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Abstract

In this report, we have investigated the relationship between
androgen levels and prostate tumorigenesis in Nkx3.1; Pten
mutant mice, a genetically engineered mouse model of human
prostate cancer. By experimentally manipulating serum levels
of testosterone in these mice for an extended period (i.e.,
7 months), we have found that prolonged exposure of Nkx3.1;
Pten mutant mice to androgen levels that are 10-fold lower
than normal (the ‘‘Low-T’’ group) resulted in a marked
acceleration of prostate tumorigenesis compared with those
exposed to androgen levels within the reference range (the
‘‘Normal-T’’ group). We found that prostate tumors from the
Low-T mutant mice share a similar gene expression profile
as androgen-independent prostate tumors from these mutant
mice, which includes the deregulated expression of several
genes that are up-regulated in human hormone-refractory pro-
state cancer, such as Vav3 and Runx1. We propose that exposure
to reduced androgens may promote prostate tumorigenesis by
selecting for molecular events that promote more aggressive,
hormone-refractory tumors. [Cancer Res 2007;67(19):9089–96]

Introduction

Androgen receptor (AR) signaling is essential for prostate
development as well as all stages of prostate tumorigenesis (1–3),
which was the foundation for the landmark work of Huggins and
Hodges (4) who introduced androgen deprivation therapy (ADT)
for treatment of prostate cancer. Although ADT remains a widely
used treatment for patients with advanced disease (3, 5–8), the
relationship between androgen levels and the evolution of prostate
cancer remains unresolved. Indeed, serum levels of testosterone are
known to decline with aging and aging represents one of the most
significant risk factors for prostate cancer (9–11); yet, whether this
relationship is causal or coincidental remains unclear. Further-
more, several studies have shown a correlation between low levels
of serum androgens and the occurrence and/or outcome of
prostate cancer (12–16). In contrast, elevated levels of androgen
are known to promote carcinogenesis in rodent models, although
this may be due in part to its conversion to estrogens (10, 11).
Understanding these relationships is further complicated by the
fact that serum testosterone levels may not reflect their actual

levels in prostate tumors, which may be capable of synthesizing
androgens (17). Indeed, it seems plausible that variations in
androgen levels, either as a result of experimental manipulation
or by virtue of aging, may have different consequences for indi-
viduals who are cancer prone or not.
To directly investigate the relationship between androgen levels

and prostate tumorigenesis, we have used a mutant mouse model
based on the combined loss of function of the Nkx3.1 homeobox
gene and the Pten tumor suppressor, both of which are relevant for
human prostate cancer (18–22). NKX3.1 is located in a region of
human chromosome 8p21, which is frequently lost at early stages
of prostate cancer, whereas loss of function of Nkx3.1 in mutant
mice leads to impaired prostate differentiation and predisposes to
prostate cancer (reviewed in ref. 21). PTEN is a broad-spectrum
tumor suppressor gene that is deregulated in many types of cancer,
and particularly prostate cancer, where its function is critically
associated with AR signaling (reviewed in refs. 18–20). Mutant
mice having germ-line loss of function of one allele of Nkx3.1 and
Pten (herein referred to as Nkx3.1; Pten mutant mice) develop
prostate intraepithelial neoplasia (PIN), which progresses to adeno-
carcinoma with metastatic potential as a consequence of aging, as
well as hormone-refractory tumors following androgen deprivation
(23–26).
We have now used these Nkx3.1; Pten mutant mice to investigate

the relationship between androgen levels and prostate tumorigen-
esis. We find that sustained delivery of low levels of androgens
accelerates prostate cancer in these mutant mice and that the
resulting tumors share molecular features in common with
androgen-independent tumors from the Nkx3.1; Pten mutant mice.
These findings provide experimental evidence to support the idea
that limiting androgens promotes prostate tumorigenesis, which
is due in part to the selection for a more aggressive, hormone-
refractory phenotype.

Materials and Methods

The Nkx3.1; Pten mutant mice have been described previously (23, 25).

