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Abstract

1,25-Dihydroxyvitamin 3 [1,25(OH)D3] exerts anti-proliferative, differentiating and apoptotic effects on prostatic cells. These activities,
in addition to epidemiologic findings that link Vitamin D to prostate cancer risk, support the use of 1,25(Jb¥)prevention or therapy of
prostate cancer. The molecular mechanisms by which 1,25(@tékerts antitumor effects on prostatic cells are not well-defined. In addition,
there is heterogeneity among the responses of various prostate cell lines and primary cultures to II2%{egard to growth inhibition,
differentiation and apoptosis. To understand the basis of these differential responses and to develop a better model of Vitamin D action in the
prostate, we performed cDNA microarray analyses of primary cultures of normal and malignant human prostatic epithelial cells, treated with
50 nM of 1,25(OH)D; for 6 and 24 h. CYP24 (25-hydroxyvitaminsE24-hydroxylase) was the most highly upregulated gene. Significant and
early upregulation of dual specificity phosphatase 10 (DUSP10), validated in five additional primary cultures, points to inhibition of members
of the mitogen-activated protein kinase (MAPK) superfamily as a key event mediating activity of 1,25({JRlprostatic epithelial cells.
The functions of other regulated genes suggest protection by 1,2509Hpm oxidative stress. Overall, these results provide new insights
into the molecular basis of antitumor activities of Vitamin D in prostate cells.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction ther preventing initiation of malignancy or slowing progres-
sion of established diseafy.

Prostate cancer remains the most common non-cutaneous The active metabolite of Vitamin D, 1,25-dihydroxy-
malignancy in U.S. males with over 230,000 cases diagnosedvitamin D3 [1,25(0OH)D3], has emerged as a promising
annually. An estimated 28,900 men die each year of the dis-preventive or therapeutic agent. In addition to its well-
ease, making it the second leading cause of male cancercharacterized roles in calcium and phosphate regulation and
deaths in the United Statd¢$]. Unfortunately, despite in-  bone metabolism, 1,25(OkD3 promotes cellular differen-
creased screening for prostate cancer, many patients still detiation and inhibits proliferation in a variety of tissues by
velop extraprostatic or metastatic disease that is not amenabléinding to the Vitamin D receptor (VDRB]. A large body
to conventional surgical or medical therapy. Thus, new em- of work, including our own, suggests that 1,25(QH} has
phasis is being placed on identifying methods to prevent this potent growth inhibitory and pro-differentiating effects on
devastating disease. Several promising agents may act by eiprostate cell$4—6].

1,25(0OHYD3 has anti-proliferative effects on prostatic
* Corresponding author. Tel.: +1 650 725 5531; fax: +1 650 723 4200. cancer cell lines, including LNCaP and PC-3, as well as
E-mail addressdpeehl@stanford.edu (D.M. Peehl). on primary prostatic epithelial cell straifiz-9]. A number
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of mechanisms have been proposed to account for the anti-Gleason grade 3/4, E-CA-2 from a cancer of grade 3/3, and
proliferative action of 1,25(OHP3, including induction of E-CA-3 from a cancer of grade 4/5) were used to confirm
cell cycle arrest, differentiation, and apoptosis. No single regulation of selected genes by real-time RT-PCR. None of
molecular signaling pathway, however, explains the effects of the patients had received prior therapy for prostate cancer.
1,25(0OH}D3 in all cell types. For example, the gene encod- Tissues were processed for culture according to previously
ing the cyclin-dependent protein kinase inhibitor, p21, may described methodd 7]. Immunochemical staining for ker-
be directly induced by 1,25(OHIp3 in the leukemia cellline  atin was performed to ensure that the cultures were 100%
U937[10], yet p21 levels are unchanged in PC-3 cells despite epithelial. Primary cultures were expanded by serial passage
inhibition of growth of these cells by 1,25(0¢D3 [11]. to generate sufficient cells for microarray and RT-PCR analy-
The molecular basis of action for 1,25(Qi) in pro- ses (+12-15 population doublings). Semi-confluent cultures
static cells remains poorly understood. The well character- were fed fresh medium 2 days prior to treatmentoA50 nM
ized gene 25-hydroxyvitamin 4524-hydroxylase (CYP24), 1,25(OH}D3 (Biomol, Plymouth Meeting, PA) or diluent
which encodes the enzyme that initiates the catabolism of (0.01% ethanol) was added to the medium. Poly A+ RNA (for
1,25(0OHYDs3, is induced by 1,25(OHP3 in many types microarray analysis) or total RNA (for RT-PCR) was isolated
of target cells, including prostate cell]8]. Several other  at 6 and 24 h, as described below. Each primary culture was
1,25(OH}D3s-regulated genes have also been identified in treated in duplicate experiments.
prostate cancer cell lines. 1,25(QiBj decreases expression
of multiple antiapoptotic proteins in LNCaP cells, leading 2.2. Array production
to activation of the mitochondrial pathway for apoptosis i i _
[12,13] 1,25(0H)D3 also upregulates the expression of cDNA microarrays were pro_duced asdescribed prewou_sly
androgen receptor and prostate-specific antigen (PSA) in[18]. cDNA clones were obtained from .Resgarch Genetllcs
LNCaP cells, but inhibition of this phenomenon by cyclo- and the Cancer Genome Anatomy Project in collaboration

heximide suggests that the effect is indirect and mediated byWith the National Cancer Institute, amplified by PCR, and
an unidentified proteifiL4]. purified as summarized by Ross et[4B]. The microarrays

