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Androgen and androgen receptor (AR) play an im-
portant role in sexual differentiation and prostate
proliferation. To investigate AR gene transcriptional
regulation, a 2.3-kilobase AR gene promoter region
was isolated, sequenced, and characterized. Chlor-
amphenicol acetyltransferase (CAT) assay and se-
quence homology search of AR gene promoter
among human, rat, and mouse revealed some po-
tential cis-acting elements, including a GC box, a
suppressor region, and a purine-rich element. Dele-
tion analysis and gel retardation assay using a 50-
base pair (bp) double-strand purine-rich element
showed that this purine-rich element can bind to
specific proteins in nuclear extract of LNCaP and
HelLa cells and may be essential for AR gene tran-
scription. Furthermore, to investigate the effect of
cAMP on AR gene transcription, we treated LNCaP
and HelL a cells with 10 mm (Bu).cAMP after transfec-
tion with CAT gene reporter plasmids linked to the
AR gene promoter. This treatment induced several
folds of CAT activity in LNCaP cells only, and the
induction was further confirmed at AR mRNA level
by Northern blot analysis and reverse transcription-
polymerase chain reaction assay. Deletion analysis
of the AR gene promoter showed that a region be-
tween 530 bp and 380 bp upstream of AR gene
transcription initiation site, which includes one po-
tential cAMP response element (CRE), is responsible
for cAMP induction. Gel retardation analysis using
this CRE (AR/CRE1) showed that AR/CRE1 can bind
to specific proteins in nuclear extract of LNCaP cells,
which appears to form a different binding complex
compared to somatostatin/CRE. (Molecular Endo-
crinology 8: 77-88, 1994)

INTRODUCTION

Androgens play an important role in male sexual differ-
entiation and development via an androgen receptor
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(AR) (1). Structural analysis of AR ¢cDNA indicated AR
is a member of the steroid receptor superfamily which
includes thyroid hormone receptor, vitamin D receptor,
and retinoid receptors (2, 3). Recently, it has been
demonstrated that AR may regulate androgen target
genes by binding to a DNA consensus sequence
androgen response element (ARE; 5’-GG[A/T]
ACAN,TGTTCT) which is similar to glucocorticoid re-
sponse element (GRE) (3, 4). So far, AREs have been
identified in mouse mammary tumor virus long terminal
repeat (MMTV-LTR) (5, 6), tyrosine aminotransferase
gene promoter (7), C3 first intron (8, 9), and prostatic-
specific antigen gene promoter (10, 11).

Several hormones and growth factors can modulate
AR gene expression. For example: FSH can stimulate
the AR mRNA level in Sertoli cells (12), GH and PRL
can increase the AR mRNA level in prostatic cells (13),
and epidermal growth factor may decrease the AR
mRNA level (14). To further understand the regulation
of the AR gene at the transcriptional level, the promoter
region of the human AR gene (hAR) was isolated and
sequenced. The results showed the transcription initi-
ation site was located at both 1127 base pairs (bp) (AR-
TIS 1), and 1116 bp (AR-TIS II) upstream of AR trans-
lation initiation site (15, 16). The promoter region of
hAR does not have TATA box or CCAAT box but
contains a GC box which may play a role on transcript
started from AR-TIS Il (16) and match the previous
reports that, by binding to the SP-1, the GC box may
play an important function for the gene transcription.
However, it remains unclear if other important cis-acting
elements in the promoter region of the AR gene may
also be involved in the AR gene transcriptional regula-
tion.

The regulation of gene expression by intracellular
protein phosphorylation has been a key phenomenon
in the physiology of multicellular organisms. Many
genes appear to be mediated through protein phos-
phorylation, which includes unmasking of a protein
kinase activity of the receptor molecule itself or activa-
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tion of a ubiquitous protein kinase system of the cell.
Two of the major protein kinase systems in control of
gene transcription are the pathways leading to the
activation CAMP-dependent protein kinase A (18) and
diacylglycoprotein (DAG)-dependent protein kinase C
(19). The nuclear effects could then be mediated by
phosphorylation or dephosphorylation of trans-acting
proteins (20). It will be very interesting to know if AR, a
nuclear steroid receptor, is one of such candidates.

In the present study, we isolated and sequenced the
hAR gene promoter region up to 2.3 kilobases (kb)
upstream of the AR transcription initiation site. Using
deletion analysis and chloramphenicol acetyitransferase
(CAT) assay, we were able to locate several potential
cis-acting regions important for AR gene transcriptional
regulation. We found that a 50-bp purine-rich region at
70 bp upstream of the AR transcription initiation site
may be the most important cis-acting element for AR
gene transcription. In addition, a functional CAMP re-
sponse element (AR/CRE1), which may be responsible
for cAMP induction of AR gene expression, was iden-
tified within the hAR gene promoter region. The se-
quence and character of this AR/CRE1 was different
from published somatostatin CRE (21).

RESULTS

Cloning and Sequencing the Promoter Region of
the hAR Gene

Three positive AEMBL3 plaques were isolated by
screening a \EMBL3 human genomic library with a *2P-
labeled 640-bp EcoRI-Smal fragment of AR 6’-untrans-
lated region (2) as a probe. One of the positive clones
(ARg3) was found to contain approximately a 13-kb
insert which includes 3.6 kb upstream of the published
AR transcription initiation site by restriction enzyme
mapping (Fig. 1). A 2.9-kb 5’-flanking fragment from
Hindlll at the position —2.3 kb to Pstl at the position
+0.57 kb was subcloned into pBluescript sk(-) and
sequenced by the dideoxy chain termination method
(Fig. 2).

We then searched for the known potential cis-acting
elements from the translation initiation site to 2.3 kb
upstream of the transcription initiation site in the AR
gene (Fig. 2 and Table 1). The region from —2327 to
+1 contained neither putative TATA box (22) nor
CCAAT box (23) but contained a GC box (17) that is
known as a putative Sp1 binding site (6'-GGCGGG-3")
at —45 to —40, an inverted sequence of NF-1 binding
motif (5'-TGGN,CCA-3’) (24) at —317 to —313, and a
purine-rich region at —118 to —75 (four tandem repeats
of GGGGA). The promoter region of the AR gene also
contained five potential AP-1 binding motifs (5'-
TGAGTCA-3’) (25, 26) with a 1-bp mismatch at —2319
to —2313, —2307 to —2300, —1955 to —1949, —1382
to —1376, and —1233 to —1227, and six potential CREs
(5’-TGACGTCA-3’) (6) with a 2-bp mismatch at —2056
to —2049, —1895 to —1888, —1807 to —1800, —1060

Vol 8 No. 1
A, 1%b
Pl
H X S PPS K H B
PR [ 1 1 L. ARgs
—=- 1 \‘M\
- ~
X~ N P relative CAT activity
I it A
-2330 -1000 500 A +500 HeLa LNCaP
7 : CAT |» Y 100 100
" [CAT]» T 129441 110435
+ CAT |» 92432 57418
1 CAT |P 89125 49419
{ ! {CAT | p-140ARCAT 216459 60422

P-STARCAT 72425 18¢7.2
1 P+20ARCAT 76424 178.3

CAT|» g 57) 1416.3 12¢6.5

0 PGALCAT 192448  242:39

e

Fig. 1. Structure of the hAR Gene and CAT Activity of Deletion
Mutant of the AR Gene Promoter

A, Scheme of AR gene structure and CAT reporter plasmids
linked to the AR gene promoter. Positions of Hindlll (H), Xbal
(X), Smal (S), Pstl (P), Kpnl (K), and BamH (B) sites in ARg3
are indicated. The open box in the deletion plasmid represents
the purine-rich element. CAT activity in HeLa and LNCaP cells
transfected with various CAT reporter plasmids was assayed
as described in Materials and Methods and normalized by §-
galactosidase activity. Relative CAT activity of all deletion
plasmids was calculated with CAT activity of each of HelLa
and LNCaP transfected with p-2330ARCAT as 100%. Relative
CAT activity of pGA1CAT was calculated with CAT activity of
the parent CAT vector, pCAT-promoter, as 100%. The data
show the mean + sp of at least four experiments. B, CAT
assay data of deletion mutants of the AR gene promoter.
LNCaP and Hela cells were transfected with 8 ng CAT re-
porter plasmid. Lane 1, pBSCAT; lane 2, p+20ARCAT; lane
3, p-57ARCAT; lane 4, p-140ARCAT; lane 5, p-530ARCAT;
lane 6, p-930ARCAT; lane 7, p-1380ARCAT; lane 8, p-
2330ARCAT; lane 9, p-1380(—130/—57)ARCAT; lane 10,
pCAT-promoter; and lane 11, pGA1CAT.

