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Hypoxia-inducible factor-1 alpha (HIF-1a) and aryl hydrocarbon
receptor nuclear translocator (ARNT) are basic helix-loop-helix/
per-arnt-sim (PAS) family transcription factors. During angio-
genesis and tumor growth, HIF-1a dimerizes with ARNT, induc-
ing expression of many genes, including vascular endothelial
growth factor (VEGF). ARNT also dimerizes with the aryl hydro-
carbon receptor (AhR). AhR-null (Ahr2/2) transgenic adenocar-
cinoma of the mouse prostate (TRAMP) mice develop prostate
tumors with greater frequency than AhR wild-type (Ahr1/1)
TRAMP mice, even though prevalence of prostate epithelial hy-
perplasia is not inhibited. This suggests that Ahr inhibits prostate
carcinogenesis. In TRAMP mice, prostatic epithelial hyperplasia
results in stabilized HIF-1a, inducing expression of VEGF, a pre-
requisite for tumor growth and angiogenesis. Since ARNT is
a common dimerization partner of AhR and HIF-1a, we hypoth-
esized that the AhR inhibits prostate tumor formation by compet-
ing with HIF-1a for ARNT, thereby limiting VEGF production.
Prostates from Ahr1/1, Ahr1/2 and Ahr2/2 C57BL/6J TRAMP
mice were cultured in the presence of graded concentrations of
vanadate, an inducer of VEGF through the HIF-1a–ARNT path-
way. Vanadate induced VEGF protein in a dose-dependent fash-
ion in Ahr1/2 and Ahr2/2 TRAMP cultures, but not in Ahr1/1

cultures. However, vanadate induced upstream proteins in the
phosphatidylinositol 3-kinase-signaling cascade to a similar extent
in TRAMPs of each Ahr genotype, evidenced by v-akt murine
thymoma viral oncogene homolog (Akt) phosphorylation. These
findings suggest that AhR sequesters ARNT, decreasing inter-
action with HIF-1a reducing VEGF production. Since VEGF is
required for tumor vascularization and growth, these studies
further suggest that reduction in VEGF correlates with inhibited
prostate carcinogenesis in Ahr1/1 TRAMP mice.

Introduction

Recent estimates indicate that prostate cancer is the most common
non-cutaneous cancer diagnosed annually and is the second leading
cause of cancer death in American men (1). It is believed that human
prostate cancer originates from high-grade prostatic intraepithelial
neoplasia lesions (2,3) that progress through distinct morphological
stages to clinical disease. A shift toward androgen-independence oc-
curs in the progression of these microscopic lesions to advanced
prostate cancer, correlating with greater metastatic potential (4,5).

Angiogenesis plays an integral role in tumor growth and progres-
sion (6,7). Vascular endothelial growth factor (VEGF) is the major
growth factor that regulates angiogenesis and tumor growth (8).
VEGF expression correlates with greater microvessel density and an
unfavorable prognosis in patients with prostate cancer (9–12). VEGF
is transcriptionally regulated by hypoxia-inducible factor-1 alpha
(HIF-1a) in response to tissue hypoxia (13,14) and through activation

of the phosphatidylinositol 3-kinase (PI3K)/v-akt murine thymoma
viral oncogene homolog (Akt) survival signaling pathways (15,16).
HIF-1a activation (17) and PI3K signaling (18) have been implicated
in several human cancers, including those of the prostate.

Tissue hypoxia stabilizes HIF-1a, which forms heterodimers with
HIF-1b, also known as the aryl hydrocarbon receptor nuclear trans-
locator (ARNT). Activation of this pathway induces VEGF produc-
tion. ARNT also heterodimerizes with the aryl hydrocarbon receptor
(AhR) (19), a basic helix-loop-helix ligand-activated transcription fac-
tor. Although the most well-defined role of the AhR is binding to
several environmental toxins including polychlorinated dibenzo-p-di-
oxins and dibenzofurans, an endogenous ligand for the AhR has re-
cently been identified (20,21). Both the AhR and ARNT are expressed
in benign prostatic hyperplasia and in prostate cancer in humans (22),
suggesting that the AhR may be implicated in prostate carcinogenesis.

