthotopically or subcutaneously into nude mice
that downregulation of PTHrP gene expression by 1,25(OH),D; and EB1089 involves an
interaction between the nVDREpryp sequence and the vitamin D receptor (VDR 82), a
member of the superfamily of ligand-activated transcription factors ', The mechanisms
via which this receptor activates gene transcription and mediates many of the cellular

effects of 1,25(0OH),D; have been widely investigated (reviewed in '*°

). Regulation of
gene expression via the VDR frequently involves other binding partners. The most
predominant interaction is with the retinoid X receptor (RXR), another member of the
ligand-activated transcription factor superfamily *. The RXR/VDR complex binds to its
cognate vitamin D response element (VDRE) to induce 1,25(OH),Ds-mediated
transcriptional activation in different cells *°.

The mechanisms via which the VDR mediates transcriptional repression are not
as well understood. Two candidate proteins shown to be involved with the VDR in the
negative regulation of the PTHrP gene expression by 1,25(OH),Ds are the RXR and Ku-
antigen, the regulatory component of the DNA-PK (DNA-dependent protein kinase)

780 The RXR/VDR heterodimer has been shown to mediate downregula-

holoenzyme
tion of PTHrP gene expression in the human oral squamous carcinoma cell line HSC-3 7.
Thus, treatment with 1,25(OH),D; or the RXR ligand 9-cCis-retinoic acid (9-CiS-RA)
decreased PTHrP mRNA levels ”°. Co-treatment with 1,25(0OH),D5 and 9-Cis-RA
produced an additive downregulatory effect on PTHrP mRNA levels, suggesting that this
inhibition might be mediated through the binding of the RXR/VDR heterodimer to the
nVDRE(s) within the PTHrP gene, even though these nVDRE sequence(s) were not
mapped. In contrast, in the leukemia virus-infected human adult T cell lymphoma cell
line MT-2, downregulation of PTHrP gene expression through the nVDREpry;p involves

an interaction of the VDR with Ku-antigen, and not with the RXR *°. Thus, it may be
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concluded that the proteins that interact with the VDR to promote downregulation of
PTHrP gene expression may be cell type-specific. Regulation of PTHrP gene expression
may depend on the presence of cell type-specific transcription factors, or on cell type-
specific promoter utilization.

In the present study, we report that 9-Cis-RA downregulates PTHrP mRNA levels
in LNCaP and C4-2 cells. The 1,25(OH),Ds;-mediated downregulation of PTHrP
expression is enhanced by 9-cis-RA in both LNCaP and C4-2 cells at low concentrations
of either compound, but only in LNCaP cells at higher concentration of these compounds.
1,25(0OH),D3 downregulates nVDRE;pryp-driven promoter activity in LNCaP and C4-2
cells. Co-treatment with 1,25(OH),D; and 9-Cis-RA causes a further decrease in CAT
activity in LNCaP, but not in C4-2 cells. In both cell lines, the VDR and RXRa form part
of the nuclear protein complex that interacts with nVDREppryp. Furthermore, 9-cis-RA
decreases cell proliferation of LNCaP, but not C4-2 cells. Similar effects were observed
with EB1089. Understanding the mechanisms for downregulation of PTHrP expression
and decreased proliferation in response to 1,25(OH),D3 may lead to the development of
combination therapies for the treatment of prostate cancer that are more effective and

result in lower side effects than those currently available.
MATERIALS AND METHODS

Materials

1,25(0OH),D3 and EB1089, kindly provided by Dr. M. Uskokovic (Hoffmann La-
Roche, Inc., Nutley, New Jersey) and Dr. Lise Binderup (Leo Pharmaceuticals, Ballerup,
Denmark), respectively, were dissolved in ethanol at 10* M. 9-cis-Retinoic acid was
obtained from Sigma-Aldrich Co. (St. Louis, MO) and was also dissolved in ethanol at
10* M. Fetal bovine serum (FBS) and dialyzed FBS were obtained from Atlanta
Biologicals (Norcross, GA) and Sigma (St. Louis, MO), respectively. Tissue culture
supplies were purchased from Life Technologies, Inc. (Gaithersburg, MD). Anti-human
PTHrP mouse monoclonal antibody was obtained from Oncogene Research Products

(Cambridge, MA). The fluorescent goat anti-mouse antibody (labeled with Alexa
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Fluor™ 488) was purchased from Molecular Probes, Inc. (Eugene, OR). Anti-VDR
monoclonal antibody (MA1-710) was obtained from Affinity Bioreagents (Golden, CO),
and the anti-RXRa polyclonal antibody (D-20), anti-Ku-70 polyclonal antibody (C-19),

and normal rat polyclonal IgG were obtained from Santa Cruz Biotechnology Inc. (Santa
Cruz, CA).

Cell culture

LNCaP cells were obtained from the American Type Culture Collection (ATCC,
Manassas, VA). C4-2 cells were purchased from UroCor, Inc. (Oklahoma City, OK).
LNCaP and C4-2 cells were grown at 37 °C in a humidified 95% O, - 5% CO,
atmosphere in RPMI 1640 medium supplemented with 10% FBS and L-glutamine. In
some of the experiments, as indicated below, conventional FBS was replaced with
dialyzed FBS in order to minimize the exposure of the cells to endogenous steroids

present in the serum.

Cell proliferation

To measure the effects of 1,25(0OH),D;, EB1089 and/or 9-Cis-RA on LNCaP and
C4-2 cell proliferation, cells were plated in 24-well dishes at 10* cells/well in medium
containing 10% FBS. After 24 h, the medium was replaced with dialyzed FBS-
containing medium (final FBS concentration, 10%). After a further 24 h, the cells were
treated with 10”7 M 1,25(OH),Ds, EB1089, and/or 9-cis-RA. Control cells received an
equivalent volume of vehicle (ethanol; 0.01% final concentration). Cells were counted
after 0, 3, 7 and 11 days of treatment. The growth medium was replaced every 3 days
with fresh 1,25(OH),Ds-, EB1089-, and/or 9-cis-RA-containing medium. The cells were
then trypsinized and counted using a Coulter Counter (Hialeah, FL).

Immunofluorescence labeling

To detect PTHrP, cells grown on Lab-Tek chamber slides (Nalge Nunc,
Napierville, IL) were treated with 107 M 1,25(0H),Ds, EB1089, and/or 9-cis-RA for
72 h. Cellular PTHrP was detected as previously described **. In brief, the cells were

fixed in acetone, incubated in 50 mM ammonium chloride in PBS, and the non-specific
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protein binding sites were blocked by incubation with 5% milk protein (Novagen,
Madison, WI) for 1 h at room temperature. The cells were then incubated overnight at

4 °C with primary antibody (anti-human PTHrP mouse monoclonal IgG; Oncogene
Research Products). Control cells did not receive primary antibody. After another wash
with cold PBS, the cells were treated with goat anti-mouse secondary antibody (Alexa™
488; Molecular Probes) for 1 h at room temperature, mounted using Aqua Poly/Mount
(Polysciences, Inc.; Warrington, PA), and analyzed using an Olympus fluorescence
microscope (Olympus Corp., Melville, NY) with a wide-band green filter.

