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Mutations in the androgen receptor (AR) have been detected in experimental and clinical prostate tumors. Mice with enforced

prostate-specific expression of one such receptor variant, AR-E231G, invariably develop prostatic intraepithelial neoplasia by

12 weeks and metastatic prostate cancer by 52 weeks. The aim of this study was to identify genes with altered expression in

the prostates of AR-E231G mice at an early stage of disease that may act as drivers of AR-mediated tumorigenesis. The gene

expression profile of AR-E231G prostate tissue from 12-week-old mice was compared to an equivalent profile from mice

expressing the AR-T857A receptor variant (analogous to the AR-T877A variant in LNCaP cells), which do not develop prostate

tumors. One hundred and thirty-two genes were differentially expressed in AR-E231G prostates. Classification of these genes

revealed enrichment for cellular pathways known to be involved in prostate cancer, including cell cycle and lipid metabolism.

Suppression of two genes upregulated in the AR-E231G model, ADM and CITED1, increased cell death and reduced

proliferation of human prostate cancer cells. Many genes differentially expressed in AR-E231G prostates are also deregulated

in human tumors. Three of these genes, ID4, NR2F1 and PTGDS, which were expressed at consistently lower levels in clinical

prostate cancer compared to nonmalignant tissues, formed a signature that predicted biochemical relapse (hazard ratio 2.2,

p 5 0.038). We believe that our findings support the value of this novel mouse model of prostate cancer to identify candidate

therapeutic targets and/or biomarkers of human disease.
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The androgen signaling axis plays a central role in all stages
of prostate cancer, including tumorigenesis, disease progres-
sion and the development of treatment resistance.1–7 The
genomic effects of androgens are mediated by the androgen
receptor (AR), a nuclear transcription factor that mediates
transcriptional responses by targeting sequence-specific DNA
regulatory elements. The AR has oncogenic potential,8 and
elevated levels of this protein in clinically localized prostate
cancer are predictive of disease progression after radical
prostatectomy.4,9

Much of our understanding of AR function is derived
from the study of somatic missense mutations in the AR
gene in patients with androgen insensitivity syndrome (inac-
tivating mutations) or in primary, recurrent and metastatic
prostate tumors and cell lines.10–12 AR variants identified in
clinical prostate tumors typically exhibit promiscuous activa-
tion by nonandrogenic ligands and/or enhanced transactiva-
tion capacity due to altered interactions with coregulators.13

The prototypical example of AR promiscuity is AR-T877A
(T857A in mice), a variant expressed in the LNCaP prostate
cancer cell line that is activated by estrogen, progesterone
and the AR antagonist, hydroxyflutamide, in addition to
androgens.14

The AR contains a highly variable amino-terminal domain
(NTD) essential for receptor stabilization15,16 that also regu-
lates its transcriptional activity by providing an interaction
surface for key prostate-specific co-regulators and the tran-
scriptional machinery.17 The AR-NTD signature (ANTS)
sequence, composed of amino acids 234–247 (229–242 in
mice), is the most evolutionarily conserved region of the AR
but, interestingly, is not found in related steroid recep-
tors.13,18 Mutations have been identified proximal to the
ANTS sequence in clinical prostate cancers2 and within or
near this sequence in castrate-resistant tumors arising in the
transgenic adenocarcinoma of the mouse prostate (TRAMP)
model.2,13 Two AR variants arising from such mutations,
E231G and A229T, display increased basal activity and
response to androgenic and non-androgenic ligands com-
pared to wild-type AR (wtAR). AR-E231G exhibits increased
responsiveness to androgens [testosterone and 5a-dihydrotes-
tosterone (DHT)] and estrogens (estradiol) in the presence of
the co-activators, ARA70 and ARA160,13 and decreased
responsiveness to the co-repressor, CHIP.19 Using enforced
overexpression of wtAR, AR-T857A (described earlier), or
AR-E231G specifically in the prostate of mice, we previously
demonstrated the oncogenic capacity of the AR-E231G vari-
ant.8 Although overexpression of wtAR or AR-T857A had no
discernable phenotype, mice expressing AR-E231G recapitu-
lated all stages of disease, developing prostatic intraepithelial
neoplasia (PIN)-like lesions at 12 weeks of age and advanced
prostate cancer with lung metastases by 50 weeks.8

Many studies have identified and characterized AR target
genes in the prostate20 but in general have not been able to
discriminate those that are responsible for AR-mediated
tumorigenesis from those that are simply altered due to

progression-mediated changes in AR action.21 The AR-
E231G model of AR-driven oncogenesis may facilitate such
discrimination. In this study, we profiled gene expression in
12-week-old AR-E231G mice, before the development of his-
tological prostate cancer, to identify potential drivers of the
early stages of AR-driven oncogenesis.