Identification of the role of the AhR in normal developmental pro-
cesses has been facilitated by the availability of mice lacking the AhR
(Ahr�/�) (23–25). In a recent study using a genetic cross between
AhR-null mice and the transgenic adenocarcinoma of the mouse pros-
tate (TRAMP) model of prostate cancer (26–29), we showed that the
presence of the Ahr inhibited the formation of prostate tumors pos-
sessing a neuroendocrine phenotype (30). Although all mice had dif-
fuse epithelial hyperplasia in the dorsolateral prostate characteristic of
the TRAMP model by 105 days, Ahrþ/þ TRAMP mice had reduced
tumor incidence by 140 days of age. Immunohistochemical studies
have shown that neuroendocrine cells are androgen receptor negative
and colocalize with VEGF (9,10,31). This suggests that the AhR
could inhibit prostate tumor growth in TRAMP mice by regulating
VEGF production.

Because HIF-1a and the AhR share a common dimerization part-
ner, it is possible that interaction between the AhR and ARNT in
Ahrþ/þ TRAMPs renders them less susceptible to increasing HIF-
1a activity during carcinogenic progression in the TRAMP model
(32) than Ahr�/� TRAMPs. Thus, AhR–ARNT interaction could in-
hibit VEGF production, similar to the effect reported previously in the
heart (33), resulting in the prevention of tumor growth beyond micro-
scopic lesions. Inhibition of VEGF production by the AhR has been
associated with cardiac hypertrophy that develops in AhR-null mice
(33). When the AhR is absent, cardiac hypertrophy is accompanied by
greater HIF-1a levels and a subsequent increase in VEGF messenger
RNA abundance. Because Ahr�/� TRAMPs could be more suscepti-
ble to increasing HIF-1a activity than Ahrþ/þ TRAMPs, we devel-
oped a culture method to investigate this proposed mechanism. Based
on a previous observation that sodium orthovanadate stimulated the
PI3K pathway and HIF-1a-induced VEGF secretion (34), we have
applied this system to the cultured TRAMPs to quantitatively inves-
tigate regulation of the HIF-1a pathway by the AhR.

Using this model, we demonstrate that Ahrþ/þ TRAMPs are less
sensitive to vanadate-induced VEGF production than Ahrþ/� and
Ahr�/� TRAMPs. Furthermore, we demonstrate that ARNT and
HIF-1a levels are the same in Ahrþ/þ, Ahrþ/� and Ahr�/� TRAMPs
and that vanadate stimulated upstream signaling in the PI3K pathway
to a similar extent in TRAMPs of each Ahr genotype. These findings
suggest that inhibition of prostate carcinogenesis in Ahrþ/þ TRAMP
mice may result from increased AhR–ARNT interaction, reducing the
amount of ARNT available to interact with HIF-1a, in turn reducing
VEGF production and subsequent tumor growth.

Materials and methods

Transgenic mice

Animal care and use procedures were in accordance with the University of
Wisconsin-Madison Research Animal Care and Use Committee guidelines and
the National Institutes of Health Guide for the Care and Use of Laboratory