Fluorescence images, acquired as described above, were stored as tif files and
were transferred to a laboratory computer. Images were analyzed using a program
written in the Mathlab system (The Mathworks Inc., Natick, MA) by Dr. Gilbert R.
Hillman. The images showed several fluorescent-labeled cells, with most of the image
area consisting of unlabeled, or faintly nonspecifically labeled, background. An intensity
histogram was computed for the entire image; the shape of the histogram was a skewed
normal Gaussian curve, representing an approximately normal distribution of pixel
intensity within the background upon which was superimposed a smaller number of
higher-intensity labeled pixels. The portion of the histogram greater than 0.3 times its
observed peak value was used as input to a nonlinear regression procedure that fitted a
normal distribution to the data; substantial deviation of the actual data from the fitted
curve occurred only at the higher-intensity region of the histogram, and represented the
distribution of fluorescent pixels. The difference between the fitted normal curve and the
observed histogram was used to calculate FL, the weighted average fluorescent labeling

intensity per pixel within labeled cells, according to the following formula:

255

Z(Poi - PFi )(' _t)

FL =

255
Z(POi - PFi)
i=t
Where Po; is the number of pixels at intensity i in the observed histogram, Pg; is
the number of pixels at intensity i in the fitted normal curve, and t is a threshold equal to

1.96 times the fitted S of the normal curve.
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This distribution was extracted by subtracting the fitted from the observed curve.
A threshold was set at an intensity equal to 1.96 standard deviations above the mean of
the fitted normal distribution, and the area of the difference curve was determined as the
sum of the number of pixels at each intensity level, weighted by the difference between
that intensity and the threshold. This number was divided by the number of labeled
pixels observed, and was a measure of the average intensity of fluorescent labeling within
labeled cells.

Reverse Transcriptase-Real-time Polymerase Chain Reaction Analysis of PTHrP Gene
Expression.

To determine if PTHrP expression is responsive to 1,25(OH),Ds, EB1089 and/or
9-cis-RA treatment, we performed reverse transcriptase (RT)-real-time Polymerase Chain
Reaction (PCR) analysis. LNCaP and C4-2 cells were plated in 6-well dishes at 10°
cells/well in medium containing 10% FBS. At ~70% confluence, the medium was
replaced with medium containing dialyzed FBS. After 12 h, the cells were washed and
incubated with the indicated concentration of 1,25(OH),D3, EB1089 and/or 9-cis-RA for
48 h as indicated. Cells from two different wells were harvested and then combined, and
total RNA was extracted using the RNAqueous® isolation kit per the manufacturer’s
instructions (Ambion Inc., Austin, TX). RNA concentrations were determined by
spectrophotometry.

RT reactions: RT reactions were performed with 2 pg of total cellular RNA
using random hexamer primers and TagMan® Reverse Transcription Reagents (ABI,
Applied Biosystems, Foster City, CA). A typical reaction contained 2 pg RNA, 1X RT
Buffer, 2.5 uM random hexamer primers, 2.5 U/ul MultiScribe™ Reverse Transcriptase
(RTase), 2 mM dNTP Mixture (500 uM each), 5.5 mM MgCl,, 0.4 U/ul RNase Inhibitor,
and diethylpyrocarbonate (DEPC)-treated water in a final volume of 25 ul. The reaction
mixture was incubated for 10 min at 25 °C, 30 min at 48 °C and 5 min at 95 °C using a
GeneAmp PCR-System (PerkinElmer Life and Analytical Sciences, Inc.; Boston, MA).
An aliquot of the RT reaction mixture (6 ul) was used as the template for real-time PCR

to detect PTHrP mRNA and 18S rRNA (for normalization purposes) transcripts. PTHrP
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primers (Assays-on-Demand™, P/N 4331182, 20x assay mix of primers), the PTHrP
TagMan MGB probe (FAM™ dye-labeled, PTHLH (parathyroid hormone-like
hormone), NM 002820, Hs00174969 m1: CGCCGCCTCAAAAGAGCTGTGTCTG) and
the pre-developed 18S rRNA primers as endogenous control (VIC™-dye labeled probe,
TagMan® assay reagent, P/N 4319413E) were obtained from ABI (Applied Biosystems,
Foster City, CA).

Relative quantification of gene expression: Separate tubes (singleplex) real-
time PCR was performed using 40 ng cDNA for both target gene and endogenous
control. The universal PCR master mix reagent kit was used as a source for the reagents
(P/N 4304437). The cycling parameters for real-time PCR were: UNG activation at
50 °C for 2 min, AmpliTaq activation at 95 °C for 10 min, denaturation at 95 °C for 15
sec and annealing/extension at 60 °C for 1 min (repeated 40 times) on an ABI7000 real
time PCR machine. Duplicate Ct values were analyzed in Microsoft Excel using the
comparative Ct (AACt) method as described by the manufacturer (Applied Biosystems,
Foster City, CA). The amount of target (22T was obtained by normalizing to the
endogenous reference (18S) and relative to vehicle-treated control as the baseline (using
the facilities of UTMB’s Sealy Center for Cancer Cell Biology’s Real Time PCR core

facility, http://www.utmb.edu/scccb/per/index.htm). As negative controls, we carried out

PCR reactions without DNA and RT-reactions without RTase.

Plasmids and oligonucleotides

Oligonucleotides for electrophoretic mobility shift assays (EMSA) and for
construction of the chloramphenicol acetyltransferase (CAT) constructs for transfection
were synthesized as single-stranded molecules that were annealed before use as probes
and competitors. For use as probes, these oligonucleotides were 5’ end-labeled with
[y-**P] ATP and T4 polynucleotide kinase. The following oligonucleotide sequences for
the nVDRE from the human PTHrP gene (n"VDRE,prp 80) and the mouse osteopontin
gene (VDRE,p, positive control ') were used as probes. The sequence of the upper

strand is shown.
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nVDREpprae -546 TAAAGTGCTATAGaTTCATATTTGGTTTAT -517

VDRE,,, -760  AGAGCAACAAGGTTCACGAGGTTCACGTCTC -730

In nVDRE}pry:p, the position of the heptanucleotide motif comprising the putative
nVDRE is underlined. The lower case a represents the sole difference between the
nVDRE from the human PTH gene (in this case present on the lower or antisense-
strand 90) and the nVDREprhp. In VDRE,op, the underlined sequences represent the two
hexanucleotide motifs from the mouse osteopontin gene '''. In this case, each of these
motifs is identical to the nVDRE motif within the human PTH gene *°.

The oligonucleotides corresponding to the nVDREpry:p and VDRE o, were
cloned upstream of the SV40 promoter in the vector pCAT promoter (Promega, Madison,
WI), as previously described *2. pCAT promoter was used as the empty vector control.

These constructs were used in transient transfection assays, as described below.

Electrophoretic mobility shift assay

Nuclear extracts were prepared from untreated LNCaP and C4-2 cells grown in
RPMI 1640 medium supplemented with 10% FBS and L-glutamine, as described by Liu
et al. (2000) ' Binding reactions for EMSAs contained 20 mM Tris-HCI (pH 7.5),
60 mM KCI, 5 mM MgCl,, 1 mM DTT, 4 % glycerol, 100 ng/ml bovine serum albumin
(BSA), 25 ng of poly(dI-dC)-poly(dI-dC) (Amersham Biotech., Inc., Piscataway, NJ) as a
non-specific competitor, probe DNA (10 000 cpm; 0.003-0.01 ng), and nuclear extract
(1 pl; protein concentration 4-6 mg/ml; each reaction contained an equal amount of
protein) in a final volume of 25 pl. After incubation for 40 min at 25 °C, one of the
following antibodies was added: anti-VDR antibody (1 mg/ml), anti-RXRa antibody
(1 mg/ml), anti-Ku-70 antibody (1 mg/ml) or the normal polyclonal IgG antibody
(1 mg/ml; as negative control for unspecific antibody binding). After a further 30 min
incubation at 25 °C, the reactions were fractionated through a native 5% polyacrylamide
gel (29% acrylamide, 1% bis-acrylamide in 0.5 X TBE), which was dried and

autoradiographed with an intensifying screen at -70 °C.
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Transfection and CAT assays