Material and methods
Microarray analysis

RNA was extracted from ventral prostate tissue of 12-week-
old AR-E231G and AR-T857A mice (FVB background) using
the RNeasy kit (Qiagen, Germantown, MD). RNA from three
mice per genotype was pooled, reverse transcribed (10 lg)
and hybridized to one Affymetrix GeneChip Mouse Genome
430 2.0 microarray (Santa Clara, CA) per genotype. Microar-
ray data were normalized by Robust Multiarray Averaging
and differentially expressed genes identified using a fold-
change cut-off of 21.5-fold. Ingenuity pathway analysis was used to
identify enriched pathways in the list of differentially expressed
genes (Redwood City, CA). Microarray data are available at NCBI’s
Gene Expression Omnibus (GEO), accessible through the GEO se-
ries accession number GSE24567 (http://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?token=drinvukmuoskspg&acc=GSE24567).

Quantitative real-time PCR

Transgenic mouse model samples. RNA (1 lg), isolated as
described earlier, was reverse transcribed using the Super-
Script III First-Strand Synthesis System (Invitrogen, Carlsbad,
CA). Quantitative real-time PCR (qPCR) was performed
using SYBR green technology (BioRad, Hercules, CA). Data
were normalized to Gapdh using the DCt method. Primer
sequences are included in Supporting Information Table 1.

Tissue culture samples. LNCaP cells were lysed in Trizol
(Invitrogen) and total RNA isolated according to the manu-
facturer’s protocol. One microgram of total RNA was reverse
transcribed using iScript (BioRad) following the manufac-
turer’s recommendations. qPCR for ADM and KLK3/PSA
were performed with 2 ll of a 1:10 dilution of cDNA and
normalized to GUSB (qPrimerDepot; http://primerdepot.nci.-
nih.gov/) and MRPL19 (PrimerBank ID 7661912a2; http://
pga.mgh.harvard.edu/primerbank), all of which were quanti-
fied using SYBR green and specific primers (Supporting In-
formation Table 1). qPCR for CITED1 (Hs00231672_m1;
Applied Biosystems, Foster City, CA) and NR2F1
(Hs00818842_m1; Applied Biosystems) was performed with
undiluted cDNA and normalized to GUSB and HPRT1, using
TaqMan technology (Hs01577060_gH; Applied Biosystems).
Data were normalized using the method of Vandesompele
et al.,22 and relative quantities were calculated using the DCt
method.

Human patient samples for gene signature validation. RNA
extracted from matched nonmalignant and cancerous pros-
tate tissues from 22 patients (tissue histology confirmed by a
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pathologist) was provided by the Australian Prostate Cancer
BioResource (APC BioResource), as described previously.23

Tissues were obtained with informed consent from men
treated by radical prostatectomy after prior approval from
institutional ethics review boards. Twenty samples were Glea-
son score 7, one was Gleason score 8 and one was Gleason
score 9; 13 samples were primary Gleason grade 3 and 9
samples were primary Gleason grade 4. Reverse transcription
of 300 ng of total RNA was carried out using iScript (Bio-
Rad) following standard protocols. qPCR was performed
using 2 ll of a 1:10 dilution of cDNA and the following
TaqManV

R

gene expression assays (Applied Biosystems): ID4
(Hs00155465_m1), NR2F1 (Hs00818842_m1) and PTGDS
(Hs00168748_m1). Expression data for each gene were nor-
malized to an average of the three reference genes (GAPDH,
Hs99999905_ml; GUSB, 4333767F; and HPRT1, 4333768F).
Data were normalized using the method of Vandesompele
et al.,22 and relative quantities were calculated using the DCt
method.