Abbreviations: AhR, aryl hydrocarbon receptor; ARNT, aryl hydrocarbon
receptor nuclear translocator; Akt, v-akt murine thymoma viral oncogene ho-
molog; HIF-1a, hypoxia-inducible factor-1 alpha; PI3K, phosphatidylinositol
3-kinase; TBST, tris-buffered saline tween-20; TRAMP, transgenic adenocar-
cinoma of the mouse prostate; VEGF, vascular endothelial growth factor.
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Animals. Mice were housed in clear plastic cages with heat-treated chipped
aspen bedding in rooms maintained at 24 ± 1�C with a 12 h light–dark cycle
(lighted from 6 a.m. to 6 p.m.). Feed (5015 Mouse Diet, PMI Nutrition In-
ternational, Brentwood, MO) and tap water were available ad libitum. C57BL/
6-Tg(TRAMP)8247Ng/J mice backcrossed to a C57BL/6J background for at
least 20 generations (stock number 003135, Jackson Laboratories, Bar Harbor,
ME) were obtained from Dr George Wilding (School of Medicine and Public
Health, University of Wisconsin, Madison, WI). AhR-null mice (Ahr�/�) back-
crossed to a C57BL/6J background for at least 15 generations were obtained
from Dr Christopher Bradfield (Department of Oncology, University of
Wisconsin). Ahr genotype was determined by polymerase chain reaction anal-
ysis of DNA from an ear punch taken at 10–16 days of age (35). TRAMP
transgene DNA was measured by quantitative real-time LightCycler polymer-
ase chain reaction using primers described by Greenberg et al. (26) and cyto-
keratin 8 primers as the loading control (36).

Female TRAMP mice heterozygous for the probasin-driven SV40 T antigen
were bred with C57BL/6J Ahr�/� males to generate Ahrþ/� TRAMPþ/� off-
spring. Mice were weaned at 21 days of age and a maximum of four males were
housed in one microisolation cage until used. At sexual maturity, these mice
were crossed to obtain Ahrþ/� TRAMPþ/þ male mice, which were bred with
Ahrþ/� TRAMP�/� female mice to obtain experimental males that were
TRAMPþ/� and Ahrþ/þ, Ahrþ/� or Ahr�/�.

Characterization of the effects of vanadate on VEGF secretion from Ahrþ/þ

and Ahrþ/� and Ahr�/� TRAMP organ cultures

At 140 days of age, dorsolateral prostates were dissected from Ahrþ/þ, Ahrþ/�

and Ahr�/� TRAMP mice without palpable prostate tumors, placed in ice-cold
Hanks’ balanced salt solution containing antibiotics/antimycotics (Gibco In-
vitrogen Corporation, Grand Island, NY) and minced into small (�2 to 4 mg)
pieces. From a previous experiment (30), it was determined that 140 days of
age was the earliest day that significant differences in prostate tumor incidence
occurred in Ahrþ/þ, Ahrþ/� and Ahr�/� TRAMP mice. Two pieces from the
dorsolateral lobe of each prostate were transferred to a 24-well culture plate
with 1 ml Dulbecco’s modified Eagle’s medium: F12 (with L-glutamine, Me-
diatech, Herndon, VA) culture media (1:1, vol:vol) containing 10% charcoal–
dextran-stripped fetal bovine serum (Fisher Scientific, Pittsburgh, PA),
antibiotics/antimycotics, insulin/transferrin/selenium (Gibco Invitrogen
Corporation), 10�8 M 5a-dihydrotestosterone (Sigma-Aldrich Co., St. Louis,
MO) and 0, 25, 50 or 100 lM vanadate (Sigma-Aldrich Co.). For inhibition of
vanadate activity, pieces of minced prostate from the same dorsolateral prostate
were also incubated with 100 lM vanadate plus 10, 50, 100 or 200 lM wort-
mannin (Sigma-Aldrich Co.). Because each dorsolateral prostate contributed
duplicate pieces for each of the treatment groups, comparisons of the effects of
vanadate and wortmannin on VEGF production could be made with the same
prostate exposed to vehicle alone, allowing each prostate to serve as its own
control. Dorsolateral prostate pieces were maintained in organ culture for 3
days, with media changed every 24 h. The media from the last 24 h incubation
was used for VEGF analysis. After 3 days in culture, prostate pieces were
weighed so that VEGF concentrations could be normalized to individual sam-
ple weight, and then flash frozen in liquid nitrogen for subsequent analysis.

