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Nkx3.1 is a well-conserved homeobox gene that is involved in development, differentiation and maintenance of
prostate epithelial cells. Nkx3.1 expression is induced by androgen in prostate epithelia and, as such, our interest
is to understand the mechanism(s) for this androgen-dependent expression in normal epithelial cells. In this
report, we show that the region of DNA sequence 2.7 kilobases in front of the mouse Nkx3./ gene drives
enhanced transcription in prostate epithelia cells; however, this segment was not capable of androgen-directed
regulation. Among the multiple, potential androgen response elements (AREs) identified by scanning sequences
near and within the gene, two sequences within the intron of the murine Nkx3./ gene were demonstrated to
confer androgen-dependent transcription in reporter gene transfection experiments. Each of the elements, termed
ARE A and ARE B, contained a 6-base pair core sequence, TGTTCT, that has been described as an androgen
receptor half-site binding sequence, separated by 498 base pairs of DNA. Both of the intronic half-sites bind
activated androgen receptor from a variety of sources, albeit with different apparent affinities. This region of the
Nkx3.1 gene demonstrates a high degree of conservation among diverse species and mutagenesis experiments
demonstrated that both elements are required for androgen stimulation. Taken together, our study shows that
androgen-dependent transcription of the mouse Nkx3.1 gene is conferred through a noncanonical element within
the intron of the gene.

Key words: Nkx3.1; Androgen receptor; Steroid regulation; Prostate; Cancer; Epithelia;
Androgen response element (ARE)

INTRODUCTION development (1,5,26,51,54,57,60), while in the adult

Nkx3.1 expression is predominant in the male urogen-

Nkx3.1 belongs to the Nk2 family (25,56) of ho-
meodomain proteins, which contain a conserved tyro-
sine at position 54 of the homeodomain. The Nk2
proteins contain mutiple conserved domains, includ-
ing the TN and NK2-SD, which are important for
promoting interactions with other proteins and the
regulation of target genes (7,32,55,58,70). Nkx3.1 ex-
pression is first observed in multiple tissues during

ital system, including testis, seminal vesicle, and
prostate (5,6,20,26,48,59). Loss of Nkx3.1 expression
is associated with tissue dedifferentiation and initia-
tion of prostate cancer, leading to the suggestion that
it may be a tumor suppressor-like gene (1,2,5,34,42).
Additionally, in the mouse, targeted disruption of
Nkx3.1 leads to tissue dedifferentiation, prostate hy-
perplasia, and dysplasia (2,5,34,42,51). Thus, NKX3.1
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is a critical regulator of prostate epithelial cell func-
tion; however, there is currently limited information
on how the gene is regulated.

Maintenance of Nkx3.1 expression in prostate epi-
thelia is highly dependent upon androgen signaling.
Nkx3.1 expression has been shown to be significantly
downregulated in prostate epithelial cells, which have
been removed from androgen signaling both in vivo
(6,26,48) and in responsive prostate cancer cell lines
when androgen is removed from the culture media
(6,18,26,48). Further, removal of androgen receptor
expression in mature mouse prostate epithelia leads
to a reduction in expression of several genes, includ-
ing Nkx3.1, and these studies demonstrated that re-
ceptor-deficient cells were less differentiated and ex-
hibited a hyperproliferative phenotype compared to
wild-type littermates (45,66). Although several stud-
ies have identified basal promoter elements and DNA
segments responsible for directing developmental
prostate Nkx3.1 expression (10,27-29), to date it is
not clear how androgen signaling directs/maintains
prostate-specific expression of the gene. Androgen
signaling occurs through a cytoplasmic receptor that
becomes activated upon binding steroid. The acti-
vated receptor translocates into the nucleus where it
binds specific DNA sequences, called the androgen
response element (ARE). The androgen receptor be-
longs to a class of nuclear receptors termed the class
I steroid receptors, which includes glucocorticoid,
progesterone, and mineralocorticoid receptors that
bind to DNA containing the core sequence 5-TGT
TCT-3’ for regulatory activity (12,22,49,64,65). While
the class I steroid receptors all recognize similar
DNA elements, it has been shown that androgen re-
ceptor possesses the capability to recognize sequences
that vary from the consensus (12,22), indicating that
gene-specific regulation by this receptor may be due
to subtle sequence variations of the class I consensus.

We have examined the mechanism(s) by which an-
drogen signaling affects Nkx3.1 gene expression be-
cause of the apparent relationship between the loss
of androgen responsiveness and reduction of Nkx3.1
expression in metastatic prostate cancer. In the stud-
ies presented here, we show that there are multiple
potential AREs near and within the gene. However,
only DNA segments containing two of these core se-
quences found within the intron of the gene are capa-
ble of supporting functional androgen-dependent
transcriptional activation. These core sequences are
separated by 491 base pairs (bp) of DNA, bind acti-
vated androgen receptor, and both are required for
androgen responsiveness. Thus, we have identified a
nonconsensus ARE within the intron of the murine
Nkx3.1 gene, further supporting the concept that an-
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drogen-dependent regulation is likely due to gene-
specific location of DNA elements.

