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Transcriptional Regulation of the Homeobox
Gene NKX3.1 by all-trans Retinoic
Acid in Prostate Cancer Cells

Marc A. Thomas, Myles C. Hodgson, Susan D. Loermans, Joel Hooper,
Raelene Endersby, and Jacqueline M. Bentel*

Department of Anatomical Pathology, PathWest Laboratory Medicine, Royal Perth Hospital,
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Abstract NKX3.1 is a homeobox gene, expression of which is largely restricted to the adult prostatic epithelium.
Loss of NKX3.1 expression has been linked to prostate carcinogenesis and disease progression and occurs in the absence of
mutations in the coding region of the NKX3.1 gene. In this study, we have characterized regulation of NKX3.1 expression
by all-transretinoic acid (tRA), a naturally occurring vitamin A metabolite that is accumulated at high levels in the prostate.
Using the prostate cancer cell line LNCaP, Western blot analysis revealed a ~twofold induction of NKX3.1 protein levels
following tRA exposure, with sequential analysis of NKX3.1 protein levels in cycloheximide co-treated cells indicating
that tRA does not alter NKX3.1 protein turnover. The ~1.6-fold increase in NKX3.7 mRNA levels detected in tRA-treated
LNCaP cells also occurred independently of new protein synthesis and was not mediated by changes in NKX3.7 mRNA
stability. In contrast, nuclear run-on assays indicated that tRA treatment increased NKX3.71 transcription. To identify
retinoid responsive regions of the NKX3.7 gene, DNA sequences encompassing ~2 kb of the NKX3.7 promoter or the
entire 3’'untranslated region (UTR) were cloned into luciferase reporter plasmids. Analysis of induced luciferase activity
following transfection of these constructs into prostate cancer cells did not identify tRA responsiveness, however the
3’UTR was found to be strongly androgen responsive. These studies demonstrate that the NKX3.7 gene is a direct target of
retinoid receptors and suggest that androgen regulation of NKX3.1 expression is mediated in part by the 3’'UTR. J. Cell.
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Prostate cancer is the most frequently diag-
nosed non-cutaneous malignancy of men living
in western society. Despite being a leading
cause of cancer-related morbidity and mortal-
ity, the etiology of the disease remains obscure
[Gronberg, 2003; Hsing and Chokkalingam,
2006]. NKX3.1 is a homeodomain-containing
transcription factor expressed predominantly
in prostatic epithelial cells during prostate
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organogenesis and its expression is maintained
in the adult prostate gland [Bieberich et al.,
1996]. Several studies have reported reduced or
complete loss of NKX3.1 protein expression in
advanced prostate cancers, as well as in the pre-
invasive lesion prostatic intraepithelial neo-
plasia (PIN), suggesting that NKX3.1 functions
as a prostate-specific tumor suppressor [Bowen
et al., 2000; Asatiani et al., 2005; Aslan et al.,
2006]. Gene-targeting studies in mice sup-
port this role demonstrating that conditional
knockout of NEkx3.1 in the adult can pre-
dispose mice to prostate carcinoma by inducing
the development of lesions resembling PIN
[Abdulkadir et al., 2002]. Moreover, Nkx3.1
knockout mice display severe developmental
defects of the prostate, as well as prostatic
epithelial hyperplasia and dysplasia [Bhatia-
Gauretal., 1999; Tanaka et al., 2000; Kim et al.,
2002a], and can cooperate with other oncogenic
mutations to augment carcinogenesis [Kim
et al., 2002b; Gary et al., 2004]. These data
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indicate an important regulatory role for
NKX3.1 in prostate epithelial cell proliferation
and differentiation [Shen and Abate-Shen,
2003].

Mechanisms leading to the loss of NKX3.1
expression in prostate tumors are unknown.
Although NKX3.1 lies within 8p21, a region
frequently disrupted by loss of heterozygosity
(LOH) in advanced prostate cancers [Emmert-
Buck et al., 1995; Vocke et al., 1996; He et al.,
1997], gene alterations in the second allele that
may account for NKX3.1 loss have not been
identified. Transcriptional silencing due to
chromatin structure modulation or histone
modification seems the most plausible explana-
tion as recent evidence suggests that hyper-
methylation of the NKX3.1 promoter is not
involved [Asatiani et al., 2005; Lind et al., 2005].
However, reports of several germ-line muta-
tions detected in the NKX3.1 promoter of
patients with hereditary prostate cancer [Zheng
et al., 2006], indicate that loss of expression may
also arise due to deregulated transcription of
the NKX3.1 gene.

Regulation of NKX3.1 expression and the
mechanisms leading to its prostate-specific
expression are poorly characterized. Prelimin-
ary data presented by Jiang et al. [2004],
described the existence of both positive and
negative regulatory elements in the initial 1 kb
of the NKX3.1 5 proximal promoter, which
likely contribute to the control of NKXS3.1
expression. Recently, it was also proposed that
DNA sequences downstream of the Nkx3.1
coding region might direct prostate restricted
expression [Chen et al., 2005]. However, the
identities of the trans-acting factors mediating
transcriptional control of NKX3.1 in these
studies were not identified. NKX3.1 expression,
like other prostate-specific genes, is known to
be hormonally regulated. Androgens, which
have an essential role in the development and
maintenance of the male reproductive system
[Dohle et al., 2003; Lombardo et al., 2005],
strongly upregulate NKX3.1 mRNA and protein
levels in both the normal prostate and in
prostate cancer cells [Bieberich et al., 1996;
He et al., 1997; Prescott et al., 1998]. Likewise,
estrogens have also been shown to markedly
increase NKX3.1 mRNA in LNCaP prostate
cancer cells [Korkmaz et al., 2000]. In this
study, we investigated the effects of the retinoid
hormone responsive pathway in the regulation
of NKX3.1 gene expression.