Sample preparation

Frozen 105- and 140-day Ahrþ/þ, Ahrþ/� and Ahr�/� TRAMP dorsolateral
prostates or 140-day dorsolateral prostate cultures were homogenized in lysis
buffer containing 0.1% Triton X-100 and protease inhibitors using a Tissumizer
homogenizer (Tekmar, Cincinnati, OH). Cellular debris was removed by
10 min centrifugation at 12 000 r.p.m. on a tabletop centrifuge. Tissue homog-
enate protein concentrations were determined using the Pierce BCA kit (South
San Francisco, CA). For enzyme-linked immunosorbent assay analyses, tissue
homogenates were diluted in the appropriate buffer according to the manufac-
turer’s protocol. For western blot analysis, homogenates were boiled in sample
buffer (containing 10% b-mercaptoethanol and 10% sodium dodecyl sulfate)
and frozen at �20�C.

Enzyme-linked immunosorbent assay

VEGF and total HIF-1a concentrations were measured using ELISA kits
(R&D Systems, Minneapolis, MN) according to the manufacturer’s instruc-
tions. Whole-prostate tissue homogenates containing 40 lg of total protein
(10 lg total protein for cultured prostates) were increased to a final volume
of 16 ll by adding lysis buffer, eliminating potential alterations to binding
efficiency caused by adding differing volumes of lysis buffer. Absorbance was
measured at 450 nm with correction wavelength set at 540 nm. Sample con-
centrations were calculated from values obtained from the standard curve.

Western blot analysis

For each sample, 10 lg total protein was separated by sodium dodecyl sulfate–
polyacrylamide gel electrophoresis and transferred to a hybond membrane

(Amersham Biosciences, Piscataway, NJ) on a semidry blotting unit (Fisher
Scientific). Non-specific antibody binding was blocked by 5% non-fat dry milk
in tris-buffered saline tween-20 (TBST). Primary antibodies for ARNT (Santa
Cruz Biotechnology, Santa Cruz, CA, diluted 1:1000), Akt and phosphorylated
Akt (Cell Signaling Technology, Beverly, MA, diluted 1:200) and b-actin (Cell
Signaling Technology, diluted 1:1000) in TBST containing 3% non-fat dry
milk were incubated overnight at 4�C. Membranes were washed with TBST
prior to incubation with the appropriate horseradish peroxidase-conjugated
secondary antibody (Zymed, San Francisco, CA, diluted 1:2000) in blocking
buffer. Membranes were washed again with TBST, and bands were detected
using hyperfilm exposed to chemiluminescent substrate (Pierce). Band inten-
sity was determined using ImageQuant TL software (Amersham Biosciences)
and expressed relative to b-actin protein levels for each sample.

Statistical analysis

Data were analyzed for statistical significance using SigmaStat software
(Jandel Scientific, San Rafael, CA). Analysis of variance was conducted on
parametric data that passed Levene’s test for homogeneity of variance and were
normally distributed. If a significant effect was found, the least significant
difference test was used to determine which groups differed from the appro-
priate control group. Kruskal–Wallis one-way analysis of variance on ranks
was utilized for comparisons without normal distribution. Significance was set
at P , 0.05 for all tests.

Results

VEGF concentrations in Ahrþ/þ, Ahrþ/� and Ahr�/� TRAMP
dorsolateral prostates at 105 and 140 days of age

Prostatic VEGF concentrations in Ahrþ/þ, Ahrþ/� and Ahr�/�

TRAMP mice at 105 and 140 days of age are shown in Figure 1.
VEGF concentrations are elevated in Ahrþ/þ, Ahrþ/� and Ahr�/�

TRAMP mouse dorsolateral prostates between 140 and 105 days of
age. However, VEGF concentrations did not significantly differ be-
tween Ahr genotype at either 105 or 140 days of age.