Transfection and CAT assays were carried out as previously described *. Briefly,
LNCaP or C4-2 cells were plated in 6-well dishes at 10 cells/well in medium containing
10% FBS. At ~70% confluence, the cells were transferred to serum-free medium and
transfected with 1.5 pg of plasmid DNA (constructs described under the plasmids’
section) in the presence of 4 pl Lipofectamine Plus™ and 6 pl Plus Reagent (Gibco BRL,
Life Technologies). After 4 h, dialyzed FBS was added to the cells (final concentration
10%). After a further 12 h recovery, the cells were washed with PBS, transferred to 1%
dialyzed FBS, and treated with 107 M 1,25(0H),D;3, EB1089 and/or 9-cis-RA for 48 h.
Control cells received an equal volume of ethanol (vehicle control). After 48 h, the cells
were harvested, washed with PBS, and lysed using the Reporter Lysis buffer (Promega)
for 15 min at room temperature. The cells were then scraped, transferred to
microcentrifuge tubes, and heated for 10 min at 60 °C to inactivate endogenous
deacetylase activity. After a 2 min centrifugation, the supernatant was collected and
stored at -80 °C for analysis of CAT activity. To correct for variations in cell number,
CAT assays were performed using the same amount of cellular protein per sample,
determined using the Bio-Rad assay (Bio-Rad, Hercules, CA). CAT assays were carried
out using the CAT enzyme assay system (Promega), as per the manufacturer’s
specifications. The standard reaction contained: cell extract (10-25 pl), 5 pl of n-butyryl-
CoA (cofactor), and 3 pl of [14C]chloramphenicol (50-62 mCi/mmol; Amersham
Biosciences) in a final volume of 125 pul. After incubation at 37 °C for 30 min, the n-
butyrylated chloramphenicol products were extracted with 400 pl xylene (Sigma-
Aldrich). After washing the upper xylene phase twice with 100 pl of 0.25 M Tris-HCl,
pH 8.0, 200 pl of this organic phase was processed for liquid scintillation counting. As a
negative control, reactions were carried out in the absence of cell extract; this value was
subtracted from the values obtained in the presence of cell extract. The CAT activity
values obtained were plotted as fold-change, using the vehicle control-treated cells as the

CAT activity reference (represented as 1.0).
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Statistics

Numerical data are presented as the mean =+ standard error of the mean (S.E.M).
The data were analyzed by one-way analysis of variance (ANOVA) followed by a
Tukey-Kramer multiple comparisons post-test to determine the statistical significance of
differences. All statistical analyses were performed using INSTAT Software (GraphPad
Software, Inc., San Diego, CA).

RESULTS

The RXR forms part of the complex that interacts with NVDREpptHp in both LNCaP
and C4-2 cells

We previously showed by EMSA that nuclear proteins from LNCaP cells interact
with the nVDREprip sequence 82 Complex formation was inhibited by inclusion of an
anti-VDR antibody in the binding reaction, confirming that the VDR forms part of the
nuclear protein complex that interacts with nVDREppryp. This anti-VDR antibody
blocks the interaction of the VDR with its response element ''’. Here we show that
nuclear proteins from C4-2 cells interact with the nVDREprip sequence in a similar
manner, and that this interaction is also blocked by an anti-VDR antibody, confirming
VDR involvement (Fig. 3.1). To confirm the specificity of the anti-VDR antibody
interactions, normal rat I[gG was included in the binding reactions. Inhibition by this non-
specific antibody was negligible or significantly less than that by the anti-VDR antibody
(Fig. 3.1).

Regulation of gene expression via the VDR may involve other binding partners of
the VDR ***. Two candidate proteins shown in other systems to be involved with the
VDR in the negative regulation of the PTHrP gene by 1,25(OH),Ds are the RXR and Ku
protein. The involvement of these two proteins in the interaction of the VDR with the
nVDREprh:p sequence was also assessed by EMSA. Inclusion in the binding reaction of
an anti-RXRo antibody that blocks the RXRo-DNA interaction "’ inhibited complex

formation between the nVDREpry;p oligonucleotide and nuclear proteins from LNCaP
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and C4-2 cells (Fig. 3.1). A faint upper band, formed only with the nVDREprm:p and
LNCaP nuclear proteins, was also blocked by inclusion of the anti-VDR and the anti-
RXRa antibodies. The formation of this upper band was not always reproducible. The
1,25(0OH),Ds-mediated transcriptional regulation of mouse osteopontin gene expression
involves an interaction of the VDR and RXRa on VDRE,,,,, which is comprised of a
DR3 motif (two directly-repeating hexanucleotide motifs separated by three

128,1 : o . .
8:13%) " This sequence was used as a positive control in our studies. A

nucleotides
similar binding profile was obtained with VDRE,, in that the presence of the anti-VDR

or anti-RXRa antibody inhibited complex formation (Fig. 3.1).

LNCaP C4-2
IgG-Ab - - + - - - + - IgG-Ab - + - +
VDR-Ab - - - + - - + VDR-Ab - + +
RXR-Ab - + - - - + - RXR-Ab - + +
NE + +  + + + + + + NE + + + + + + + +

“-d ]

-F-
probe nVDRE, pryp VDRE,,,, probe nVDRE, pryp VDRE,,,,

Figure 3.1. Effects of anti-VDR and anti-RXRa antibodies on the interaction of
nVDREprap with nuclear proteins from LNCaP and C4-2 cells. VDRE,,,, was used
as a positive control. Nuclear extract (NE; 3 pg) from LNCaP or C4-2 cells was
incubated with poly (dI-dC)-poly (dI-dC) (nonspecific competitor) and the indicated
probe DNA for 40 min. After addition of anti-VDR antibody (VDR-ADb), anti-RXRa
antibody (RXR-Ab) or the normal polyclonal IgG antibody (IgG-Ab), incubation was
continued for a further 30 min. The reactions were then fractionated through a native 5%
polyacrylamide gel. C, DNA/nuclear protein complex; F, free probe.
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Conversely, inclusion of an anti-Ku-70 antibody, which supershifts the nuclear
protein-DNA complex '*, had no effect on complex formation via the nVDRE,, or

HVDREhpTHrp (Flg 3 2)

IgG e
Ku70-SS-Ab - - + - - +
NE + + + + + +

# a “ ‘

probe nVDRE,prye VDRE,,

Figure 3.2. Effects of anti-Ku antibody on the interaction of nVDREprnp and
VDRE,;,,p with nuclear proteins from LNCaP cells. Nuclear extract (NE; 3 pg) from
LNCaP cells was incubated with poly (dI-dC)-poly (dI-dC) (nonspecific competitor) and
the indicated probe DNA for 40 min. After addition of the anti-Ku 70 supershift antibody
(Ku 70-SS-Ab) or the normal polyclonal IgG antibody (IgG-Ab), incubation was
continued for a further 30 min. The reactions were then fractionated through a native 5%
polyacrylamide gel. C, DNA/nuclear protein complex; F, free probe.
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Ku antigen is not involved in the 1,25(OH),Ds-mediated transcriptional activation
of mouse osteopontin gene expression. Taken together, these results indicate that the
VDR along with the RXRa binds to the nVDREprup sequence in LNCaP and C4-2

cells.
1,25(0OH),D3; and EB1089, alone or in combination with 9-cis-retinoic acid, decrease
PTHrP mRNA and protein levels in LNCaP and C4-2 cells

We previously demonstrated that 1,25(OH),D3; and EB1089 decrease PTHrP
mRNA levels in a concentration-dependent manner in LNCaP cells, with a maximal

effect observed after treatment with 10® M 1,25(OH),Ds or EB1089 for 24 h or 48 h *.