MATERIALS AND METHODS
Bioinformatics

rVISTA 2.0 (http://rvista.dcode.org/) was em-
ployed to produce local sequence alignments and to
predict the regulatory potential of noncoding se-
quences (39,40).

Recombinant DNAs

Six different segments of the Nkx3.1 5’ promoter
were amplified by PCR using specific primers with a
bacterial artificial chromosome (BAC) containing the
murine Nkx3.I gene (RP23-116H24) as template.
These PCR products were purified by column purifi-
cation (Stratagene, La Jolla, CA, USA), and then
cloned into the pGL3-Basic, promoterless luciferase
vector. Several other regions of the Nkx3./ gene, in-
cluding intervening sequence (intron), exon 2 includ-
ing the 3" UTR (exon2_3"UTR), and sequences 3’ to
the gene (Down5708bp), were obtained by PCR and
then cloned into the Nkx3./-up2716 bp promoter
plasmid behind the luciferase gene and into the
pGL3-promoter vector, 5" to the SV40 promoter. Mu-
tagenesis of the luciferase constructs was accom-
plished by PCR as previously described (9,18,70), us-
ing Nkx3.1-2716bp-intron as a template.

Cell Cultures, DNA Transfection, and Luciferase Assays

All cell lines in this study were obtained from the
American Type Culture Collection (ATCC, Manas-
sas, VA). Human prostate carcinoma cell lines LNCaP
(ATCC; CRL-1740) and PC-3 (ATCC; CRL-1435),
and monkey kidney COS-7 cells were maintained as
previously described (18). The mouse prostate adeno-
carcinoma cell line TRAMP-C1 (ATCC; CRL-2730)
was cultured in DMEM containing 0.5 mg/ml insulin,
10 nM dehydroisoandrosterone, 5% FBS, 5% Nu-serum
IV, and 1% penicillin/streptomycin.

Transcriptional activation was measured by DNA
transfection analysis essentially as described by Fil-
more et al. (18). Cells were plated onto a 24-well dish
at a density of ~50,000 cells/well and transfection
was carried out with the Lipofectamine reagent (In-
vitrogen Life Technologies, Carlsbad, CA) using 0.25
ug of the luciferase construct per well. For experi-
ments examining androgen sensitivity, cells were
maintained in phenol red-free media containing char-
coal-stripped FBS for 24 h prior to transfection. An-
drogen response was measured by adding 10 nM of



INTRONIC AREs REGULATE Nkx3.1 TRANSCRIPTION 91

the synthetic androgen R1881 (PerkinElmer, Wal-
tham, MA) in ethanol, with control cells receiving
a like amount of ethanol vehicle. Forty-eight hours
posttransfection, the cells were harvested in 100 pl
luciferase lysis buffer and 20 pl of the lysate assayed
using a Turner Model 20 luminometer (Promega,
Sunnyvale, CA). Protein concentration of the lysate
was determined by the Bradford method (Bio-Rad,
Hercules, CA) and used to normalize the luciferase
activities, which were plotted as the mean activity +
SEM. To examine androgen stimulation, the normal-
ized luciferase activities obtained from R1881-treated
samples were compared with activities measured in
lysate derived from cells receiving the same plasmid
reporter constructs treated with ethanol vehicle.

Electrophoresis Mobility Shift Assay

TRAMP-C1 and LNCaP cells were used as a
source of androgen receptor. Cells were plated onto
100-mm dishes and, 24 h postplating, the cells were
treated with 10 nM R1881 for 48 h at 5% CO, and
37°C. Protein lysates were prepared in PBS contain-
ing proteinase inhibitor cocktail by sonication and
following removal of insoluble material, protein con-
centration of the lysate was determined by Bradford
assay (Bio-Rad, Hercules, CA). Positive controls
containing activated androgen receptor from the
MCE-7 cell line were obtained from Santa Cruz Bio-
logical and used essentially as specified by the manu-
facturer (Santa Cruz Biotechnology, Santa Cruz, CA,
USA). Double-stranded oligonucleotides containing
potential AREs surrounding Nkx3.1 were synthesized
as probes. The sequences are: ARE A forward 5'-
aaattatggatgttcttttaagtctt-3’, ARE B forward 5’-tctctc
cttetgttettctccagatg-3’, ARE C forward 5'-tgtgtaag
gaagaacaggacaaaagg-3’, and ARE consensus from the
human PSA gene (positive control) forward 5'-cttgca
gaacagcaagtgctagetg-3” (69). Oligonucleotides were
end-labeled with [y?P]ATP as described previously
(8,9). Binding reactions were performed in a 25-pl
reaction volume at room temperature. Each reaction
mix contained 3 pg of double-stranded poly(dI-dC)
and 30 pg of protein lysate. Assembled mixtures
were incubated for 10 min in the absence of probe,
and the reactions were then incubated for an addi-
tional 30 min at room temperature following addition
of probe sequences (12,000 cpm). In supershift ex-
periments, an androgen antibody (SC 7305X; Santa
Cruz Biotechnology) was added to the reaction mix
just prior to adding the oligonucleotide probe and in
competition experiments unlabeled competitor DNA
was added during preincubation as described (8,9).
The samples were loaded onto a 5% polyacrylamide