The advent of genome-wide screening methods throughUS€d in this set of experiments were composed of 24,192
the use of complementary DNA (cDNA) microarrays offers elements (spots) with 23,078 elements containing DNA. The

a new opportunity to understand regulation of gene expres-1114 null spots contained3sodium chloride—sodium citrate
sion [15,16] To better characterize the transcriptional re- (SSC) buffer only. Of the clones, 18,433 were sequenced to

sponse to 1,25(0HD3, we employed cDNA microarrays verify their identity. Over 14,000 elements on the array were

to assess gene expression profiles of cultured prostatic eptncharacterized ESTs.

|.thel|al cells. P.rlm_ary cultures denveq from normal and ma- 2.3. MRNA isolation and array hybridization
lignant prostatic tissues were examined on an array system
with 25,000 elements and over 20,000 independent genes pg|y o+ RNA was isolated directly from cultured cells
and expressed sequence tags (ESTs). Regulation of sevyging the Invitrogen Fast Track 2.0 method in accordance
eral candidate molecular targets in additional primary cul- it the manufacturers instructions (Invitrogen, Carlsbad,
tures treated with 1,25(0kp3 was examined by real-time Ay Two micrograms of Poly A+ RNA were reverse tran-
reverse transcription-polymerase chain reaction (RT-PCR). gerined, labeled, purified, and hybridized to the microarray as
The functions of the genes regulated by 1,25(6B)in the described previousl18]. Initially, mMRNA was annealed to
primary cultures provoke new ideas about the mechanism of o, anchored oligo-DT primer and used to generate cDNA
anti-tumor activity of Vitamin D in the prostate. utilizing the Superscript Il reverse transcription (Gibco-
BRL, Grand lIsland, NY). For labeling, the reaction was
spiked with Cy5-dUTP (treated) or Cy3-dUTP (control)
fluorescently-tagged nucleotides. cDNA probes were purified
with Microcon-30 (Millipore, Bedford, MA) spin columns
and experimental and control probes were mixed. The com-
bined probes were brought up to a volume of 28 ml, placed

i ) ) . on the microarray, and hybridized under a glass coverslip in
Tissues were derived from radical prostatectomy speci- 5 humidified chamber for approximately 14-16 h at6€5

mens thatwere obtained from men undergoing surgery totreatrye microarrays were then washed to remove residual probe

prostate cancer. The normal cell strain used for microarray 5,4 scanned using a GenePix 4000 microarray scanner (Axon
analysis (E-PZ-10) was derived from peripheral zone tissue |, siruments Inc.. Union City, CA).

with no histological evidence of cancer in adjacent sections.

The cancer cell strain used for microarray studies (E-CA- 2 4. Data analysis

15) was derived from an adenocarcinoma of Gleason grade

3/3. Two other normal cell strains (E-PZ-1 and E-PZ-2) and  Digitized images of the microarrays were analyzed us-
three additional cancer cell strains (E-CA-1 from a cancer of ing Scanalyze software developed by the laboratories of P.