Cell culture and media

Cell culture. LNCaP cells (ATCC, Manassas, VA), authenti-
cated using short tandem repeat profiling at CellBank Aus-
tralia (Westmead, NSW, Australia), were maintained between
passages 22 and 30 in RPMI 1640 with 10% (v/v) fetal bovine
serum (FBS) at 37�C and 5% CO2.

siRNA experiments. Cells were transfected with 10 nM spe-
cific or control siRNAs using Lipofectamine 2000 (Invitro-
gen) in serum-free media for 4 hr. FBS was then added to
the transfection mix to a final concentration of 10% (v/v).
Cells were incubated for a further 48 h before RNA harvest
or 72 hr before growth assays. Because the levels of ADM
and CITED1 could not be assessed at the protein level due to
a paucity of suitable antibodies, siRNA knockdown was
assessed by measuring mRNA levels by qPCR and signifi-
cance calculated using a t-test. Viable and dead cells were
measured using a trypan blue exclusion assay.24 Knockdown
and cell viability assays shown in Figure 2 are representative
of at least three independent experiments.

Overexpression experiments. Cells were transfected with 100
ng specific or control plasmid using Lipofectamine 2000
(Invitrogen) in serum-free media for 4 hr. FBS was then
added to the transfection mix to a final concentration of 10%
(v/v), and cells were incubated for a further 48 hr. Overex-
pression was assessed by measuring mRNA levels by qPCR.
Viable and dead cells were measured using a trypan blue
exclusion assay.24 Cell viability assays shown in Figure 5 are
representative of at least two independent experiments.

Hormone treatments. LNCaP cells were cultured in RPMI
with 5% (v/v) charcoal stripped serum for 48 hr and then
stimulated with 1 nM DHT treatment or ethanol (vehicle)
for 0, 6, 24 and 48 hr. The results showing the effect of

androgen treatment on gene expression in LNCaP cells are
representative of at least three independent experiments.

Public prostate cancer cohorts

Two prostate cancer cohorts were used to refine the AR-
E231G gene list and derive the novel disease gene signature.
The first cohort consisted of patients treated by radical pros-
tatectomy at Memorial Sloan-Kettering Cancer Center
(MSKCC),25 hereafter referred to as the Taylor cohort.
Expression profiling of 128 primary prostate cancers and 29
nonmalignant tissues was carried out using Affymetrix
Human Exon 1.0 ST arrays. We retrieved the data from the
cBio Cancer Genomics Pathway Portal (http://cbio.mskcc.org/
cancergenomics-dataportal). Intensity values were log trans-
formed to a base 2 scale. Clinical data for this cohort are
shown in Supporting Information Table 2. The second cohort
consisted of patients treated for prostate cancer at MSKCC
and consisted of prostatic tissues obtained from therapeutic
or diagnostic procedures performed as part of routine clinical
management of disease, hereafter referred to as the Holz-
beierlein cohort.26 This cohort was composed of 23 primary
prostate tumor samples from men who received no therapy
before surgery [eight of which had subsequent biochemical
recurrence (BCR)], 17 primary prostate tumor samples from
men who received 3 months androgen deprivation therapy
(ADT) before surgery, and nine metastatic prostate cancer
samples, 3 of which had progressed after ADT (Supporting
Information Table 2). Expression profiling of the samples in
this cohort was carried out using Affymetrix U95 human
gene arrays. An additional cohort, the Chandran cohort,27

composed of 18 normal tissues from organ donors, 65 pri-
mary prostate cancer tissues, 63 normal adjacent (non-malig-
nant) tissues from patients who donated primary prostate
cancer tissue and metastatic tissue from four patients was
used to evaluate the expression of the signature genes across
various stages of disease progression, from normal to meta-
static prostate cancer. Expression profiling of these tissues
was carried out using Affymetrix U95Av2 human gene
arrays. We retrieved the data from the NCBI GEO (accession
number GSE6919). The Oncomine database version 4.4
(www.oncomine.org) was filtered by analysis type for cancer
versus normal, then filtered by cancer type for prostate can-
cer, then within these filtered datasets individually for ID4,
NR2F1 and PTGDS. An additional cohort from MSKCC, the
Glinsky cohort,28 composed of malignant prostate tissue from
79 patients with clinical follow-up data up to 106 months,
was used to assess for BCR. This group contained 29 patients
with BCR, defined as PSA � 0.2 ng/ml and 50 who did not
progress. Additional clinical data are shown in Supporting
Information Table 2.