gel, and electrophoresis of samples carried out for 90
min at 180 V. The gel was dried onto filter paper and
binding complexes were visualized by autoradiogra-
phy on a Fuji FLA-5100 phosphoimager.

Statistics

Statistical analyses for luciferase assay were car-
ried out using the Statistix for Windows software
(Analytical Software, Tallahassee, FL) as previously
described (9,18). The analyses performed utilized the
Student #-test and AOV method of comparison of the
means for statistical significance at p < 0.05.

RESULTS
Nkx3.1 Promoter Activity

We initiated an assessment of the murine Nkx3.1/
gene by analysis of sequences 5’ to this two-exon
gene (Fig. 1A). To determine the basal transcription
activity of Nkx3.1 upstream promoter, constructs con-
taining serially deleted sequences 5’ to the gene were
transiently transfected into prostate carcinoma cell
lines, and non-prostate cells as controls. Previous
studies demonstrated that the androgen-dependent
LNCaP cells express Nkx3.1 in a dose-dependent
fashion, while no expression is observed in the andro-
gen-independent PC3 cells (18). As shown in Figure
1B, PC3 cells maintained Nkx3./ promoter activity
around fivefold relative to the vector-only with con-
structs containing ~1100 bp or more of sequence. In
androgen-responsive LNCaP cells, the 1119-bp con-
struct stimulated transcription by 12.5-fold, which
was increased to 25-fold with additional sequence to
—2716 bp. This increased transcriptional response
was maintained throughout the rest of promoter con-
structs to ~4.4 kb of 5" sequence (Fig. 1B). Overall,
promoter activity was higher in LNCaP cells than ob-
served in PC3 cells. These results suggest that Nkx3.1
prostate enhanced expression is governed by se-
quences within the upstream 2716 bp of the coding
region. The mouse prostate carcinoma cell line
TRAMP-C1 also expresses androgen receptor (19).
The mouse cells demonstrated a similar result as the
human LNCaP cells (Fig. 1B), indicating that the ini-
tial ~2.7 Kb adjacent to the gene demonstrates en-
hanced transcriptional activity in androgen-respon-
sive prostate cells. Only marginal activity was observed
in non-prostate cells (COS-7) with the Nkx3.1 1119-
bp construct, indicating a preference for prostate cells
in the transcriptional activation. Taken together, these
data indicate that prostate-selective expression of
Nkx3.1 is directed by DNA sequence between —2716
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Figure 1. Analysis of mouse Nkx3.1 promoter. The transcriptional capacity of the 5" promoter region of the mouse Nkx3./ gene was assayed
in androgen-responsive prostate cell lines, LNCaP and TRAMP C-1; nonresponsive prostate cells, PC-3; and non-prostate cells, COS-7, by
transfection as described in Materials and Methods. (A) A diagram of the two-exon Nkx3.1 gene is shown with transcriptional initiation site
in exon 1. The relative positions of the six promoter deletion fragments cloned into the pGL3-basic luciferase vector is denoted by the
arrows, each containing a common 3” end within the gene (+35) and the different 5" end positions shown relative to the transcriptional start
site. (B) The Nkx3.1 promoter deletion constructs were placed into LNCaP (open bars), TRAMP C-1 (filled bars), PC-3 (stripped bars), and
COS-7(gray bars) cells and the resultant luciferase activity measured in cellular lysates measured 48 h after transfection as described in
Materials and Methods. Results are shown as the relative transcriptional activity by each promoter fragment compared to the activity
generated by the empty vector (pGL3-basic) in each cell line. Results were derived from a minimum of three separate experiments performed
in triplicate and the measured activity is shown + SEM shown by the error bars. (C) Androgen stimulation of the 5’ promoter deletion
fragments was measured in the androgen-responsive LNCaP cell line. The results are shown as the fold stimulation of each construct in
cells treated with the synthetic androgen R1881 compared to the activity derived from the same construct in cells treated with vehicle
(ethanol) alone. Results were derived from a minimum of three experiments performed in triplicate for each condition with the SEM denoted