2. Materials and methods

2.1. Isolation, culture, and Vitamin D treatment of
primary prostatic epithelial cells
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Brown and D. Botstein at Stanforttp://www.microarrays. TGCAAAAAG3’, MET1H reverse CAGCAGCTGCA-
org/softwarg. Areas with high background or artifact were CTTCTCTGA3; TBP forward 5TGCTGAGAAGAGTG-
flagged and excluded from data analysis. The averageTGCTGGAG3 and TBP reverse 'SCTGAATAGGCT-
pixel intensity was determined for each spot on the ar- GTGGGGTC3.
ray. A background intensity was also computed and the
net signal was calculated. Data files were submitted to
the Stanford Microarray databaf20] where gene names
are assigned to corresponding spots on the array. Uni-
gene build 150 was used to report gene names and clusteB.1. Normal prostatic epithelial cells: genes upregulated
identification numbers. To account for variability in la- in response to 1,25(0OHIP3
beling and array background, signal intensities were nor-
malized by scaling the intensities measured in the Cy5 Initial experiments focused on the response of normal
channel. prostatic epithelial cells to 1,25(0OFD3. Semi-confluent
To ensure high-quality, reproducible data, only those spots cells (E-PZ-10) in standard serum-free growth medium were
with an intensity/background (signal-to-noise) ratio greater treated with or without 50 nM 1,25(Oblp3 for 6 and 24 h
than or equal to 1.4 were included in the analysis. Previ- in duplicate experiments and gene expression profiles were
ous experiments have determined that a two-fold or greatergenerated on separate arrays. This dose of 1,25@@Hyas
change in expression correlates to results that can be reproselected because it has been shown to significantly inhibit the
duced with other method®1]. Therefore, only genes up-  growth of these cellf22].
regulated or downregulated two-fold or greater are reported. A list of genes upregulated by 1,25(Off)z in normal
Mean fold-induction or -repression was calculated and re- cells is presented ifiable 1 Genes were classified as early
ported. If a particular gene was represented by more than ong(6 h only), late (24 h only), or early and sustained (6 and 24 h)
spot on the array, the mean fold-induction or -repression wasbased on the fold-increase at each time point. Only those
computed for each array. genes that exhibited two-fold or more increased expression
in both experiments are reported to ensure the fidelity of the
data. The fold-increase at both time points for those genes
that were induced two-fold at only 6 or 24 h is presented to
Total RNA isolated using an RNeasy kit (Qiagen, Valen- demonstrate a pattern of expression. Only named genes are
cia, CA) from cells treatedt50nM 1,25(OH)D3 for 6 h reported here.
was reverse transcribed as described using Thermoscript RT  For the 6-h treatment, 48 genes that met selection criteria
(Invitrogen, Carlsbad, CA). Real-time PCR was performed were identified. Twenty-nine of these were named genes and
with the DNA Engine Opticon 2 continuous fluorescence 19 were ESTs. Duplicate spots were present on the array for
detection system (MJ Research, San Francisco, CA). Reacthree of these genes. At the 24-h time point, 38 genes were
tion contained 100 ng cDNA, 048M primers and DyNAmo increased two-fold or more. Twenty-eight were named genes
SYBR green gPCR master mix (Finnzymes, Espoo, Fin- and 10 were ESTSs.
land). Each reaction was done in triplicate to minimize the  The majority of these genes were increased at least two-
experimental variations (standard deviation was calculatedfold and remained upregulated at the 24-h time point. A
for each reaction). Each sample was compared to its ownrobust induction of nearly 80-fold was seen for the Vita-
treatment control by the calculatiorrfgT(treated)-cT(control)] min D 24-hydroxylase gene (CYP24). A strong, early in-
Transcript levels of TATA-box binding protein (TBP) duction of several metallothionein genes was observed as
were assayed simultaneously with each of the following well.
seven genes as an internal control to normalize their
transcript levels in treated and untreated cells. All primers 3.2, Normal prostatic epithelial cells: genes
were supplied by Qiagen and the sequences used weregownregulated in response to 1,25(QB}
DUSP10 forward SATCTTGCCCTTCCTGTTCCT3 DU-
SP10 reverse’BTTGGTGTTTGCCTTTGAC3, TR1 for-
ward BCTTGTGGCCTTTCTGAGGAG3 TR1 reverse

3. Results

2.5. Real-time RT-PCR

A list of genes downregulated two-fold or more in normal
cells by treatment with 50nM of 1,25(OD3 is pre-

5CTGCCAAATGTCAGCTTCAS3; P2RY2 forward 5TG-
GCGCTCTACATCTTCTTG3 P2RY2 reverse 'FGC-
TGCAGTAAAGGTTGGTG3; SURV forward 3CCACC-
GCATGTCTACATTCA3, SURV reverse %CACTT-
TCTTCGCAGTTTCC3, BMP-6 forward 3TGAGCTTT-
GTGAACCTGGTG3, BMP-6 reverse ®AGGCCCC-
ATGTTATGCTGT3; CTGF forward 5TTCCAGAGCA-
GCTGCAAGTA3, CTGF reverse "ATCCCACAGGT-
CTTGGAACA3; MET1H forward BGCTCCTGCAAG-

sented inTable 2 In contrast to the rather large num-
ber of genes upregulated by 1,25(QB}, relatively few
genes were downregulated at the time points assayed. At
6 h, 24 genes were downregulated a minimum of two-fold.
Six of these were named genes and 18 were ESTs. At
24 h, 39 genes were repressed at least two-fold or more
(3 named genes and 36 ESTs). Only six genes, all ESTS,
were repressed two-fold or more at both time points on both
microarrays.