LNCaP C4-2

Figure 3.3. PTHrP mRNA levels in LNCaP and C4-2 cells. Cells were cultured in
RPMI medium containing 10% FBS until they reached ~ 70% confluence. The PTHrP
mRNA levels were assessed by RT-Real-time PCR. Each bar represents the mean +
S.E.M. of three independent experiments. Where no error bar is shown, the S.E.M. is
smaller than the bar line. %, Significantly different from LNCaP at P < 0.01.
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In the present study, we first compared PTHrP mRNA levels in LNCaP and C4-2
cells, and report that PTHrP expression was significantly higher (~ 2-fold) in C4-2 vs.
LNCaP cells (Fig. 3.3).
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Figure 3.4. Effects of 1,25(OH),D; and EB1089 on PTHrP mRNA levels in LNCaP
and C4-2 cells. Cells were cultured in the presence of the indicated concentrations (log
of molarity) of 1,25(OH),D; (D3) or EB1089 (EB) for 48h. Control cells (-) received
ethanol (vehicle control). The PTHrP mRNA levels were assessed by RT-Real-time
PCR. Each bar represents the mean + S.E.M. of three independent experiments. Where
no error bar is shown, the S.E.M. is smaller than the bar line. * = Significantly different
from the control (-) at P < 0.01; ** = significantly different from the control at P < 0.001.

We also compared the effects of 1,25(0OH),D; and EB1089 on PTHrP mRNA
levels in these two cell lines. The two compounds produced a concentration-dependent
decrease in PTHrP mRNA levels after 48 h of treatment in both cell lines (Fig. 3.4). This
decrease was more pronounced in C4-2 than in LNCaP cells, especially at low
concentrations of the compounds (Fig. 3.4).

We also measured the effects of 9-Cis-RA on PTHrP mRNA levels in LNCaP and
C4-2 cells. Treating LNCaP cells for 48 h with 9-cis-RA caused a concentration-

dependent decrease in PTHrP mRNA levels (Fig. 3.5). Treating C4-2 cells for 48 h with
57



9-cis-RA also produced a decrease in the PTHrP mRNA levels. However, this decrease

was significantly less pronounced and was not classically concentration-dependent

(Fig. 3.5).
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Figure 3.5. Effects of 9-Cis-retinoic acid on PTHrP mRNA levels in LNCaP and
C4-2 cells. Cells were cultured in the absence (-) or presence of the indicated
concentrations (log of molarity) of 9-Cis-retinoic acid (cRA) for 48h. Control cells (-)
received ethanol (vehicle control). The PTHrP mRNA levels were assessed by RT-Real-
time PCR. Each bar represents the mean = S.E.M. of three independent experiments.

** = Significantly different from the control (-) at P < 0.001.

Combined treatment with 10”7 M 1,25(OH),Ds plus 10”7 M 9-Cis-RA for 48 h
produced a statistically significant enhancement of the effect of either compound alone in
LNCaP, but not in C4-2 cells (Fig. 3.6,A). Similarly, treatment with 10° M 1,25(0OH),D;
plus 10° M 9-cis-RA enhanced the 1,25(0OH),D;-mediated downregulation of PTHrP

expression. This effect was observed in both LNCaP and C4-2 cells, though it was more

pronounced in LNCaP cells (Fig. 3.6,B).
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Figure 3.6. Effects of 1,25(OH),D; and/or 9-cis-retinoic acid on PTHrP mRNA
levels in LNCaP and C4-2 cells. Cells were cultured in the presence of (A) 107 M and
(B) 10 M of 1,25(0OH),D; (D) and/or 9-cis-retinoic acid (cRA) for 48h. Control cells
(-) received ethanol (vehicle control). The PTHrP mRNA levels were measured by RT-
Real-time PCR. Each bar represents the mean = S.E.M. of three independent
experiments. Where no error bar is shown, the S.E.M is smaller than the bar line.

** = Significantly different from the control (-) at P <0.001; # = significantly different
from D3 at P <0.001 and from cRA at P <0.001; ~ = significantly different from cRA at
P <0.001; and + = significantly different from D3 at P < 0.05 and from cRA at P <0.001.

In contrast, PTHrP mRNA levels were not significantly different in LNCaP cells
treated with 10® M 1,25(0OH),Ds or 10® M 9-cis-RA alone, or with the combination of

the two compounds (Fig. 3.7). At the same concentration, combined treatment of C4-2
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cells produced a small, though significant increase in the effect obtained with
1,25(0OH),D5 alone (Fig. 3.7). Similar effects were observed with combined treatment

with EB1089 and 9-cis-RA.
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Figure 3.7. Effects of 10 M of 1,25(OH),;D; and/or 9-cis-retinoic acid on PTHrP
mRNA levels in LNCaP and C4-2 cells. Cells were cultured in the presence of 10° M
of 1,25(0OH),D; (Ds) and/or 9-cis-retinoic acid (cRA) for 48h. Control cells (-) received
ethanol (vehicle control). The PTHrP mRNA levels were measured by RT-Real-time
PCR. Each bar represents the mean + S.E.M. of three independent experiments. Where
no error bar is shown, the S.E.M is smaller than the bar line. ** = Significantly different
from the control (-) at P <0.001; T = significantly different from D; at P < 0.05

The effect of 1,25(OH),D3; and EB1089, either alone or in combination with
107 M 9-cis-RA acid, on total cellular PTHrP levels was assessed by fluorescence
immunocytochemistry. In agreement with our previous study **, treating LNCaP cells
with 107 M 1,25(0OH),Ds or EB1089 for 72 h decreased total cellular PTHrP levels
(Fig. 3.8,A). The same effects on total cellular PTHrP levels were observed in C4-2 cells
(Fig. 3.8,A). Treating LNCaP and C4-2 cells with 10”7 M 9-cis-RA also decreased
cellular PTHrP levels (Fig. 3.8,A). Quantitative analysis of the fluorescence using a
program written in the Matlab System by Dr. Gilbert R. Hillman showed that, in LNCaP
cells, combination treatment with 1,25(OH),Ds or EB1089 plus 9-Cis-RA enhanced the
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effect of either compound alone on total cellular and nuclear PTHrP levels (Fig. 3.8, B
and D). In C4-2 cells, the combination treatment did not augment the decrease in cellular

PTHrP levels produced by 9-cis-RA alone (Fig. 3.8, C and E).

The nVDREptHre confers vitamin D responsiveness on C4-2 cells

We previously demonstrated that the nVDREpr;p sequence, located between
nucleotides -546 and -517 of the human PTHrP gene, confers responsiveness to
1,25(0OH),D3 and EB1089 in the weakly metastatic LNCaP, but not in the highly
metastatic PC-3, cells . To determine whether the nVDRE}prip-mediated response to
these compounds correlates with the metastatic potential of different prostate cancer cell
lines, we compared the responses of LNCaP and C4-2 cells to treatment with
1,25(OH),D3 and EB1089. For this purpose, the nVDREprip sequence was cloned
upstream of the SV40 promoter in the vector pCAT promoter (Promega), and this
construct (pCAT-nVDRE;pryp) was transiently transfected into LNCaP and C4-2 cells,
which were then treated with 1,25(OH),D; or EB1089.