Statistical analyses

Differences in ADM and CITED1 levels after treatment with
specific or nonspecific siRNAs were evaluated by an unpaired
t-test. In experiments assessing the effect of gene knockdown
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or overexpression on cell growth, the significance of changes
between treatment groups was calculated using ANOVA fol-
lowed by Newman–Keuls multiple comparison test. To evalu-
ate changes in gene expression after DHT treatment, two-
way ANOVA and Bonferroni’s multiple comparison test were
used. Genes differentially expressed between cancer and nor-
mal in the Taylor cohort were identified using a Mann–
Whitney U test. Differences in expression between disease
stages in the Holzbeierlein cohort were evaluated by ANOVA
followed by Newman–Keuls multiple comparison test. To
evaluate changes between matched nonmalignant and cancer-
ous prostate tissue in the APC BioResource samples, the Wil-
coxan signed-rank test was used. In the Chandran cohort,27

differences in expression between groups were assessed using
the Kruskal–Wallis test followed by Dunn’s multiple compar-
ison test, and differences between matched nonmalignant and
malignant prostate tissue were assessed using the Wilcoxon
signed rank test. To stratify patients into two groups based
on the expression of ID4, NR2F1 and PTGDS, K-means clus-
tering was implemented in Cluster 3.0.29 These groups were
then evaluated using Kaplan–Meier survival curves with
Gehan–Breslow–Wilcoxon test to determine the difference
between the curves, and a hazard ratio (HR) was determined.
The concordance index (C-index) was determined using
MedCalc Software (Mariakerke, Belgium). All other statistical
analyses were done using GraphPad Prism (GraphPad Soft-
ware, San Diego, CA).

Results
Expression profiling of AR-E231G prostate tissue

To identify genes involved in the early development of pros-
tate cancer in response to deregulated androgen signaling,
ventral prostate expression profiles from AR-E231G and
AR-T857A mice were compared in 12–week-old animals, the
time when PIN is detected in the AR-E231G model (Fig. 1a).
AR-T857A was chosen as an appropriate control, because it
models promiscuous receptor activation by nonclassical
ligands but otherwise maintains normal AR function and
does not cause cancer in these mice. Using Robust Multiarray
Averaging, 132 genes (74 increased, 58 decreased) were dif-
ferentially expressed between the two mouse strains (Sup-
porting Information Tables 3 and 4). Sixteen of these genes
(12.1%) have previously been reported to be regulated by
androgens (Supporting Information Table 5), including Adm
and Greb1,30,31 suggesting that AR-E231G and AR-T857A
may possess differential transcriptional activity at certain AR-
targeted loci. Notable genes elevated in the AR-E231G model
included Rb132 and Ccr2,33 both of which have been shown
to be overexpressed in clinical prostate cancer, and Pmaip1, a
gene that is predictive of BCR in human disease.34 Expression
of the tumor suppressor genes Vangl2, Apc and Abi135,36 was
reduced in AR-E231G samples. Ten of the 13 members of
the androgen-responsive and mouse-specific kallikrein Klk1b
family were increased in AR-E231G prostates, suggesting that

Figure 1. Expression profiling of prostates from AR-E231G mice

compared to AR-T857A mice identifies candidate genes and

pathways involved in prostate cancer. (a) Summary of disease

progression in mice expressing AR-E231G in the prostate (bottom).

Mice expressing wtAR or AR-T857A do not develop tumors.

(b) Pathways enriched in the list of genes differentially expressed

in AR-E231G prostates. Significance of enrichment was calculated

using Ingenuity Pathway Analysis software. (c) Validation of Adm

and Cited1 expression by qPCR in mouse prostate tissue. Gene

expression is relative to nontransgenic (NT) mice.
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these factors could be a useful marker of prostate cancer ini-
tiation in mouse models.37

Ingenuity pathways analysis (IPA) was used to identify bi-
ological pathways enriched in the AR-E231G gene set (Fig.
1b). Twenty-four genes (18%; p-value < 0.0253) are known
to be involved in cancer, including Rb1, Apc, Mycn and Skp2.
A number of these genes are also classified in another
enriched pathway, ‘‘cell cycle.’’ Eleven genes (8%; p-value <

0.0248), including Acsl3, Cpt1a and Cyp2e1, are involved in
lipid metabolism.