Analyses were done on a hybrid 129/SvImJ and C57BL/65 background.

Cohorts of age-matched (6 weeks old) wild-type (Nkx3.1+/+; Pten+/+) or

mutant (Nkx3.1+/�OR�/�; Pten+/�) mice were castrated to eliminate
endogenous testicular androgens. Testosterone propionate (hereafter,

testosterone; 4-androsten-17h-ol-3-one 17-propionate; Sigma) or vehicle

(polyethylene glycol 400, Fluka) was provided by osmotic pumps (Alzet

minipumps model 2004, 0.25 AL/h), which were implanted into the
midscapular and replaced every 28 days. Pilot studies were done to define

the actual concentration of testosterone (0–25 mmol/L; 0–7.5 mg/mL) that

would result in the desired levels in the serum (<20–1,500 pg/mL; Fig. 1A).
Aside from the delivery of testosterone, all other variables, such as diet and

environmental factors, were maintained under controlled conditions for the

duration of the experiment (8.5 months).

Note: Supplementary data for this article are available at Cancer Research Online
(http://cancerres.aacrjournals.org/).
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At the time of sacrifice, serum was collected by cardiac puncture and

testosterone levels were measured using a Cayman Chemical Assay Service.

The prostate lobes (anterior, dorsolateral, and ventral) were dissected

individually and bilaterally with one side fixed in formalin and embedded in
paraffin and the other snap frozen in OCT (Sakura Finetek). Histologic and

immunohistochemical analyses were done on paraffin-embedded tissues as

described (23, 25). Criteria for grading PIN phenotypes in Nkx3.1; Pten

mutant mice and for distinguishing low-grade and high-grade PIN have

been described previously (27). Grading of the phenotypes was done blindly

and independently by three individuals (W.B-P., H.G., and C.A-S.), each
inspecting multiple (3–5) sections from several distinct regions of the

anterior and dorsolateral prostatic lobes for each experimental animal. Data

Figure 1. Prolonged exposure to low serum levels of testosterone accelerates prostate cancer progression in Nkx3.1; Pten mutant mice. A, experimental design.
Top left, schematic representation of the time course of prostate cancer progression in Nkx3.1; Pten mutant mice showing the temporal progression of organogenesis,
low-grade PIN (LGPIN ), high-grade PIN (HGPIN ), and cancer; bottom left, mice were castrated or not (the Mock group) at puberty (6 wks of age) and implanted
with an osmotic pump containing vehicle only (the No-T group) or with the appropriate concentration of testosterone to obtain serum levels that were 10-fold lower than
normal (the Low-T group; 3 mmol/L) or within the reference range (the Normal-T group; 25 mmol/L). Osmotic pumps were replaced each month for 7 mo and the
mice were analyzed at 8.5 mo of age. Right, serum levels of testosterone are shown for each of the groups. B, histologic phenotype. H&E-stained sections of the
anterior prostate from wild-type (Nkx3.1+/+; Pten+/+) or mutant (Nkx3.1�/�; Pten+/�) mice of the indicated experimental groups. For the wild-type mice (a–d ), note that
the histologic appearance of Mock, Low-T, and Normal-T groups is similar, whereas the No-T group is fully regressed, as is characteristic of the castrated prostate.
For the mutant mice (e–h ), note that the Mock, No-T, and Normal-T mice display low-grade PIN, whereas the Low-T group displays high-grade PIN with areas of
invasion (arrows ). Bar, 100 Am. C, summary of the histologic phenotype. Columns, percentage of cases that displayed the indicated histologic phenotype. Data
summary is provided in Table 1.
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are shown for the anterior lobe; similar results were obtained for the
dorsolateral prostate (data not shown).