To ascertain whether the response of C4-2 cells to these compounds is compara-
ble to that of LNCaP cells, the two cell lines were transfected with a construct containing

111

the VDRE from the mouse osteopontin gene (VDRE,,,, ) cloned in pCAT promoter

(positive control).
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Figure 3.8. Effects of 1,25(OH),D; and/or 9-Cis-retinoic acid on cellular PTHrP
levels in LNCaP and C4-2 cells. Cells were cultured in the presence of 107 M
1,25(0OH),D5 and/or 9-cis-retinoic acid for 72 h. (A) Immunofluorescence staining for
PTHrP was performed as described in the Materials and Methods. Ds, cells cultured in
the presence of 1,25(0OH),Ds; EB, EB1089; cRA, 9-cis-retinoic acid; -, vehicle (ethanol)
control. (B-E) Quantitative analysis of total cellular (B, C) and nuclear (D, E)
fluorescence intensity in LNCaP and C4-2 cells, calculated as described in the Materials
and Methods. Each bar represents the mean £ SEM from 60 cells/treatment (10 cells
from 6 individual slides). (B-E) **, Significantly different from vehicle control at

P <0.001. (B) @, Significantly different from D3 and cRA at P <0.05; #, significantly
different from EB and cRA at P <0.001. (C) &, Significantly different from Dj; at

P <0.01; », significantly different from cRA at P <0.001. (D) ~, Significantly different
from D3 at P < 0.05 and from cRA at P <0.001; #, significantly different from EB and
cRA at P <0.001. (E) &, Significantly different from D3 at P <0.001.
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In LNCaP cells, the promoter activity driven by nVDREprp;p 1S responsive to
treatment with 1,25(OH),Ds or EB1089 in transient transfection assays *>. Treating C4-2
cells with 107 M 1,25(0OH),D; or EB1089 for 48 h inhibited CAT activity driven by the
nVDRE;pry:p sequence by ~ 40 or 55% respectively, compared to ethanol (vehicle
control)-treated cells (Fig. 3.9). This response was comparable to that observed in
LNCaP cells (Fig. 3.9, *). Transfection with the pCAT-VDRE,,, construct produced a
significant increase in CAT activity in both LNCaP and C4-2 cells in response to
treatment with 1,25(OH),Ds or EB1089; again this response was comparable in the two
cell lines (Fig. 3.9). These data confirm the functionality of the VDR in LNCaP and
C4-2 cells, and their ability to respond to these compounds. Treatment with 1,25(OH),D;
or EB1089 had no effect on promoter activity in pCAT-promoter (empty vector)
transfectants (Fig. 3.9); ethanol treatment had no significant effect on CAT activity in
either cell line (Fig. 3.9).

9-cis-retinoic acid enhances the nVDREptHrp-mediated effect of 1,25(0OH),D3 and
EB1089 in LNCaP, but not C4-2, cells

We have identified the RXR as the heterodimeric binding partner of the VDR on
the nVDREprip sequence in both LNCaP and C4-2 cells (Fig. 3.1). Here we
investigated the effect of 9-Cis-RA on the 1,25(OH),Ds- and EB1089-mediated
downregulation of PTHrP gene expression via the nVDREpri:p in these cell lines.
LNCaP and C4-2 cells were transfected with the CAT-nVDREprup construct 82, and
then treated with 1,25(OH),D3, EB1089 and/or 9-Cis-RA. pCAT-VDRE,,, was used as a
positive control for the 9-Cis-RA effect *'*,

Treatment with 107 M 9-Cis-RA alone caused a 48% decrease in CAT activity in
LNCaP cells transfected with the pCAT-nVDREpryp construct (Fig. 3.9). In contrast,
9-cis-RA had no significant effect on CAT activity in C4-2 cells transfected with the
same construct (Fig. 3.9). Co-treatment of pCAT-nVDREpry,p transfectants with 10" M
9-Cis-RA plus 10”7 M 1,25(0OH),D; or EB1089 enhanced the decrease in CAT activity
obtained with 1,25(0OH),D; or EB1089 alone in LNCaP, but not in C4-2, cells (Fig. 3.9).

Thus, the decrease in CAT activity obtained by co-treatment of LNCaP cells with either
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1,25(0OH),D3 or EB1089 plus 9-cis-RA was significantly greater (P < 0.01) than the
effect obtained with either compound alone (Fig. 3.9).
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Figure 3.9. Effects of 1,25(OH),D;, EB1089 and/or 9-Cis-retinoic acid on promoter
activity mediated via the nVDREprg,p in LNCaP and C4-2 cells. The nVDREpryp
sequence was cloned upstream of the SV40 promoter/CAT gene in the vector pCAT
promoter (pCAT-nVDREprp,p), and transfected into LNCaP or C4-2 cells. pCAT-
VDRE,, and pCAT-promo (empty vector) served as positive and negative controls,
respectively. After transfection, the cells were treated with 10”7 M of 1,25(0OH),D; (Ds),
EB1089 (EB) and/or 9-cis-retinoic acid (cRA) for 48h. Control transfections (-) received
ethanol (vehicle). Promoter activity was measured after 48 h by the CAT (Chloramphe-
nicol Acetyl Transferase) assay. Each bar represents the mean = S.E.M. of three
independent experiments. ** = Significantly different from the control (-) at P <0.001;
# = significantly different from D; or EB at P < 0.01.

As described above, transfection with the pCAT-VDRE,, construct produced a
significant increase in CAT activity in both LNCaP and C4-2 cells in response to
1,25(0OH),D3 or EB1089 (Fig. 3.9). In contrast, treatment with 9-Cis-RA had no
significant effect on promoter activity driven by pCAT-VDRE),,,,, in either LNCaP or
C4-2 cells (Fig. 3.9). Treatment of pCAT-nVDRE,qp-transfected C4-2 cells with 10" M
9-cis-RA in the presence of either 1,25(OH),D; or EB1089 enhanced the increase in CAT

activity obtained with either 1,25(OH),D; or EB1089 alone by a small but significant
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degree (P <0.01) (Fig. 3.9). A similar trend was observed in LNCaP cells, although in
this case the observed augmentation in CAT activity was not statistically significant
(Fig. 3.9). Treatment with 1,25(OH),D; or EB1089 and/or 9-cis-RA had no effect on
promoter activity in pCAT promoter (empty vector) transfectants (Fig. 3.9). Ethanol
(vehicle control) had no effect on CAT activity in either LNCaP or C4-2 cells (Fig. 3.9).

1,25(0OH),D3; and EB1089, alone or in combination with 9-cis-retinoic acid attenuate
the binding between nVDREptHe and the VDR

The effects of 1,25(OH),D3; and EB1089, alone or in combination with 9-Cis-RA
on the nVDREprip-VDR interaction were investigated by incubating LNCaP and C4-2
nuclear extracts in vitro with either compound alone or in combination with 9-Cis-RA for
30 min before addition of probe DNA (nVDREpry;p). Treating C4-2 nuclear extracts in
vitro with 1,25(OH),D; or EB1089 for 48 h weakened the binding between nVDREpry;p
and C4-2 nuclear proteins in a dose-dependent manner (Fig. 3.10). A decrease in the
C4-2 nuclear proteins-nVDREprp-complex was also obtained with 107 M 9-cis-RA
treatments of C4-2 nuclear extracts (Fig. 3.10). Treating LNCaP nuclear extracts under
the same conditions also weakened the protein-DNA interactions (Chapter Two,

Fig. 2.9,B).

Incubating C4-2 nuclear extracts in vitro with either 1,25(OH),D; or EB1089 in
combination with 10”7 M 9-cis-RA for 30 min prior to addition of probe DNA
(nVDREpprrp) further decreased protein-DNA complex formation than either compound

alone in a dose-dependent manner (Fig. 3.10).
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Figure 3.10. Effects of 1,25(0OH),D; and EB1089 and/or 9-Cis-retinoic acid on the
interaction between the nVDRE;pri,p sequence and the VDR in nuclear extracts
from C4-2 cells. Poly (dI-dC)-poly (dI-dC) (non-specific competitor) and 1.5 pul of
nuclear extract from C4-2 cells were used in each binding reaction. D3 = 1,25(0OH);Ds;
EB = EB1089; cRA = 9-cis-retinoic acid;- = vehicle (ethanol) control. Nuclear extracts
from C4-2 cells were treated with the indicated concentrations (log of molarity) of
1,25(0OH),D3 or EB1089 and/or 9-cis-retinoic acid for 30 min before addition of probe
DNA. C, DNA/nuclear protein complex; F, free probe.

