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Changes in transcriptional regulation can be permissive for tumor
progression by allowing for selective growth advantage of tumor cells.
Tumor suppressors can effectively inhibit this process. The PMEPA1 gene, a
potent inhibitor of prostate cancer cell growth is an androgen-regulated
gene. We addressed the question of whether or not androgen receptor can
directly bind to specific PMEPA1 promoter upstream sequences. To test this
hypothesis we extended in silico prediction of androgen receptor binding
sites by a modeling approach and verified the actual binding by in vivo
chromatin immunoprecipitation assay. Promoter upstream sequences of
highly androgen-inducible genes were examined from microarray data of
prostate cancer cells for transcription factor binding sites (TFBSs). Results
were analyzed to formulate a model for the description of specific
androgen receptor binding site context in these sequences. In silico analysis
and subsequent experimental verification of the selected sequences
suggested that a model that combined a GREF and a GATA TFBS was
sufficient for predicting a class of functional androgen receptor binding
sites. The GREF matrix family represents androgen receptor, glucocorticoid
receptor and progesterone receptor binding sites and the GATA matrix
family represents GATA binding protein 1–6 binding sites. We assessed the
regulatory sequences of the PMEPA1 gene by comparing our model-based
GREF_GATA predictions to weight matrix-based predictions. Androgen
receptor binding to predicted promoter upstream sequences of the
PMEPA1 gene was confirmed by chromatin immunoprecipitation assay.
Our results suggested that androgen receptor binding to cognate elements
was consistent with the GREF_GATA model. In contrast, using only single
GREF weight matrices resulted in additional matches, apparently false
positives. Our findings indicate that complex models based on datasets
selected by biological function can be superior predictors as they recognize
TFBSs in their functional context.
q 2005 Elsevier Ltd. All rights reserved.
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expression of specific genes that control cell
proliferation may significantly contribute to malignant transformation. The PMEPA1 gene has been
recognized as a potent cell growth inhibitor of
prostate cancer cells,1 with decreased expression of
PMEPA1 associated with higher pathologic stage in
prostate cancer specimens. Function for PMEPA1 in
the ubiquitin-proteasome pathway is suggested by
shared structural similarities between PMEPA1 and
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Table 1. Androgen-inducible gene training set
Gene
KLK3 (PSA)
NDRG1
NKX3.1
IHPK1

Accession

Locus

Contig

Absolute positions (strand)

HT2351
D87953
U80669
D87452

19q13.41
8q24.3
8p21
3p21.31

NM_145864
NT_008046
NT_023666
NT_022517

23,624,361–23,626,361 (C)
47,529,674–47,527,674 (K)
1,916,763–1,914,763 (K)
49,711,601–49,709,601 (K)

Gene symbols, accession numbers and chromosomal locations (Homo sapiens NCBI Build 35, http://www.ncbi.nlm.nih.gov) are shown.

Nedd4-binding proteins. Interestingly, PMEPA1
gene expression was shown to be regulated by
androgens in prostate cancer cells.2–4 In order to
assess androgen receptor (AR) binding to
regulatory elements of the PMEPA1 gene we
integrated computation biology with wetlab experimentation. Computation molecular biology of
gene regulation is an emerging frontier of bioinformatics.5 In the past, conclusive identification of
functionally active transcription factor binding sites
(TFBSs) relied mainly on laborious wetlab experimentations. However, recently chromatin immunoprecipitation (ChIP)-based assays such as “ChIPchip” and ChIP Display were shown to be robust
techniques to assess binding sites experimentally
genome-wide.6,7 In support to these efforts, robust
platforms are currently available for in vitro
selection of single TFBSs to assess optimal cognate
sites for various elements. 8–10 Although bioinformatic tools are available for the prediction of
TFBSs, we preferred a weight matrix approach.11
However, the application of any weight matrix
approach to long sequences is hampered by a large
number of false positive predictions. Although
examining the evolutional conservation of transcription factor binding can enhance the specificity
of in silico predictions,12,13 this technique can be
confounded by species-specific genes. Notably,
many human cancer-related genes as illustrated
by prostate specific antigen (PSA, KLK3) barely
resemble their orthologs from other mammalian
species.14 Among mammals the pathogenesis of
prostate cancer (CaP) is unique to man. The only
mammal known to develop CaP in a similar fashion
is the canine.15 Fortunately, biological context
can significantly enhance the quality of TFBS
models.16,17 Biologically linked sets of transcription
factors observed in the combination of specific
TFBSs can significantly improve prediction quality.5
Consistent with this notion, we selected a training
set of genes based on gene expression kinetics and
dose–response of prostate cancer cells to androgen
hormone stimulus.4 Furthermore, we reasoned that
gene regulation by the combination of closely
situated binding sites is an essential feature of
functional transcription regulatory regions.18,19
Therefore, we formulated an androgen receptorbinding model from the combination of adjacent
matrices. We experimentally verified this model
and went on to assess the utility of the model by
testing upstream sequences of the androgeninducible gene, PMEPA1.2