Retinoids, analogs of vitamin A, are well
known to play highly diverse roles in both
development and cell homeostasis through their
regulatory effects on target genes involved in
processes such as cell proliferation, differentia-
tion, and apoptosis [Ross et al., 2000; Altucci
and Gronemeyer, 2001]. Low dietary intake of
retinoids and reduced plasma retinol (vitamin
A) levels have been proposed as risk factors for
development of a variety of cancer types includ-
ing prostate cancer [Hayes et al., 1988; Boone
et al., 1990]. In addition, serum retinol levels
are lower in prostate cancer patients and levels
of the vitamin A metabolite, all-trans- retinoic
acid (tRA) are 5-8 times lower in prostate
cancer tissues in comparison to normal or be-
nign prostate [Reichman et al., 1990; Pasquali
et al., 1996]. At pharmacological levels, natural
and synthetic retinoids inhibit growth and
induce differentiation of prostate cancer cells
and act as chemopreventative agents in experi-
mental prostate cancer models [Esquenet et al.,
1996]. The biological roles of retinoids in embry-
onic and adult cells and their well-characterized
regulation of homeobox genes including the Hox
clusters have suggested that retinoid function
in part, results from their tissue-specific effects
on the expression of homeobox genes [Marshall
et al., 1996].

The action of retinoids follows their binding to
retinoic acid receptors (RARs) and retinoid X
receptors (RXRs), which belong to the super-
family of steroid/thyroid hormone receptors
[Mangelsdorf and Evans, 1995]. The two reti-
noid receptor subfamilies each comprise three
isoforms designated o, B, or y, and upon ligand
binding, retinoid receptors heterodimerize in the
nucleus of target cells. RAR/RXR heterodimers
then mediate their effects by binding retinoic
acid response elements (RAREs) located in the
promoter/enhancer regions of target genes,
thereby modulating transcriptional activity
and gene expression [Bastien and Rochette-
Egly, 2004]. Here, we show that the naturally
occurring vitamin A metabolite, all-trans reti-
noic acid is a regulator of NKX3.1 gene expres-
sion that acts to directly increase transcription
of the NKX3.1 gene in prostate cancer cells.

MATERIALS AND METHODS
Construction of Plasmids

To generate NKX3.1-luciferase reporter plas-
mids, NKX3.1 sequences were PCR-amplified
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from genomic DNA isolated from LNCaP pros-
tate cancer cells. Using the primers, 5'-GCTAG-
CGGTATTCAACATCTCTAG-3' and 5-CTCG-
AGCACCGCTTTCAGTTTCC-3, the NKX3.1
proximal promoter encompassing nucleotides
—2,062 to -6 (+1 represents transcription start
site) was amplified and ligated into the Nhel
and Xhol sites of the pGL3-enhancer vector
(Promega, Melbourne, Australia) creating the
plasmid, pGL3-NKX-5promoter. To develop
the pGL3-NKX-3'UTRFL plasmid, the primers
5-GTAATGCCAGCTCAGGTGAC-3' and 5'-
TTCAAAACACTCATATGTTGC-3 were used
to amplify the NKX3.1 full-length 3'untrans-
lated region (UTR) spanning nucleotides
+1,714 to +4,215, which was initially ligated
into pCR2.1 (Invitrogen, Melbourne, Australia)
before being cloned into the KpnI and Xhol sites
of pGL3-promoter (Promega). The orientation
and sequence of inserts in pGL3-NKX-5'pro-
promoter and pGL3-NKX-3'UTRFL plasmids
have been confirmed by DNA sequencing.

Cell Culture and Transfection

LNCaP and DU145 human prostate cancer
cells, obtained from the American Type Culture
Collection (Rockville, MD) were maintained in
RPMI-1640 medium supplemented with 10%
fetal calf serum (FCS), 100 IU/ml penicillin, and
100 pg/ml streptomycin in an atmosphere of
humidified air/5% COs at 37°C. For transient
transfection experiments, 500 ng of plasmid
DNA per well was transfected into cells in
24-well plates using Lipofectamine 2000™
reagent (Invitrogen), and the cells were allowed
to recover for 6 h at 37°C prior to hormone
treatment. Retinoid responsiveness was exam-
ined by exposing transfected cells to 5 uM tRA
(Sigma, Sydney, Australia) or vehicle, 0.1%
dimethylsulfoxide (DMSO). For studies inves-
tigating androgen-responsiveness, the medium
was replaced with RPMI 1640/2% charcoal-
stripped FCS containing 10~® M 5a-dihydrotes-
tosterone (DHT; Sigma) or 0.1% ethanol (vehi-
cle). Luciferase assays were performed 24 h
post-transfection by washing cells once in
phosphate buffered saline (PBS), incubating
in 1x passive lysis buffer (Promega) for 15 min
with rocking before measuring luciferase activ-
ity in luciferase assay reagent (50 mM Tris pH
7.8, 15 mM MgSO,, 33.3 mM DTT, 0.1 mM
EDTA, 250 uM Lithium coenzyme A, 500 uM Na
luciferin, 500 uM ATP, 0.5% Triton X-100) using

a Microbeta 1516 luminometer (Wallac, Turku,
Finland).

Western Blot Analysis

LNCaP cells, treated with either 5 uM tRA or
0.1% DMSO, were washed twice in cold PBS,
lysed in whole cell lysis buffer (50 mM Tris-Cl
pH 6.8, 10% sucrose, 2% SDS, 5% p-mercap-
toethanol) and harvested on ice by cell scraping.
For NKX3.1 protein stability studies, LNCaP
cells were pre-treated for 6 h with 5 uM tRA or
0.1% DMSO, and exposed to 10 ug/ml cyclohex-
imide (Sigma) prior to cell lysis and harvesting
as above at sequential timepoints. Cell lysates
were heated at 95°C for 5 min, electrophoresed
in 10% polyacrylamide gels, and transferred to
nitrocellulose membranes (Hybond C-Extra,
Amersham, Sydney, Australia). For immuno-
blot analysis, membranes were blocked for 1 h
in Tris-buffered saline (TBS) containing 3%
dried skim milk powder (Blotto) and probed for
1 h using antibodies directed against either
NKX3.1 (Zymed, Melbourne, Australia) or
B-actin (Santa Cruz, CA) diluted at 1:5,000 or
1:2,000, respectively, in TBS containing 0.2%
Tween 20 (TBST) and 1% Blotto. Blots were
washed in TBST and incubated for 1 h in
peroxidase-conjugated anti-mouse (NKX3.1;
Chemicon, Melbourne, Australia) or anti-goat
(B-actin; Santa Cruz) secondary antibodies
diluted at 1:2,000 in TBST/1% Blotto. Following
3 x 10 min washes in TBST, immunoreactivity
was visualized using enhanced chemilumines-
cence (Amersham) and densitometric analysis
performed using Quantity One™ quantitation
software (Bio-Rad) with NKX3.1 protein levels
standardized against B-actin.