to —1053, —1016 to —1009, and —508 to —501. Two
potential retinoic acid response elements (RAREsS; re-
peat of 5'-PuG[G/T]TCA-3’) (27, 28) were located at
—2147 to —2126 and —1295 to —1281. Three potential
complete interleukin-6 (IL-6) response elements (29)
were located at —1704 to —1695, —1405 to —1397,
and —785 to —777. One potential 2,3,7,8-tetrachloro-
dibenzo-p-dioxin (TCDD) response element (30) was
located at +967 to +973. We also compared hAR gene
promoter region with published rat and mouse AR
genes up to approximately 500 bp upstream of the AR
transcription initiation site (31, 32, 15). We found that
the region from —120 to +1, including a GC box and a
purine-rich region, was the most conserved among
human, rat, and mouse AR gene promoter regions. The
highly conserved sequence in this GC box and purine-
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Fig. 2. Nucleotide Sequence of hAR Gene Promoter Region and Comparison with the Partial Rat and Mouse AR Gene Promoter

Region

The sequence from Hind|ll site at 2.3 kb upstream of the transcription initiation site to translation initiation site of the hAR gene
(H) is shown. Nucleotides are numbered relative to the transcription initiation site (designated +1) which was published by Tilley et
al. (15). Potential cis-acting elements are underlined. The hAR gene promoter region was compared with the published rat (R) and
mouse (M) AR gene promoter regions.
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Table 1. Potential cis-Acting Elements in AR 5’-Flanking Region

cis-Acting element

Potential sequence and position

Consensus sequence

GC box 5’-GGCGGG-3’ (—45/—40) 5’-GGCGGG- 3’
NF-1 5’ -TGGCACAATGCCA-3’ (—541/—529) 5’-TGGN,CCA-3’
Purine-rich region 5’ - AGGGGAGGGGAGAAAAGGAAAGGGGAG - 5’-GGGGA- 3’ repeat

GGGAGGGAAAAGGAGG-3’ (—118/-75)

AP-1 5’ -TGACTCT-3’ (—2319/—2312)
5’-TGACTAA-3’ (—2306/—2301)
5’-TGACACA-3’ (—1955/—1948)
5’-TGAGTCT-3’ (~1382/—1376)
5’-TGAGTTA-3’ (—1233/—1227)

CRE 5’-TGACAGCA- 3’ (—2056/—2049)

5’ -TGAGTCA- 3’

5’-TGACGTCA- 3’

5’-TGAAGACA-3’ (—1895/—1888)
5’ -AGAAGTCA-3’ (—1060/—1053)
5’-TGACATAA-3’ (—1016/—1009)

5’ -TGACGGAA-3’ (—508/—500)

RARE 5’ - TGAGCTGGAAGATCAGAGTTCA-3' (—2147/-2126) 5’ -PuG[G/T]TCA-3’
5’ -GTTTCAGCCTGTTCA-3’' (—1295/—1281) repeat
IL-6-RE 5’-TTCCCAA-3’ (—1405/-1399) 5’-PyTGGPuAA- 3’

5’ -TTGGAAA-3' (—783/—777)
5’-TTCCTTCACT-3’ (—1704/—1695)
TCDD-RE 5’-TTGCGTG-3’ (+967/+973)

5’ - AGTGANGNAA - 3’
5’ -T[A/T]GCGTG- 3’

rich region suggests that this region may contain very
important cis-acting elements required for AR gene
transcription (Fig. 2).

Identification of Several cis-Acting Elements in the
hAR Gene Promoter Region

To see whether a 2.3-kb AR gene promoter region has
enough promoter activity, a CAT expression plasmid
containing the 2.9-kb fragment from Hindlll to Psti
(—2330 to +573 of the published AR gene transcription
initiation site) was constructed (Fig. 1, p-2330ARCAT)
by ligating to a parent reporter plasmid, pBSCAT, which
couid not induce CAT activity in LNCaP prostate cancer
cells and HelLa cells (Fig. 1B, lane 1). When p-
2330ARCAT was transfected into LNCaP and HelLa
cells, the strong CAT activity was observed (Fig. 1B,
lane 8). To investigate which regions contain important
cis-acting elements that are related to AR gene tran-
scription, we constructed CAT expression plasmids
containing a progressive 5’ to 3’ deletion mutant of AR
gene promoter (Fig. 1, p-2330ARCAT, p-1380ARCAT,
p-930ARCAT, p-530ARCAT, p-140ARCAT, p-
57ARCAT, and p+20ARCAT). Only p+20ARCAT did
not contain the AR transcription initiation site. These
plasmids were transfected into LNCaP and Hel.a cells.
Although almost the same CAT activity was observed
by transfection with either p-2330 ARCAT or p-
1380ARCAT (Fig. 1, A and B, lanes 7 and 8), transfec-
tion into LNCaP and HelLa cells with p-930ARCAT
resulted in 2-fold and 1.4-fold decreases in CAT activity,
respectively, as compared with p-1380ARCAT (Fig. 1B,
lane 6). These results indicate the existence of cis-
acting elements between —1380 to —930 that may be
important for AR gene transcription. As compared with
p-530ARCAT, transfection into HeLa and LNCaP cells

with p-140ARCAT resulted in a 2.4-fold and a 1.3-fold
increase in CAT activity, respectively. In HelLa cells the
strongest induced CAT activity was found by transfec-
tion with p-140ARCAT (a 2-fold increase when com-
pared with p-2330ARCAT). These results indicate the
existence of a negative cis-acting element(s) between
—530 to —140 that represses AR gene transcription
and also suggest that HelLa cells may contain some
specific proteins that are interacted with the element(s)
more than LNCaP cells. When p-57ARCAT was trans-
fected into LNCaP and Hela cells, a 3-fold decrease in
CAT activity was observed when compared with p-
140ARCAT. This region (from —140 to —57) contains
four tandem repeats of the GGGGA sequence. Inter-
estingly, we also found that there was no significant
difference in CAT activity between p-57ARCAT and
p+20ARCAT, a plasmid without the transcription initi-
ation site of the AR gene. These results suggest that
the region located from —140 to —57, which may play
some important roles in AR gene transcription, the GC
box from —45 to —40 in the AR gene promoter region
may not play a significant role in AR gene transcription.

The GGGGA Purine-Rich Region May Be an
Essential cis-Acting Element for AR Gene
Transcription

Since the biggest difference in CAT activity between
progressive 5’ to 3’ deletions of the AR gene promoter
was observed in the purine-rich region between —140
and —57, we started to focus on this region and con-
structed an internal deletion between —130 to —57 [Fig.
1A, p-1380(—130/—57)ARCAT]. This internal deletion
resulted in a decrease in CAT activity to the same level
as p-57ARCAT in LNCaP cells (Fig. 1, A and B). Inter-
estingly, in HeLa cells p-1380(—130/—57)ARCAT re-
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sulted in the decrease in CAT activity to five times lower
than p-57ARCAT, although both plasmids included —57
to +570 of the AR gene promoter region. (Fig. 1, lanes
3, 7, and 9). A negative cis-acting region (between
—1380 and —140, especially between —530 and —140)
of the AR gene promoter region may affect the CAT
activity of p-57ARCAT due to deletion of a purine-rich
region. The reason for this finding, however, remains
unclear. These observations indicate that the purine-
rich region of the AR gene promoter may be essential
for the transcriptional activity of AR gene.

To examine if the purine-rich region can aiso enhance
other promoter activity, the region between —140 to
—57 was ligated to the upstream of the SV40 promoter
in the parent pCAT promoter plasmid (Fig. 1, pGA1CAT)
and transfected into HeLa and LNCaP cells. The CAT
activity of pPGA1CAT was increased 2-fold higher than
that of the parent vector (Fig. 1, A and B, lanes 10 and
11). We also constructed a plasmid (pPGA3CAT) in which
three tandem repeats of the purine-rich region were
ligated to upstream of the SV40 promoter and found
the CAT activity was the same as pGA1CAT (data not
shown).