by the error bars.
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Figure 2. Androgen transcriptional responses elicited by DNA fragments within and 3" to the mouse Nkx3.1 gene. (A) A diagram of the
gene with the relative position of the cloned DNA fragments is shown. The dotted lines denote the fragments cloned into the pGL3-promoter
in front of the minimal SV-40 promoter and into the Nkx3.1-2716 vector behind the luciferase coding segment. (B) The three gene fragments
shown in (A) (intron, Exon2_3"UTR, and Down 5708bp) cloned into the pGL3-promoter vector were assayed for androgen stimulation in
LNCaP cells as described in Materials and Methods. Following transfection the cells were treated with 10 nM synthetic androgen R1881
(filled bars) or vehicle (open bars) and lystaes from the cells analyzed for luciferase activity. The activity derived from androgen-treated
cells was compared with the activity derived from vehicle-treated cells and the resultant data plotted as an androgen (AR) fold induction.
As controls, plasmids with no promoter (pGL3-basic), the minimal SV40 promoter (pGL3-promoter), and the 5" Nkx3.! promoter segment
(Nkx3.1-2716) were transfected into LNCaP cells and the entire complement of vectors were transfected into the non-androgen-responsive
PC-3 cell line. The asterisks denote statistical difference in androgen induction between the test construct and the parental pGL3-promoter
plasmid (p < 0.05). (C) The three DNA fragments shown in (A) were cloned into the Nkx3.1-2716 vector after the luciferase coding sequence
and the resulting clones evaluated for androgen stimulation in LNCaP cells (black bars) and TRAMP-CI1 cell (open bars) as described above.
Androgen stimulation was determined as the activity derived from transfected cells treated with R1881 compared to cells containing the
same promoter/DNA luciferase vector that were treated with vehicle alone. The asterisk denotes statistical differences between the test
plasmid and the parental control plasmid Nkx3.1-2716 (p < 0.05).
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and —1119 bp upstream (5") of Nkx3.I coding se-
quence.

There are several potential AREs within this pros-
tate-selective region that may participate in androgen-
dependent activation of Nkx3.I gene expression. To
locate AREs within this segment of the Nkx3.1 locus,
we transfected the same promoter constructs in
LNCaP cells with or without synthetic androgen,
R1881. Reporters containing solely DNA 5 to the
Nkx3.1 gene were induced by one- to twofold in an-
drogen receptor-positive cells (Fig. 1C), suggesting
that there are no functional AREs in the upstream
(5) region that greatly facilitate androgen-dependent
Nkx3.1 gene regulation.

Functional AREs Are Located Within the Nkx3.1 Gene

We reasoned that androgen-regulated Nkx3.1 tran-
scription might involve DNA elements within or 3’
to the gene because DNA 4.4 kb in front of the gene
was not capable of significant androgen-directed acti-
vation. To identify potential AREs in DNA within
the Nkx3.1 gene and 3’ surrounding DNA, we cloned
three separate segments from the Nkx3./ locus into
luciferase vectors and tested for their capability to
drive androgen-dependent transcription. As shown in
Figure 2A, these DNA segments were from within
(intron and Exon2_3’UTR fragments) and just 3’
(Down5708bp fragment, Fig 2A) to the Nkx3.1 gene.
These DNA regions each contain multiple potential
ARE core sequences as determined by computer
analyses. In order to evaluate if any of the DNA se-
quences within the gene are capable of functional an-
drogen stimulation, they were cloned into the multi-
cloning site adjacent to the SV40 minimal promoter
of pGL3-promoter vector (Fig. 2B) and 3’ to the lu-
ciferase gene in the Nkx3./ promoter vector —2716-

luc (Fig. 2C). The latter vectors were constructed so
that the DNAs were within an approximate context
found within the native Nkx3./ genomic locus; that
is, 3’ to the prostate selective promoter and the struc-
tural Nkx3.1 segment (Fig. 2A). Androgen-dependent
stimulation (2.5—4-fold) was observed in constructs
containing the intron and the Exon2_3"UTR segments
in responsive LNCaP cells not found in the androgen-
deficient PC-3 prostate cells (Fig. 2B). As indicated
in Figure 2C, the activity of Nkx3.1 2716 bp + in-
tron construct was stimulated by 10 nM R1881 ap-
proximately 20-fold in the LNCaP and sevenfold in
TRAMP C-1 androgen receptor-positive cells, while
other regions had less than threefold induction by an-
drogen. Taken together, these data indicate that the
intron and 3’ UTR regions contain functional ARE(s)
and the transcriptional ability of these elements is in-
fluenced by the sequence location and/or context.