Vanadate-induced VEGF production in an Ahrþ/� TRAMP mouse
dorsolateral prostate over time

Although VEGF production increases with age in prostates of all
TRAMP mice prior to prostate tumor formation, it is difficult to de-
finitively explain how mice of each Ahr genotype respond to activa-
tion of the angiogenesis signaling cascade. To identify how the
presence of the Ahr could regulate prostatic sensitivity to progres-
sively increasing activation of angiogenesis signaling, we quantified
VEGF production in response to vanadate, an inducer of the PI3K–
HIF-1a–VEGF pathway in prostate cancer cells (34). Exposure of an
Ahrþ/� TRAMP dorsolateral prostate in organ culture to 100 lM
vanadate resulted in a time-dependent increase in VEGF secretion
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Fig. 1. VEGF concentrations in Ahrþ/þ, Ahrþ/� and Ahr�/� C57BL/6J
TRAMP mouse dorsolateral prostates at 105 and 140 days of age. VEGF
concentrations were determined by enzyme immunoassay on 40 lg total
protein isolated from dorsolateral prostate tissue homogenates (n 5 6 for
each Ahr genotype at 105 and 140 days of age). �significantly different than
VEGF concentrations in dorsolateral prostates of the same Ahr genotype at
105 days of age (P , 0.05).
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into the culture media (Figure 2). VEGF secretion was also induced in
a linear fashion over time in Ahrþ/þ and Ahr�/� TRAMPs (results not
shown). These results show that vanadate also induced VEGF pro-
duction in cultured TRAMPs.

VEGF concentrations in organ culture media of Ahrþ/þ, Ahrþ/� and
Ahr�/� TRAMP mouse dorsolateral prostates exposed to vanadate

Having shown that VEGF production in the TRAMP can be stimu-
lated by vanadate exposure, we next determined how induction was
regulated by the Ahr. VEGF concentrations in culture media from
TRAMP dorsolateral prostates exposed to vehicle alone did not differ
based on Ahr genotype (Figure 3A). Thus, we surmised that Ahr
genotype would not influence the degree of vanadate responsiveness.
In cultured TRAMPs exposed to vanadate, VEGF concentrations were
induced in a dose-dependent manner only in Ahrþ/� and Ahr�/�

TRAMP cultures (Figure 3B). However, the maximum level of VEGF
induction exceeded the induction observed in Ahrþ/þ TRAMPs in
only Ahr�/� TRAMP cultures. In dorsolateral prostate cultures from
each Ahr genotype, vanadate-induced VEGF production was inhibited
by wortmannin, an inhibitor of PI3K activation. Thus, these results
demonstrate that unlike Ahrþ/� and Ahr�/� TRAMPs, Ahrþ/þ

TRAMPs are relatively resistant to vanadate induction of VEGF
and confirming a previous report that this activation occurs through
the PI3K-signaling cascade (34).

Vanadate activation of the PI3K-signaling cascade in Ahrþ/þ, Ahrþ/�

and Ahr�/� TRAMP mouse dorsolateral prostates

Although vanadate-induced VEGF production occurred to a greater
extent in Ahr�/� TRAMPs than those from Ahrþ/þ and Ahrþ/�

TRAMPs, it was still necessary to determine if vanadate induced
PI3K signaling upstream of VEGF in TRAMPs of all Ahr genotypes.
To quantify vanadate stimulation of the PI3K pathway upstream of
HIF-1a, we measured protein phosphorylation of Akt by western blot.
Total Akt protein levels did not differ significantly in Ahrþ/þ, Ahrþ/�

and Ahr�/� TRAMP dorsolateral prostates exposed to vehicle in cul-
ture, nor did they differ in prostates from any Ahr genotype upon
exposure to vanadate (Figure 4A). Thus, greater sensitivity to VEGF
production in Ahr�/� TRAMP dorsolateral prostates exposed to van-
adate could not be explained by inherently elevated Akt protein
expression. However, activation of PI3K signaling, detected by
phosphorylation of Akt, was elevated in all Ahrþ/þ, Ahrþ/� and
Ahr�/� TRAMP dorsolateral prostates exposed to vanadate in culture
compared with vehicle-exposed prostates (Figure 4B). Phosphory-
lated Akt band density was similar in dorsolateral prostates of each
Ahr genotype in the presence of vehicle alone, and the magnitude of
induction in prostates from each Ahr genotype was comparable after

vanadate exposure. These results suggest that greater sensitivity to
stimulation of VEGF production in Ahr�/� TRAMP dorsolateral pros-
tates occurs at some point downstream of Akt activation.