To investigate whether in the LNCaP and Hela cells
some proteins may exist which can interact directly with
the purine-rich element, we synthesized a 50-bp dou-
ble-strand oligonucleotide of purine-uich element and
carried out a gel retardation assay Using an end-labeled
oligonucleotide as a probe with LNCaP and Hela cell
nuclear extract. When this probe (0.25 ng/lane) was
reacted with both cells’ nuclear extracts, two major
shift bands were detected (Fig. 3, lanes 2 and 8). These

LNCaP HelLa

comp. - .4 -4

1 2 34 5 6 7 8 9101112

Fig. 3. Gel Retardation Assay with the Purine-Rich Element

Gel retardation assays were performed by using **P-labeled
50-bp double-strand oligonucleotide (0.25 ng/lane) including
the purine-rich element and LNCaP and Hela nuclear extract.
As a specific competitor (GA) and nonspecific competitor (NS),
50-fold or 200-fold unlabeled probe and 100-fold or 400-fold
pBluescript/Hpall fragments were used, respectively. Lanes 1
and 7 represent the absence of nuclear extract. Arrows rep-
resent retardation bands.
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two bindings were abolished by 50 times or 200 times
unlabeled oligonucleotide probe as a specific competi-
tor, but not by 400 times nonspecific DNA (Fig. 3).
These results indicate that nuclei of LNCaP and Hela
cells contain some protein(s) that can specifically bind
to this purine-rich element and play some important
roles in AR gene transcription.

¢AMP Induction of hAR Gene Expression

To examine the molecular basis of cAMP regulation of
hAR gene, we transfected LNCaP cells with p-
2330ARCAT. In the presence of 5-10 mm cAMP analog
(Bu).cAMP for 20 h, we observed a 4- to 6-fold increase
in CAT activity (Fig. 4A, lanes 4 and 5). Cholera toxin
(data not shown) and forskolin, which can stimulate
adenylate cyclase, also greatly stimulated CAT activity,
but no induction could be observed when we used 1,9-
dideoxy forskolin, a nonfunctional analog of forskolin
(Fig. 4A, lane 2).

cAMP induction of AR gene transcription was further
confirmed at the AR mRNA level in LNCaP cells by the
Northern blot analysis (Fig. 4B) and reverse transcrip-
tion-polymerase chain reaction (RT-PCR) assay (data
not shown). The LNCaP cells in Dulbecco’s modified
Eagle’s medium (DMEM)/F-12 containing 5% charcoal-
stripped fetal calf serum (CCS) was cultured for 20 h in
the presence of 10 mm (Bu).cAMP. Total RNA was then
isolated for the quantification of the AR mRNA level by
Northern blot analysis (Fig. 4B) and RT-PCR (data not
shown). The results all showed that cAMP can increase
AR mRNA level up to the 2-fold but not to the 4- to 6-
fold levels seen by induction of cCAMP to the AR gene
promoter-CAT gene expression. This discrepancy may
be due to additional regulatory mechanisms, such as
attenuation, and the stability of AR mRNA. Neverthe-
less, these data clearly indicated that AR gene expres-
sion can be induced by cAMP.

The Specific CRE within the AR Gene Promoter
Region

To further characterize the CRE identified in Fig. 4, a
serial of progressive 5’ to 3’ deletion mutants of AR
gene promoter linked to the CAT gene (p-2330ARCAT,
p-1380ARCAT, p-1030ARCAT, p-800ARCAT, p-
530ARCAT, p-390ARCAT, and p-200ARCAT) were
transfected into LNCaP cells. Relative CAT activity for
each deletion mutant in the presence or absence of 5
mM (Bu).cAMP for 20 h were determined as shown in
Fig. 5. Although (Bu).cAMP induced CAT activity sev-
eralfold in the cells transfected with p-2330ARCAT, p-
1380ARCAT, p-1030ARCAT, p-800ARCAT, and p-
530ARCAT, no induction by (Bu).cAMP was observed
in cells transfected with p-390ARCAT and p-
200ARCAT. These results indicate that the region from
530-390 bp upstream of the AR gene transcription
initiation site may contain CREs. To further confirm
whether the DNA fragment around this region contains
CREs, we inserted the DNA fragment from —738 to
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A, LNCaP cells transfected with 6 ug p-2330ARCAT were incubated in the absence or presence of 10 um forskolin, 10 um 1,9-
dideoxyforskolin, and 5 mm and 10 mm (Bu).cAMP. After 24 h the cells were harvested and CAT assay was carried out. B, 1 X
10% LNCaP cells were plated on a 6-cm dish. One day later medium was changed to DMEM/F-12 containing 5% CCS and cultured
for 20 h, and 10 mm (Bu).cAMP were then added to the medium. After 24 h the total RNA of LNCaP cells was purified, and the
Northern blot analysis was performed to quantitate the amount of AR mRNA. DBD and LBD, DNA-binding domain and ligand-
binding domain of AR, respectively. The arrows represent the DNA fragment used in Northern blot analysis, and the numbers

indicate the sites of AR DNA published by Chang et al. (2).

—332 of the AR gene promoter in front of the pCAT
promoter [Fig. 6A, pCATpro(—738/—332)]. The CAT
activity of this construct could be induced by (Bu).cCAMP
to 4.1-fold (Fig. 6B). As mentioned above, we have
identified several potential CREs in the AR gene pro-
moter region by comparing with the published CREs
(83). One of these candidate CREs was found at —508
to —501 bp upstream of the AR transcription initiation
site, named AR/CRE1 (5'-TGACGGAA-3’) which has
two mismatches compared to the consensus CRE (5’-

TGACGTCA-3") (34). Other reports have shown that a
CRE with two mismatches could still be a functional
CRE (21, 33). We then synthesized AR/CRE1,
5’-TCCCTATGACGGAATCTAAG-3’, and somato-
statin/CRE (SOMA/CRE), 5'-CTTGGCTGACGTCAGA-
GAGA-3’, for further characterization. We ligated three
tandem repeats of AR/CRE1 and SOMA/CRE in front
of an SV40-promoter of pCAT promoter and trans-
fected these two constructs, pCATpro(AR/CRE1); and
pCATpro(SOMA/CRE); into LNCaP cells, respectively.
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Fig. 5. Effect of CAMP on CAT Activity of Serial Deletions of
AR Gene Promoter Fused to the CAT Gene

LNCaP cells transfected with 8 ug of the different reporter
plasmids were incubated in the absence or presence of 10 mm
(Bu).cAMP. After 20 h cells were harvested and CAT activity
was determined as described in Materials and Methods. All
transfections were carried out in triplicate, and the data were
expressed as the mean =+ sp. The results presented are typical
of seven separate experiments. The CAT activity was normail-
ized by the §-galactosidase activity.

The addition of (Bu),cAMP resulted in a 4- to 6-fold
induction of CAT activity in these two plasmid (Fig. 6C).
No induction of CAT activity by (Bu).cAMP was ob-
served with control parent pCAT promoter. These re-
sults suggested that the cAMP effect is relatively spe-
cific to the AR/CRE1 and SOMA/CRE.

The Novel Mechanism of cAMP Induction of AR
Gene Expression

Sequence analysis demonstrated that the AR/CRE1
has two bases mismatched to the classic palindrome
CRE, 5'-TGACGTCA-3’. Gel retardation assay using
synthesized double-strand AR/CRE1 and SOMA/CRE
as probes also proved the different gel retardation
binding pattern between these two CRESs; the retarda-
tion pattern formed by AR/CRE1 is different from that
formed by SOMA/CRE. (Fig. 7). The complexes derived
from each of the probes were sequence specific, since
these complexes were abolished by each of the unla-
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Fig. 6. The cAMP Induction of AR/CRE1

A, The map of different constructs used for transfection. B,
The CAT activity of pCATpro(—738/—332) by the induction of
CcAMP. C, The CAT activity of pCATpro(AR/CRE1); and
pCAT(SOMA/CRE); by the induction of CAMP. For performing
B and C, 6 ug pCAT-promoter, pCATpro(—738/—332),
pCATpro(AR/CRE1);, or pCATpro(SOMA/CRE); were trans-
fected into LNCaP cells for 24 h. Cells were then changed to
medium with 5 mm (Bu).cAMP and cultured for another 24 h
before harvest for the CAT assay.