ADM and CITED1 regulate prostate cancer cell viability

Expression profiling by microarray showed that AR-E231G
prostates exhibited deregulated expression of many genes
with known roles in prostate cancer (e.g. Abpd, Egfbp2,
Rhox9, Pmaip1, Cyp2e1, Greb1 and Adm) as well as genes
that have yet to be implicated in this disease (e.g. Cited1,
Xkr5, Cytip and Rya3). To validate the microarray data, we
chose to investigate in more detail one gene from each of
these groups. ADM has been shown to promote prostate can-
cer cell growth30,38 and was the only gene in this group with
multiple probes on the microarray, both of which showed
concordant upregulation of gene expression (3.63 and 3.64-
fold) in AR-E231G mice. CITED1 is a putative co-activator
of AR39 and was selected for functional characterization,
because it was the most highly upregulated, potentially novel
prostate cancer gene with a human homolog.

We first confirmed the elevated expression of ADM and
CITED1 in AR-E231G prostates by qPCR (Fig. 1c). To deter-
mine whether expression of ADM and CITED1 is regulated
directly by androgens, LNCaP human prostate cancer cells
were treated with DHT and levels of these genes assessed by
qPCR. In response to DHT, ADM and CITED1 expression
decreased in LNCaP cells (p < 0.01 for each gene, Fig. 2a).
As expected, the control androgen responsive gene, KLK3/
PSA, was upregulated under the same treatment conditions
(Supporting Information Fig. 1). Mechanisms distinct from
localized increases in androgen levels are thus likely responsi-
ble for upregulation of ADM and CITED1 in AR-E231G
prostates.

To gain insight into their putative role in prostate cancer,
the expression of the ADM and CITED1 genes was modu-
lated in the LNCaP cell line using specific siRNAs. There was
a 63% reduction in ADM mRNA 48 hr after siRNA treat-
ment (Fig. 2b, left panel). Cell viability was reduced in
response to ADM knockdown, but not to a significant level
(Fig. 2c, left panel). Cell death was significantly increased 3
days after ADM siRNA transfection, being 1.82-fold greater
than cells treated with nonspecific siRNA (Fig. 2d, left panel).
There was a 79% reduction in CITED1 mRNA 48 hr after
siRNA treatment (Fig. 2b, right panel). Inhibition of CITED1
expression reduced LNCaP cell viability to 65% of control
(Fig. 2c, right panel) and increased cell death by 1.88-fold
(Fig. 2d, right panel).

Figure 2. Functional analysis of ADM and CITED1 in LNCaP prostate

cancer cells. (a) ADM (left panel) and CITED1 (right panel) are

negatively regulated by androgens in the LNCaP prostate cancer

cell line. RNA was extracted at the time points shown and gene

expression quantified by qPCR. Error bars are 6 sem of biological

triplicates. Veh: vehicle control (ethanol); DHT:

5a-dihydrotestosterone. (b) qPCR of ADM (left panel) or CITED1

(right panel) in LNCaP cells following treatment with specific siRNA,

nonspecific siRNA (NS) or lipofectamine alone (lipo). Error bars are

6 sem of biological triplicates. The effect on cell viability (c) and

cell death (d) after gene knockdown was measured using the

trypan blue cell exclusion assay. Error bars are 6 sem from six

biological replicates. *, **, ***, †, significantly different from

controls (*p < 0.05; **p < 0.01 ***p < 0.001; †p < 0.0001).
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Development of a novel gene signature of prostate cancer

That specific genes differentially expressed in AR-E231G
mice can affect prostate cancer cell viability and death sug-
gests that the AR-E231G model might yield potential new
biomarkers of human disease. The expression of the genes
that were altered in AR-E231G prostates was analyzed in
human prostate cancer using data from the Taylor cohort.25

Of the 132 differentially expressed AR-E231G genes, 114 had
human homologues and 50 of these were differentially
expressed in human primary prostate tumors when compared
with normal prostates (Supporting Information Table 6).

As a more stringent filtering step, the 50 AR-E231G genes
that were altered in human disease were cross-referenced
against the Holzbeierlein cohort,26 which is composed of
expression data from primary prostate cancer, primary pros-
tate cancer with BCR, ADT-treated and metastatic prostate
tumors. Eight of the 50 genes were significantly altered
between at least two of the four groups in the Holzbeierlein
cohort (Fig. 3 and Supporting Information Fig. 2). We rea-
soned that genes exhibiting similar expression trends in this
cohort could be useful markers of disease outcome. Three of
these eight genes, ID4, NR2F1 (Ear3 in mouse) and PTGDS,
exhibited concordant changes between the same disease
groups (Fig. 3) and were thus chosen for further analysis as
potential prostate cancer biomarkers. The expression of these
genes was highest in androgen-deprived tumors and lowest
in metastatic tumors, irrespective of BCR status. Interestingly,
ID4, NR2F1 and PTGDS were all significantly reduced in
early-stage primary prostate tumors compared to normal
prostatic tissue in the Taylor cohort (Supporting Information
Table 6).