HIF-1a and ARNT protein levels in cultured Ahrþ/þ, Ahrþ/� and
Ahr�/� TRAMP mouse dorsolateral prostates exposed to vanadate

While activation of PI3K signaling through phosphorylation of Akt
was similar in vanadate-exposed Ahrþ/þ, Ahrþ/� and Ahr�/� TRAMP
dorsolateral prostates, it was still undetermined if greater VEGF ac-
tivation in Ahr�/� TRAMPs could be attributed to greater protein
levels of proteins further downstream. This could be explained by
either elevated background protein levels of HIF-1a or ARNT or by
a greater susceptibility to vanadate induction of these proteins in
Ahr�/� TRAMP dorsolateral prostates. HIF-1a protein levels deter-
mined by enzyme-linked immunosorbent assay analysis were not
significantly different in Ahrþ/þ, Ahrþ/� and Ahr�/� TRAMP
dorsolateral prostates exposed to either vehicle or vanadate
(Figure 5A). Western blot analysis demonstrated that ARNT protein
levels did not differ as a function of Ahr genotype or vanadate expo-
sure (Figure 5B).

0

100

200

300

400

500

600

700

800

V
E

G
F

 (
p

g
/m

l M
ed

ia
)

0 2 4 6 8 10 12 14 16 18 20 22 24

Hours

Fig. 2. Vanadate induction of VEGF in organ culture media over time.
VEGF concentrations were determined in organ culture media of an Ahrþ/�

TRAMP dorsolateral prostate exposed to 100 lM vanadate for 24 h. VEGF
concentrations were determined by enzyme immunoassay on aliquots of
organ culture media taken at 2, 4, 7.25 and 24 h from the same culture.

Fig. 3. Vanadate induction of VEGF in organ culture media ofAhrþ/þ, Ahrþ/�

and Ahr�/� C57BL/6J TRAMP mouse dorsolateral prostates. Dorsolateral
prostates from Ahrþ/þ (n5 12), Ahrþ/� (n5 8) and Ahr�/� (n5 11) C57BL/
6J TRAMP mice were cultured for 3 days, with media changed every 24 h.
Approximately 2–4 mg from each dorsolateral prostate was cultured in
duplicate in media containing 0, 25, 50 or 100 lM vanadate or 100 lM
vanadate plus 200 lM wortmannin. VEGF concentrations were measured by
enzyme immunoassay in organ culture media obtained from media collected
from the final 24 h incubation period. The mean VEGF concentration for each
dose of vanadate per mouse was used to calculate the mean VEGF
concentration for Ahrþ/þ, Ahrþ/� and Ahr�/� C57BL/6J TRAMP mouse
dorsolateral prostates. VEGF concentrations for Ahrþ/þ, Ahrþ/� and Ahr�/�

C57BL/6J TRAMP mouse dorsolateral prostates cultured in the absence of
vanadate (A), and the magnitude of induction in response to vanadate (B) is
shown. �significantly different than VEGF concentrations in culture media
from dorsolateral prostates of the same Ahr genotype (P , 0.05).
ysignificantly different than VEGF concentrations in Ahrþ/þ C57BL/6J
TRAMP mouse dorsolateral prostates exposed to 100 mM vanadate (P, 0.05)
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Discussion

The TRAMP model has proven to be an invaluable resource for in-
vestigating the role of the AhR in prostate carcinogenesis. We have
shown previously that presence of the Ahr inhibits prostate tumor
formation, as TRAMP mice lacking the Ahr (Ahr�/�) developed neu-
roendocrine prostate tumors with greater frequency than Ahrþ/þ