For gene expression profiling, laser capture microdissection (Arcturus

Pixcell IIe) was done to isolate prostate epithelial cells from cryosections of

the OCT-embedded anterior prostate of mice from the following groups:
normal, dysplasia, low-grade PIN, high-grade PIN, cancer, androgen-

independent high-grade PIN, androgen-independent cancer, and low

testosterone (‘‘Low-T’’) mutants. RNA was prepared using the PicoPure

RNA isolation kit (Arcturus) followed by RNA linear amplification and
labeling using Small Sample Labeling Protocol VII (Affymetrix). Biotin-

labeled RNA samples were hybridized to Affymetrix GeneChips (MOE430A).

GeneChips were scanned for data acquisition using a GeneChip Scanner

3000 (Affymetrix). Affymetrix Microarray Suite 5.0 was used to generate
‘‘CEL’’ files that were then processed using Robust Multichip Analysis in

Bioconductor/R (28). Gene expression level values for each transcript in

each sample were set to its ratio relative to the median expression of the
measurements of that transcript across the normal (wild-type) samples.

The ANOVA method (P V 0.1) was used to identify differential gene

expression between the following sample groups: normal, dysplasia/low-

grade PIN, high-grade PIN/cancer, androgen-independent high-grade PIN,
and androgen-independent cancer. Two-way hierarchical tree clustering

was done across the previously mentioned samples and, additionally, the

Low-T mutants. K-means clustering was used to identify the principal

patterns of gene expression. Statistical comparisons were done using
GeneSpring GX v7.3.1 (Agilent Technologies). Results from the primary

analysis were corrected for multiple testing effects by applying the

Benjamini et al. (29) false discovery rate (FDR) correction (FDR V 0.1).
Additional details will be published elsewhere.4

Results and Discussion

Investigating the relationship between androgen levels and
prostate tumorigenesis. To investigate the relationship between
androgen levels and prostate cancer in Nkx3.1; Pten mutant mice,
we experimentally manipulated androgen levels for an extended
period (7 months) and then assessed the consequences for prostate
tumorigenesis (Fig. 1A). Specifically, cohorts of littermate wild-type
or Nkx3.1; Pten mutant mice were enrolled at puberty (6 weeks of
age), by which time the murine prostate is fully mature (1), but
before the occurrence of PIN or cancer phenotypes in the mutant
mice (23, 25). The mice were castrated to remove the endogenous
source of testicular androgens and implanted with osmotic pumps
for delivery of controlled levels of testosterone (or vehicle) for an
additional 7 months.
Before initiating this study, we determined that the serum

levels of testosterone in these mice are in the range of 1,000 to
2,500 pg/mL, similar to that reported for other rodents (9, 11). Next,
we empirically determined the concentration of testosterone in the
osmotic pumps that was needed to achieve serum levels that were
negligible (i.e., <20 pg/mL for the ‘‘No-T’’ group), 10-fold lower than
normal (i.e., 200 pg/mL for the Low-T group), or within the
reference range (i.e., 1,500 pg/mL for the ‘‘Normal-T’’ group), which
were 0, 3, and 25 mmol/L, respectively. The osmotic pumps, which
provide continuous delivery for 28 days, were implanted when the
mice were 6 weeks of age and replaced monthly for 6 consecutive
months such that all mice were exactly 8.5 months at the
conclusion of the study (Fig. 1A). Because the continuous delivery
of testosterone via osmotic pumps does not replicate the normal
diurnal variation of testosterone (9, 11), we maintained a cohort of
mice that had not been castrated or otherwise manipulated, which
provided a control for endogenous levels of testosterone (i.e., the

‘‘Mock’’ group). At the conclusion of the study, the mice were
sacrificed and the consequences for prostate tumorigenesis were
assessed by histologic and molecular analyses.
Therefore, this study compared the following groups of Nkx3.1;

Pten mutant and wild-type mice: (a) those without exogenous
testosterone (the No-T group), (b) those with testosterone levels
that were 10-fold lower than normal (the Low-T group), (c) those
with testosterone levels within the reference range (the Normal-T
group), or (d) those with endogenous (unmanipulated) levels of
testosterone (the Mock group).