We examined seven other datasets from Oncomine and
GEO (Supporting Information Fig. 3) and found that the
expression of these genes was consistently lower in prostate
cancer tissue compared to nonmalignant tissue (ID4, reduced
in cancer in 7/7 datasets; PTGDS, reduced in 4/7; NR2F1,
reduced in 4/7). Furthermore, we demonstrated that NR2F1,
ID4 and PTGDS were expressed at significantly lower levels
in 22 malignant tissues compared to patient-matched nonma-
lignant tissues in the APC BioResource cohort [0.87-fold (p
< 0.05), 0.78-fold (p < 0.01) and 0.63-fold (p < 0.01),
respectively] (Fig. 4, left panel). Collectively, these data sug-
gest that loss of expression of these three genes is a consist-
ent feature of prostate cancer and may be associated with dis-
ease progression. Supporting this latter hypothesis, in the
APC BioResource cohort, the expression of these genes
tended to be lower in Gleason grade 4 than Gleason grade 3
tumors (Fig. 4, right panel), although this difference was only
significant for ID4 (p ¼ 0.02).

To study the function of ID4, NR2F1 and PTGDS in
prostate cancer, these genes were overexpressed in LNCaP
cells. ID4 or PTGDS overexpression in LNCaP cells caused a
significant 2.2-fold or 1.8-fold increase in the percentage of
dead cells compared to empty vector control, respectively,
but had no significant effect on cell growth (Figs. 5a and 5b).

Figure 3. The expression of NR2F1, ID4 and PTGDS is altered in

prostate cancer. Expression of NR2F1 (a), ID4 (b) and PTGDS (c) in

different patient groups from the Holzbeierlein cohort. The mean

for each group is represented by a horizontal line. PCa: prostate

cancer; BR: biochemical recurrence; ADT: androgen deprivation

therapy; mets: metastases. *, **, ***, significantly different from

controls (*p < 0.05; **p < 0.01; ***p < 0.001).
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NR2F1 overexpression had no significant effect on cell prolif-
eration or death up to 5 days later (Figs. 5a and 5b). Gene
overexpression was verified by qPCR (data not shown).

To determine whether AR signaling was involved in regulat-
ing expression of ID4, NR2F1 and PTGDS, LNCaP cells were
treated with DHT. NR2F1 was negatively regulated by andro-
gens in these cells (p < 0.05, Fig. 5c). However, expression of
PTGDS and ID4 was not detectable in these cells using
qPCR.

Evaluation of the AR-E231G-derived gene signature of

prostate cancer

Because the expression of ID4, NR2F1 and PTGDS were
altered before tumorigenesis in the AR-E231G mice and with
progression to aggressive disease in human samples, we
speculated that they could be useful prognostic markers of
prostate cancer. To test this, the three-gene signature was
assessed for its ability to predict biochemical relapse (BCR)
after radical prostatectomy in the Glinsky cohort, for which
information regarding patient outcome after surgery was
available. We first classified the patients into two groups
based on expression of the three-gene signature in malignant
tissue using K-means clustering. This clustering methodology
robustly separated patients into two groups with either low
(group 1) or high (group 2) expression of ID4, NR2F1 and
PTGDS (Supporting Information Table 7), again highlighting
the concordance of their expression in prostate cancer.
Kaplan–Meier survival analysis indicated that patients in the
low expression group (group 1) were at significantly higher
risk (HR 2.2, p ¼ 0.038; Fig. 6a) of BCR than those in the
high expression group (group 2). Multivariate analysis dem-
onstrated that the cluster comprising the ID4, NR2F1 and
PTGDS gene signature was an independent predictor of sur-
vival to BCR after controlling for the clinical parameters pre-
operative PSA, age, tumor stage and Gleason grade (Fig. 6b).
The predictive capacity of the three-gene signature was fur-
ther evaluated by comparing it with Gleason score using C-
statistics. Although the C-index for the gene signature alone
was only 0.59, the C-index for Gleason score was 0.727, and
this was increased to 0.744 when combined with the gene
signature.