9-cis-retinoic acid inhibits the growth of LNCaP, but not C4-2, cells

Previous studies have shown that 1,25(0OH),D; and EB1089 exert an anti-

proliferative effect on LNCaP cells in culture ">*>'">

and on LNCaP tumor xenografts in
nude mice '*'. The effect of 1,25(OH),Ds on C4-2 cell growth is similar to that on
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LNCaP cells '**. In agreement with the above studies, here we show that treating LNCaP
and C4-2 cells with 10”7 M 1,25(0OH),D; or EB1089 caused a significant decrease in cell
number, which became apparent after 3 days (Fig. 3.11). Treating LNCaP cells with

107 M 9-cis-RA for 3 or 7 days had no significant effect on cell number (Fig. 3.11).
However, an 11-day treatment did cause a significant decrease in cell number (Fig. 3.11).
In contrast, 9-Cis-RA did not decrease C4-2 cell number at any of the time-points tested
(Fig. 3.11).

We also measured the proliferation of LNCaP and C4-2 cells co-treated with
1,25(0OH),D; or EB1089 (107 M) plus 9-Cis-RA (107 M). These concentrations were
chosen since they produce maximal downregulation of PTHrP gene expression in both
cell lines. Under our experimental conditions (cells cultured in the presence of 10%
dialyzed FBS), combination treatment with 1,25(OH),D; or EB1089 and 9-cis-RA did
not augment the growth-inhibitory effects of either compound alone at any of the time
points tested in C4-2 cells (Fig. 3.11).

However, in LNCaP cells, co-treatment with 1,25(OH),D3 or EB1089 plus 9-cis-
RA augmented the effects of either compound alone after 7 days treatments, but not after
3 or 11 days treatments (Fig. 3.11). Blutt et al. ® report a synergistic inhibition in the
proliferation of LNCaP cells treated for 9 days with 1,25(OH),D; (107 M or 10™®* M) plus
9-Cis-RA (10 M) in 10% FBS containing medium. The 11 days combination treatment
may have failed to augment the growth-inhibitory effects of either compound alone

because cells growth was very low or almost negligible at this time point (Fig. 3.11).
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Figure 3.11. Proliferation of LNCaP and C4-2 cells treated with 1,25(OH);D3,
EB1089 and/or 9-cis-retinoic acid. Cells were plated in 24-well dishes in medium
containing 10% FBS at a density of 10* cells/well. After 24 h, the medium was replaced
with dialyzed FBS-containing medium (final FBS concentration, 10%). After a further
24 h, the cells were treated with 10”7 M 1,25(0H),Ds (D), EB1089 (EB) and/or 9-Cis-
retinoic acid (cRA). Control cells were treated with ethanol (vehicle). At the indicated
time intervals, the cells were trypsinized, and cell numbers determined using a Coulter
Counter. Each point is the mean + S.E.M. of three independent experiments (four wells
per experiment). Where no error bar is shown, the S.E.M. is smaller than the symbol.

* = Significantly different from control (vehicle only) at P < 0.05; and ** = significantly
different from control at P < 0.001.

DISCUSSION

PTHrP plays an important role in the proliferation and survival of prostate cancer

37,38 32,122

cells in vitro . The natural

and in the growth of prostate cancer in vivo
progression of human prostate cancer frequently proceeds to androgen independence and
metastases, with a propensity for metastasis to the bone '®. PTHrP also plays an
important role in this process, increasing osteoclastic osteolysis in the presence of focal
osseous metastases °>. PTHrP enhances the cell surface expression of the pro-invasive
integrins al, a6, and f4, and increases adhesion to the extracellular matrix (ECM)
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proteins collagen type I and laminin 3940193, enhanced integrin expression and ECM

adhesion may play a role in the proliferative, anti-apoptotic and invasive effects of
PTHrP. Hence, downregulation of PTHrP gene expression may prove clinically
important in the treatment of prostate cancer. In this study, we used the human prostate
cancer cell lines LNCaP and C4-2 as models for prostate cancer of good and poor clinical
outcomes, respectively, representing the natural progression of this cancer from primary
to metastatic tumor.

The role of vitamin D in prostate cancer has been well studied. Vitamin D
deficiency has been linked to an increase in the incidence of prostate cancer (reviewed
in >*). Several studies link the function of 1,25(0OH),D; to growth inhibition of both
androgen-dependent and -independent human prostate cancer cell lines in vivo and in
vitro, including LNCaP and C4-2 cells ">8%!13141192 1 55(OH),D; also decreases integrin
a6 and B4 expression, cell adhesion, migration, and invasion, and tumor invasion in many

123-126 -
. We have previously shown

cell types, including human prostate cancer cell lines
that 1,25(OH),Ds and its non-hypercalcemic analog EB1089 decrease steady-state PTHrP
mRNA and secreted and cellular PTHrP levels in LNCaP and PC-3 cells ****. We have
now extended these studies to C4-2 cells, and show that 1,25(OH),D3; and EB1089
decrease PTHrP mRNA as well as total cellular PTHrP levels in these cells. Thus,
downregulation of PTHrP expression by 1,25(OH),Ds and its non-hypercalcemic analogs
may play a role in the beneficial effects of these compounds in prostate cancer. Since
androgen ablation therapy for prostate cancer is initially effective but ultimately fails,
compounds that have the potential to decrease prostate cancer cell growth and invasion
have great therapeutic potential. Non-hypercalcemic 1,25(OH),Ds analogs fit into this
class of compounds, since they may be therapeutically effective at multiple stages of
prostatic carcinoma.

Three promoters have been identified within the human PTHrP gene **'**. A

nVDRE (nVDRE;pry;p) is present within the promoter 1 region of the gene 80’82; this
nVDRE represents a bona fide VDRE, binding the VDR in a 1,25(OH),Ds-responsive

manner ", In this and a previous study ¥, we show that downregulation of PTHrP gene
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expression is mediated via this nVDRE in both LNCaP and C4-2 cells, which represent
early- and advanced-stage prostate cancer, respectively. Thus, we can conclude that the
nVDREpryp plays an important role in the regulation of PTHrP gene expression in
different stages of prostate carcinoma. Understanding the transcriptional pathways
involved in the downregulation of PTHrP gene expression via this nVDRE may therefore
prove beneficial in the development of therapeutic regimens for the treatment of this
cancer.

In MT-2 cells, negative regulation of PTHrP gene expression by 1,25(0OH),D3
involves an interaction on nVDREpryp of the VDR and Ku antigen 80, a heterodimeric
nuclear protein that associates with a 350 kDa catalytic subunit (DNA-PK;) to form a
DNA-dependent protein kinase (DNA-PK). Ku antigen is thought to tether the serine-
threonine kinase activity of DNA-PK to DNA, allowing phosphorylation of nearby

132
substrates

. The model proposed by Nishishita et al. ** involves binding of VDR and
Ku in close proximity on the nVDREprp sequence of the hPTHrP gene, thereby
weakening the VDR’s ability to bind the VDRE and decreasing promoter activity in
response to 1,25(OH),D;. These investigators showed that anti-Ku antibody specifically
supershifted the MT2 nuclear protein-nVDREpryp complex % In contrast, here we
report that, under the same conditions, anti-Ku antigen antibody had no effect on
complex formation between nuclear extracts from LNCaP or C4-2 cells with the
nVDREprap sequence, as assessed by EMSA. Further, we also show by EMSA that
both the VDR and RXRa interact with the nVDREpthp. Thus, the molecular
mechanisms of downregulation of PTHrP gene expression via the nVDREpryp may be
cell type-specific. In fact, the nVDREpryp-mediated response to the RXR ligand 9-cis-
RA differs in LNCaP vs. C4-2 cells.