Northern Blot Analysis

RNA extraction from LNCaP cells, treated
with 0.1% DMSO or 5 uM tRA either alone or in
combination with 10 pg/ml cycloheximide, was
performed using UltraSpec reagent according
to the manufacturer’s instructions (Fisher Bio-
tec, Perth, Australia). For studies of NKX3.1
mRNA stability, cells were pre-treated for 6 h
with 5 uM tRA (or vehicle), prior to the addition
of 5 pg/ml actinomycin D (Sigma) and RNA
extraction performed as above at sequential
timepoints. Northern gel electrophoresis was
performed loading 10 ug of total RNA per lane in
1% agarose MOPS/formaldehyde gels followed
by overnight transfer to nylon membranes



1412 Thomas et al.

(Hybond XL, Amersham) in 10 x SSC and UV-
crosslinking. ¢cDNA probes encoding NKX3.1
(nucleotides 334—1,237 of mRNA, accession
NM_006167) and B-actin (nucleotides 219-538
of mRNA, accession NM_001101) were **P-
labeled using a Prime-a-Gene® random primer
labeling kit (Promega) and membrane hybridi-
zation carried out at 65°C with rotation for 2 h in
Rapid-hyb buffer (Amersham). Filters were
washed in 2 x SSC/0.1%SDS for 20 min at
65°C, followed by sequential washing for
15 min in 1x SSC/0.1%SDS and 0.1 x SSC/
0.1%SDS at 65°C. Autoradiographs of Northern
blots were quantified using Quantity One™
quantitation software (Bio-Rad) with NKX3.1
mRNA levels standardized against either 28S
ribosomal or B-actin RNA.

Nuclear Run-On Assays

Nuclei were prepared from untreated or 5 pM
tRA-treated LNCaP cells by washing in ice-cold
PBS followed by two rounds of lysis using NP-40
lysis buffer (10 mM Tris-ClpH 7.5, 10 mM NacCl,
3 mM MgCl,, and 0.5% Nonidet P-40) and
centrifugation at 500g for 5 min at 4°C. The
final pellet was resuspended in a storage buffer
containing 50 mM Tris-Cl pH 8.3, 40% glycerol,
0.1 mM EDTA, and 0.1 mM DTT and stored at
—80°C. Transcription and RNA labeling was
performed for 30 min at 30°C in a reaction buffer
containing 5 mM Tris-Cl pH 7.5, 2.5 mM MgCl,,
150 mM KCI, 50 mM DTT, 0.5 mM each of ATP,
CTP, GTP, and ?’P-UTP. RNA was isolated
using UltraSpec reagent, according to the
manufacturer’s instructions, and precipitated
with isopropanol before resuspension in 10 mM
TES (N-Tris(hydroxymethyl)methyl-2-amino-
ethanesulfonic acid) pH 7.4, 10 mM EDTA, 0.2%
SDS, and 0.3 M NaCl. Nylon membranes
(Hybond XL, Amersham) were slot blotted with
2.5 pg of cDNA sequences encoding NKX3.1
(nucleotides 49—750 of cDNA), B-galactosidase
(nucleotides 963—4,019 of pcDNAS3.1/V5-His/
LacZ vector, Invitrogen) or B-actin (nucleotides
427-885 of cDNA), slotted in separate wells.
Hybridization was performed in 50% forma-
mide, 5 x SSC, 5x Denhardt’s solution, and 1%
SDS at 42°C for 48 h followed by three washes
in 2 x SSC at RT (5 min), 37°C (20 min), and RT
(6 min), respectively. Autoradiographs were
quantified using Quantity One™ quantitation
software (Bio-Rad) and NKX3.1 levels normal-
ized against B-actin.

RESULTS

NKX3.1 Protein Expression Is Upregulated
by all-trans Retinoic Acid (tRA)

To investigate retinoid effects on NKX3.1
gene expression, LNCaP prostate cancer cells
were treated with 5 uM tRA and NKX3.1 steady
state protein levels determined by Western blot
analysis. By 6 h of tRA exposure, NKX3.1 levels
were increased ~twofold and remained ele-
vated during 48 h of tRA treatment (Fig. 1). To
determine if the tRA-induced increases in
NKX3.1 levels were due to increased NKX3.1
protein stability, LNCaP cells were pre-treated
for 6 h with tRA (or vehicle) prior to the addition
of 10 pg/ml cycloheximide and sequential Wes-
tern blot analysis of NKX3.1 levels performed.
Quantitation of protein levels revealed NKX3.1
to be an extremely labile protein with a half-life
estimated to be ~25 min (Fig. 2). tRA treatment
of LNCaP cells did not alter NKX3.1 turnover
indicating that the tRA-induced increases in
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Fig. 1. NKX3.1 steady state protein levels are upregulated by
tRA. A: LNCaP cells were treated for increasing time periods with
5 uM tRA and Western blot analysis performed on the cellular
lysates using NKX3.1 (upper panel) and B-actin (lower panel)
antibodies. B: Steady state NKX3.1 levels were quantified from
experiments described in (A) and the densitometric values
normalized using the matching B-actin protein levels in
individual samples. The graphed results are expressed as
mean + SEM calculated from three separate time course experi-
ments.
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Fig. 2. NKX3.1 protein stability is not affected by tRA. A: LNCaP
cells, pre-treated for 6 h with either DMSO (control) or 5 uM tRA,
were exposed to the protein synthesis inhibitor, cycloheximide
(CHX) for increasing time lengths prior to Western blot analysis
using NKX3.1 (upper panel) and B-actin (lower panel) anti-
bodies. B: NKX3.1 protein levels from experiments described in
(A) were quantified and the densitometric values normalized
using the matching B-actin levels in individual samples. The
graphed results are expressed as mean & SEM calculated from
three separate experiments.

NKX3.1 were not mediated at the level of
protein stability.