AR Binds to ARE(s) Located in Intron of Nkx3.1

Having determined that functional activation of
Nkx3.1 by androgen was dependent on intronic DNA
segments, we next assessed if sequences within this
region was bound by AR using electrophoretic mobil-
ity shift assay (EMSA). Within the intron, there are
two potential androgen receptor binding sites (ARE
half-sites) predicted by rVISTA (illustrated in Fig.
3A) and we termed them ARE A and ARE B. Addi-
tionally, there is a potential ARE identified by bioinf-
ormatics within the 3" UTR segment of the gene
(ARE C), conserved in sequence and location to the
human Nkx 3.1 gene (61,62). All the potential AREs
contained the core steroid receptor binding sequence
(6 bp: TGTTCT) and we tested their capacity to bind
androgen receptor by fashioning oligonucleotide
probes that contained 10 bases before and after the

FACING PAGE

Figure 3. Evaluation of androgen receptor binding to potential AREs in the Nkx3.1 gene intron and 3" UTR. (A) The location of potential
AREs within the Nkx3.1 gene relative to the intron and second exon containing the 3" UTR are shown in this diagram. The sequence of
each potential ARE is indicated with the capital letters showing sequence identity with recognized AREs and the arrow denotes the sequence
polarity (5" to 3’). Oligonucleotides for each of the potential Nkx3./ AREs, ARE A, ARE B, and ARE C, were constructed to test their
ability for androgen receptor binding. (B) Androgen receptor binding was evaluated using protein lysate derived from Tramp C-1 cells
activated with R1881 as detailed in Materials and Methods. Oligonucleotides representing each potential Nkx3.1 ARE along with a positive
control ARE from the human PSA gene were radiolabeled and incubated with no protein lysate (lanes 1, 7, 11, and 15), with protein lysate
alone (lanes 2, 8, 12, and 16), with lysate and a 500-fold excess of unlabeled self-probe (lanes 3, 9, 13, and 17), or with 500-fold excess of
unlabeled PSA probe (lanes 10, 14, and 18). To further assess specific androgen receptor binding, the labeled PSA reaction was incubated
with 500-fold excess unlabeled ARE A (lane 4), ARE B (lane 5), and ARE C (lane 6). The arrow at the right of the autoradiogram denotes
the specific complexes formed with androgen receptor. (C) The probes were assayed with lysate from androgen receptor-positive control
MCF-7 cells. Shown is an autoradiogram derived from incubating the lysate with ARE C (lane 1), ARE B (lane 2), ARE A (lane 3), and
PSA ARE (positive control, lane 4) with the arrow denoting the position of the androgen binding complex. (D) Lysate derived from R1881-
stimulated LNCaP androgen-responsive cells was used to probe for androgen receptor binding. The resultant reactions shown are ARE C
(lane 1), ARE B (lane 2), ARE A (lane 3), and PSA ARE (positive control, lane 4) and the arrow shows the position of ARE binding
complex. (E) A supershift experiment using an anti-androgen receptor antibody is shown. The oligonucleotide probes were incubated with
LNCaP cell lysates as in (D) and in each reaction there was added 1 pl of androgen receptor antibody as described in Materials and Methods.
The arrow shows the position of the androgen receptor binding complex and the asterisk shows the position of the supershifted band in
response to added antibody.



96 KOJIMA, ZHANG, AND ZIMMER

Exl Ex2 3'UTR

Androgen Stimulation

PSA

Intron
'27lﬁbp—— ’jl’
¥ \\.
// \\\
/ 4PEA APEB
-/lIIIOIIIlIIOIII\I
Wildtype  TaTTCT TETICY
Mutant GGGLLL GGGCCC
B.
ARE A ~REB
|_—| *
—_EI-IOIIlI-IOIIII
—_E-..&--.-..O...' ]—‘
——EIIIQI.I-IIKIIII |
G 5 10 15 20
C.
Proba
Protein - 4+

+ + + + + + + + +
AREA - - 1% 5X mDooXsoox - . . .