The Low-T group display accelerated prostate cancer
progression. The prostate cancer phenotype in the Nkx3.1; Pten
mutant mice is highly penetrated and displays a well-characterized
time course of progression (23, 25). In particular, these mice
develop low-grade PIN by 6 months of age, which progresses to
high-grade PIN by 9 months and adenocarcinoma by 12 months,
whereas androgen ablation at 9 to 12 months leads to androgen
independence (Fig. 1A ; refs. 23, 25). Notably, at 8.5 months, which
was the age of the mice at the conclusion of this experiment, the
Nkx3.1; Pten mutant mice characteristically display low- and high-
grade PIN but not adenocarcinoma (23, 25).
To investigate the effect of varying circulating testosterone levels

for prostate tumorigenesis, we examined the histologic phenotype
of the experimentally manipulated wild-type and Nkx3.1; Pten
mutant mice, focusing on the anterior and dorsolateral prostate
(Fig. 1B ; data not shown), which are the lobes that display a tumor
phenotype in these mutant mice (25). We found that the level of
circulating testosterone had a dramatic effect on the occurrence
of PIN and cancer in the mutant mice (Fig. 1B and C ; Table 1).
Specifically, whereas all of the mutant mice in the Mock (n = 6) and
Normal-T groups (n = 15) displayed low- and high-grade PIN, but
not cancer, as is characteristic of these mutant mice at 8.5 months
(25), a majority (17 of 24) of the mutant mice in the Low-T
group displayed high-grade PIN with invasive carcinoma (Fig. 1C ;
Table 1). This represents a significant acceleration of the pheno-
type of the Low-T group relative to the Mock and Normal group
(P < 0.0001 for Low-T versus Mock and Low-T versus Normal-T).
We interpret the consequences of the reduced androgens as an

acceleration of the cancer phenotype because the histologic
appearance is similar to that seen in aged mutant mice (i.e., z12
months; refs. 23, 25). Importantly, the wild-type mice did not
display PIN or cancer phenotypes regardless of their serum
testosterone levels (Fig. 1B ; Table 1), indicating that the
consequences of reduced androgens for acceleration of the cancer
phenotype were dependent on loss of function of Nkx3.1 and Pten
in these mutant mice. Furthermore, although some of the mutant
mice in the No-T group developed low-grade PIN, none displayed
high-grade PIN or cancer (Fig. 1B and C ; Table 1). Therefore, the
reduction, but not depletion, of serum testosterone promotes a
more severe prostate cancer phenotype in the Nkx3.1; Pten mutant
mice.
The accelerated cancer phenotype of the Low-T mutant group

was further evident by immunohistochemical analyses using well-
characterized markers of cancer progression in the Nkx3.1; Pten
mutant mice (Fig. 2; refs. 23, 25). We found that the Low-T mutant
group displayed comparable and sometimes elevated levels of AR
protein expression compared with the Mock and Normal-T groups
(Fig. 2A–D). In addition, the stroma of the Low-Tmutant group was
significantly attenuated, as evident by staining with smooth muscle
actin, a marker of invasion in these mice (23, 25). Finally, all of the
mutant mice displayed robust levels of activated Akt as expected4 W.J. Jessen et al., in preparation.
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due to their mutation of Pten (25), whereas activation of extra-
cellular signal-regulated kinase (ERK) mitogen-activated protein
kinase (MAPK) was primarily elevated in the Low-Tgroup (Fig. 2I–P).
This is consistent with our previous findings in which we observed
ERK activation in advanced and androgen-independent tumors
in these mutant mice (24). Taken together, these findings show that

reduced levels of serum accelerate cancer progression in Nkx3.1;
Pten mutant mice.