beled probes (Fig. 7, lanes 1, 2, 3, 6, 9, and 10).
Furthermore, unlabeled AR/CRE1 could compete with
labeled SOMA/CRE on complexes | and il, and SOMA/
CRE could only compete with AR/CRE1 on complex Il
(Fig. 7, lanes 4, 5, 7, and 8). These results indicate that
the transcription factors binding to SOMA/CRE may
also be able to bind to AR/CRE1. When increasing
amounts of unlabeled competitor were added, SOMA/
CRE exhibited a higher affinity than AR/CRE1 for com-
peting complexes | and Il. One of the explanations of
this phenomenon may be due to an imperfect CRE and
different flanking sequences of AR/CRE1 (35). Yama-
moto et al. (36) compared half-site CRE, 5’'-
TGACGCTG-3’, with perfect CRE, 5'-TGACGTCA-3’,
in a gel retardation assay and found that the binding
affinity of the half-site CRE is less than the perfect
palindrome CRE which is similar to our present data.
Interestingly, our gel retardation competition assay
showed that the AR/CRE1 but not SOMA/CRE can
form another specific complex, complex lll (Fig. 7, lane
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Fig. 7. Characterization of DNA-Protein Complexes Formed
by Oligonucleotides Containing the AR/CRE1 and SOMA/CRE
Sequences

Four micrograms of LNCaP nuclear extract were incubated
with 32P-labeled double-stranded oligonucieotide correspond-
ing to the region from —55 to —34 of the somatostatin pro-
moter (SOMA/CRE) or the region from —514 to —495 of the
AR gene promoter containing AR/CRE1. Competition experi-
ments were performed in the presence of 50-fold or 100-fold
molar excess of unlabeled oligonucleotides (AR, AR/CRE1;
SO, SOMA/CRE) as indicated. Arrows represent the positions
of complexes |, Ii, and lll.

1 vs. 6). The complex Ill was not abolished by 50 times
or 100 times unlabeled SOMA/CRE (Fig. 7, lanes 1, 4,
and 5). This competition assay showed the different
characteristics between these two CREs and sug-
gested that some different proteins and regulatory
mechanism may be involved in the cAMP induction of
AR and somatostatin transcriptions.

DISCUSSION

Since androgens control their target gene expression
via AR, a study including the regulation of AR gene
transcription in AR target cells may provide some crucial
clues to understand the molecular mechanism of andro-
gen action on sexual differentiation and prostate prolif-
eration. We have cloned, sequenced, and characterized
the AR gene promoter region to 2.3 kb upstream of the
transcription initiation site and found that there were
several potential cis-acting elements such as GC box,
NF-1 binding motif, AP-1 binding motif (with one base
mismatch), and CRE (with two base mismatches). The
AR gene promoter region also contained two potential
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RARES, three IL-6 response elements, and one TCDD
response element. The roles of these potential cis-
acting elements on AR gene transcription are still un-
clear. The treatment of 12-O-tetradecanoylphorbol-13-
acetate (TPA), which induces AP-1 via activation of
protein kinase C (19), did not change the expression
level of AR mRNA in LNCaP cells (our unpublished
data). AP-1, however, may activate AR gene transcrip-
tion in other cells. RARE, as retinoids, like androgens,
may also play a major role in embryogenesis, differen-
tiation, and homeostasis (37, 38). It is possible that
retinoids may indirectly affect sexual differentiation by
affecting AR gene transcription via these RAREs. In
breast cancer cell lines, retinoids have been demon-
strated to affect the AR mRNA level (39). We are in the
process of further characterizing the effects of retinoic
acid on AR gene transcription and prostate prolifera-
tion/differentiation.

Based on deletion analysis and CAT assay, we found
that the genomic DNA from —1380 to —930 of the AR
gene promoter contained cis-acting region(s) that may
activate AR gene transcription, and the region from
—530 to —140 may contain suppressor element(s). The
differences of CAT activity between p-530ARCAT and
p-140ARCAT were more remarkable in HeLa cells than
in LNCaP cells. One of the basic differences between
these two cell lines is that LNCaP cells, but not HeLa
celis, can express endogenous AR mRNA (our unpub-
lished data). The differential expression of CAT activity
between LNCaP and Hela cells also suggested that
different cells may have their unique transcription fac-
tors associated with AR gene transcription.

With respect to cis-acting elements necessary for
essential AR gene transcription, the AR gene promoter
did not contain a TATA box or CCAAT box but con-
tained a GC box at —45 to —40. Faber et al. (16)
demonstrated that the GC box can influence the tran-
script initiated from AR-TIS Il but does not influence the
transcript initiated from AR-TIS |. Although we com-
pared the CAT activity of p-57ARCAT plasmid that
contains the GC box with that of p+20ARCAT, which
does not contain a GC box, no significant difference in
CAT activity between these two plasmids was ob-
served. Since the main transcript of AR is the one
initiated from AR-TIS | (16), our CAT assay might not
detect the significant difference.

The AR gene promoter contained a purine-rich region
(four tandem repeats of GGGGA) at the position of
—119 to —75, which was well conserved among human,
rat, and mouse (31, 32, 15). A purine-rich region also
exists in the promoter region of several other genes,
such as osteonectin, c-myc, progesterone receptor, c-
Ki-ras, insulin receptor, and epidermal growth factor
receptor (40-45). A purine-rich element in the c-myc
and c-Ki-ras gene promoter region appears to play an
important role in their transcription (41, 43). Our results
using progressive 5’ to 3’ deletions of this region and
an internal deletion of this region also suggest that the
purine-rich region may play an important role in AR
gene transcription. And this purine-rich region may in-
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fluence the major transcript initiated from AR-TIS I.
Furthermore, since this purine-rich element can also
enhance other promoters activity, such as SV40 pro-
moter, it is possible that the purine-rich element in the
promoter region may act as an important cis-acting
element in many other genes. Our gel-retardation assay
data showed that LNCaP and HelLa cells may have
some nuclear protein(s) that can bind to the purine-rich
element. These proteins may be general transcriptional
factors associated with gene transcription. Further ex-
periments will be necessary to make it clear if this
purine-rich region itself can initiate transcription like
TATA box.

The AR gene may also contain other essential cis-
acting elements. When we transfected p-1380/
+20ARCAT, which was deleted between +20 to +574
of the AR 5’-untranslated region but still included the
published transcription initiation site and purine-rich
element, into LNCaP and HeLa cells, CAT activity was
almost abolished (our unpublished data). AR mRNA
contains a very long 5’-untranslated region (1127 bp in
length). The purine-rich element binding protein may
regulate AR gene transcription by interacting with AR
5’-untranslated region.

Our Northern blot analysis and RT-PCR assay as
well as CAT assay demonstrated that AR gene expres-
sion can be induced by the CAMP in LNCaP cells. Gel
retardation assay and competition study (Figs. 4 and 5)
also clearly indicated that AR/CRE1, located at —508
to —501 of the AR transcription initiation site, can form
one special complex different from SOMA/CRE. The
complexes | and Il formed by SOMA/CRE could be
abolished by AR/CRET1, and the complex Il formed by
AR/CRE1 could be also abolished by SOMA/CRE.
However, the complex lll formed by AR/CRE1 was not
abolished by SOMA/CRE. These results suggest that
there may exist some specific factors which can mod-
ulate AR gene expression via CAMP. It is well known
that the classic CRE, 5'-TGACGTCA-3’, can bind with
CREBs which are related to the activating transcription
factors (ATFs). ATFs can bind to CRE-like elements in
the adenovirus gene promoter and can be activated by
the E1A proteins (46, 47). At least 10 structurally dis-
tinct CREB/ATF cDNAs have been cloned and studied.
The amino acid sequences of these proteins have ex-
tensive similarity within the DNA binding domain and
have been characterized as a class of transcription
factors of the leucine zipper proteins (ZIP). All ZIP
proteins have the potential capacity to form homodimer
or heterodimer with other ZIP proteins, and the protein-
protein interaction can modify the DNA binding specific-
ity (48-50). We are in the process of further investigat-
ing whether the complex lll specifically formed by AR/
CRE1 contains a new heterodimer in the CREB/ATF
family.