http://www.microarrays.org/software
http://www.microarrays.org/software
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Table 1
Genes upregulated in normal prostatic epithelial cells by 1,25D)
Unigene accession number Gene name Fold-change
6h 24h
Early response only
Hs.177534 Dual specificity phosphatase 10 143 195
Hs.13046 Thioredoxin reductase 1 .08 178
Hs.23731 Discs, large (Drosophila) homolog 4 .82 150
Hs.788 A kinase (PRKA) anchor protein (gravin) 12 7@ 155
Hs.2030 Thrombomodulin .23 166
Hs.169300 Transforming growth factor, beta 2 .32 168
Hs.166071 Cyclin-dependent kinase 5 3@ 150
Hs.72912 Cytochrome P450, subfamily | (aromatic compound-inducible), polypeptide 1 .30 2 -103
Hs.74111 RNA-binding protein (autoantigenic) .02 122
Early and sustained response
Hs.89663 Cytochrome P450, subfamily XXIV (Vitamin D 24-hydroxylase) .189 8257
Hs.2667 Metallothionein 1H 186 530
Hs.94360 Metallothionein 1L 102 276
Hs.66 Interleukin 1 receptor-like 1 Al 413
Hs.334409 Metallothionein 1G .18 667
Hs.8765 RNA helicase-related protein .98 383
Hs.144567 Alanine-glyoxylate aminotransferase (oxalosis I; hyperoxaluria |; glycoli- 6.61 265
caciduria; serine-pyruvate aminotransferase)
Hs.74170 Metallothionein 1E (functional) 16 244
Hs.285671 Bone morphogenetic protein 6 .93 302
Hs.80658 Uncoupling protein 2 (mitochondrial, proton carrier) .893 259
Hs.8230 Homo sapiens a disintegrin-like and metalloprotease (reprolysin type) with 3.53 281
thrombospondin type 1 motif, 1 (ADAMTS1), mRNA
Hs.76252 Endothelin receptor type A A3 240
Hs.1578 Apoptosis inhibitor 4 (survivin) 273 287
Hs.339 Purinergic receptor P2Y, G-protein coupled, 2 .632 228
Hs.135150 Lung type-I cell membrane-associated glycoprotein .56 2 242
Hs.201967 Aldo-keto reductase family 1, member C1 (dihydrodiol dehydrogenase 1; 20- 252 217
alpha (3-alpha)-hydroxysteroid dehydrogenase)
Hs.51120 Cathelicidin antimicrobial peptide .49 495
Hs.155097 Carbonic anhydrase I A3 323
Hs.25155 Neuroepithelial cell transforming gene NET1 3R 202
Hs.183583 Serine proteinase inhibitor, clade B, member 1 222 220
Late response only
Hs.79022 GTP-binding protein overexpressed in skeletal muscle 94 1 379
Hs.76884 Inhibitor of DNA binding 3, dominant negative helix-loop-helix protein .661 323
Hs.239600 Calmodulin-like 3 .63 300
Hs.332053 Serum amyloid Al .38 284
Hs.82085 Serine protease inhibitor, SERPINE 1 .391 245
Hs.77348 Hydroxyprostaglandin dehydrogenase 15-(NAD) 161 234
Hs.180919 Inhibitor of DNA binding 2, dominant negative helix-loop-helix protein .031 232
Hs.146688 Microsomal glutathiorg&transferase 1-like 1/prostaglandin E synthase .651 216
Hs.198951 Jun B proto-oncogene .64 210
Table 2
Genes downregulated in normal prostatic epithelial cells by 1,25{D#)
Unigene accession number Gene name Mean fold downregulated
Early response (6 h)
Hs.1074 Surfactant, pulmonary-associated protein C —2.86
Hs.104624 Aquaporin 9 —2.63
Hs.283006 Phospholipase C, beta 4 —-2.57
Hs.85112 Insulin-like growth factor 1 (somatomedin C) —2.22
Hs.17287 Potassium inwardly-rectifying channel, subfamily J, member 15 —2.04
Hs.75613 CD36 antigen (collagen type | receptor, thrombospondin receptor) —2.00
Late response (24 h)
Hs.227011 G-substrate —3.03
Hs.26530 Serum deprivation response (phosphatidylserine-binding protein) (SDPR) —2.63

Hs.181581 Glutamate receptor, ionotropic, kainate 1 —-2.23
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Table 3

Genes upregulated in prostate cancer cells by 1,25(D)

Unigene accession number  Gene name Fold-change

6h 24h

Early response only
Hs.177534 Dual specificity phosphatase 10 423 051
Hs.339 Purinergic receptor P2Y, G-protein coupled, 2 932 092
Hs.13046 Thioredoxin reductase 1 2.80 157
Hs.788 A kinase (PRKA) anchor protein (gravin) 12 42 Q72
Hs.87435 Homo sapiens mRNA for neuroblastoma, complete cds 35 2 152
Hs.72912 Cytochrome P450, subfamily | (aromatic compound-inducible), polypeptide 1 22 2 017
Hs.119122 Ribosomal protein L13a 2.07 106
Hs.155017 Nuclear receptor interacting protein 1 .02 151
Hs.6557 Zinc finger protein 161 2.02 173

Early and sustained response
Hs.89663 Cytochrome P450, subfamily XXIV (Vitamin D 24-hydroxylase) .038 4612
Hs.66 Interleukin 1 receptor-like 1 458 322
Hs.6101 Bone morphogenetic protein 6 281 316
Hs.51120 Cathelicidin antimicrobial peptide .50 433
Hs.8230 Disintegrin-like and metalloprotease (reprolysin type) with thrombospondin type 1 motif, 1 (ADAMTS1)13 2 208
Hs.155097 Carbonic anhydrase I 214 41
Hs.183583 Protease inhibitor 2 (anti-elastase), monocyte/neutrophil .10 2 254

Late response only
Hs.115770 Tumor necrosis factor (ligand) superfamily, member 11 990 426
Hs.226213 Cytochrome P450, 51 (lanosterol 14-alpha-demethylase) .07 1 262
Hs.196416 Dihydrolipoamid&-succinyltransferase (E2 component of 2-oxo-glutarate complex) 980 224
Hs.153863 MAD (mothers against decapentaplegic, Drosophila) homolog 6 .02 1 210
Hs.177781 Superoxide dismutase 2, mitochondrial .011 204