Prostate tumors of the Low-T group share a similar gene
expression profile as androgen-independent prostate tumors.
To investigate the molecular basis for the accelerated cancer
phenotype of the Low-T mutant mice, we did Affymetrix gene

Figure 2. The prostate phenotype of Nkx3.1; Pten mutant mice with low serum levels of testosterone display features of cancer progression. A to D, immunostaining
for AR shows robust nuclear expression in the prostate epithelium of all experimental groups, although the Low-T mutant (C ) has staining in the cytoplasm as well.
E to H, immunostaining for smooth muscle actin (SMA ) shows attenuation of the stroma in the Low-T mutant (G ), which is associated with cancer progression in
these mutant mice (23, 25). I to L, immunostaining for activated Akt kinase (p-Akt) shows robust activation in the PIN/cancer lesions for all of the mutant mice.
M to P, immunostaining for activated ERK MAPK (p-ERK ) shows elevated expression in the Low-T mutant (O ), which is associated with cancer progression and
androgen independence in these mutant mice (24). Bar, 100 Am.

Table 1. Summary of histologic phenotype

Group Genotype n Prostate phenotype*

Mock Nkx3.1+/+; Pten+/+ 4 Normal prostate histology; no PIN phenotype (4/4)

Nkx3.1+/�OR�/�; Pten+/� 6 LGPIN (4/6); HGPIN (2/6)

No T Nkx3.1+/+; Pten+/+ 6 Fully regressed (6/6)
Nkx3.1+/�OR�/�; Pten+/� 12 Regressed prostate (12/12) with focal LGPIN (9/12)

Low T Nkx3.1+/+; Pten+/+ 8 ‘‘Normal’’ prostate histology; no PIN phenotype (4/4)

Nkx3.1+/�OR�/�; Pten+/� 24 LGPIN (2/24); HGPIN (5/24); HGPIN with areas of invasion (17/24)
Normal T Nkx3.1+/+; Pten+/+ 8 Normal prostate histology; no PIN phenotype (4/4)

Nkx3.1+/�OR�/�; Pten+/� 15 LGPIN (9/15); HGPIN (6/15)

Abbreviations: LGPIN, low-grade PIN; HGPIN, high-grade PIN.

*Histologic criteria for grading was described in ref. 27.
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Figure 3. The Low-T mutant mice display a similar pattern of expression as the androgen-independent mutant mice. A, comparison of transcripts expressed
during prostate cancer progression in Nkx3.1; Pten mutant mice with the Low-T mutants, probe sets that are differentially expressed between normal, dysplastic,
low-grade PIN, high-grade PIN, cancer, and androgen-independent high-grade PIN (AI-HGPIN ) and cancer to the Low-T mutants. Note that the Low-T mutants
share similar patterns of gene expression as the androgen-independent mice. In particular, the gene cluster indicated in green shows increased expression in both
androgen-independent tumors and Low-T mutant samples and includes several genes associated with cancer, including Runx1 and Vav3. B, real-time PCR for selected
genes, Runx1 and Vav3 , showing a similar degree of up-regulated expression in RNA from the androgen-independent high-grade PIN and the Low-T mutant mice
(six animals per group). Expression levels of the experimental gene are standardized to glyceraldehyde-3-phosphate dehydrogenase (internal control) and plotted using
prism box and whiskers graph.
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Table 2. Representative deregulated genes in the androgen-independent and Low-T groups of Nkx3.1; Pten mutant mice

Gene

symbol

Gene description Affymetrix ID FDR Fold change (Normal T to

androgen independence)

Fold change

(Normal T to Low T)

Ar AR 1422982_at 2.12E�02 1.312 1.288

Btg2 B-cell translocation gene 2,

antiproliferative

1448272_at 7.78E�02 1.813 2.484

Car12 Carbonic anhydrase 12 1428485_at 3.56E�04 12.6 17

Car2 Carbonic anhydrase 2 1448752_at 5.08E�03 6.477 7.913

Car3 Carbonic anhydrase 3 1449434_at 3.29E�02 4.463 0.878

Car8 Carbonic anhydrase 8 1424958_at 1.34E�02 1.386 1.569
Casp7 Caspase 7 1426062_a_at 3.53E�02 1.283 1.119