Discussion
Prostate tumorigenesis in AR-E231G mice is driven by
expression of a mutant AR and recapitulates the major stages
of human disease, progressing from PIN to localized cancer
and metastases. As such, this model has the potential to dis-
cover both drivers and effectors of prostate cancer. In this
study, we profiled gene expression during the early stages of
tumorigenesis in AR-E231G prostates in an effort to identify
key initiating factors. Three of the differentially expressed
genes (ID4, NR2F1 and PTGDS) form a novel disease signa-
ture that stratified prostate cancer patients based on risk of
BCR. Two other genes, ADM and CITED1, were overex-
pressed in AR-E231G prostates and subsequently shown to
influence human prostate cancer cell viability and prolifera-
tion. Collectively, these results highlight the utility of the AR-
E231G model and suggest that it will be useful not only in

Figure 4. The expression of NR2F1, ID4 and PTGDS is decreased in

more aggressive prostate cancer. Expression of NR2F1 (a, left

panel), ID4 (b, left panel) and PTGDS (c, left panel) is significantly

altered between nonmalignant (NM) and patient-matched

cancerous prostate tissue, and expression of NR2F1 (a, right

panel), ID4 (b, right panel) and PTGDS (c, right panel) generally

decreases from Gleason grade 3 to grade 4 in the APC

BioResource. Gr: Gleason grade. *, significantly different from

controls, p < 0.05.
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elucidating the mechanisms underlying AR-driven oncogene-
sis in the prostate but also to identify clinically relevant bio-
markers of disease.

At least three additional lines of evidence support the idea
that genes altered in AR-E231G mice are relevant to human
disease. First, �38% of the genes differentially expressed in
AR-E231G prostates at the time of cancer initiation are also
deregulated in clinical prostate cancer. This concordance is
similar to a related study using TRAMP mice (39% concord-
ance) but considerably higher than equivalent profiling of the
Gc-globin-Tag model (12% concordance).40,41 Second, several
IPA pathways known to be important in prostate cancer,
including ‘‘fatty acid metabolism,’’ ‘‘cell cycle’’ and ‘‘cancer,’’
were enriched in the AR-E231G gene list. Third, 16 of the
132 (12%) genes in the AR-E231G set are known to be
androgen-regulated. The identification of biologically relevant
genes, including those likely to be direct AR targets, in the
AR-E231G set provides strong support for the rationale
underlying our experimental strategy, namely to use this

Figure 5. Functional analysis of ID4, NR2F1 and PTGDS in LNCaP

prostate cancer cells. The effect on cell viability (a) and cell death

(b) after gene overexpression was measured using the trypan blue

cell exclusion assay. Error bars are 6 sem from three biological

replicates. (c) NR2F1 is negatively regulated by androgens in the

LNCaP prostate cancer cell line. RNA was extracted at the time

points shown and gene expression quantified by qPCR. Error bars

are 6 sem of biological triplicates. Veh: vehicle control (ethanol);

DHT: 5a-dihydrotestosterone. *, significantly different from controls

(p < 0.05).

Figure 6. The three-gene signature of ID4, NR2F1 and PTGDS can

stratify patients based on BCR. (a) Kaplan–Meier analysis of

patients in the Glinsky cohort [28] stratified into two groups by K-

means clustering based on gene signature expression (p ¼ 0.038,

Gehan–Breslow–Wilcoxon test). BCR: biochemical recurrence. (b)

Multivariate analysis of prognostic factors in prostate cancer

recurrence. Patient stratification was as follows: PSA > 10; tumor

stage > T1; age � 60; gleason grade > 7. PSA: prostate-specific

antigen; HR: hazard ratio; CI: confidence interval.
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model of prostate cancer to identify novel drivers and effec-
tors of AR-mediated prostate carcinogenesis.