Many genes important for physiological functions are
regulated by cAMP (protein kinase A pathway) and
steroid hormones as well as their receptors. Ree et al.
(51) have described that cCAMP can biphasically modu-
late the estrogen receptor at the mRNA level, but the
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mechanism remains unknown. Although they have not
been able to characterize the CRE in estrogen receptor
gene promoter (51), they did suggest that cAMP could
result in growth arrest of the human adenocarcinoma
cell line MCF-7. Other reports also suggested that
CAMP could result in growth arrest in the human andro-
gen-independent prostate carcinoma PC-3 cell line (52).
Our preliminary data, however, show that CAMP can
stimulate the proliferation of LNCaP cells. Since AR
plays an important role in prostate growth and differ-
entiation, we speculate that up-regulation of AR gene
expression by cAMP may be a critical modulating mech-
anism for androgen actions and may present the com-
plexity of growth regulation in prostate cells.

It has been reported that cAMP, like FSH, can stim-
ulate AR gene expression at the mRNA level in rat
Sertoli cells (12). Other reports also indicated that FSH
could stimulate the proliferation of some specific cells
by increasing the intracellular cAMP level (18, 53). GH-
releasing hormone and vasoactive intestinal peptide can
also stimulate CAMP production in cultured Leydig cells
(54). Prostaglandin E and IL-1« or IL-2 may also have
their function via cAMP (55, 56). As our data indicates
that CAMP may induce hAR gene expression via AR/
CRET1, it will be very interesting to further investigate
what kinds of hormones or inducers can affect the
prostate cCAMP level.

By comparing the AR gene promoter among mouse,
rat, and human (Fig. 2), we found that AR/CRE1 only
exists in the hAR gene. The species-specific CRE se-
quence has also been reported in other genes such as
human P450-c17 gene (57) and suggests that the
CcAMP/PKA pathway could be mediated by species-
specific proteins.

In sum, CRE and other cis-acting elements were
identified in the hAR gene promoter. These cis-acting
elements may play very important roles in androgen
actions.

MATERIALS AND METHODS
Isolation of the hAR 5’-Flanking Genomic DNA Clone

A human genomic \EMBLS3 library was screened with a %2P-
labeled 640-bp EcoRI-Smal fragment of pGEM-3Z hAR plas-
mid (2) containing a part of the AR 5’-untranslated region as
a probe. DNA probe was hybridized on membranes overnight
at 42 C in hybridization buffer [50% formamide, 5x SSPE (1x
SSPE = 150 mm NaCl, 10 mm NaH,PO,, 1 mm EDTA), 5x
Denhardt’s solution, 0.5% sodium dodecy! sulfate (SDS), and
50 ug/ml heat denatured salmon sperm DNA]. The membranes
were then washed twice for 30 min with 2x SSC (1x SSC =
0.15 M NaCl, 0.015 m Na citrate, pH 7.0}-0.2% SDS at 37 C
and twice for 30 min with 0.1x SSC-0.2% SDS at 65 C. The
insert in one of three positive clones isolated (ARg3) was
mapped (Fig. 2), and a 2.9-kb Hindlll-Pstl fragment was sub-
cloned into the EcoRV site of pBSCAT (p-2330ARCAT) ac-
cording to Sambrook et al. (68). The 2.9-kb fragment was
sequenced using the dideoxy chain termination method.
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Constructions of Different AR Gene Promoter-CAT
Plasmids

A 1.7-kb CAT gene fragment of pSVOCAT was ligated into the
Smal site of pBluescript sk(—) (Stratagene, La Jolla, CA)
(pBSCAT). The 5'-flanking region of the CAT gene was adja-
cent to the Kpnl site of pBluescript. A 2.9-kb DNA fragment
extending from the Pstl site (+574) to the Hindlll site located
at 2330 bp upstream of the AR transcription initiation site
published by Tilley et al. (15) was blunt-ended and subcloned
into the EcoRV site of pBSCAT (p-2330ARCAT). p-
1380ARCAT was constructed by deletion of a 900-bp Sall-
Xbal fragment of p-2330ARCAT. p-57ARCAT was constructed
by inserting a 630-bp Nael-Pstl fragment into the EcoRI-Pst|
sites of pBSCAT. p+20ARCAT was constructed by deletion
of a 2.35-kb Sall-Smal fragment of p-2330ARCAT. To produce
other progressive 5’ to 3’ deletion mutants of the AR gene
promoter-CAT plasmid (p-1030ARCAT, p-930ARCAT, p-
800ARCAT, p-530ARCAT, p-390ARCAT, p-200ARCAT, and
p-140ARCAT), Exonuclease lll (Promega, Madison, WI) was
used according to Sambrook et al. (58) after p-1380ARCAT
was digested with Apal and Xhol. To produce p-1380(—130/
—57)ARCAT, p-1380ARCAT was digested with Smal, followed
by digestion with Exonuclease lIl. The digested p-1380ARCAT
was then digested with Apal, and approximately 1.2-kb frag-
ments were cut out. These 1.2-kb fragments were inserted
into the Clal and Apal sites of p-57ARCAT. p-1380/
+20ARCAT was produced by self-ligation after p-1380ARCAT
was digested with Smal and Pstl. The ends of deletion mutant
promoters produced using Exonuclease Ill were confirmed by
sequencing using the dideoxy chain termination method. To
produce pGA1CAT, an 85-bp BssHIl-Hpall fragment including
the purine-rich region was cut out from p-1380ARCAT. This
85-bp fragment was inserted into the Bg/ll site in front of the
SV40 promoter of parent pCAT-promoter. To construct
pCATpro(—738/—332), a 407-bp DNA fragment including the
AR/CRE1 was cut out from p-1380ARCAT with Hhal and
BstXI. This 407-bp fragment was inserted into the Bglll site in
front of the SV40 promoter in parent pCAT-promoter. To
construct pCATpro(AR/CRE1); and pCATpro(SOMA/CRE)s,
we used the DNA fragments made by annealing the following
oligonucleotide pairs (CRE and CRE-like sequences are under-
lined): AR/CRE1 (5’-GATCTCCCTATGACGGAATCTAAG-3’
and 5-GATCCTTAGATTCCGTCATAGGGA-3’); SOMA/
CRE (5'-GATCCTTGGC-TGACGTCAGAGAGA-3’ and 5'-
GATCTCTCTCTGACGTCAGCCAAG-3'). The annealed DNA
fragments were inserted into the Bg/ll site in front of SV40
promoter in the parent pCAT-promoter. We performed DNA
sequencing to check the inserted DNA fragment.

Cell Culture, Transfection and CAT Assay

LNCaP and Hela cells were cultured in DMEM/F-12 medium
containing 5% fetal calf serum. Twenty-four hours after plating
on 6-cm dishes, cells were transfected with 8 ng AR gene
promoter-CAT plasmids using the calcium phosphate method
(59); 0.4 ng B-galactosidase expression plasmid was cotrans-
fected as an internal control to normalize transfection efficien-
cies. After normalization by g-galactosidase activity, whole cell
extracts were used for CAT assays. The CAT activity was
quantitated by Phosphor Imager (Molecular Dynamics, Sun-
nyvale, CA).

For investigating the effect of CAMP on the AR gene pro-
moter region, 1 X 10® LNCaP cells were plated on 6-cm dishes.
One day later the culture medium was changed to DMEM/F-
12 medium containing 5% CCS (charcoal-stripped calf serum)
and 1% antibiotics. Twenty hours after changed medium, the
transfection was performed as mentioned above. Twenty
hours after transfection, the medium also was replaced to
DMEM/F-12 containing 5% CCS with either 5 mm or 10 mm
(Bu).cAMP, 10 um forskolin, or 10 um 1,9-dideoxyforskolin,
and the cells was grown for another 20 h. The procedures for
harvesting cells and CAT assay were the same as above.
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Preparation of Nuclear Extract

Nuclear extract from LNCaP cells was prepared after nuclei
were isolated according to Groudine et al. (60). Briefly, after
LNCaP cells were harvested, cells were washed with PBS
twice and swollen in hypotonic buffer (10 mm HEPES, pH 7.8,
10 mm NaCl, 3 mm MgCl,, and 1 mm dithiothreitol). Cell
membrane was then destroyed with hypotonic buffer contain-
ing 0.5% NP-40, and nuclei were isolated. Nuclei were washed
with hypotonic buffer three times and were lysed with hyper-
tonic buffer (10 mm HEPES, pH 7.8, 0.5 m NaCl, 3 mm MgCls,
1 mm dithiothreitol, and 20% glycerol). After centrifugation,
supernatant was stored at —70 C.