Ctnnb1 Catenin (cadherin-associated protein),

h1, 88 kDa
1420811_a_at 3.14E�03 4.218 4.68

1450008_a_at 4.59E�02 1.72 1.674
Ctnnbl1 Catenin, h-like 1 1448582_at 7.90E�02 1.307 1.947

Ctsb Cathepsin B 1417491_at 2.74E�02 2.067 2.677

Ctsl Cathepsin L 1451310_a_at 3.87E�02 4.098 2.709

Ctsz Cathepsin Z 1417868_a_at 5.56E�02 4.347 3.7
1417869_s_at 4.52E�02 2.685 2.636

1417870_x_at 3.08E�02 3.215 3.032

1451154_a_at 6.95E�02 1.892 1.763

Cx3cr1 Chemokine (C-X3-C) receptor 1 1450020_at 2.98E�02 1.619 1.668
Cxcl13 Chemokine (C-X-C motif) ligand 13 1417851_at 4.50E�08 6.631 3.898

1448859_at 1.41E�02 1.705 1.292

Cxcl4 Chemokine (C-X-C motif) ligand 4 1448995_at 7.25E�03 2.618 1.912
Eed Embryonic ectoderm development 1448653_at 9.67E�02 2.139 2.78

Ets1 E26 avian leukemia oncogene 1, 5¶ domain 1426725_s_at 6.42E�03 2.322 2.344

1452163_at 6.41E�03 3.78 5.908

Etv3 Ets variant gene 3 1418637_at 1.82E�02 2.283 2.404
Ezh1 Enhancer of zeste homologue 1 (Drosophila) 1449023_a_at 6.16E�03 1.404 1.45

Fes Feline sarcoma oncogene 1452410_a_at 8.11E�03 1.347 1.012

Fgf23 Fibroblast growth factor 23 1422176_at 1.06E�02 1.179 1.073

Fos FBJ osteosarcoma oncogene 1423100_at 7.06E�02 5.408 4.492
Foxo3a Forkhead box O3a 1434832_at 8.33E�02 1.705 2.578

Mmp23 Matrix metalloproteinase 23 1417281_a_at 1.75E�02 1.462 2.438

Mmp9 Matrix metalloproteinase 9 1416298_at 7.82E�03 1.748 1.151
1448291_at 9.31E�02 1.848 1.368

Pik3r1 Phosphoinositide 3-kinase, regulatory

subunit 1 (p85a)
1425514_at 7.02E�02 3.634 2.368

Pim1 Proviral integration site 1 1435458_at 4.31E�03 2.247 2.298
Prkcb1 Acid phosphatase 1, soluble 1460419_a_at 9.51E�02 1.508 1.373

Ptp4a2 Protein tyrosine phosphatase 4a2 1460707_at 5.62E�02 1.876 1.988

Ptprc Protein tyrosine phosphatase, receptor type, C 1422124_a_at 8.80E�03 8.779 8.164

Ptprk Protein tyrosine phosphatase, receptor type, K 1423278_at 7.86E�02 1.498 1.273
Runx1 Runt-related transcription factor 1 1422864_at 3.28E�03 6.693 11.11

Sdc1 Syndecan 1 1415943_at 1.48E�02 3.698 3.596

1415944_at 4.88E�02 1.638 1.918
Sdc4 Syndecan 4 1417654_at 1.14E�04 2.531 2.718

1448793_a_at 5.08E�03 2.923 3.566

Smad1 MAD homologue 1 (Drosophila) 1448208_at 4.56E�02 2.425 2.246

Smad2 MAD homologue 2 (Drosophila) 1420634_a_at 6.11E�02 1.661 1.591
Soat1 Sterol O-acyltransferase 1 1417696_at 1.31E�02 1.469 1.204

1417697_at 1.34E�02 1.68 1.858

Sox4 SRY-box containing gene 4 1449370_at 9.87E�02 1.233 1.382

Stat3 Signal transducers and activators of
transcription 3

1426587_a_at 1.62E�02 2.774 2.431

Steap1 Six-transmembrane epithelial antigen

of the prostate

1451532_s_at 2.91E�02 1.621 1.438

Vav3 Vav 3 oncogene 1417122_at 2.74E�02 1.971 2.06
1448600_s_at 3.16E�04 2.767 2.835