AREB - - - - - - - X 5 10(100X 500X
T00

800 -
500 -
400 -
300
200
100
000 -

-

Reimtive Binding

1 23 4 5 &6 7T 8 8 10 11 12

Figure 4. Relative affinity of androgen receptor binding to Nkx3./ ARE A and ARE B. (A) A diagram of Nkx3.1 intron with two potential
AREs (ARE A and ARE B) is shown. The WT and mutated sequences for each ARE (ARE A and ARE B) are shown. Mutations were
constructed in the Nkx3.1-2716 + intron vector shown in Figure 2. (B) Androgen Stimulation of Nkx3.1-2716 + intron, ARE A mutant, ARE
B mutant, and double mutant was tested in LNCaP cells. The results shown are calculated as the fold induction of each construct in cells
treated with R1881 relative to cells treated with vehicle (ethanol) alone. Data are generated from three experiments performed in quadruplet
for each condition and were plotted as the mean = SEM and the asterisk indicates significantly different from other mutant constructs (p >
0.05). (C) Radiolabeled PSA ARE was incubated with lysate derived from the Tramp C-1 cell line and tested for relative binding affinity
by competition experiments. The experiment included the PSA ARE probe incubated with no protein lysate (lane 1), or with protein lysate
alone (lane 2), and with protein lysate containing 1-fold, 5-fold, 10-fold, 100-fold, and 500-fold molar excess of unlabeled ARE A (lanes
3-7) or ARE B (lanes 8—12). The resultant bands were visualized on a Fuji 5100 phosphoimager and the amount of radioactivity associated
with each band was quantified by scanning densitometry. For graphical analysis, the band intensity of each lane was quantified, the values
plotted versus the molar excess of added unlabeled probe, and the slope of the resultant line was calculated for ARE A and ARE B,
respectively, and plotted as relative binding. The values obtained for three separate experiments were averaged and plotted +SEM.
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core binding sequence for a total probe length of 26
bases. Whole cell lysate from TRAMP-C1 cells treated
with the synthetic androgen R1881 was used in initial
experiments (Fig. 3B). An oligonucleotide probe con-
taining the AR binding sequence for the PSA gene
served as a positive control for these experiments. As
shown in Figure 3B, a single complex was observed
with the PSA ARE, while multiple species were ob-
served with Nkx 3.1 ARE A, and ARE B, but no
binding was observed with ARE C probe (Fig. 3B,
lanes 2, 8, 12, and 16). We next examined sequence-
specific binding using competition experiments. Cold
PSA probe effectively inhibited complex formation
with the labeled PSA sequence (lane 3) and like mi-
grating complexes formed with ARE A (lane 10) and
ARE B (lane 14) probes. Additionally, unlabeled
ARE A (50-fold excess) was able to effectively com-
pete the positive control PSA probe binding (lane 4);
however, ARE B reduced but did not totally fully
inhibit PSA complex formation (lane 5). These data
show that Nkx3.1 ARE A and B are capable of bind-
ing activated androgen receptor, albeit with different
apparent affinities.

We further assessed androgen receptor binding by
examining the binding of the murine Nkx 3.1 probes
along with the PSA ARE-positive control using ly-
sates from a commercial source and derived from
LNCaP cells. The MCF7 androgen receptor-positive
control lysate (Fig. 3C) and cell extract from LNCaP
human prostate cancer cells (Fig. 3D) showed signifi-
cant binding to the ARE A and B probes (lanes 3 and
2 respectively, Fig. 3C and D) consistent with the
positive control PSA ARE (lane 4, Fig. 3C and D).
Additionally, we preformed a supershift assay using
LNCaP lysates and an androgen receptor antibody
that has been previously shown to identify androgen
receptor complexes (37,41). As illustrated in Figure
3E, inclusion of this antibody into the reaction caused
a supershift of the PSA probe (lane 4) and to a lesser
extent the Nkx3.1I intronic ARE core sequences (lanes
2 and 3). The difference in apparent antibody binding
and supershift may be due to the difference in the
binding sites, with ARE A and ARE B being nonex-
act palindrome androgen half-sites and the PSA con-
trol being a consensus ARE binding for dimerized
receptor. Taken together, these competition and su-
pershift experiments demonstrate that ARE core se-
quences conserved within the intron of the murine
Nkx3.1 gene are capable of androgen receptor com-
plex binding.

Two ARE Half-Sites Are Responsible for Androgen
Transcriptional Enhancement

To directly examine the contribution of the intronic
AREs to androgen activation of Nkx3./ transcription,

plasmid Nkx3.1 —2716 promoter + intron (Fig. 2) was
utilized to create individual mutations of ARE A,
ARE B, and a vector in which both elements were
mutated. These DNAs transfected into androgen-
responsive prostate cell lines and evaluated for andro-
gen activation by adding the synthetic steroid R1881.
Individual mutation of ARE A or ARE B consistently
abolished all androgen responsiveness, indicating that
both ARE A and ARE B are required for androgen-
dependent stimulation of the Nkx3.! intron (Fig. 4B).
This was also observed for the promoter/intron dou-
bly mutated DNA. Thus, with mutagenesis, we have
established that both the AREs within the Nkx3.1
gene intron are required for androgen responsiveness
in prostate epithelial cells.

Although these experiments indicated that the
functional AR regulation of Nkx3.1 expression is due
to AR binding, the apparent affinity of AR to the
elements appeared different (Fig. 3). With excess
cold competitor, ARE A effectively abolished the ob-
served binding complex of PSA ARE, while ARE B
did not. To examine the relative affinity of AR to
ARE A and ARE B, the PSA probe was examined
by competition with increasing amounts (1-500x) of
ARE A or ARE B (Fig. 4C). With ARE A, the PSA
ARE complex intensity decreased as the amount of
unlabeled ARE A increased. The binding complex to-
tally disappears with the addition of 100x and 500x
of ARE A. However, with ARE B, although the band
intensity is decreased gradually with increased unla-
beled ARE B, it never completely competes away
binding (Fig. 4C). The intensity of the binding com-
plex was semiquantified by scanning densitometry
and image analysis, which indicates that AR binds to
ARE A with a higher affinity compared to ARE B
(Fig. 4C). Therefore, our experiments demonstrate
that AR is binding to both ARE A and ARE B, and
AR has a higher apparent affinity for ARE A com-
pared to ARE B.