Gel Retardation Assay

For the gel retardation assay, two 50-bp oligonucleotides
containing the purine-rich region (PR1, 5-GATCTGA-
GGGGAGGGGAGAAAAGGAAAGGGGAGGGGAGGGAAAA -
GGAGGA-3’; PR2, 5'-GATCTCCTCCTTTTCCCTCCCCTCC-
CCTTTCCTTTTCTCCCCTCCCCTCA-3') were annealed,
end-labeled with [*%P], and used as a specific probe. Gel
retardation assay was carried out mainly according to Carthew
et al. (61). Briefly, this probe (5000 cpm) was incubated with
6 ug LNCaP nuclear extract or with 4 ug Hela nuclear extract
in the presence of 2.0 wg poly(dl-dC)- poly(dI-dC) (Pharmacia,
Piscataway, NJ) in a final vol of 12 pl at room temperature for
20 min. The samples were then electrophoresed on a low-
ionic strength 5% polyacrylamide gel. As a specific competitor
and a nonspecific competitor, cold probe and pBluescript/
Hpall fragment were used, respectively. The gel was then
transferred to Whatman (Clifton, NJ) 3MM, dried, and autora-
diographed.

The probes used for the CRE-specific complexes were
made by annealing of the oligonucleotide pairs (CRE
and CRE-ike sequences are underlined). AR/CRE1
(5'-GATCTCCCTATGACGGAATCTAAG-3" and 5'-GATCC-
TTAGATTCCGTCATAGGGA-3'); SOMA/CRE (5'-GATC-
CTTGGCTGACGTCAGAGAGA-3° and 5'-GATCTCTCTC-
TGACGTCAGCCAAG-3’). The annealed oligonucieotides
were end-labeled with ®2P. Unlabeled double-strand DNAs
were used for competition studies. The reactions were the
same as mentioned above.

The Quantification of AR mRNA

Sixty-per cent confluent LNCaP cells were treated with 10 mm
(Bu).cAMP in DMEM/F-12 containing 5% CCS for 48 h, and
total MRNA was isolated by using single-step acid guanidinium
isothiocyanate/phenol/chioroform extraction (62). The amount
of total RNA in aqueous solution was quantitated by absorb-
ance at 260 nm. Finally, 20 ug each LNCaP total RNA were
electrophoresed in a 0.8% agarose-formaldehyde gel and
transferred to the Hybond-N membrane (Amersham, Arlington
Heights, IL). Human AR and g-actin mRNA were detected by
using a 337-bp hAR cDNA (Fig. 4) and g-actin cDNA. Purified
cDNA inserts were labeled by an Amersham (Arlington Heights,
IL) multiprime labeling kit with [-*?P]dCTP. The membrane
was washed twice with 2x SSC-0.1% SDS at 42 C for 30 min
and twice with 0.1x SSC-0.1% SDS at 60 C for 30 min. The
intensities of the signals were calculated using Phospho Ima-
ger.

Note

The sequence of the 2.3-kb hAR gene promoter region was
accepted in GenBank. The accession number is L14435.

Acknowledgments

We thank Hanjung Lee, Winjing Young, Alan Sil, Takashi
Matsui, and Hidetoshi Saiga for their technical assistance and
valuable discussion.



Transcriptional Regulation of AR Gene Promoter

Received May 26, 1993. Rerevision received September
17, 1993. Accepted October 18, 1993.

Address requests for reprints to: Dr. Chawnshang Chang,
Department of Human Oncology, University of Wisconsin-
Madison, 600 Highland Avenue, K4-632, Madison Wisconsin
53792

This work was supported by American Cancer Society
Grants JFRA-304 and BE-78 and NIH Grant 55639.

* Both authors contributed equally to this work and should
be viewed as first author in this paper.

REFERENCES

1. Huggins C, Hodges CV 1941 Studies on prostatic cancer:
the effect of estrogen and of androgen injection on serum
phosphatases in metastatic carcinoma of the prostate.
Cancer Res 1:293-297

2. Chang C, Kokontis J, Liao S 1988 Structural analysis of
complementary DNA and amino acid sequences of human
and rat androgen receptors. Proc Natl Acad Sci USA
85:7211-7215

3. Beato M 1989 Gene regulation by steroid hormones. Cell
56:335-344

4. Roche PJ, Hoare SA, Parker MG 1992 A consensus DNA-
binding site for the androgen receptor. Mol Endocrinol
6:2229-2235

5. Darbre P, Page M, King RJB 1986 Androgen regulation
in the long terminal repeat of mouse mammary tumor
virus. Mol Cell Biol 6:2847-2854

6. Parker MG, Webb P, Needham M, White R, Ham J 1987
Identification of androgen response elements in mouse
mammary tumour virus and the rat prostate C3 gene. J
Cell Biochem 35:285-292

7. Denison SH, Sands A, Tindall DJA 1989 Tyrosine amino-
transferase glucocorticoid response element also me-
diates androgen enhancement of gene expression. En-
docrinology 124:1091-1093

8. Claessens F, Celis L, Peeters B, Heyns W, Verhoeven G,
Rombauts W 1989 Functional characterization of an an-
drogen response element in the first intron of the C3(1)
gene of prostatic binding protein. Biochem Biophys Res
Commun 164:833-840

9. Tan J, Marschke KB, Ho K-C, Perry ST, Wilson EM,
French FS 1992 Response elements of the androgen-
regulated C3 gene. J Biol Chem 267:4456-4466

10. Riegman PHJ, Viietstra RJ, van der Korput JAG M, Brink-
mann AQ, Trapmann J 1991 The promoter of the prostate-
specific antigen gene contains a functional androgen re-
sponsive element. Mol Endocrinol 5:1921-1930

11. Murtha P, Tindall DJ, Young CYF 1993 Androgen induc-
tion of a human prostate-specific kallikrein, hKLK2: char-
acterization of an androgen response element in the 5’
promoter region of the gene. Biochemistry 32:6459-6464

12. Sanborn BM, Caston LA, Chang C, Liao S, Speller R,
Porter LD, Ku CY 1991 Regulation of androgen receptor
mRNA in rat Sertoli and peritubular cells. Biol Reprod
45:634-641

13. Reiter E, Bonnet P, Sente B, Dombrowicz D, de Leval J,
Closset J, Hennen G 1992 Growth hormone and prolactin
stimulate androgen receptor, insulin-like growth factor-I
(IGF-l) and IGF-i receptor levels in the prostate of imma-
ture rats. Mol Cell Endocrinol 88:77-87

14. Mizokami A, Saiga H, Matsui T, Mita T, Sugita A 1992
Regulation of androgen receptor by androgen and epider-
mal growth factor in a human prostatic cancer cell line,
LNCaP. Endocrinol Jpn 39:235-243

15. Tilley WD, Marcelli M, McPhaul MJ 1990 Expression of
the human androgen receptor gene utilizes a common
promoter in diverse human tissues and cell lines. J Biol
Chem 265:13776-13781

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

87

Faber PW, van Rooij HCJ, Schipper HJ, Brinkmann AQO,
Trapman J 1993 Two different, overlapping pathways of
transcription initiation are active on the TATA-less human
androgen receptor promoter. J Biol Chem 268:9296-
9301

Briggs MR, Kadonaga JT, Bell SP, Tjian R 1986 Purifica-
tion and biochemical characterization of the promoter-
specific transcription factor, Sp1. Science 234:47-52
Lohmann SM, Walter U 1984 Regulation of cellular and
subcellular concentrations and distribution of cyclic nu-
cleotide-dependent protein kinase. Adv Cyclic Nucleotide
Prot Phosphor Res 18:63-117

Nishizuka Y 1984 The role of protein kinase C in cell
surface signal transduction and tumor promotion. Nature
308:693-697

Schlichter D, Milier H, Wicks WD 1986 On the role of
protein kinase subunits in the control of eukaryotic gene
expression. J Cyclic Nucleotide Res 11:149-154
Maekawa T, Sakura H, Kanei-ishii C, Sudo T, Yoshimura
T, Fujisawa J, Yoshida M, Ishii S 1989 Leucine zipper
structure of the protein CRE-BP1 binding to the cyclic
AMP responsive element in brain. EMBO J 8:2023-2028
Corden J, Wasylyk B, Buchwalder A, Kedinger S-CP,
Chambon P 1980 Expression of cloned genes in new
environment: promoter sequences of eukaryotic protein-
coding genes. Science 209:1406-1414