Vil1 Villin 1 1448837_at 6.93E�02 1.7 1.264

Vnn1 Vanin 1 1418486_at 3.77E�02 3.894 3.112
Vnn3 Vanin 3 1420723_at 1.35E�02 1.654 1.295
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expression profiling (Fig. 3A). These analyses were facilitated by
our extensive characterization of gene expression changes that
occur during cancer progression in the Nkx3.1; Pten mutant mice,
where we have examined differentially expressed genes at all stages
of tumorigenesis.4 Thus, we did two-way hierarchical tree
clustering to compare probe sets that were differentially regulated
between normal, dysplastic, low-grade PIN, high-grade PIN, cancer,
and androgen-independent high-grade PIN and cancer4 to the
Low-T mutants.
We found that the Low-T mutants displayed a gene expression

profile that was strikingly similar to that found in androgen-
independent tumors from Nkx3.1; Pten mutant mice. In particular,
using K-means clustering to identify the principal patterns of gene
expression, we found that one cluster displayed remarkable degree
of overlap between the androgen-independent and the Low-T
groups (Fig. 3A ; Table 2; Supplementary Table S1). Notably, this
cluster includes several genes that have been associated with
prostate cancer progression and hormone-refractory disease in
humans, including AR, MMP9, Ets1, Runx1 , and Vav3 (Fig. 3B ;
Table 2; e.g., refs. 30–32). Therefore, reduced levels of androgens
promote a molecular phenotype that is similar to androgen
independence in the Nkx3.1; Pten mutant mice.

Conclusions

The relationship of serum androgen levels for prostate cancer
progression has important implications for treatment of prostate
cancer patients as well as evaluating the risk of individuals
predisposed to prostate cancer. Considering the impracticality of
addressing this relationship experimentally in humans, we have
used a relevant mutant mouse model based on loss of function of
Nkx3.1 and Pten to manipulate serum levels of testosterone and
assess the consequences for cancer progression. Our findings show
that sustained exposure of the mutant mice to reduced levels of
testosterone leads to an accelerated cancer phenotype, which
displays a similar molecular profile as androgen-independent pro-
state tumors from these mice. Therefore, at least in certain circum-
stances, prolonged exposure to low androgen can promote, rather

than prevent, prostate carcinogenesis, potentially by providing a
selective advantage for the outgrowth of androgen-independent
prostate cancer cells.
We have shown previously that Nkx3.1; Pten mutant mice display

androgen-independent phenotypes before the onset of cancer
phenotypes and that androgen independence can develop in
parallel with, rather than as a consequence of, cancer progression
(26). The present findings, in combination with our previous ones,
have important implications for experimental manipulation of
androgen levels in the human population for chemoprevention, as
opposed to the use of ADT for the treatment of patients with
advanced prostate cancer. In particular, our findings suggest that
some individuals may be harmed rather than helped by treat-
ments that reduce androgen levels. Indeed, the findings of the
Prostate Cancer Prevention Trial reported that, although finas-
teride (an agent that blocks production of dihydrotestosterone)
reduced the incidence of prostate cancer f25%, some individuals
who received finasteride and developed prostate cancer displayed a
higher grade of the disease (33). In light of our current findings, one
interpretation is that these individuals were already predisposed
to develop prostate cancer and the finasteride facilitated this by
promoting for the selection of more aggressive (i.e., androgen
independent) prostate cancer cells.
It is widely recognized that aging is coincident with a progressive

decline in androgen levels, while at the same time aging represents
the single most important risk factor for prostate cancer. Our
findings support the idea that these phenomena are causally linked.
Further studies in the human population will be required to
evaluate this possible relationship and develop strategies to reverse
this phenomenon, perhaps via androgen supplementation.
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