NKX3.1 mRNA Levels Are Induced by tRA

To assess whether the effect of tRA on NKX3.1
protein levels was associated with an increase
in NKX3.1 mRNA, LNCaP cells were treated
with 5 uM tRA and NKX3.1 mRNA levels were
examined by Northern blotting. NKX3.1 mRNA
was increased by 2 h of tRA exposure, peaking
(~1.6-fold increase) at 6 h and remaining at
elevated levels during 48 h of tRA treatment
(Fig. 3), reflecting the persistence of elevated
NKX3.1 protein levels in these cells. To deter-
mine whether NKX3.1 was a direct or down-
stream target of tRA, NKX3.1 mRNA levels
were compared in tRA-treated LNCaP cells and
in cultures co-treated with tRA and 10 pg/ml
cycloheximide. Although cycloheximide treat-
ment decreased NKX3.1 mRNA levels, the
tRA-induced increase in NKX3.1 mRNA was
maintained in the presence of cycloheximide
with a similar increase (~1.78-fold) detected
following tRA exposure (Fig. 4). These findings
indicated that tRA effects on NKX3.1 were
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Fig. 3. tRA-induced upregulation of NKX3.7 mRNA. A: LNCaP
cells were treated for the indicated times with tRA (5 pM) and
Northern blot analysis performed on total RNA using probes
specific to NKX3.7 (upper panel) and B-actin (lower panel). B:
NKX3.7 mRNA levels were quantified from experiments in (A)
and normalized using the matching B-actin levels in individual
samples. The graphed results are expressed as mean & SEM from
three separate experiments.

independent of ongoing protein synthesis and
suggested that tRA, acting through nuclear
RARs, induced NKX3.1 mRNA expression via a
direct pathway.

tRA Increases the Rate of NKX3.1
Gene Transcription

The tRA-induced increases in NKX3.1 mRNA
abundance could be due to elevated mRNA
stability and/or increased NKX3.1 gene tran-
scription. To assess the effect of tRA on NKX3.1
mRNA stability, LNCaP cells were treated for
6 h with tRA before the addition of the trans-
criptional inhibitor, actinomycin D (Act D).
Total RNA was extracted after increasing
lengths of Act D (5 pg/ml) exposure and
NKX3.1 and B-actin mRNA analyzed by North-
ern blotting. As observed in Figure 5, NKX3.1
mRNA degrades rapidly with a half-life in
LNCaP control cells of ~3.8 h, a result not
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Fig. 4. tRA-induced upregulation of NKX3.7 mRNA levels does

notrequire new protein synthesis. A: LNCaP cells were treated for
6 h with either tRA (+) or DMSO () in the absence (control) or
presence of the protein synthesis inhibitor, cycloheximide
(CHX). Northern blot analysis was performed using an NKX3.1
probe (upper panel) and RNA loading controlled using the 28S

markedly different from the mRNA half-life in
tRA-treated cells (~4.2 h). Nuclear run on
assays were therefore performed using nuclei
extracted from LNCaP cells, pre-treated for 6 h
with tRA, to determine if the elevated mRNA
levels resulted from increases in transcription
of NKX3.1. Transcription of NKX3.1 was seen to
be increased (~1.9-2.3-fold) following tRA
exposure (lower panel; Fig. 6), in comparison
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Fig. 5. NKX3.1mRNA stability is not affected by tRA. A: LNCaP
cells treated for 6 h with either 5 uM tRA or DMSO (control) were
exposed to the transcriptional inhibitor, actinomycin D (Act D)
for the time periods indicated and Northern blot analysis was
performed for NKX3.7 (upper panels) or B-actin (lower panels).
B: NKX3.1 mRNA levels were quantified from experiments
described in (A) and normalized using the matching B-actin
mRNA levels in individual samples. The graphed results are
expressed as mean & SEM from three separate experiments.
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LNCaP cells treated with 5 x T07°M tRA for 6 h (tRA; lower
panel). In vitro transcription assays were performed and
transcribed labeled mRNAs were hybridized to filters blotted
with the cDNA detection probes, NKX3.1, B-galactosidase
(LacZ), and B-actin. Displayed is a representative blot of two
independent nuclear run on assays that were performed.
B: Hybridized transcribed mRNA signals shown in (A) were
quantified and densitometric values normalized against p-actin.
tRA treatment of LNCaP cells specifically increased levels of
NKX3.1 transcripts produced from isolated nuclei.
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to control levels of NKX3.1 transcription from
nuclei of untreated cells (upper panel; Fig. 6).
In conjunction with the Northern blot data,
these results suggest that tRA acts to increase
NKX3.1 mRNA levels in LNCaP cells by in-
creasing the rate of NKX3.1 gene transcription.

NKX3.1 Proximal Promoter and 3'UTR Are Not
Targets of Retinoid Receptors

RARs bound by ligand mediate their tran-
scriptional effects through interactions with
specific response elements (RAREs) located
in diverse regulatory regions of target genes
[Bastien and Rochette-Egly, 2004]. Analysis
of the proximal promoter of the NKX3.1 gene
identified two putative RAREs encompassing
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Fig. 7. Androgen but not retinoid responsiveness is detected in
the NKX3.7 3'UTR. A: Schematic diagram of the NKX3.7 gene
and constructed luciferase reporter plasmids. The pGL3-NKX-
5'promoter plasmid was generated by ligating nucleotides
—2,062 to +6 (+1 indicates transcriptional start site) of the
NKX3.1 proximal promoter into pGL3-enhancer, while pGL3-
NKX-3'UTRFL was developed by inserting the NKX3.7 3'UTR,
encompassing nucleotides +1,714 to +4,215, into the pGL3-
promoter vector. Putative RAREs located in the proximal
promoter, encompassing nucleotides —753 to —737 and —116
to —100, or in the 3'UTR, spanning nucleotides +1,866 to
+1,879,+3,029t0 43,041, and +4,011 to +4,023 are indicated
by an asterisk. B: DU145 cells were transiently transfected with
either the luciferase control vectors pGL3-enhancer or pGL3-

1415

nts —116 to —100 and —753 to —737 relative to
the transcription start site. Several additional
putative response elements, spanning nucleo-
tides +1,866 to +1,879, +3,029 to +3,041, and
+4,011 to +4,023 were identified within the
long 3'UTR of the NKX3.1 mRNA (Fig. 7A).