Multiple studies have shown that the VDR forms a heterodimer with the RXR to
induce 1,25(OH),D;-mediated gene regulation **'**. The role of the RXR in
1,25(OH),Ds-transcriptional repression is not as well defined. Here we show that treating
LNCaP cells with 9-Cis-RA decreased PTHrP mRNA levels in a concentration-dependent

manner. In contrast, treating C4-2 cells with this RXR ligand produced a significantly
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smaller, non-concentration-dependent decrease in PTHrP mRNA levels. However, the
effect of 9-Cis-RA on cellular PTHrP levels was comparable in the two cell lines. We
also show that 107 M 9-cis-RA had no effect on the proliferation of C4-2 cells, but
caused a significant decrease in LNCaP cell proliferation. 9-Cis-RA, a metabolite of

vitamin A, can bind with high affinity and activate both the RXRs (-a, -B, and -y) and the

retinoic acid receptors (RAR-a, -B, and -y). Since RARs have been shown to regulate

146198 the differing effects

PTHrP gene expression differentially in a number of cell lines
of 9-cis-RA on PTHrP mRNA levels and cell proliferation in the two cell lines may be
due to differential regulation of both the RXRs and RARSs by this ligand, or to limiting
concentrations of RXR in C4-2 cells. In addition, 9-Cis-RA may be exerting its effects
independently of the VDR and nVDREs, and may be functioning through other response
elements which may be present within the hPTHrP gene, such as retinoic acid response
elements (RAREs '*) or peroxisome proliferators response elements (PPREs "*°). Also
the effects of 9-Cis-RA on cellular PTHrP levels may be mediated not only through
transcriptional, but also post-transcriptional and post-translational pathways.

Co-treating LNCaP cells with 107 M or 10 M 1,25(0H),D; plus 9-Cis-RA
produced an enhanced decrease in PTHrP mRNA levels, in that PTHrP mRNA levels in
co-treated cells were significantly lower than those in cells treated with either compound
alone. In C4-2 cells, 9-Cis-RA augmented the effect of 1,25(OH),D3 on PTHrP mRNA
levels only at the 10 M concentration. Combination treatment with 1,25(0OH),D3 or
EB1089 plus 9-cis-RA also augmented the decrease by either compound alone on cellular
PTHrP levels in LNCaP, but not in C4-2 cells. These results demonstrate that the 9-cis-
RA response of the two cell lines is different, with C4-2 cells being less responsive than
LNCaP cells to downregulation of PTHrP gene expression by either 1,25(OH),D; or
EB1089 plus 9-cis-RA. As discussed below, the effects of 9-Cis-RA on 1,25(0OH),Ds-
mediated transcriptional regulation are complex, and are not only cell type-specific, but
also depend on the concentration of 9-Cis-RA used.

The promoter activity of the cloned nVDREpry;p in response to 9-Cis-RA was

also different in LNCaP and C4-2 cells, in that this RXR ligand decreased nVDRE}pry;p-
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mediated promoter activity in LNCaP, but not in C4-2 cells. Furthermore, combination
treatment with 1,25(OH),D3; or EB1089 and 9-cis-RA produced an additive decrease in
promoter activity, compared to treatment with 1,25(OH),Ds or EB1089 alone, in LNCaP,
but not in C4-2 cells. These data mirror the effects of these compounds on PTHrP
mRNA levels in the two cell lines, and indicate that the effects of 9-Cis-RA in LNCaP
cells are partially mediated via the nVDREpryp. Since 9-Cis-RA had no effect on
nVDRE;pryp-mediated promoter activity, but downregulated PTHrP mRNA levels in
C4-2 cells, we infer that additional nVDREs may be present within the PTHrP gene. In
support of this idea, we previously reported that 1,25(OH),D; downregulated PTHrP
expression in PC-3 cells via a transcriptional pathway, but had no effect on
nVDREpryp-mediated promoter activity 82 Thus, downregulation of PTHrP gene
expression by 1,25(0OH),D3; may depend on the presence of cell type-specific
transcription factors and/or cell type-specific promoter utilization.

Multiple studies have shown that the effects of 9-Cis-RA on the binding and
transcriptional regulation of 1,25(OH),Ds-responsive genes by the VDR-RXR
heterodimer are dependent on the concentration of 9-Cis-RA used, and are also cell type-
specific. For example, 9-Cis-RA has been shown to repress the 1,25(OH),Ds-dependent
accumulation of osteocalcin mRNA in osteoblast-like ROS 17/2.8 cells ''*. This effect,
which is 9-Cis-RA concentration-dependent, was attributed to diversion of RXRs away

114
. In

from VDR-mediated transcription and towards other RXR-dependent pathways
contrast, treating a number of transfected cell lines with both 1,25(OH),Ds and 9-Cis-RA
enhanced the effect of 1,25(OH),D; alone 99151 1n our system, co-treatment with
1,25(0OH),Ds or EB1089 plus 9-Cis-RA augmented the decrease in promoter activity
driven by nVDRE;pri;p vs. that obtained with either compound alone in LNCaP, but not
in C4-2, cells. A lack of effect of 9-Cis-RA on 1,25(OH),D;-mediated transcription has
also been reported '*°, analogous to our results with C4-2 cells. It therefore appears that
in LNCaP cells, treatment with both the VDR and RXR ligands is required for optimal
response in terms of both PTHrP mRNA levels and promoter activity driven by

nVDREpryp. Conversely, in C4-2 cells, 9-Cis-RA does not appear to play a role in the
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1,25(0OH),Ds-mediated response via nVDREprip. These differences between the two
cell lines may depend on the concentration of RXR ligand used, as well as on the levels
of expression of the different RAR and RXR isoforms. For example, it has been shown
that phosphorylation of the human RXRa in ras-transformed human keratinocytes
through the activated Ras-Raf-mitogen-activated protein kinase (Ras-Raf-MAPK)
pathway results in attenuated transactivation by the VDR and resistance to the growth-
inhibitory effects of 1,25(OH),Ds and the RXR-specific agonist LG1069 *7. C4-2 cells
express nonmutationally active c-Ras, and inducible expression of a dominant negative
form of Ras restores androgen sensitivity in these cells '*2. In contrast, LNCaP cells do
not express active c-Ras '>. Thus, the different profile of downregulation of PTHrP
expression by 9-Cis-RA plus 1,25(OH),D; in C4-2 vs. LNCaP cells and the lack of effect
of 9-Cis-RA on nVDREpryp-mediated downregulation of PTHrP gene expression in
C4-2 cells may occur through the c-Ras-mediated inactivation of RXRa and the partial
contribution of RXRP and RXRy in these cells.

In conclusion, the association between PTHrP expression and prostate cancer
growth and metastasis clearly demonstrates the importance of controlling PTHrP
production by prostate cancer cells. In this study, we show that 1,25(OH),D; and its non-
hypercalcemic analogue EB1089 downregulate PTHrP expression in prostate cancer cell
lines exhibiting different metastatic potential, providing the rationale for the use of non-
hypercalcemic 1,25(OH),Ds analogues to control PTHrP production in prostate cancer.
Co-treatment with 9-CiS-RA enhances the effect of 1,25(0OH),D3; and EB1089 on PTHrP
expression. The development of combination therapy with 1,25(OH),D; plus 9-Cis-RA
analogues would therefore allow the use of lower concentrations of each compound to
control PTHrP levels than would be required with either compound alone, thereby

potentially decreasing the side-effects of the individual compounds.
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CHAPTER FOUR: SUMMARY

PTHrP is expressed by prostate cancer cells. Since PTHrP increases the growth
and enhances the osteolytic potential of prostate cancer cells, it is important to control
PTHrP expression in these cells. The overall goal of this project was to study the effects
of 1,25(OH),;Ds and a non-hypercalcemic analog, EB1089, on PTHrP gene expression in
prostate cancer cells and the underlying mechanisms involved. We were fortunate to
have access to prostate cancer cells lines with different androgen responsiveness and
metastatic potential. Thus, we were able to study the mechanisms underlying
1,25(0OH),Ds-mediated PTHrP gene regulation in cells with different androgen
responsiveness and metastatic potential that represent the natural progression of lethal
phenotypes of human prostate cancer to androgen independence and their propensity to
form osseous metastases.