Dorn A, Bollekens J, Staub A, Benoist C, Mathis D 1987
A multiplicity of CCAAT box-binding proteins. Cell
50:863-872

de Vries E, van Driel W, van den Heuvel SJL, van der
Vliet PC 1987 Contact point analysis of the HelLa nuclear
factorl recognition site reveals symmetrical binding at one
side of the DNA helix. EMBO J 6:161-168

Angel P, Imagawa M, Chiu R, Stein B, Imbra RJ, Rahms-
dorf HJ, Jonat C, Herrlich P, Karin M 1987 Phorbol ester-
inducible genes contain a common cis-element recog-
nized by a TPA-modulated trans-acting factor. Cell
49:729-739

Lee W, Mitchell P, Tjian R 1987 Purified transcription
factor AP-1 interacts with TPA-inducible enhancer ele-
ments. Cell 49:741-752

Durand B, Saunders M, Leroy P, Leid M, Chambon P
1992 All-trans and 9-cis retinoic acid induction of CRABP
transcription is mediated by RAR-RXR heterodimers
bound to DR1 and DR2 repeated motifs. Cell 71:73-85
Yu VC, Delsert C, Andersen B, Holloway JM, Devary OV,
Naar AM, Kim SY, Boutin J-M, Glass CK, Rosenfeld MG
1991 RXRb: a coregulator that enhances binding of reti-
noic acid, thyroid hormone, and vitamin D receptors to
their cognate response elements. Cell 67:1251-1266
Majello B, Arcone R, Toniatti C, Ciliberto G 1990 Consti-
tutive and IL-6-induced nuclear factors that interact with
the human C-reactive protein promoter. EMBO J 9:457-
465

Denison MS, Fisher JM, Whitlock JP 1988 The DNA
recognition site for the dioxin-Ah receptor complex. J Biol
Chem 263:17221-17224

Baarends WM, Themmen APN, Blok LJ, Mackenbach P,
Brinkmann AO, Meijer D, Faber PW, Trapmann J, Groot-
egoed JA 1990 The rat androgen receptor gene promoter.
Mol Cell Endocrinol 74:75-84

Faber PW, King A, van Rooij HCJ, Brinkmann AO, de
Both NJ, Trapmann J 1991 The mouse androgen recep-
tor. Biochem J 278:269-278

Montminy MR, Bilezikjian LM 1987 Binding of nuclear
protein to the cyclic-AMP response element of the so-
matostatin gene. Nature 328:175-178

Montminy MR, Sevarino KA, Wagner JA, Mandel G, Good-
man RH 1986 Identification of a cyclic-AMP-responsive
element within the rat somatostatin gene. Proc Natl Acad
Sci USA 83:6682-6686

Deutsch PJ, Hoeffler JP, Jameson JL, Lin JC, Habener JF
1988 Structural determinants for transcriptional activation



Transcriptional Regulation of AR Gene Promoter

Received May 26, 1993. Rerevision received September
17, 1993. Accepted October 18, 1993.

Address requests for reprints to: Dr. Chawnshang Chang,
Department of Human Oncology, University of Wisconsin-
Madison, 600 Highland Avenue, K4-632, Madison Wisconsin
53792

This work was supported by American Cancer Society
Grants JFRA-304 and BE-78 and NIH Grant 55639.

* Both authors contributed equally to this work and should
be viewed as first author in this paper.

REFERENCES

1. Huggins C, Hodges CV 1941 Studies on prostatic cancer:
the effect of estrogen and of androgen injection on serum
phosphatases in metastatic carcinoma of the prostate.
Cancer Res 1:293-297

2. Chang C, Kokontis J, Liao S 1988 Structural analysis of
complementary DNA and amino acid sequences of human
and rat androgen receptors. Proc Natl Acad Sci USA
85:7211-7215

3. Beato M 1989 Gene regulation by steroid hormones. Cell
56:335-344

4. Roche PJ, Hoare SA, Parker MG 1992 A consensus DNA-
binding site for the androgen receptor. Mol Endocrinol
6:2229-2235

5. Darbre P, Page M, King RJB 1986 Androgen regulation
in the long terminal repeat of mouse mammary tumor
virus. Mol Cell Biol 6:2847-2854

6. Parker MG, Webb P, Needham M, White R, Ham J 1987
Identification of androgen response elements in mouse
mammary tumour virus and the rat prostate C3 gene. J
Cell Biochem 35:285-292

7. Denison SH, Sands A, Tindall DJA 1989 Tyrosine amino-
transferase glucocorticoid response element also me-
diates androgen enhancement of gene expression. En-
docrinology 124:1091-1093

8. Claessens F, Celis L, Peeters B, Heyns W, Verhoeven G,
Rombauts W 1989 Functional characterization of an an-
drogen response element in the first intron of the C3(1)
gene of prostatic binding protein. Biochem Biophys Res
Commun 164:833-840

9. Tan J, Marschke KB, Ho K-C, Perry ST, Wilson EM,
French FS 1992 Response elements of the androgen-
regulated C3 gene. J Biol Chem 267:4456-4466

10. Riegman PHJ, Viietstra RJ, van der Korput JAG M, Brink-
mann AQ, Trapmann J 1991 The promoter of the prostate-
specific antigen gene contains a functional androgen re-
sponsive element. Mol Endocrinol 5:1921-1930

11. Murtha P, Tindall DJ, Young CYF 1993 Androgen induc-
tion of a human prostate-specific kallikrein, hKLK2: char-
acterization of an androgen response element in the 5’
promoter region of the gene. Biochemistry 32:6459-6464

12. Sanborn BM, Caston LA, Chang C, Liao S, Speller R,
Porter LD, Ku CY 1991 Regulation of androgen receptor
mRNA in rat Sertoli and peritubular cells. Biol Reprod
45:634-641

13. Reiter E, Bonnet P, Sente B, Dombrowicz D, de Leval J,
Closset J, Hennen G 1992 Growth hormone and prolactin
stimulate androgen receptor, insulin-like growth factor-I
(IGF-l) and IGF-i receptor levels in the prostate of imma-
ture rats. Mol Cell Endocrinol 88:77-87

14. Mizokami A, Saiga H, Matsui T, Mita T, Sugita A 1992
Regulation of androgen receptor by androgen and epider-
mal growth factor in a human prostatic cancer cell line,
LNCaP. Endocrinol Jpn 39:235-243

15. Tilley WD, Marcelli M, McPhaul MJ 1990 Expression of
the human androgen receptor gene utilizes a common
promoter in diverse human tissues and cell lines. J Biol
Chem 265:13776-13781

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

87

Faber PW, van Rooij HCJ, Schipper HJ, Brinkmann AQO,
Trapman J 1993 Two different, overlapping pathways of
transcription initiation are active on the TATA-less human
androgen receptor promoter. J Biol Chem 268:9296-
9301

Briggs MR, Kadonaga JT, Bell SP, Tjian R 1986 Purifica-
tion and biochemical characterization of the promoter-
specific transcription factor, Sp1. Science 234:47-52
Lohmann SM, Walter U 1984 Regulation of cellular and
subcellular concentrations and distribution of cyclic nu-
cleotide-dependent protein kinase. Adv Cyclic Nucleotide
Prot Phosphor Res 18:63-117

Nishizuka Y 1984 The role of protein kinase C in cell
surface signal transduction and tumor promotion. Nature
308:693-697

Schlichter D, Milier H, Wicks WD 1986 On the role of
protein kinase subunits in the control of eukaryotic gene
expression. J Cyclic Nucleotide Res 11:149-154
Maekawa T, Sakura H, Kanei-ishii C, Sudo T, Yoshimura
T, Fujisawa J, Yoshida M, Ishii S 1989 Leucine zipper
structure of the protein CRE-BP1 binding to the cyclic
AMP responsive element in brain. EMBO J 8:2023-2028
Corden J, Wasylyk B, Buchwalder A, Kedinger S-CP,
Chambon P 1980 Expression of cloned genes in new
environment: promoter sequences of eukaryotic protein-
coding genes. Science 209:1406-1414

Dorn A, Bollekens J, Staub A, Benoist C, Mathis D 1987
A multiplicity of CCAAT box-binding proteins. Cell
50:863-872

de Vries E, van Driel W, van den Heuvel SJL, van der
Vliet PC 1987 Contact point analysis of the HelLa nuclear
factorl recognition site reveals symmetrical binding at one
side of the DNA helix. EMBO J 6:161-168