To investigate their involvement in the tRA-
mediated transcriptional activation of NKX3.1,
a ~2 kb region (—2,062 to +6) of the NKX3.1
proximal promoter was cloned upstream of
luciferase in the luciferase reporter vector,
pGL3-enhancer. In addition, the 3'UTR of
NKX3.1 was cloned upstream of luciferase in
the pGL3-promoter vector to test for retinoid
responsive enhancer elements. The cons-
tructed plasmids, pGL3-NKX-5promoter and

promoter, or the NKX3.1 reporter plasmids pGL3-NKX-
5'promoter or pGL3-NKX-3'UTR. Following transfection, the
cells were rested (6 h) and then treated overnight with either
5 x 107°M tRA or DMSO (vehicle) before assaying the cultures
24 h post-transfection for luciferase activity. The results (mean +
SEM) are expressed in actual light counts per second (lcps) and
are representative of three transfection experiments. C: LNCaP
cells were transiently transfected with luciferase plasmids
indicated in (B), rested for 6 h and incubated overnight with
either 107®M DHT or ethanol vehicle (ETOH). Cultures were
assayed for luciferase activity 24 h post-transfection. The results
(mean =+ SEM) are expressed in actual lcps and are representative
of three transfection experiments.
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pGL3-NKX-3'UTRFL were then transiently
transfected into the prostate cancer cell lines
LNCaP and DU145 and luciferase assays
performed 24 h later on cells cultured in either
the absence or presence of tRA. As expected,
strong basal promoter activity was observed
from the NKX3.1 promoter in DU145 cells with
a ~14.5-fold increase in luciferase activity de-
tected compared to the pGL3-enhancer control,
while a modest twofold induction of luciferase
activity was observed from the pGL3-NKX-
3'UTRFL plasmid (Fig. 7B). However, tRA
responsiveness was not detected from either of
the NKXS3.1-reporter plasmids with similar
results also observed in LNCaP cells (data not
shown).

Of interest in this study was the finding that
the pGL3-NKX-3'UTRFL vector was highly
androgen responsive with 10~®M DHT inducing
a ~19.5-fold increase in luciferase activity in
LNCaP cells (Fig. 7C). No androgen responsive-
ness was detected in either control plasmids
or the pGL3-NKX-5promoter (Fig. 7C), and
androgen responsiveness was not detected for
any construct in DU145 cells, which do not
express the androgen receptor (AR) ([Jarrard
et al., 1998]; results not shown). These data
indicate that the tRA-mediated activation of
NKX3.1 gene transcription does not occur via
the NKX3.1 proximal promoter or 3'UTR, while
previously reported androgen regulation of
NKX3.1 gene expression is mediated, at least
in part, by the NKX3.1 3'UTR.

DISCUSSION

NKX3.1 is a prostate-specific homeobox gene,
expression of which is regulated by androgens
and estrogens, with androgens directly increas-
ing NKX3.1 gene transcription in prostate
cancer cells [He et al., 1997; Prescott et al.,
1998; Korkmaz et al., 2000]. In this study, we
have identified that the natural retinoid, tRA
directly regulates NKX3.1 expression in the
human prostate cancer cell line, LNCaP by
increasing transcription of the NKX3.1 gene.

Retinoids have been shown to play an impor-
tant role in regulating the proliferation and
differentiation of non-malignant and malignant
prostate epithelial cells [Peehl et al., 1993;
Goossens et al., 2002]. Alterations in retinoid
signaling are associated with prostate carcino-
genesis as evidenced by decreased accumula-
tion of retinoids and reduced expression of
retinoid receptors in prostate cancer cells

compared to non-malignant prostate [Pasquali
et al., 1996; Kikugawa et al., 2000; Lotan et al.,
2000; Gyftopoulos et al., 2000a,b; Alfaro et al.,
2003; Zhong et al., 2003; Mao et al., 2004]. As
such, changes in the activity of retinoid signal-
ing pathways may produce a wide range of
biological effects via altered expression and
therefore function of retinoid target genes. In
this study, all-trans retinoic acid rapidly upre-
gulated NKX3.1 mRNA levels from as early as
2 h of tRA treatment of LNCaP prostate cancer
cells, with peak levels detected at 6 h and
persisting for up to 48 h of tRA treatment.
Similar responses of NKX3.1 protein levels
were evident, indicating that tRA produced a
sustained effect on NKX3.1 expression rather
than an acute transient response.

tRA-transduced signals can regulate a diver-
se array of genes either directly by activating
target gene transcription, or indirectly through
downstream regulatory effects of newly syn-
thesized intermediary proteins. Cycloheximide
co-treatment did not attenuate tRA induction of
NKX3.1 levels, indicating that NKX3.1 is a
direct target of retinoid receptors. This result
was supported by experiments that showed
no tRA-mediated post-transcriptional effects
(mRNA stability or protein stability) on NKX3.1
expression. In combination with nuclear run on
assays indicating that tRA induced NKX3.1
mRNA synthesis, this study has generated
strong evidence that retinoids directly regulate
NKX3.1 expression at the transcriptional level
and led us to search for functional RAREs
within the gene.

RAREs are highly pleiotropic but typically
follow a loose consensus of two direct repeats of
the core hexameric motif, PuG(G/T)TCA sepa-
rated by 1 bp (DR1), 2 bp (DR2), or 5 bp (DR5)
[Bastien and Rochette-Egly, 2004]. Several of
these motif-like sequences were identified
within the initial 2 kb of the NKX3.1 proximal
promoter and the unusually long 3'UTR (Fig. 7).
However, retinoid responsiveness could not
be demonstrated within either of these regions
in the context of luciferase reporter plasmid
analysis. Like many other enhancers, RAREs
are often located within distant control ele-
ments and have been identified in intronic
sequences (e.g., major histocompatibility com-
plex (MHC) H2Kb and CD38 genes) [Jansa and
Forejt, 1996; Kishimoto et al., 1998], as well as
sites several kilobases downstream (erythro-
poietin, Hoxal, bl, a4, b4, and d4) or upstream
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(Hoxb1 and d4) of target genes [Langston et al.,
1997; Morrison et al., 1997; Kambe et al., 2000].
It is therefore likely that tRA is mediating its
transcriptional effects on NKX3.1 at more distal
sequences not examined in this study.