Defining a model for androgen receptor binding
in the context of prostate-specific hormone
induction
Upstream sequences of highly androgeninducible genes were selected as a training set
from our previous oligonucleotide array experiments in order to formulate a model that can predict
functional androgen receptor binding sites in the
context of androgen-induced prostate cancer cells
(Table 1). Four genes were selected that stood out of
the list of androgen-inducible genes both by the
robustness of gene expression response (KLK3Z
58! and NDRG1Z13!) and by kinetic considerations (IHPK1Z9! in 1 h and NKX3.1Z5! in
6 h).4
Extraction of 5 0 upstream sequences relative to
the transcription start sites of training set genes
between positions K2000 and C1 was accomplished by the ElDorado system (Genomatix,
Munich)† that is based on the genome assemblies
from NCBI (Homo sapiens NCBI Build 35‡).
Sequences were verified by database searches in
the human genome. In this process upstream
sequences of KLK3 and KLK2 genes were found to
show high degrees of identity (approx. 80% within
K1000;C1). Although, we previously found that
KLK2 was a highly androgen-inducible gene, KLK2
was excluded from the training set to avoid
sequence redundancy that may introduce bias into
the model prediction. The training set was analyzed
by the MatInspector20 to identify potential androgen receptor binding sites. Androgen receptor can
recognize DNA sequences represented by the
glucocorticoid responsive element matrix family
(GREF) that includes matrices of androgen receptor,
glucocorticoid receptor and progesterone receptor
binding sites. Two GREFs in KLK3 were identified,
one in NDRG1, two in NKX3.1 and one within the
IHPK1 upstream sequences. In addition to the
GREF family the program found 27 other matrix
families to match within the sequences. The relation
of each predicted site was assessed relative to
the GREF positions. The distance criterion for the
assessment was 20–33 base-pairs between the
centers of two adjacent sites (within 2–3 DNA
helical turn distance). Only the GATA matrix family
matches showed distance correlation to the GREF
† http://www.genomatix.de
‡ http://www.ncbi.nlm.nih.gov
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Figure 1. Matrices within the
training set sequences. (a) Position
of matches of GREF (encircled
filled arrows) and GATA (open
arrowheads) matrix families
within the training set of
sequences. Arrowheads indicate
the strand orientation. Adjacent
GREF and GATA matrices (min.
20 and max. 33 bp interval
between the centers of matrices)
and the corresponding matrix
anchor positions are boxed.
(b) List of all matches of matrix
families identified within the training set sequences. Numbers indicate how often a given matrix
matched within the pre-defined
range of a GREF matrix match
(20–33 bp). Only GATA matrix
family matches fulfilled this condition in all four sequences.

matrix family matches (Figure 1). Indeed, the
identification of potential GATA binding sites
close to androgen responsive elements is consistent
with previous findings that suggested critical roles
for GATA2 and GATA3 transcription factors in
androgen receptor functions.21 It has been demonstrated that GATA-driven expression of SV40
T-antigen resulted in androgen-independent prostate cancer in transgenic mice.22 Moreover, the KLK3
gene upstream androgen responsive enhancer
(AREIII) (Figure 2) that is embedded in a cluster
of adjacent GATA factor binding sites was shown to
be essential for optimal androgen induction of KLK3
gene expression.22

Launcher13 and was successfully checked for
correctness by searching the sequences of the
training data set by ModelInspector.23 To compensate for model overfitting we assessed the validity
of our findings by an independent experimental
approach. For that purpose we tested the predicted
sites in our training set for androgen receptor
binding in androgen-induced prostate cancer cells
by in vivo ChIP. The KLK3 gene androgen responsive enhancer (ARE III) was assayed as an
additional positive control (Figure 2). Hormoneinduced androgen receptor binding to predicted
sites was evident in four out of the five tested gene
promoter upstream sequences.