TRAMP mice (30). We observed that all mice developed diffuse
epithelial prostate hyperplasia commonly associated with the TRAMP
model by 105 days, but macroscopic tumor formation was inhibited
by the AhR (30). However, it is difficult to conclusively determine the
molecular changes occurring prior to tumor formation that are respon-
sible for tumor growth simply by comparing molecular markers in
prostate tumors and tumor-free prostates. In the current study, we
utilize a tissue culture model that maintains the natural tissue micro-
environment of these hyperplastic prostates to determine how pro-
duction of factors responsible for tumor growth is regulated by the
AhR. We show that the production of VEGF, a key regulator of tissue
angiogenesis and tumor growth, is inhibited in TRAMPs by the AhR
prior to tumor formation.

Here, we demonstrate a significant increase in prostate VEGF con-
centrations between 105 and 140 days of age, when tumor incidence is
increasing, albeit to a greater extent in Ahr�/� TRAMP mice. This
observation is consistent with a previous report that VEGF messenger
RNA expression is elevated in hyperplastic TRAMPs, and VEGF

protein levels are elevated during progressive tumor growth (32).
VEGF expression has also been associated with disease progression
in men with prostate cancer (9,31). However, it was unclear why
VEGF concentrations increased equally in all TRAMPs, particularly
in Ahr�/� TRAMP mice that subsequently develop more prostate
tumors than Ahrþ/� and Ahr�/� TRAMP mice.

To determine the underlying mechanisms responsible for the
greater proclivity of Ahr�/� prostates to develop prostate tumors, it
was first necessary to characterize responsiveness to signals that
would account for elevated VEGF. One of the major signaling path-
ways responsible for VEGF production is mediated by HIF-1a. This
pathway is associated with facilitating growth of preneoplastic lesions
by establishing vascular networks required for tumor growth. Hypoxic
conditions during accelerated epithelial growth in preneoplastic re-
gions stabilize or upregulate HIF-1a, facilitating local production of
angiogenic factors (32). Using vanadate to stimulate this pathway
(34), we observed a significant increase in VEGF production in
Ahr�/� TRAMPs and found that Ahrþ/þ TRAMPs were resistant to
this induction. However, both Ahr�/� and Ahrþ/þ TRAMPs showed
increased phosphorylation of Akt following vanadate exposure, in-
dicative of induction of PI3K signaling. Furthermore, protein levels of
HIF-1a and ARNT were similar in Ahrþ/þ, Ahrþ/� and Ahr�/�

TRAMPs, so altered sensitivity to VEGF production could not be
solely attributed to greater levels of downstream proteins in the cas-
cade. These findings are consistent with PI3K activation of VEGF,
although it was also shown that HIF-1a protein levels were also in-
duced in prostate cancer cells (34). However, it is probable that hy-
perplastic prostates in culture already have stabilized HIF-1a so that

Fig. 4. Vanadate activation of the PI3K pathway in Ahrþ/þ, Ahrþ/� and
Ahr�/� C57BL/6J TRAMP mouse dorsolateral prostates. Western blot
determination of Akt (A) and p-Akt (B) protein band density was determined
using 10 lg total protein isolated from dorsolateral prostate tissue
homogenates cultured with vehicle or 100 lM vanadate (n 5 6 for each
group and each Ahr genotype). Band density was calculated for each protein
and expressed relative to band density of b-actin. �significantly different than
p-AKT levels in dorsolateral prostates of the same Ahr genotype (P, 0.05).