3.3. Prostate cancer-derived epithelial cells: genes lial strain, confirming a biologic response to the treatment.

upregulated by 1,25(OHD3 Genes in common between normal and cancer-derived cells

that showed an early and sustained response included in-
Gene expression profiles were also generated for an ep+erleukin 1 receptor-like 1, bone morphogenetic protein 6
ithelial cell strain derived from a prostatic adenocarcinoma (BMP-6), carbonic anhydrase Il, and protease inhibitor 2
of Gleason grade 3/3 (E-CA-15). As in the case of the nor- (anti-elastase). There was a notable absence of the metal-
mal cell strain, semi-confluent cultures of the cancer cells lothionein genes, RNA helicase-related protein, and alanine-
in standard medium were treated with or without 50 nM of glyoxylate aminotransferase in the list of genes upregulated
1,25(0OHY»D3 and mRNA was isolated at 6 and 24 h. As for in the cancer compared to the normal cell strain. Moreover,
the normal cells, this dose of 1,25(0O4)s inhibited the the expression of the metallothionein genes was apprecia-
growth of the cancer cells. A list of upregulated genes us- bly down-regulated in the cancer cell straifable 4 see
ing selection criteria identical to those used for the normal below).
epithelial cell strain is presented Table 3
At 6h, a total of 27 genes was upregulated two-fold or 3.4. Prostate cancer-derived epithelial cell strain: genes
more (16 named genes and 11 ESTSs). Only the named genedownregulated by 1,25(0hbID3
are presented ifable 3 At 24 h, 37 upregulated genes were
identified (12 named genes and 25 ESTs). The number of  Finally, those genes downregulated two-fold or more at
genes upregulated was similar to the number observed with6 and 24 h by 1,25(OHP3 in cancer cells are presented in
the normal strain treated with 1,25(Otf)s. Table 4 In contrastto the normal prostate epithelial cell strain,
A number of similarities were observed between the a large number of genes was downregulated at both time
gene expression profiles generated from normal and points. After 6 h of treatment, 14 genes were downregulated
cancer-derived epithelial cell strains after treatment with two-fold or more (6 named genes and 8 ESTs). Of the early
1,25(0OHYD3. At 6h, dual specificity phosphatase 10 response-only genes, 24-h data was not available for three of
(DUSP10), thioredoxin reductase 1 (TR1), purinergic recep- the four genes because the spot intensity was too low to allow
tor (P2RY2), A kinase (PRKA) anchor protein (gravin) 12, interpretation.
and a cytochrome P450 enzyme (CYP1Al) were noted in  After 24 h of exposure to 1,25(Obf)3, 139 genes were
both cell strains in the early response group. downregulated two-fold or more (68 named genes and 71
At both 6 and 24h, upregulation of Vitamin D 24- ESTs). A subset of these genes that were most potently re-
hydroxylase was noted again in the cancer-derived epithe-pressed is listed ifiable 4 Only two genes, fibronectin 1 and
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Table 4

Genes downregulated in prostate cancer cells by 1,250H)

Unigene accession number Gene name Fold-change

6h 24h

Early response only
Hs.2391 Apical proteinXenopus laevidike —2.51 —1.64
Hs.57922 X-prolyl aminopeptidase (aminopeptidase P) 2, membrane-bound —2.45 Flag
Hs.17287 Potassium inwardly-rectifying channel, subfamily J, member 15 —-2.30 Flag
Hs.8265 Transglutaminase 2 (C polypeptide, protein-glutamine-gamma-glutamyltransferase) —-2.21 Flag

Early and sustained response
Hs.287820 Fibronectin 1 —2.47 —7.68
Hs.75511 Connective tissue growth factor —2.02 —-2091

Late response only
Hs.283006 Phospholipase C, beta 4 —1.09 —7.66
Hs.418 Fibroblast activation protein, alpha -1.41 —7.08
Hs.72912 Cytochrome P450, subfamily | (aromatic compound-inducible), polypeptide 1 —0.45 —5.86
Hs.118787 Transforming growth factor, beta-induced, 68 kD -1.47 —5.64
Hs.75777 Transgelin —1.96 —4.83
Hs.83337 Latent transforming growth factor beta binding protein 2 —1.06 —4.60
Hs.276916 Nuclear receptor subfamily 1, group D, member 1 -1.32 —4.58
Hs.326035 Early growth response 1 -1.13 —-4.17
Hs.173451 Metallothionein 1G —-1.24 —-4.11
Hs.2667 Metallothionein 1H -1.32 —4.08
Hs.144567 Alanine-glyoxylate aminotransferase -1.21 —3.98
Hs.8765 RNA helicase-related protein -1.14 —-3.92
Hs.184641 Fatty acid desaturase 2 -0.99 -3.85
Hs.76669 Nicotinamid®&l-methyltransferase —-1.38 —3.63
Hs.75617 Collagen, type IV, alpha 2 —-1.25 —3.58
Hs.87409 Thrombospondin 1 -1.59 —-3.54
Hs.10082 Potassium intermediate/small conductance calcium-activated channel, subfamily N, member-41.08 —-3.52
Hs.278503 Regulated in glioma -0.91 —3.45
Hs.70327 Cysteine-rich protein 2 -1.07 —3.45
Hs.173894 Colony stimulating factor 1 (macrophage) -1.02 —-3.44
Hs.77274 Plasminogen activator, urokinase —-1.04 —3.44
Hs.94360 Metallothionein 1 L —-1.26 —-3.20
Hs.119129 Collagen, type 1V, alpha 1 -1.57 -3.14
Hs.301865 Dopachrome tautomerase -1.31 -3.03
Hs.334562 Cell division cycle 2, G1to S and G2 to M —-0.90 —2.96

connective tissue growth factor (CTGF), were observed to be fold increase, which compared favorably with the microar-

repressed two-fold or more at both 6 and 24 h. ray results. While P2RY?2 was significantly upregulated by
1,25(0OHYD3 in both of the normal cell strains, this gene was