Experimental validation of the GREF_GATA
model

Androgen receptor binds preferentially to the
region defined by the GREF_GATA model within
the PMEPA1 gene promoter upstream
sequences in androgen-induced LNCaP cells

By assessing various core similarities we found
that a threshold of 0.85 core similarity was optimal
for both matrices. Matrix similarities were set to
default values (optimized). The model was then
defined using the FastM module of GEMS

We used the experimentally supported GREF_
GATA model to analyze the upstream K8000;C1
sequences of the androgen-inducible gene,
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Figure 2. Experimental verification of predicted androgen
receptor binding sites. (a) ChIP
assay results of androgen-inducible gene promoters are shown.
GREF_GATA model-match positions are indicated under gene
symbols. For ChIP assay, prostate
cancer cells (LNCaP, American
Type Culture Collection, Rockville,
MD) were cultured in charcoal
treated androgen-free fetal bovine
serum (Invitrogen, Carlsbad, CA)
for five days to deplete androgens
from the cells. After androgen
depletion cell cultures were incubated in the presence or absence of
3.3 nM of R1881 non-metabolizable
androgen (DuPont, Boston, MA)
for 24 h. For ChIP assay the
medium was removed from the
cells by aspiration. In each parallel,
2!106 LNCaP cells were incubated
in PBS buffer with 1% formaldehyde (Sigma, St. Louis, MO) at 0 8C for 10 min followed by incubation at 37 8C for 15 min. The crosslinking reaction
was stopped by the addition of glycine to a final concentration of 0.125 M and the cells were washed three times with icecold 1xPBS in the presence of Complete Mini protease inhibitor (Roche, Indianapolis, IN) and Phosphatase Inhibitor
Cocktail I and II (Sigma, St. Louis, MO). Inhibitors were added to the reaction mixtures in all subsequent steps. The cells
were lysed (50 mM Tris–HCl (pH 8.0), 1% (w/v) SDS, 10 mM EDTA) and the lysates were incubated at 0 8C for 10 min.
The chromatin was fragmented by sonicating the lysates with a VirSonic 100 sonicator microtip (VIRTIS, Gardiner, NY)
applying four times 10 s bursts at energy level 4, followed by 50 s of cooling after each burst. The cell debris were
separated by centrifugation at 10,000g at 4 8C in a microcentrifuge and the supernatants were diluted ten times (16.7 mM
Tris–HCl (pH 8.0), 167 mM NaCl, 1.1% TritonX-100, 1.2 mM Na-EDTA, 0.01% SDS). The suspensions were filtrated
through 0.45 mm filter syringes and the flow-through was collected in pre-chilled tubes. Aliquots of 50 ml of 50%
immobilized and pre-blocked protein A/G-bead slurry (PIERCE, Rockford, IL) were added to an aliquot of 250 ml of the
filtrates and the sample tubes were agitated on a head-to-head rotator for 1 h at 4 8C. Subsequently the beads were
removed by centrifugation (4 8C, 3000g, 2 min) and 200 ml of the clear supernatants were transferred into pre-chilled
microcentrifuge tubes. To each tube, 2 ml (0.33 mg/ml) of anti-androgen receptor antibody AR(PG21) (Upstate, Lake
Placid, NY) was added. The immunoprecipitation reactions were incubated for 12 h at 4 8C with gentle head-to-head
rotation. Subsequently, the chromatin–antibody complexes were captured by the addition of 60 ml of immobilized
protein A/G slurry by incubating the suspensions at 4 8C (1 h) continuing gentle head-to-head rotation. After incubation
the beads were collected by brief centrifugation and the beads were washed four times with ice-cold buffer of 20 mM
Tris–HCl (pH 8.0), 150 mM NaCl, 2 mM Na-EDTA, 0.1% SDS and 1% TritonX-100, once at 24 8C with the buffer of 20 mM
Tris–HCl (pH 8.0), 250 mM LiCl, 1 mM Na-EDTA, 0.5% IGEPAL (Sigma, St. Louis, MO) non-ionic detergent and 0.5%
sodium-deoxycholate (Sigma, St. Louis, MO) and twice with the solution of 10 mM Tris–HCl (pH 8.0), 1 mM Na-EDTA at
room temperature. After each washing step the beads were collected by centrifugation (24 8C, 1 min, 4000g). The beads
were resuspended in TE-buffer (10 mM Tris–HCl (pH 7.5), 1 mM Na-EDTA) containing 0.5% of SDS and Proteinase K
enzyme (Roche, Indianapolis, IN) to a final concentration of 0.5 mg/ml to digest the protein components. The reaction
mixtures were incubated for 12 h at 37 8C. The clear supernatants were recovered by spinning the sample in a
microcentrifuge and the suspensions were incubated at 65 8C for 6 h to revert the chemical crosslinking. Then the
samples were purified by phenol/chloroform extraction and subsequent precipitation with ethanol. The pellets were
dissolved in TE buffer. The input genomic DNA samples were treated in the same way except that no
immunoprecipitation was performed. (b) Specific sets of primer pairs were selected for PCR reactions in order to
amplify the regions of predicted GREF sequences within the promoter upstream sequences of KLK3, NDRG1, NKX3.1
and IHPK1 genes. The amplification was carried out in a T-Gradient Thermoblock (Biometra, Tampa, FL) (94 8C, 15 s;
annealing at 58 8C (for KLK3/AREIII 55 8C); 30 s, 72 8C, 1 min). To achieve linear amplification ranges ChIP and input
products were amplified with 43 and 38 cycles, respectively.