The crucial role of 3'UTRs in regulating gene
expression is now widely acknowledged but is
generally associated with mRNA localization,
stability, and translation efficiency [Grzybow-
ska et al., 2001]. There is however, increasing
evidence that in specific circumstances, these
sequences are also necessary for regulating
transcription. An interesting finding of this
study was the localization of strong androgen
responsiveness in the 3'UTR of the NKX3.1
gene. This effect was independent of the posi-
tion and orientation of the 3'UTR within the
pGL3-promoter plasmid (not shown), which
suggests that the DHT-induced increase in
luciferase activity is mediated by one or more
androgen response elements (ARE) located
within this region. In general, AREs are posi-
tioned in the 5 flanking region of androgen
target genes, however, several examples of
functional hormone responsive elements locat-
ed in the 3'UTR of genes have been reported
[Bigler and Eisenman, 1995; Hyder et al., 2000;
Butts et al., 2004]. Whilst putative AREs can be
identified in the NKX3.1 3'UTR sequence, the
exact location of the response elements mediat-
ing the androgen induction is unknown and is
currently being investigated. These findings
indicate that the NKX3.1 3'UTR, in combination
with other regions of the gene [Yoon and Wong,
2005], plays a critical role in the androgen-
mediated activation of NKX3.1 expression.

Retinoid regulation of NKX3.1 has not been
explored previously in either non-malignant or
malignant prostate epithelial cells. Both
NKX3.1 and retinoids serve well-documented
roles in proliferation control of prostatic cells
and in inducing or maintaining differentiation
of prostate cancer or non-malignant prostate
cells [Peehl et al., 1993; Goossens et al., 2002;
Shen and Abate-Shen, 2003]. As such, it is
feasible that retinoids and retinoid signaling
contribute to the regulation of expression of
NKX3.1 in the prostate and that the loss or
reduction of NKX3.1 expression detected in
early and advanced prostate tumors is due, in
part, to aberrant retinoid signaling. It is also
possible that retinoid induced growth inhibition
and/or differentiation induction in prostate
cancer cells is partly mediated by NKX3.1.

Interest in retinoids as differentiation agents
for the treatment and prevention of prostate
cancer initially stemmed from work using
chemically-induced mouse prostate cancer mod-
els, which demonstrated their effective inhibi-
tion of tumor growth and progression [Lasnitzki
and Goodman, 1974; Chopra and Wilkoff, 1977,
Pollard et al., 1991]. More recently, studies
using human prostate cancer cell lines have
reported that retinoids, either alone or in
combination with other therapeutic agents,
can inhibit cell proliferation and tumorigenicity
[Dahiya et al., 1994; de Vos et al.,, 1997].
Although clinical trials using retinoids as sole
or adjunct chemotherapeutic agents have
shown limited efficacy to date [Trump et al.,
1997; Culine et al., 1999], their therapeutic use
remains clinically viable pending the develop-
ment of synthetic retinoids with better pharma-
cokinetic profiles and identification of markers
of retinoid sensitivity of individual tumors.

In summary, we have shown that NKX3.1
expression is upregulated by the retinoid tRA
through the direct activation of NKX3.1 gene
transcription in prostate cancer cells. Identifi-
cation of regulatory pathways controlling
NKX3.1 expression will determine how this
gene contributes to prostate development, as
well as elucidate the mechanisms responsible
for its deregulated expression during prostate
carcinogenesis.

REFERENCES

Abdulkadir SA, Magee JA, Peters TJ, Kaleem Z, Naughton
CK, Humphrey PA, Milbrandt J. 2002. Conditional loss of
Nkx3.1 in adult mice induces prostatic intraepithelial
neoplasia. Mol Cell Biol 22:1495—-1503.

Alfaro JM, Fraile B, Lobo MVT, Royuela M, Paniagua R,
Arenas MI. 2003. Immunohistochemical detection of
the retinoid X receptors o, p and y in human prostate.
J Androl 24:113-119.

Altucci L, Gronemeyer H. 2001. The promise of retinoids to
fight against cancer. Nat Rev Cancer 1:181-193.

Asatiani E, Huang WX, Wang A, Rodriguez Ortner E,
Cavalli LR, Haddad BR, Gelmann EP. 2005. Deletion,
methylation, and expression of the NKX3.1 suppressor
gene in primary human prostate cancer. Cancer Res 65:
1164-1173.

Aslan G, Irer B, Tuna B, Yorukoglu K, Saatcioglu F, Celebi
1. 2006. Analysis of NKX3.1 expression in prostate cancer
tissues and correlation with clinicopathologic features.
Pathol Res Pract 202:93—-98.

Bastien J, Rochette-Egly C. 2004. Nuclear retinoid recep-
tors and the transcription of retinoid-target genes. Gene
328:1-16.

Bhatia-Gaur R, Donjacour AA, Sciavolino PJ, Kim M, Desai
N, Young P, Norton CR, Gridley T, Cardiff RD, Cunha



1418 Thomas et al.

GR, Abate-Shen C, Shen MM. 1999. Roles for Nkx3.1 in
prostate development and cancer. Genes Dev 13:966—
9717.

Bieberich CJ, Fyjita K, He WW, Jay G. 1996. Prostate-
specific and androgen-dependent expression of a novel
homeobox gene. J Biol Chem 271:31779-31782.

Bigler J, Eisenman RN. 1995. Novel location and function
of a thyroid hormone response element. Embo J 14:5710—
5723.

Boone CW, Kelloff GJ, Malone WE. 1990. Identification of
candidate cancer chemopreventive agents and their
evaluation in animal models and human clinical trials:
A review. Cancer Res 50:2-9.

Bowen C, Bubendorf L, Voeller Hd, Slack R, Willi N, Sauter
G, Gasser TC, Koivisto P, Lack EE, Kononen J,
Kallioniemi OP, Gelmann EP. 2000. Loss of NKX3.1
expression in human prostate cancers correlates with
tumor progression. Cancer Res 60:6111-6115.

Butts BD, Tran NL, Briehl MM. 2004. Identification of a
functional peroxisome proliferator activated receptor
response element in the 3’ untranslated region of the
human bcl-2 gene. Int J Oncol 24:1305-1310.