3.5. Validation of regulation of selected genes by significantly induced in only one of three cancer cell strains.

real-time RT-PCR The mean fold-induction in the normal cells wag.6, which

was comparable to the fold-induction in the microarray analy-

Insufficient RNA remained after the microarray analyses sis. BMP-6 was upregulated in one of two normal cell strains,
to validate regulation of genes by 1,25(QB} in the same and in one of two cancer strains.
samples by real-time RT-PCR. Therefore, two additional nor-  We also evaluated several additional genes that had shown
mal cell strains (E-PZ-1 and E-PZ-2) and three additional differential regulation by 1,25(OHD3in normal versus can-
cell strains from cancer (E-CA-1, E-CA-2 and E-CA-3) were cer cells in the microarrays. These studies revealed some dif-
treated with or without 50 nM of 1,25(OkIp3; and RNA was ferences between gene expression data obtained by real-time
isolated at 6 h. Real-time PCR studies confirmed the microar- PCR assays and microarray experiments. For example, sur-
ray datainthe case of some of the key genes that demonstratedivin (SURV) showed an early and sustained upregulation in
regulation by 1,25(0OBD3 as described below. normal but not cancer cells in the arrays, but SURV mRNA

Four genes that were upregulated in both normal and can-levels were unchanged by 1,25(QB} in either normal or
cer cells at 6 h in the microarray analyses — DUSP10, TR1, cancer cells by real-time RT-PCR analysigy. 1). CTGF was
P2RY2 and BMP-6 — were measured by real-time RT-PCR preferentially downregulated by 1,25(Off))z in cancer cells
(Fig. ). DUSP10 and TR1 were significantly upregulated in the arrays, but was unchanged in either cancer or normal
by 1,25(OH}Ds in all of the samples, with a mean of3- cells by real-time RT-PCR analysiBi@. 1). Metallothionein
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Fig. 1. Analysis of gene expression by real-time RT-PCR 6 h after treatment with diluent (open bars) or 50 nM 1,25D (shaded bars). Genes that were shown t
be: (A) up-regulated, (B) down-regulated and (C) differentially regulated by micro-array analysis. Thioredoxin reductase 1 (TR1), dua-gbesifibatase

10 (DUSP10), purinergic 2 receptor Y2 (P2RY2), bone morphogenetic protein 6 (BMP-6), survivin (SURV), connective tissue growth factor (CTGF) and
methallothionein 1H (MET1H). Expression is relative to diluent treatment for each cell strain and normalized to the expression of TATA-boxrbteding p
(TBP). Error bars are standard deviation of triplicate reactiops,3.05 compared to diluent.

1H (MET1H) had shown a large increase (13-fold) by 6 h eration rate of such cells in tissues, the cultured cells were
in normal cells in the array but downregulation in cancer fed fresh medium two days prior to treatment with Vitamin
cells. By real-time RT-PCR analysis, MET1H was signif- D. At this time, the mitogen-induced peak of proliferation
icantly downregulated in two of three cancer strains, but has passed and cells are returning to quiescence. The cell
also in one of two normal cell strains, and there was no up- from which prostate cancer originates is unknown, but it is
regulation in the other normal cell straiRig. 1). Overall, likely to be a transit amplifying cell or perhaps a stem cell.
these results suggest that the differential gene regulation byln any event, effects of Vitamin D on normal cells are rel-
1,25(0OH}D3inthe arrays may be due to inter-cell strain vari- evant to prevention of prostate cancer. Similarly, the cancer
ability or other factors unrelated to normal versus malignant cell strains chosen for this analysis were derived from clini-
phenotypes. cally localized tumors, representative of early stage disease.
At this time, the majority of men are diagnosed with early
stage prostate cancer, and therefore responses of these cells
4. Discussion are relevant to chemotherapeutic activity of Vitamin D, cur-
rently being tested in clinical trials.

Microarray technology has proven to be a powerful new  Gene expression profiles generated by a given factor
tool to identify changes in gene expression caused by factorsare tightly linked to the biological outcome of treatment
that regulate cell growth. One emerging tenet is that there is awith the factor. For example, in a companion study we re-
great deal of cell-type specificity in gene expression profiles ported the gene expression profile of LNCaP cells, an es-
generated by a given factor. Furthermore, the genetic back-tablished prostate cancer cell line, after exposure to 50 nM
ground upon which the factor works has a significant impact of 1,25(0OH}D3 for 6 and 24 h[25]. We found only one
on the final outcome. Even related cell types can show very gene regulated in common between the LNCaP cells and
different responses to a specific factor. Given that establishedthe primary cell cultures, which was hydroxyprostaglandin
cell lines have many genetic abnormalities, it is particularly dehydrogenase 15-(NAD). This result perhaps reflects the
worthwhile to use primary cultures to delineate responses todifferences in biological activity of 1,25(Ohlp3 in the es-
Vitamin D. The normal cells in this study were derived from tablished cell line versus the primary cultures. 1,25(¢2b})
the peripheral zone of the adult human prostate, the regioncauses growth inhibition and apoptosis in LNCaP cells
of the prostate with the highest incidence of carj28f. The [12,13] whereas it causes only growth inhibition in pri-
phenotype of these cells in vitro is most like that of “transit mary cultures9]. Suppression of growth of LNCaP cells
amplifying cells” and markers of both basal and secretory by 1,25(OH3}Dg3 is reversiblg26] whereas it is irreversible
cells are expresse@4]. In order to mimic the low prolif- in primary cultures even after as little as 2 hr of expog8te
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1,25(0OH}D3 upregulates expression of androgen receptor expression of Trx alone or with TR1 causes increased cellular