PMEPA1. The 5 0 distal boundary of the selected
region (K8000) excluded a cluster of Alu repeats
and a matrix attachment region (S/MAR) and the
proximal boundary was extended until the transcription initiation site (C1). Two model matches at
positions K2134 (GREF)/K2156 (GATA) and K230
(GREF)/K250 (GATA) were found with model

scores of 95.1% and 92.6%, respectively
(Figure 3(a)). In contrast, eight GREF matrix family
matches were found that included preferred sites of
androgen, progesterone and glucocorticoidresponsive elements (ARE, PRE, and GRE,
respectively). In vivo binding of androgen receptor
to the PMEPA1 gene upstream sequences in LNCaP
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Figure 3. Positions of model and matrix-matches and experimental validation of corresponding androgen receptor
binding sites within the PMEPA1 gene upstream sequences. (a) GREF_GATA model-matches are shown in bold.
Predicted matches for GREF matrix family members ARE, GRE, and PRE, respectively, are shown below. (b) Sequences
of forward (F) and reverse (R) primer pairs and corresponding annealing temperatures are listed. (c) ChIP results with
anti-androgen receptor antibodies and the control input amplification products (Input) are shown. Prostate cancer cells
(LNCaP) were incubated in the absence (K) or presence (C) of synthetic androgen (R1881). For details see the legend to
Figure 2.

prostate cancer cells in response to R1881 synthetic
androgen stimulus was examined. Androgen
receptor binding was tested by ChIP assay using
anti-AR antibody and primer sets to amplify the
predicted binding sites of GREF matrix matches
within the K8000;C1 region of the PMEPA1 gene
(Figure 3(b)). Our GREF_GATA model correctly
predicted binding of androgen receptor to its
cognate elements in response to androgen induction (Figure 3(c)). It was surprising that a seemingly
excellent GREF/ARE matrix match (K7168 in
Figure 3) was not a functional androgen receptor
binding site as opposed to the two predicted