Angel P, Imagawa M, Chiu R, Stein B, Imbra RJ, Rahms-
dorf HJ, Jonat C, Herrlich P, Karin M 1987 Phorbol ester-
inducible genes contain a common cis-element recog-
nized by a TPA-modulated trans-acting factor. Cell
49:729-739

Lee W, Mitchell P, Tjian R 1987 Purified transcription
factor AP-1 interacts with TPA-inducible enhancer ele-
ments. Cell 49:741-752

Durand B, Saunders M, Leroy P, Leid M, Chambon P
1992 All-trans and 9-cis retinoic acid induction of CRABP
transcription is mediated by RAR-RXR heterodimers
bound to DR1 and DR2 repeated motifs. Cell 71:73-85
Yu VC, Delsert C, Andersen B, Holloway JM, Devary OV,
Naar AM, Kim SY, Boutin J-M, Glass CK, Rosenfeld MG
1991 RXRb: a coregulator that enhances binding of reti-
noic acid, thyroid hormone, and vitamin D receptors to
their cognate response elements. Cell 67:1251-1266
Majello B, Arcone R, Toniatti C, Ciliberto G 1990 Consti-
tutive and IL-6-induced nuclear factors that interact with
the human C-reactive protein promoter. EMBO J 9:457-
465

Denison MS, Fisher JM, Whitlock JP 1988 The DNA
recognition site for the dioxin-Ah receptor complex. J Biol
Chem 263:17221-17224

Baarends WM, Themmen APN, Blok LJ, Mackenbach P,
Brinkmann AO, Meijer D, Faber PW, Trapmann J, Groot-
egoed JA 1990 The rat androgen receptor gene promoter.
Mol Cell Endocrinol 74:75-84

Faber PW, King A, van Rooij HCJ, Brinkmann AO, de
Both NJ, Trapmann J 1991 The mouse androgen recep-
tor. Biochem J 278:269-278

Montminy MR, Bilezikjian LM 1987 Binding of nuclear
protein to the cyclic-AMP response element of the so-
matostatin gene. Nature 328:175-178

Montminy MR, Sevarino KA, Wagner JA, Mandel G, Good-
man RH 1986 Identification of a cyclic-AMP-responsive
element within the rat somatostatin gene. Proc Natl Acad
Sci USA 83:6682-6686

Deutsch PJ, Hoeffler JP, Jameson JL, Lin JC, Habener JF
1988 Structural determinants for transcriptional activation



MOL ENDO-1994

88

36.

37.

38.
39.

40.

41.

42,

43.

44,

45.

46.

47.

48.
49.

50.

by cAMP-responsive DNA elements. J Biol Chem
263:18466-18472

Yamamoto KK, Gonzalez GA, Biggs Ill WH, Montminy
MR 1988 Phosphorylation-induced binding and transcrip-
tional efficacy of nuclear factor CREB. Nature 334:494-
498

Tabin CJ 1991 Retinoids, homeoboxes, and growth fac-
tors: toward molecular models for limb development. Cell
66:199-217

Mendelson C, Ruberte E, Chambon P 1992 Retinoids in
vertebrate limb development. Dev Biol 152:50-61

Hall RE, Tilley WD, McPhaul MJ, Sutherland RL 1992
Regulation of androgen receptor gene expression by ste-
roids and retinoic acid in human breast-cancer cells. Int J
Cancer 52:778-784

Young MF, Findlay DM, Dominguez P, Burbelo PD,
McQuillan C, Kopp JB, Robey PG, Termine JD 1989
Osteonectin promoter. J Biol Chem 264:450-456

Hall DJ 1990 Regulation of c-myc transcription in vitro:
dependence on the guanine-rich promoter element
ME1a1. Oncogene 5:47-54

Huckaby CS, Conneely OM, Beattie WG, Dobson ADW,
Tsai M-J, O’'malley BW 1987 Structure of the chromo-
somal chicken progesterone receptor gene. Proc Natl
Acad Sci USA 84:8380-8384

Hoffman EK, Trusko SP, Murphy M, George DL 1990 An
S1 nuclease-sensitive homopurine/homopyrimidine do-
main in the c-Ki-ras promoter interacts with a nuclear
factor. Proc Natl Acad Sci USA 87:2705-2709

Seino S, Seiko M, Nishi S, Bell GI 1989 Structure of the
human insulin receptor gene and characterization of its
promoter. Proc Natl Acad Sci USA 86:114-118

Johnson AC, Jinno Y, Merlino GT 1988 Modulation of
epidermal growth factor receptor proto-oncogene tran-
scription by a promoter site sensitive to S1 nuclease. Mol
Cell Biol 8:4174-4184

Hardy S, Shenk T 1988 Adenoviral control regions acti-
vated by E1A and the cAMP response element bind to
the same factor. Proc Nati Acad Sci USA 85:4171-4175
Lin YS, Green MR 1988 Interaction of common cellular
transcription factor, ATF, with regulatory elements of both
E1A and cyclic AMP inducible promoters. Proc Natl Acad
Sci USA 85:3396-3340

Benbrook DM, Jones NC 1990 Heterodimer formation
between CREB and JUN proteins. Oncogene 5:295-302
Chodosh LA, Olesen J, Hahn S, Baldwin AS, Guarente L,
Sharp PA 1988 A yeast and a human CCAAT-binding
protein have heterologous subunits that are functionally
interchangeable. Cell 53:25-35

Habener JF 1990 Cyclic AMP responsive element binding

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

Vol 8 No. 1

proteins: a cornucopia of transcription factors. Mol En-
docrinol 4:1087-1094

Ree AH, Froysa A, Eskild W, Jahnsen T, Hansson V 1990
Biphasic regulation of the messenger ribonucleic acid
coding for the estrogen receptor by cyclic adenosine
3’:5’-monophosphate in tumor Leydig cells. Cancer Res
50:1528-1531

Bang Y, Kim S, Danielpour D, O’Reilly MA, Kim KY, Myers
CE, Trepel JB 1992 Cyclic AMP induces transforming
growth factor 82 gene expression and growth arrest in
the human androgen-indepedent prostate carcinoma cell
line PC-3. Proc Natl Acad Sci USA 89:3556-3560

Blok LJ, Themmen APN, Peters AHFM, Trapman J, Baar-
ends WM, Hoogerbrugge JW, Grootegoed A 1992 Tran-
scriptional regulation of androgen receptor gene expres-
sion in Sertoli cells and other cell types. Mol Cell Endocri-
nol 88:153-164

Ciampani T, Fabbri A, Isidori A, Dufau ML 1992 Growth
hormone-releasing hormone is produced by rat Leydig
cell in culture and acts as a positive regulator of Leydig
cell function. Endocrinology 131:2785-2792

Haynes DR, Witehouse MW, Uernon-Roberts B 1992 The
prostaglandin E1 analogue, misoprostol, regulates inflam-
matory cytokines and immune functions in vitro like the
natural prostanglandins E1, E2, and E3. Immunology
76:251-157

Tominaga T, Fukata J, Naito Y, Usui T, Murakami N,
Nakai Y, Hirai Y, Imura H 1991 Prostaglandin-dependent
in vitro stimulation of adrenocortical steroidogenesis by
interleukins. Endocrinology 128:526-531

Brentano ST, Picado-Leonard J, Mellon SH, More CCD,
Miller WL 1990 Tissue-specific, ;CAMP-induced, and phor-
bol ester repressed repression from human P450c17 pro-
moter in mouse cells. Mol Endocrinol 4:1972-1979
Sambrook J, Fritsch EF, Maniatis T 1989 Molecular Clon-
ing: A Laboratory Manual, ed. 2. Cold Spring Harbor
Laboratory, Cold Spring Harbor, NY

Chen C, Okayama H 1987 High-efficiency transformation
of mammailian cells by plasmid DNA. Mol Cell Biol 7:2745-
2752

Groudine M, Peretz M, Weintraub H 1981 Transcriptional
regulation of hemoglobin switching in chicken embryos.
Mol Cell Biol 1:281-288

Carthew RW, Chodosh LA, Sharp PA 1985 An RNA
polymerase | transcription factor binds to an upstream
element in the adenovirus major late promoter. Cell
43:439-448

Chomczynski P, Sacchi N 1987 Single-Step method of
RNA isolation by acid guanidinium thiocyanate-phenol-
chloroform extraction. Anal Biochem 162:156-159