and PSA in LNCaP cell§l4,27,28] whereas primary cul-  proliferation, increased levels of TR1 alone do not affect cell
tures do not express androgen receptors or PSA and thesgrowth[40]. Because TR1 is a selenium-containing enzyme,
genes are not induced by 1,25(QB}. it has been problematic to study experimentally and little is

The induction of Vitamin D 24-hydroxylase was of known about activities of TR1 outside the thioredoxin sys-
the highest magnitude among all genes upregulated bytem. However, TR1 has also been shown to have antioxidant
1,25(OH}D3 in both normal and cancer-derived primary cul- properties by directly reducing other substrates such as ascor-
tures. The promoter of this gene contains Vitamin D responsebate, lipoic acid, lipid hydroperoxides and vitamin K3, but
elements (VDRES) and its regulation by Vitamin D is very therole of TR1 in physiological regulation of these substrates
important in maintaining Vitamin D homeostasis in the body is not cleaf40].

as the enzyme it encodes converts 1,25(§0H)to biologi- Induction of TR1 is consistent with a protective effect of
cally less active metabolitd8]. It is interesting to note that  Vitamin D against oxidative damage. This finding is relevant
cells resistant to growth inhibition by 1,25(0O#Ds still of- to an area of controversy in the Vitamin D field regarding