Fig. 5. HIF-1a and ARNT protein levels in Ahrþ/þ, Ahrþ/� and Ahr�/�

C57BL/6J TRAMP mouse dorsolateral prostate organ cultures. HIF-1a
protein levels (A) were determined by enzyme immunoassay on 10 lg total
protein isolated from tissue homogenates obtained from dorsolateral
prostates cultured with vehicle or 100 lM vanadate (n 5 5 for Ahrþ/þ and
n 5 3 for Ahrþ/� and Ahr�/� prostates). ARNT protein levels (B) were
determined by western blot analysis of 10 lg total protein isolated from
dorsolateral prostate tissue homogenates cultured with vehicle or 100 lM
vanadate (n 5 3 for each group and each Ahr genotype). Band density was
calculated for each protein and expressed relative to b-actin band density.
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greater induction in response to vanadate does not occur as it does in
cells. These findings indicate that the presence of the AhR impairs the
sensitivity of the TRAMP to signals that are responsible for VEGF
production.

Although we have shown that the AhR diminishes VEGF produc-
tion in the TRAMP exposed to vanadate, the biological significance in
prostate carcinogenesis is unclear. VEGF induction through activation
of the PI3K pathway can also be caused by other upstream signals,
including reactive oxygen species, growth factors and cytokines that
are implicated in prostate carcinogenesis (15,16,34,37). Furthermore,
circumvention of repressed PI3K signaling by loss of phosphatase and
tensin homolog is commonly found in prostate carcinogenesis (38–
44). Thus, regulation of VEGF production by the AhR through in-
teraction with ARNT may inhibit multiple signaling cascades in-
volved in prostate carcinogenesis. Likewise, the presence of the
AhR and ARNT in many organs (45,46) does not exclude the possi-
bility that HIF-1a activation that occurs in numerous other human
cancers dependent on angiogenesis (17,18) could also be inhibited
by AhR interaction with ARNT.

Based on our observations, we propose that the AhR regulates
VEGF production through sequestering ARNT, thereby limiting in-
teraction with stabilized HIF-1a (Figure 6). In the presence of the
diffuse epithelial hyperplasia found in all TRAMPs, AhR interacts
with ARNT to inhibit the ability of stabilized HIF-1a to induce VEGF
production, resulting in less tumor growth. When the AhR is absent,
unimpeded HIF-1a–ARNT interaction stimulates VEGF production
leading to greater prevalence for tumor formation. The AhR–ARNT
interaction would probably minimize VEGF production and tumor
growth caused by a hypoxic environment caused by excessive prostate
cell proliferation or by increased production of growth factors pre-
viously implicated in prostate carcinogenesis (15,16,34,37). This
effect would not minimize activation of the PI3K-signaling pathway
per se, but would reduce the physiologic response of VEGF produc-
tion and subsequent tumor growth downstream of HIF-1a activation.

Regulation of VEGF production by the AhR has been described
previously, as AhR-null mice develop cardiac hypertrophy as a result
of greater HIF-1a levels and a subsequent increase in VEGF messen-
ger RNA abundance (33). It has also been shown that ligand activation
of the AhR inhibits neovascularization in mice (47,48). Similarly,
inhibition of coronary vasculogenesis in chick embryos can be res-
cued by VEGF exposure (49). In the current study, it is uncertain what
mechanisms are responsible for facilitating AhR interaction with
ARNT, namely AhR nuclear localization in the absence of dioxins.
It is possible that nuclear localization results from interaction with an
endogenous ligand (20,21) or through some additional mechanism
that remains to be determined. Regardless, it appears that both the
AhR in the absence of ligand and ligand-activated AhR can have

profound effects on vasculature development. This raises the intrigu-
ing possibility that low-affinity AhR ligands that lack toxicity of more
potent AhR ligands could have therapeutic potential against prostate
carcinogenesis.

Selective AhR modulators, lacking the AhR-mediated toxicity as-
sociated with dioxin exposure (50), have been shown to inhibit pros-
tate cancer cell growth (51,52). These results suggest that stimulation
of the AhR pathway could enhance the sequestering effects of the
AhR through interaction with ARNT and inhibit prostate carcinogen-
esis in vivo. Potential prostate tumor inhibition by selective AhR
modulators is currently being explored.
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