Chen H, Mutton LN, Prins GS, Bieberich CdJ. 2005. Distinct
regulatory elements mediate the dynamic expression
pattern of Nkx3.1. Dev Dyn 234:961-973.

Chopra DP, Wilkoff LJ. 1977. Reversal by vitamin A
analogues (retinoids) of hyperplasia induced by N-
methyl-N'-nitro-N-nitrosoguanidine in mouse prostate
organ cultures. J Natl Cancer Inst 58:923-930.

Culine S, Kramar A, Droz JP, Theodore C. 1999. Phase II
study of all-trans retinoic acid administered intermit-
tently for hormone refractory prostate cancer. J Urol 161:
173-175.

Dahiya R, Boyle B, Park HD, Kurhanewicz J, Macdonald
JM, Narayan P. 1994. 13-cis-retinoic acid-mediated
growth inhibition of DU-145 human prostate cancer
cells. Biochem Mol Biol Int 32:1-12.

de Vos S, Dawson MI, Holden S, Le T, Wang A, Cho SK,
Chen DL, Koeffler HP. 1997. Effects of retinoid X
receptor-selective ligands on proliferation of prostate
cancer cells. Prostate 32:115-121.

Dohle GR, Smit M, Weber RF. 2003. Androgens and male
fertility. World J Urol 21:341-345.

Emmert-Buck MR, Vocke CD, Pozzatti RO, Duray PH,
Jennings SB, Florence CD, Zhuang Z, Bostwick DG,
Liotta LA, Linehan WM. 1995. Allelic loss on chromo-
some 8p12-21 in microdissected prostatic intraepithelial
neoplasia. Cancer Res 55:2959—-2962.

Esquenet M, Swinnen JV, Heyns W, Verhoeven G. 1996.
Control of LNCaP proliferation and differentiation:
Actions and interactions of androgens, lalpha,25-dihy-
droxycholecalciferol, all-trans retinoic acid, 9-cis retinoic
acid, and phenylacetate. Prostate 28:182—194.

Gary B, Azuero R, Mohanty GS, Bell WC, Eltoum IE,
Abdulkadir SA. 2004. Interaction of Nkx3.1 and p27kipl
in prostate tumor initiation. Am J Pathol 164:1607—
1614.

Goossens K, Deboel L, Swinnen JV, Roskams T, Manin M,
Rombauts W, Verhoeven G. 2002. Both retinoids and
androgens are required to maintain or promote func-
tional differentiation in reaggregation cultures of human
prostate epithelial cells. Prostate 53:34—49.

Gronberg H. 2003. Prostate cancer epidemiology. Lancet
361:859-864.

Grzybowska EA, Wilczynska A, Siedlecki JA. 2001. Reg-
ulatory functions of 3'UTRs. Biochem Biophys Res
Commun 288:291-295.

Gyftopoulos K, Perimenis P, Sotiropoulou-Bonikou G,
Sakellaropoulos G, Varakis I, Barbalias GA. 2000a.
Immunohistochemical detection of retinoic acid recep-
tor-alpha in prostate carcinoma: Correlation with pro-
liferative activity and tumor grade. Int Urol Nephrol 32:
263—269.

Gyftopoulos K, Sotiropoulou G, Varakis I, Barbaliaas GA.
2000b) Cellular distribution of retinoic acid receptor-
alpha in benign hyperplastic and malignant human
prostates: Comparison with androgen, estrogen and
progesterone receptor status. Eur Urol 38:323—-330.

Hayes RB, Bogdanovicz JF, Schroeder FH, De Bruijn A,
Raatgever JW, Van der Maas PJ, Oishi K, Yoshida O.
1988. Serum retinol and prostate cancer. Cancer 62:
2021-2026.

He WW, Sciavolino PJ, Wing J, Augustus M, Hudson P,
Meissner PS, Curtis RT, Shell BK, Bostwick DG, Tindall
DJ, Gelmann EP, Abate-Shen C, Carter KC. 1997. A
novel human prostate-specific, androgen-regulated
homeobox gene (NKX3.1) that maps to 8p21, a region fre-
quently deleted in prostate cancer. Genomics 43:69-77.

Hsing AW, Chokkalingam AP. 2006. Prostate cancer
epidemiology. Front Biosci 11:1388—-1413.

Hyder SM, Nawaz Z, Chiappetta C, Stancel GM. 2000.
Identification of functional estrogen response elements in
the gene coding for the potent angiogenic factor vascular
endothelial growth factor. Cancer Res 60:3183—3190.

Jansa P, Forejt J. 1996. A novel type of retinoic acid
response element in the second intron of the mouse H2Kb
gene is activated by the RAR/RXR heterodimer. Nucleic
Acids Res 24:694-701.

Jarrard DF, Kinoshita H, Shi Y, Sandefur C, Hoff D,
Meisner LF, Chang C, Herman JG, Isaacs WB, Nassif N.
1998. Methylation of the androgen receptor promoter
CpG island is associated with loss of androgen receptor
expression in prostate cancer cells. Cancer Res 58:5310—
5314.

Jiang AL, Zhang JY, Young C, Hu XY, Wang YM, Liu ZF,
Hao ML. 2004. Molecular cloning and characterization of
human homeobox gene Nkx3.1 promoter. Acta Biochim
Biophys Sin 37(11):773-778.

Kambe T, Tada-Kambe J, Kuge Y, Yamaguchi-Iwai Y,
Nagao M, Sasaki R. 2000. Retinoic acid stimulates
erythropoietin gene transcription in embryonal carci-
noma cells through the direct repeat of a steroid/thyroid
hormone receptor response element half-site in the
hypoxia-response enhancer. Blood 96:3265—3271.

Kikugawa T, Tanji N, Miyazaki T, Yokoyama M. 2000)
Immunohistochemical study of the receptors for retinoic
acid in prostatic adenocarcinoma. Anticancer Res 20:
3897-3902.

Kim MJ, Bhatia-Gaur R, Banach-Petrosky WA, Desai N,
Wang Y, Hayward SW, Cunha GR, Cardiff RD, Shen
MM, Abate-Shen C. 2002a. Nkx3.1 mutant mice recapi-
tulate early stages of prostate carcinogenesis. Cancer Res
62:2999-3004.