DISCUSSION

Nkx3.1 is a homeobox gene that is a homolog of
Drosophila bagpipe and has been implicated in pros-
tate organogenesis and carcinogenesis. Because an-
drogen is known to play a significant role in these
processes, the observation that Nkx3.1 is AR respon-
sive demonstrates that it is likely a critical component
of prostate epithelial cell homeostasis. In this study,
we characterized the androgen regulation of Nkx3.1I
gene in prostate epithelial cells. DNA sequences
within the 5" segment of the murine Nkx3.1 gene (4.3
kb) was screened for its promoter activity in AR-
positive LNCaP and Tramp C-1 cell lines and AR-
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negative PC3 cells. We identified a 2.7-kb region 5’
to the gene that demonstrates enhanced transcription
in prostate cells; however, this region was not associ-
ated with androgen-driven gene transcription. Subse-
quent analysis of DNA within and surrounding the
Nkx3.1 gene showed that the intron region exhibited
androgen-dependent transcriptional activation in trans-
fection analyses. The androgen activation was depen-
dent upon two specific DNA elements that contain
the well-conserved half-site core binding sequence,
TGTTCT separated by 491 bp of DNA. Both are
bound by activated AR, and both sites are required
for functional gene activation by AR. Thus, andro-
gen-enhanced expression of Nkx3.I, a critical gene
product for prostate development and maturation, is
manifested through specific DNA elements within the
intron of this two-exon gene.

Our first question was to ascertain if the sequences
5’ to the Nkx3.1 gene contained functional ARE(s) to
direct prostate-specific and androgen-responsive tran-
scription. There are many sequences within the DNA
surrounding the gene as well as within the Nkx3./
gene that conform to consensus ARE, specifically the
half-site core binding sequence. Although several of
the potential AREs are found within sequences 5’ to
the gene, a position conventionally considered being
critical for appropriate gene transcription, our studies
demonstrate that 5" DNA up to ~4.5 kb is not capa-
ble of conferring AR-dependent transcriptional activ-
ity to the Nkx3.I gene. Yoon and Wong (67) have
shown that DNA 5’ to the human Nkx3.1 gene con-
tains androgen receptor binding sites using chromatin
immunoprecipitation (CHiP) analyses; however, this
binding was not evaluated for function with regard to
Nkx3.1 gene transcription. Similar results were ob-
served using a computational analysis of the Nkx3.1
promoter for GATA factor and androgen receptor
binding sites, albeit predicting a different AR binding
site than that of Yoon and Wong (67) and again no
functional measures were determined (43). Our ex-
periments examined equivalent segments of DNA
from the murine Nkx3.1 gene and found no functional
androgen-dependent transcriptional activity resided
within this gene segment. This is consistent with
functional analyses of the human Nkx3.I promoter,
which found no functional AREs within DNA 5 to
the gene (61,62). Thus, these 5" binding sites may not
be needed for functional activity, or more likely are
not sufficient for androgen-dependent transcriptional
activation.

Our studies showing that an appropriate context
was necessary to elicit enhanced AR transcriptional
responses in our reporter gene constructs (Fig. 2)
might indicate that the 5" promoter sequences work in
conjunction with other DNA regions for AR-dependent
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transcriptional activation. Moreover, in transgenic an-
imal studies a potential enhancer for prostate cell reg-
ulation has been identified in DNA sequences ~5 kb
3’ to the end of the gene (10). This previously identi-
fied prostate-specific segment might also participate
with our prostate-selective 5" segment to provide
prostate-specific basal transcription activation. The
DNA sequence 5" to the gene did elicit a transcrip-
tional response in prostate cell lines, indicating that
this segment housed a prostate cell-selective tran-
scriptional capacity. In particular, our studies demon-
strated that the initial 2.7 kb of DNA adjacent to the
gene exhibited an enhanced transcriptional response
in LNCaP and Tramp C-1, both of which are andro-
gen receptor-positive prostate carcinoma cell lines
(Fig. 2). This basal activation was found to be signifi-
cantly different in magnitude than that observed in
androgen receptor-negative PC-3 cells. The PC-3 cell
line represents a terminal stage of prostate cancer in
which the cells are aggressive in metastasis and are
no longer androgen responsive. Thus, our results in-
dicate that in the process of prostate cancer progres-
sion there is a fundamental change in the basal tran-
scriptional capacity of prostate genes likely due to
changes in transcriptional activator complexes within
these cells. Similar changes in basal activators have
been found in other systems commensurate with the
epithelial-mesenchymal transition (EMT) demonstrated
in cancer progression (35). Taken together, our stud-
ies support the concept that the appropriate regulation
of Nkx3.1 in prostate development and maturation re-
quires input from multiple DNA segments surround-
ing and within the structural gene.