ten upregulate Vitamin D 24-hydroxylase when treated with whether 1,25(OH)D3 acts as an oxidant or antioxidant. Ko-
1,25(0OHYD3 [29-31] Yet this gene is expressed at barely ren etal[41]found that the effects of 1,25(OpL)3 on breast
detectable levels in LNCaP cells, and in our companion mi- cancer cells were consistent with oxidant activity. Vitamin D
croarray study[25] we did not detect any increases in 24- increased reactive oxygen species (ROS), and this was pro-
hydroxylase in LNCaP cells even after exposure to 50 nM posed to be the basis of Vitamin D’s ability to potentiate the
1,25(0OHYD3, confirming our previously reported results us- antiproliferative activity of other drugs that increase ROS.
ing Northern blot analys€8]. Vitamin D also reduced Cu/Zn superoxide dismutase (SOD)
What is the significance of other genes regulated by RNA in additional studie$42]. Overall, the antioxidant ca-
1,25(OHYDg in primary cultures of prostatic epithelial cells?  pacity of the cells was decreased, increasing the effects of
Of the early response genes, DUSP10 was the most highlyROS-generating drugs.
upregulated in both normal and cancer-derived culturesinthe  Garcion et al[43] offered a somewhat different interpre-
array analyses. Confirmation of similar upregulation in two tation of Vitamin D’s activities. They suggested that Vitamin
additional normal cultures and three additional cancer cul- D exerts a sublethal oxidative stress, which stimulates cells
tures by real-time RT-PCR unequivocally demonstrates thatto upregulate detoxification mechanisms to protect them-
DUSP10 is involved in molecular signaling by 1,25(QB} selves from the challenge. In their studies, they found that
in prostatic epithelial cells. Interestingly, DUSP10 was also 1,25(OH}D3 increased the activity of-glutamyl transpep-
significantly upregulated by 1,25(05D)3 in human colon tidase in neural cells, which led to an increase in intracellular
cancer cells[32]. DUSP10 belongs to the non-receptor glutathione (GSH). In this way, Vitamin D participated in an-
class of the protein tyrosine phosphatase farf8§]. This tioxidant machinery by increasing GSH that protected cells
phosphatase inactivates mitogen-activated protein kinasedrom further oxidative challenge. Our results suggest that Vi-
(MAPKS), with specificity for p38 and jun N-terminal kinase tamin D protects prostate cells from oxidative damage by
(INK) [34]. In this regard, it is noteworthy that repression upregulating TR1.
of the stress-activated protein kinases (SAPKs) p38 and INK  BMP-6 is another interesting gene that showed an early
has been implicated in Vitamin D’s activities in several other and sustained induction by 1,25(GiBg in both normal and
types of cells. For example, several studies showed that Vi- cancer-derived cells in the arrays, and in one of two nor-
tamin D inhibited the activation of p38 and JNK by ultravio- mal and one of two cancer cultures by real-time RT-PCR. A
let irradiation and other stresses in keratinocytes, suggestingmember of the transforming growth factor (TGE)super-
that inhibition of SAPKs might account for the protective family, BMP-6 is particularly prominent in metastatic cells
effects of 1,25(OH)D3 on epidermal cells during exposure compared to primary prostatic adenocarcinomas and BMP-6
to sunlight[35,36] Another study showed that inhibition of  has been implicated in the formation of osteoblastic metas-
the p38 MAPK pathway potentiated 1,25(QB}-induced tases by prostate canceid]. However, BMP-6 is also ex-
monocytic differentiation of human leukemia HL60 cells, pressed by basal cells of the glandular epithelium of normal
again suggesting a role for inhibition of SAPKs in Vitamin D  prostatic tissue§45], so its expression in both normal and
activity [37]. Based on our results, the inhibition of SAPKs cancer-derived prostatic cell cultures would not be unantic-
by Vitamin D may be mediated by the induction of DUSP10 ipated. In published gene expression profiles of other types
or other phosphatases with similar specificity. of cells treated with 1,25(OHD3, one or another member
TR1, which was induced by 1,25(0#D)3 in 100% of our of the BMP or TGIB families often appears, suggesting a
primary cultures, is involved in maintaining redox balance. widespread role for this superfamily in Vitamin D action.
TR1 was also upregulated in two breast cancer cell lines by We were unable to validate by real-time RT-PCR some
1,25(0OHYD3 [38]. TR1 is a selenoflavoenzyme primarily of the genes that appeared to be differentially regulated by
known for its role in the thioredoxin system as a reducing 1,25(OHY»D3 between normal and cancer cells in the ar-
enzyme for thioredoxin (Trx). Many aggressive cancers have rays. Expression of neither SURV or CTGF was significantly
been shown to overexpress TR1 and [R9]. Whereas over-  changed by 1,25(OHID3 in two of two normal and two of two
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cancer cell strains in the RT-PCR assays. MET1H, which was T-cells[54] and mouse mammary cell lings5] treated with
downregulated in cancer cells by 1,25(QB} in the arrays, 1,25(0OHY»D3 were recently published. In addition to the
was downregulated in two of three cancer cell strains in the common induction of Vitamin D 24-hydroxylase in many
RT-PCR analysis but was also downregulated in 1/2 normal types of cells, and the aforementioned DUSP10 in colon can-
cell strains. This result with normal cells was not consistent cer cells and TR1 in human breast cancer cells, there were a
with the arrays, where MET1H had been appreciably upreg- few other Vitamin D-regulated genes in common between pri-
ulated in normal cells. There findings may reflect inter-cell mary cultures of prostatic epithelial cells and other cell types.
strain heterogeneity, or lack of validation may be a conse- Upregulation of members of the jun family by 1,25(GB}
quence of uncontrolled culture variables. While we tried to was reported in colon and mammary cell lif8g,55], and
keep cell density consistent in each experiment and alwayswe observed induction of junB in our prostatic cells. There-
changed medium two days prior to treatment with Vitamin fore, elevated levels of jun may contribute to antiproliferative
D or vehicle, it is not as easy to control culture variables activity of Vitamin D in many types of cells. Other genes regu-
with primary cultures as it is with established cell lines. The lated in both prostate and colon cells were gravin and carbonic
genes that we could not validate by RT-PCR may be par- anhydrase. Gravin is a kinase anchoring protein that coordi-
ticularly sensitive to environmental conditions. Additional nates the localization of protein kinase C (PKC) and PKA
studies will be required to determine whether there are any [56]. Several studies have shown that 1,25(glbt)acts on
reproducible cancer-specific differences in molecular targets cells through membrane-mediated mechanisms, resulting in
of 1,25(0OHYD3 that correlate with different functional re-  rapid changes that include an increase in PKC-specific activ-
sponses. ity [57]. Early upregulation of gravin by 1,25(0fD)3 is per-

Our results are also noteworthy for the absence of regula-haps related to the recently reported 1,25(glbt}regulated
tion of certain genes by 1,25(0%D)3. More than 50 genes  packaging of PKC in chondrocyt§s8]. Although TR1 was
have been described as sensitive to Vitamin D, including at not regulated by 1,25(OHIP3 in colon cells as in prostatic
least 26 genes containing promoters in which VDREs have and human breast cancer cells, the induction by 1,25§D#1)
been identified46—48] Osteocalcin, for example, was not of glutathione peroxidase in colonic cells may have similar
regulated in primary cultures of prostatic cells, despite the effects on cellular redox stat{82]. Overall, some common
fact that the promoter of this gene has a VDRE. In contrast, pathways of molecular action of Vitamin D in diverse cell
the prostate cancer cell line PC-3 expresses osteocalcin, antlypes are emerging.
an osteocalcin promoter-luciferase construct exhibited strong  In summary, our results provide a number of new insights
Vitamin D-induced activity in these cel[d49]. The expres- into the mechanism of action of Vitamin D in primary cul-
sion of the cell cycle inhibitor p21 also was not increased by tures of prostatic epithelial cells. Our study revealed several
1,25(OHYD3 in our cell strains. We showed that p21 mRNA novel target genes and detailed analyses of the role of these
expression was increased in LNCaP cells in response to Vi-genes in mediating anti-tumor effects of Vitamin D may lead
tamin D, but the effect was possibly indirect and mediated by to better approaches to prevent or cure prostate cancer with
insulin-like growth factor binding protein-3 (IGFBP-F0]. 1,25(OH»D3 or analogs.

Reports regarding the role of p21 in mediating signaling by

Vitamin D are variable. Although the promoter of p21 has a
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