AR has both oncogenic and tumor suppressive
capacity,8,42 which may reflect its ability to both suppress
proliferation in prostate epithelia and to mediate proliferative
paracrine signaling from the stroma.43 However, the molecu-
lar details of this apparent dichotomy, including AR target
genes, which mediate growth-inhibitory and -stimulatory ac-
tivity, are largely unknown. As a model of AR-driven pros-
tate cancer, AR-E231G mice may allow elucidation of the
mechanisms underlying the oncogenic actions of AR in the
prostate. Adm and Cited1 were two genes found to be differ-
entially expressed in the prostates of AR-E231G mice com-
pared to control mice at 12 weeks of age. ADM is an angio-
genic factor that is induced in the absence of androgens,30,38

promotes prostate cancer cell growth in vitro and in vivo30

and is required for maintenance of the neuroendocrine phe-
notype in LNCaP cells.30 CITED1 is a poorly characterized
transcriptional coactivator that may enhance the transcrip-
tional activity of the AR.39 The levels of these factors were
elevated in AR-E231G mice, and both were shown to be
required for normal viability and proliferation in the LNCaP
cell line. Thus, ADM and CITED1 may act as novel effectors
of AR-mediated prostate tumorigenesis by promoting cell
proliferation and survival.

The expression of ADM and CITED1 were not altered in
human prostate cancer in the cohorts we analyzed. However,
the AR-E231G mouse prostates were obtained from 12-week-
old mice that exhibit PIN-like lesions, a precursor to cancer,
and therefore represent an earlier disease stage than the
patient cohorts used in this study, which are composed of
localized or advanced primary tumors. Thus, it is possible
that ADM and CITED1 are overexpressed during prostate
cancer initiation, perhaps to drive survival of premalignant
cells, but that their sustained overexpression is not necessary
for tumor growth and survival. Such a phenomenon has been
reported in the TRAMP model, where some genes are upreg-
ulated in PIN but subsequently decreased in tumors.40 How-
ever, further studies are needed to determine if ADM or
CITED1 are involved in human prostate tumorigenesis.
Importantly, these observations illustrate a key advantage of
using mouse models in cancer biology, namely the ability to
collect samples during the earliest transformation events.

Genes with altered expression in AR-E231G mice were
initially filtered through two human prostate cancer data sets.
Novel genes likely to provide further insight into prostate
cancer development or progression, respectively, could not be
identified in an unbiased and statistically significant manner
from either of these human data sets. Using both cohorts to-
gether provided a powerful tool for an unbiased identification
of genes, which proved to have prognostic power in prostate
cancer. Three genes, ID4, NR2F1 and PTGDS, found to be
differentially expressed in AR-E231G prostate tissue and in
both the Taylor and Holzbeierlein cohorts also showed con-
sistently reduced expression in malignant tissue in the eight

patient cohorts examined. In vitro, ID4 or PTGDS overex-
pression significantly increased prostate cancer cell death.
Our findings are consistent with previous reports showing tu-
mor suppressive activity in prostate for ID4 and PTGDS44,45

and reduced ID4 expression with disease progression,46

although the utility of these three genes to predict disease
progression has not previously been shown.

Importantly, this gene signature could stratify patients into
groups with high and low risk for BCR and improved the prog-
nostic capacity of the Gleason score. Although our gene signa-
ture only modestly increased the C-index of the Gleason score
(0.727–0.744), it performed similarly to another recently
reported gene-based classifier of BCR of prostate cancer.47 In
addition to their predicting relapse, our data revealed three other
notable characteristics of ID4, NR2F1 and PTGDS. First, these
genes were negatively regulated by androgens and appeared to
be biomarkers of castration resistance in the prostates of castrate
men. Second, given that their expression was reduced in malig-
nant versus nonmalignant prostate tissue and generally
decreased during progression to later-stages of disease, they may
play a protective role in prostate cancer. Thus, further functional
characterization of ID4, NR2F1 and PTGDS in relation to pros-
tate cancer is justified. Third, and again highlighting their bio-
logical importance, all the genes in our novel disease signature
are located at regions of deletions or chromosomal break points
in prostate cancer.48–50 It is therefore possible that genomic
rearrangements may be the primary reason for their altered
expression in prostate cancer. This idea is in accordance with a
recent large-scale genomic study of prostate tumors, which
found that copy-number alterations are more robust stratifiers
of disease grade than mRNA or miRNA expression profiles.25

In summary, an integrative genomics approach was used
to identify and characterize genes differentially expressed
during the initiation of prostate cancer in AR-E231G mice.
These findings represent the first gene profile of AR-driven
prostate cancer, provide knowledge as to how deregulated AR
signaling might contribute to prostate cancer etiology and
identify targets that may act as either clinically useful
markers of disease outcome or novel therapeutic targets.
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