Kim MJ, Cardiff RD, Desai N, Banach-Petrosky WA,
Parsons R, Shen MM, Abate-Shen C. 2002b. Cooperativ-
ity of Nkx3.1 and Pten loss of function in a mouse model
of prostate carcinogenesis. Proc Natl Acad Sci USA 99:
2884-2889.



Transcriptional Regulation of NKX3.1 by tRA 1419

Kishimoto H, Hoshino S, Ohori M, Kontani K, Nishina H,
Suzawa M, Kato S, Katada T. 1998. Molecular mechan-
ism of human CD38 gene expression by retinoic acid.
Identification of retinoic acid response element in the
first intron. J Biol Chem 273:15429—-15434.

Korkmaz KS, Korkmaz CG, Ragnhildstveit E, Kizildag S,
Pretlow TG, Saatcioglu F. 2000. Full-length ¢cDNA
sequence and genomic organization of human NKX3A—
Alternative forms and regulation by both androgens and
estrogens. Gene 260:25—36.

Langston AW, Thompson JR, Gudas LJ. 1997. Retinoic
acid-responsive enhancers located 3’ of the Hox A and
Hox B homeobox gene clusters. Functional analysis.
J Biol Chem 272:2167-2175.

Lasnitzki I, Goodman DS. 1974. Proceedings: Inhibition of
the effects of methylcholanthrene by vitamin A and
vitamin A analogues. Br J Cancer 29:94.

Lind GE, Skotheim RI, Fraga MF, Abeler VM, Henrique R,
Saatcioglu F, Esteller M, Teixeira MR, Lothe RA. 2005.
The loss of NKX3.1 expression in testicular—and
prostate—cancers is not caused by promoter hyper-
methylation. Mol Cancer 4:8.

Lombardo F, Sgro P, Salacone P, Gilio B, Gandini L,
Dondero F, Jannini EA, Lenzi A. 2005. Androgens and
fertility. J Endocrinol Invest 28:51-55.

Lotan Y, Xu XC, Shaley M, Lotan R, Williams R, Wheeler
TM, Thompson TC, Kadmon D. 2000. Differential
expression of nuclear retinoid receptors in normal and
malignant prostates. J Clin Oncol 18:116—121.

Mangelsdorf DJ, Evans RM. 1995. The RXR heterodimers
and orphan receptors. Cell 83:841-850.

Mao GE, Reuter VE, Cordon-Cardo C, Dalbagni G, Scher
HI, DeKernion JB, Zhang ZF, Rao J. 2004. Decreased
retinoid X receptor-alpha protein expression in basal
cells occurs in the early stage of human prostate cancer
development. Cancer Epidemiol Biomarkers Prev 13:
383-390.

Marshall H, Morrison A, Studer M, Popperl H, Krumlauf R.
1996. Retinoids and Hox genes. Faseb J 10:969-978.

Morrison A, Ariza-McNaughton L, Gould A, Featherstone
M, Krumlauf R. 1997. HOXD4 and regulation of the
group 4 paralog genes. Development 124:3135—3146.

Pasquali D, Thaller C, Eichele G. 1996. Abnormal level of
retinoic acid in prostate cancer tissues. J Clin Endocrinol
Metab 81:2186—-2191.

Peehl DM, Wong ST, Stamey TA. 1993. Vitamin A regulates
proliferation and differentiation of human prostatic
epithelial cells. Prostate 23:69—78.

Pollard M, Luckert PH, Sporn MB. 1991. Prevention of
primary prostate cancer in Lobund-Wistar rats by N-(4-
hydroxyphenylretinamide. Cancer Res 51:3610-3611.

Prescott JL, Blok L, Tindall DJ. 1998. Isolation and
androgen regulation of the human homeobox cDNA,
NKX3.1. Prostate 35:71-80.

Reichman ME, Hayes RB, Ziegler RG, Schatzkin A, Taylor
PR, Kahle LL, Fraumeni JF, Jr.. 1990. Serum vitamin A
and subsequent development of prostate cancer in the
first National Health and Nutrition Examination Survey
Epidemiologic Follow-up Study. Cancer Res 50:2311—
2315.

Ross SA, McCaffery PJ, Drager UC, De Luca LM. 2000.
Retinoids in embryonal development. Physiol Rev 80:
1021-1054.

Shen MM, Abate-Shen C. 2003. Roles of the Nkx3.1
homeobox gene in prostate organogenesis and carcino-
genesis. Dev Dyn 228:767-778.

Tanaka M, Komuro I, Inagaki H, Jenkins NA, Copeland
NG, Izumo S. 2000. Nkx3.1, a murine homolog of
Ddrosophila bagpipe, regulates epithelial ductal branch-
ing and proliferation of the prostate and palatine glands.
Dev Dyn 219:248-260.

Trump DL, Smith DC, Stiff D, Adedoyin A, Day R, Bahnson
RR, Hofacker J, Branch RA. 1997. A phase II trial of all-
trans-retinoic acid in hormone-refractory prostate can-
cer: A clinical trial with detailed pharmacokinetic
analysis. Cancer Chemother Pharmacol 39:349—356.

Vocke CD, Pozzatti RO, Bostwick DG, Florence CD,
Jennings SB, Strup SE, Duray PH, Liotta LA, Emmert-
Buck MR, Linehan WM. 1996. Analysis of 99 micro-
dissected prostate carcinomas reveals a high frequency of
allelic loss on chromosome 8p12-21. Cancer Res 56:2411—
2416.

Yoon HG, Wong J. 2005. The corepressors SMRT and N-
CoR are involved in agonist- and antagonist-regulated
transcription by androgen receptor. Mol Endocrinol. 2005
Dec 22 [Epub ahead of print].

Zheng SL, Ju JH, Chang BL, Ortner E, Sun J, Isaacs SD,
Wiley KE, Liu W, Zemedkun M, Walsh PC, Ferretti J,
Gruschus J, Isaacs WB, Gelmann EP, Xu J. 2006. Germ-
line mutation of NKX3.1 cosegregates with hereditary
prostate cancer and alters the homeodomain structure
and function. Cancer Res 66:69—77.

Zhong C, Yang S, Huang J, Cohen MB, Roy-Burman P.
2003. Aberration in the expression of the retinoid
receptor, RXRalpha, in prostate cancer. Cancer Biol Ther
2:179-184.