In this series of studies, we report that 1,25(OH),D; and EB1089, downregulate
PTHrP gene expression and production in three human prostate cancer cell lines, the AR-
positive LNCaP cell line; the AR-positive, but androgen independent LNCaP-derived
C4-2 cell line *; and the AR-negative PC-3 cell line. The results obtained with these cell
lines are summarized in Table III and Table IV.

We also investigated whether the single heptameric motif located upstream of the
P1 promoter transcription start site of the human PTHrP gene (nVDREyprmp 8O) 1S
responsible for the 1,25(0OH),Ds;-mediated downregulation of PTHrP gene expression in
these cell lines. Our results indicate that nVDREpprip mediates the PTHrP gene
repression in response to 1,25(OH),D3; and EB1089 in LNCaP and C4-2, but not in the
AR-negative and highly metastatic PC-3, cells (summarized in Tables V and VI). As
1,25(0OH),Ds does downregulate PTHrP gene expression via a transcriptional pathway in
PC-3 cells ¥, these results suggest the presence of additional, as yet unidentified, more

effective nVDRE(s) within the human PTHrP gene. Another possibility for these results
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is that alternative collaborating sequence-context factors are required for negative
regulator binding or stabilization in the downregulation of PTHrP gene expression in
PC-3 and LNCaP cells via the nVDREprp;p, and that the 30 bp nVDREpr:p sequence
used here is not long enough to allow binding of these negative regulators in PC-3 cells.
Additionally, these factors may not be present in the same relative levels in PC-3 cells.
These results address the issue of whether the nVDREpry,p-mediated response to
1,25(0OH),D; correlates with the different stages of prostate cancer. We also report that,
even though 1,25(0OH),D; and EB1089 downregulate nVDREpryp-driven promoter
activity in both LNCaP and C4-2 cells, the mechanisms underlying this response are cell
type-specific and differ in prostate cancer cell lines that represent different stages of the

disease.

Table III. Summary of the effects of 1,25(OH),D; (D3;) and EB1089 (EB) on PC-3

and LNCaP cell lines
PC-3 LNCaP

D, EB D, EB
Cell v v | V|V
proliferation
PTHrP mRNA \7 7 \7 7
PTHrP secretion N7 N7 N7 7
Cellular PTHrP \7 7 N7 N7
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Table IV. Summary of the effects of 1,25(OH),D; (D;), EB1089 (EB), and/or 9-Cis-
retinoic acid (cRA) on LNCaP and C4-2 cell lines

LNCaP C4-2

D, | EB cRA Comb.

proliferation

EB cRA Comb.

V| - 2

O
©»

7
PTHPmRNA | ¥ [ ¢ | ¥ [ N [V | ¥ | ¥ | Y
ViV v | WV

CellularPTHrP | ¥ | ¥ | ¥ |

1,25(0OH),Ds upregulates gene transcription via binding to the VDR, a member of
the superfamily of ligand-inducible nuclear transcription factors, and subsequent binding
of the liganded VDR to VDREs. However, our results indicate that the interaction of the
VDR with the nVDREprpp is decreased by 1,25(OH),Ds in all three cell lines
(summarized in Tables V and VI). The VDR binds to the VDRE in the target genes
together with other proteins that sometimes function as co-activators or co-repressors. In
this study, we also demonstrated that the RXR, together with the VDR, forms part of the
nVDREpryp-nuclear extract complex in PC-3 (Fig. 4.1), LNCaP, and C4-2 cells. In

contrast, Nishishita et al. *

reported that in the human T-cell line MT-2 (human adult T
cell lymphoma/leukemia virus-infected T cells), the VDR along with the Ku-antigen bind
to the nVDREpry;p, and that the RXR is not involved. Thus, our results suggest that the
accessory proteins which interact with the VDR to promote PTHrP downregulation are
cell-type specific, and might depend on the presence of cell type-specific transcription
factors. In addition, since the human PTHrP gene has 9 exons and three distinctive
promoters (P1, P2, and P3), the mechanism involved in the 1,25(OH),D; mediated

downregulation of PTHrP may also depend on cell type-specific promoter utilization.
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Table V. Summary of the effects of 1,25(OH),D; (D3) and EB1089 (EB) mediated
via the nVDREppri» on PC-3 and LNCaP cell lines

PC-3 LNCaP
nVDRE + +
EMSA | VDR-Ab + +
nVDRE-NE- D, EB D, EB
complex v N
D, EB D, EB
CAT— nVDRE v

Table VI. Summary of the effects of 1,25(0OH),D; (D3), EB1089 (EB), and/or 9-Cis-
retinoic acid (cRA) mediated via the nVDRE;pry,p on LNCaP and C4-2

cell lines
LNCaP C4-2

VDR-Ab + +
EMSA RXRa-Ab + +
with nVDRE- D, EB | RA D, EB RA
NnVDRE | NE- ¥ ¥

complex (* comb.) (* comb.)

D, | EB| RA| Comb. | D, [ EB | RA | Comb.

CAT— nVDRE vivlw * ¥ ¥ ] ¥
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RXRa-Ab - + -
VDR-Ab - - +
o+

NE + +

oo+
o

|+| []

d - |

probe nVDRE, gy, VDRE

mop

Figure 4.1. Effects of anti-VDR and anti-RXRa antibodies on the interaction of
nVDREprurp with nuclear proteins from PC-3 cells. VDRE,,,, was used as a positive
control. Nuclear extract (NE; 3 pg) from PC-3 cells was incubated with poly
(dI-dC)-poly (dI-dC) (nonspecific competitor) and the indicated probe DNA for 40 min.
After addition of anti-VDR antibody (VDR-ADb) or anti-RXRa antibody (RXR-Ab),
incubation was continued for a further 30 min. The reactions were then fractionated
through a native 5% polyacrylamide gel. C, DNA/nuclear protein complex; F, free
probe.

We also report that the RXR ligand, 9-Cis-RA, downregulates PTHrP mRNA
levels in both LNCaP and C4-2 cells, though this effect is more pronounced in LNCaP
cells (summarized in Table IV). Furthermore, our experiments using the nVDREpry;p
cloned upstream of the SV40 promoter show that treatment with 9-Cis-RA decreases
promoter activity driven by this construct in LNCaP, but not in C4-2 cells (summarized
in Table VI). These results suggest that the downregulation of PTHrP mRNA levels by
the combination of 1,25(OH),D; and 9-Cis-RA in C4-2 cells might be mediated either via
a VDRE other than the nVDREpry;p or via binding of 9-Cis-RA to either RAR or RXR
promoting RAR-RXR heterodimer or RXR homodimer formation and subsequent
binding to their respective retinoic acid response elements that might be present in the

PTHrP gene. RAR homodimer and RAR-RXR heterodimer bind to RAREs '*°; and the
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RXR homodimer transactivates through a response element with a single base-pair spacer
between the two half-sites, DR1 '°>!** " Alternatively, 9-cis-RA could also be affecting
PTHrP gene expression through either PPAR-RXR heterodimeric '>> or RXR-RXR
homodimeric '*® binding to the Peroxisome Proliferators Response Elements (PPREs '°).
Furthermore, the effects of 9-Cis-RA on cellular PTHrP levels may also be mediated
through post-transcriptional and/or post-translational pathways.

We also show that the combination of 1,25(OH),D; and 9-Cis-RA allows the
usage of lower concentration of each compound to reach significant downregulation of
PTHrP gene expression in LNCaP and C4-2 cells (summarized in Table IV). Thus,
understanding the mechanisms for downregulation of PTHrP expression by 1,25(OH),D;
may lead to the development of combination therapies for the treatment of prostate
cancer that are more effective and result in lower side effect than the use of either
compound alone.

In conclusion, downregulation of PTHrP expression via 1,25(OH),D3 and its non-
hypercalcemic analogs may provide extra therapeutic benefits in neutralizing the

contribution of PTHrP to the pathogenesis and progression of prostate carcinoma and the

tendency of this tumor to metastasize to bone.
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