GREF_GATA models, both of which could be
validated by ChIP. It is remarkable that both sites
were recognized as glucocorticoid and progesterone receptor binding sites, demonstrating that the
matrix family concept is valid (as shown by the
chromatin immunoprecipitation) as well as essential for model definition.
Promoter database search with the GREF_GATA
model
The model has shown good predictive power in
the case of the PMEPA1 gene. Therefore, the entire
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Genomatix Promoter Database (GPD) was searched
for promoters from human annotated genes with
the GREF_GATA model (ModelInspector, default
settings). The search identified 995 matches
(belonging to 933 different genes) out of 36,943
promoters analyzed, a match rate of 2.7%, indicating moderate selectivity. Statistical analysis of the
933 genes revealed that the selection of identified
genes was not random and the gene ontology (GO)
category “sensory perception of chemical stimulus”
was clearly over-represented in the match list. This
most significant group in the ontology “biological
process” (z-score 6.19) contained nine genes, seven
of which were olfactory receptors. Within the
ontology “molecular function” the group “olfactory
receptor activity” was the top-scoring group
(z-score 7.09) containing more than five genes.
Further inspection of the output revealed 18 genes
out of a total of 270 olfactory receptor genes in the
human genome (numbers taken from ElDorado).
Thus olfactory receptors were 2.5-fold more often
found than expected at random. Promoters of nine
genes of the top-scoring group were aligned using
the program DiAlign to exclude the possibility that
observed matches were due to extensive sequence
similarities due to recent gene/promoter duplication.24 The resulting sequence similarities were
(except for the pair OR5I1/OR6C3, 32%) all below
the random similarity of 25%, strongly suggesting
that the conservation of the promoter framework
was due to functional constraints rather than
sequence similarity. Assessment of specificity and
sensitivity would require knowledge of the absolute
number of true positive matches. This obstacle was
circumvented by assessing whether the match list
was enriched in potentially androgen receptor
associated genes or not, an approach feasible
based on available data. The total number of
genes co-cited with androgen receptor in the
literature is 1034. Co-citation analysis was done
with BiblioSpere†, a literature-mining tool based
on PubMed abstracts‡. A total of 51 of the 933
genes identified by the GREF_GATA model were
co-cited with androgen receptor. To determine if
these results indicate a significant association
with androgen receptor, 30 random picks of
genes were identified in the database. The
number of genes co-cited with androgen
receptor in the literature within the random
group was determined. A z-score (number of
genes co-cited with AR in model search–average
number of genes co-cited with AR in random
picks) / standard deviation of random pick
results was calculated. The resulting z-score
was 4.4, indicating a significant enrichment of
androgen receptor co-cited genes in the modelsearch result.
For model validation we assessed the binding
of androgen receptor to the promoter sequences
† http://www.genomatix.de
‡ http://www.ncbi.nlm.nih.gov/Entrez
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of genes within the prostate cancer biological
context by in vivo ChIP assay. The assay
indicated androgen receptor binding to six out
of eight tested gene promoter elements in
response to androgen (R1881) stimulus in
LNCaP cells (Figure 4). These data suggested
that the GREF_GATA model was a powerful
predictor of biologically active androgen
receptor binding sites.
Biological context is an important factor in
training set selection
Androgens and their receptor are the main
therapeutic targets in prostate cancer.25 While
androgen blockade has been a significant therapeutic choice,26 failure of androgen-blockade
therapy can dramatically reduce the survival
rate.27 Identification of specific AR cognate binding
sequences throughout the entire human genome
relying exclusively on experimental high throughput TFBS identification techniques may not be
practical. A high rate of missed TFBS in robust
scanning techniques has been reported.28 On the
other hand, bioinformatic tools are readily available
to predict potential androgen receptor binding sites.
However, all single binding site oriented
approaches are plagued by an enormous proportion
of presumably false positive predictions, referred to
as the “futility theorem”.5 Therefore, we addressed
the question of whether or not androgen receptor
binding sites can be more selectively predicted by a
model-based approach. We found that a model
composed of glucocorticoid responsive element
matrices (GREF) adjacent to GATA matrices
(GATA) allowed the identification of a novel class
of biologically active androgen receptor binding
sites. Selection of a training set of promoters from a
defined biological context was crucial for successful
model generation.29,30 A genome-wide promoter
search with the GREF_GATA model has identified
933 genes, 51 of which were found to be co-cited
with androgen receptor in the literature. Five
examples of known androgen/prostate cancer
related genes are: six transmemebrane epithelial
antigen of prostate 2, STEAP2 (Loc261729);31 acid
phosphatase of prostate, ACPP (Loc55);32 breast
cancer 2 early onset, BRCA2 (Loc 675);33 aconitase 2
mitocondrial, ACO2 (Loc50);34 androgen-induced
proliferation inhibitor, APRIN (Loc23047).35 It is
interesting to note that the top scoring GO-category
of olfactory receptors was functionally linked to
androgen receptor in a previous study.36 These
findings are consistent with the known role that
androgen receptor plays in gender-specific sensory
functions.37–39
In summary, we selected genes based on their
expression response to androgen hormone
induction before defining our training set. The
hormone-responsive prostate cancer cell line
LNCaP as experimental host was selected for its
wide use as an experimental model.40 Our previous
oligonucleotide array expression platform directly
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Figure 4. Hormone-induced
androgen receptor binding to predicted binding sites in the genome
of prostate cancer cells. (a) ChIP
assay of STEAP2, ACPP BRCA2,
ACO2, APRIN, ACLY, SOX5 and
SOX6 gene promoters. GREF_GATA model-match positions are
shown under gene symbols.
Model-match was found downstream relative to an alternative
transcription initiation site of the
APRIN gene. LNCaP cells were
incubated in the presence (C) or
absence (K) of R1881 synthetic
androgen. Input marks the
amplification product of control
genomic DNA. In vivo ChIP assay
was carried out as described in the
legend to Figure 2. (b) Primer
sequences and positions relative
to the transcription initiation sites
of the tested genes are listed. In the
amplification step all primers
were annealed at 58 8C.

revealed the time kinetic- and dose-dependent
responses of gene expression profiles. The KLK3,
NDRG1, NKX3.1, and IHPK1 genes were selected as
our training set based on this biological evidence.
We have defined GREF_GATA, a novel model to
predict androgen responsive elements that will
provide new insights into the androgen-regulated
transcriptome in prostate cancer. Identifying direct
targets of AR will allow the detection of critical
changes of androgen signaling in prostate cancer
progression.

the Advancement of Military Medicine or the US
Department of Defense.
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