Functional ARE(s) were not found within the pros-
tate-specific 2.7-kb region of the murine Nkx3.1 pro-
moter; instead, we mapped them to the intronic DNA.
Our results are consistent with recent studies of the
human Nkx3.1 gene (61,62), which found that while
there were no retinoic acid response elements within
or near the gene, DNA comprising the intron and sec-
ond exon was able to elicit an androgen response.
Here we have localized this response to sequences
within the intron of the murine gene. While different
in exact locations within the Nkx3.1 gene, the mouse
and human genes are both activated by internal ARE
binding sequences that are half-site consensus (TGT
TCT) separated by significant sequence (61). Inter-
estingly, the one sequence segment demonstrating the
highest degree of conservation in location and struc-
ture, ARE 3 in humans (61) and ARE C in mouse, is
capable of influencing androgen transcriptional re-
sponses without androgen receptor binding (Figs. 2
and 3). Although there are many examples of andro-
gen regulation via receptor binding to a canonical
ARE palindromic sequence, both within the 5" pro-
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moter (13,14,33,36,47,69) and in other locations with
the gene locus (53,65), it has been suggested that an-
drogen response DNA elements can significantly
vary from this consensus. This includes sequence dif-
ferences within the ARE element palindrome and the
presence of singular core binding elements, termed
the ARE half-sites (3,11,12,65). Further, it has been
suggested that the context and placement of half-site
ARE within or near a gene can contribute specificity
to androgen selectivity of transcription. For example,
the murine androgen receptor gene contains two
functional half-site AREs (ARE-1, TGTCCT; ARE-
2, AGTACTCC) within its coding sequences that are
separated by 182 bp and these AREs synergistically
regulate the AR mRNA expression in a spatiotempo-
ral manner (15). As suggested by in vitro mutagene-
sis experiments (21,22,64,65), the separation of half-
site. AREs can contribute to androgen selectivity.
Thus, our demonstration of intronic half-sites sepa-
rated by ~500 bp that govern Nkx3.1 androgen-specific
transcription indicates that this gene is regulated by a
mechanism different from the consensus steroid re-
ceptor activation in which a receptor dimmer binds
to a palindrome sequence. We would suggest that the
observed intense androgen-driven Nkx3./ transcrip-
tional response is derived from the unique character
of the intronic half-site ARE core elements.

Our experiments demonstrated a relatively weak
affinity for androgen receptor binding by the individ-
ual half-site core sequences (ARE A and ARE B) and
an apparent difference in binding affinity between
these two core binding elements (Figs. 3 and 4).
Thus, it is the inherent qualities of the androgen re-
ceptor binding to the intronic Nkx3.I ARE half-sites
that likely define the ability of androgen to selec-
tively activate transcription of this gene in the matur-
ing prostate epithelia. This appears to be the case
with the murine pem and the human secretory com-
partment (sc) gene, both of which contain weak bind-
ing half-site core sequences that are critical for andro-
gen selectivity and responsiveness (3,24,63). In a
spacio- and temporal-specific manner, different affin-
ities of AR could be serving an important role through
cooperative interactions with adjacent or nearby tran-

scription factors (38,46). In the case of Nkx3.1, both
ARE A and ARE B contain ARE half-site sequence,
TGTTCT, that are separated by 491 bp. The se-
quences adjacent to the ARE, TGTTCT, were not
found to contain any known AR dimer binding se-
quences by homology. Based on previous studies, se-
quences surrounding functional AREs could have ef-
fect on the AR affinity and gene regulation (16,22,
68). Further, it has been suggested that AR mono-
mers or dimmers may bind depending availability of
other active transcription factors that influence the
gene expression (4,17,23,30,31,44,46,50,52). The as-
sociation of coactivators that augment or alter the ac-
tivity of nuclear receptors in response to steroid li-
gand seems to be a common regulatory paradigm,
including AR, ER, and other ligand-dependent nu-
clear receptors (38,46). Thus, in both mice and hu-
mans (61,62) the Nkx3.1 gene is androgen responsive
through internal AREs, and what coactivators, if any,
participate in this process remains to be elucidated.
In conclusion, our data demonstrate that two func-
tional AREs located in the intron region are critical
for androgen-dependent transcriptional activation of
the Nkx3.1 gene. There were no recognizable sites for
dimerized ARs, which indicates a mechanism whereby
sequences separated by ~500 bp come together for
receptor dimerization and could suggest that there are
other transcription factors that are involved in the an-
drogen regulation of Nkx3.1 gene through direct or
indirect interaction with AR. An identification and
characterization of Nkx3.I upstream regulators that
work with the intronic androgen response element
will help elucidate the molecular mechanism control-
ling appropriate Nkx3./ gene expression and eventu-
ally reveal the pathogenic defects that result in loss
of Nkx3.1 expression during prostate carcinogenesis.
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