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Prostate cancer (PCa) and benign prostatic hyperplasia (BPH) are
androgen-dependent diseases commonly treatedby inhibiting andro-
gen action. However, androgen ablation or castration fail to target
androgen-independent cells implicated in disease etiology and recur-
rence. Mechanistically different to castration, this study shows
beneficial proapoptotic actions of estrogen receptor–β (ERβ) in BPH
and PCa. ERβ agonist induces apoptosis in prostatic stromal, luminal
and castrate-resistant basal epithelial cells of estrogen-deficient aro-
mataseknock-outmice. This occurs via extrinsic (caspase-8) pathways,
without reducing serum hormones, and perturbs the regenerative
capacity of the epithelium. TNFα knock-out mice fail to respond to
ERβ agonist, demonstrating the requirement for TNFα signaling. In
human tissues, ERβ agonist induces apoptosis in stroma and epithe-
lium of xenografted BPH specimens, including in the CD133+ enriched
putativestem/progenitor cells isolatedfromBPH-1cells invitro. InPCa,
ERβ causes apoptosis in Gleason Grade 7 xenografted tissues and
androgen-independent cells lines (PC3 and DU145) via caspase-8.
These data provide evidence of the beneficial effects of ERβ agonist
on epithelium and stroma of BPH, as well as androgen-independent
tumor cells implicated in recurrent disease. Our data are indicative of
the therapeutic potential of ERβ agonist for treatment of PCa and/or
BPH with or without androgen withdrawal.
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Benign prostatic hyperplasia (BPH) and prostate cancer (PCa)
are the most common benign and malignant diseases in aging

men (1, 2).BPHarises in the transition zoneor peri-urethral glands
where stromal and epithelial nodules develop, whereas PCa arises
in the peripheral zone of the prostate gland where epithelial cells
undergo malignant transformation. These androgen-dependent
diseases are treated by inhibiting androgens or their action. In PCa,
androgen ablation fails to target castrate-resistant or androgen-
independent cell types, implicated in disease etiology and recur-
rence. Androgen blockade in men with PCa is effective initially
because it causes apoptotic regression in the bulk of the tumor,
although significant side effects include hypogonadism, gyneco-
mastia, anemia, and metabolic syndrome, for which further treat-
ments are required. Nevertheless, relapse frequently occurs, as
subpopulations of cells are either castrate-resistant or adapt to
androgen-deplete conditions, resulting in incurable castrate-
resistant PCa (3). For BPH, anti-hormonal treatments are asso-
ciated with the same side effects and often fail to permanently
reduce prostatic volume or to ease lower urinary tract symptoms
(4). Thus, new therapies for PCa or BPH are required that are as
effective as androgen withdrawal but also target castrate-resistant
cells implicated in disease recurrence.
Although estrogens were previously used for PCa therapy, their

efficacy was based on indirect suppression of androgen levels; they
also resulted in adverse side effects such as cardiovascular and
thromboembolic events (5). It is now known that estrogens acting
via ERα mediate aberrant epithelial cell proliferation, prostatic

inflammation, and malignancy (6–9), and ERα antagonists such as
Toremifine are in clinical trial for PCa prevention/progression (10).
In contrast, effects of estrogen mediated by ERβ are beneficial; we
and others previously reported anti-proliferative activity of ERβ
agonist in the prostate, independent of systemic androgens (and not
involving the suppression of serum testosterone) but requiring
intraprostatic stromal–epithelial cell signaling (6, 11–13).
The aimof this studywas to investigate the therapeutic potential

of an ERβ agonist of proven selectivity (14–17), specifically
investigating its proapoptotic mechanism of action compared with
castration. This compound (8β-VE2) has proven selectivity and
was previously used to dissect the physiological roles of ERα and
ERβ in vivo in bone, cardiovascular, and metabolic studies (14–
18). To circumvent the use of a specific ERβ knock-out mouse
model because of reported variation in prostatic phenotypes from
different colonies (19), we used aromatase knock-out (ArKO)
mice that lack endogenous estrogen ligands but express functional
ERs (20), thus obviating any confounding action of ER activation
by endogenous ligands. Using these mice, we compared the cel-
lular targets andmechanismof action of ERβ agonist to castration.
We further verified our findings by comparing castration and ERβ
agonist using human prostatic specimens and cell lines to test the
therapeutic potential of ERβ agonists in PCa andBPH.Our results
provide independent, unequivocal proof of the concept initially
proposed by Gustafsson et al. that ERβ is anti-proliferative and
proapoptotic in the prostate (13), and demonstrate a mechanism
of ERβ action that is androgen-independent and mediated by
TNFα, targeting castrate-resistant epithelial cells.

Results
ERβ Agonist Increases Apoptosis and Reduces Proliferation in
Prostatic Stroma and Epithelia. Treatment with ERβ agonist for 6
weeks abrogated prostatic hyperplasia and hypertrophy of ArKO
mice (21) because of reduced cellular proliferation; more acutely,
a time course study showed that ERβ-induced apoptosis was
maximal at 3–7 days, compared with the effect of an ERα agonist
that causes inflammation (Fig. S1 A and B). Figure 1 shows
proapoptotic effects of ERβ agonist in ArKO or wt mice within
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3 days, compared with those in intact vehicle-treated, castrate, or
ERα agonist–treated mice. Contemporary stereology and mor-
phometric analyses show that ERβ agonist significantly increased
epithelial and/or stromal apoptosis vs. vehicle controls in ArKO
(Fig. 1A) and wt mice (Fig. 1B). Castration significantly increased
epithelial but not stromal apoptosis, whereas ERα agonist–treated
tissues showed levels of apoptosis similar to controls in all cellular
compartments (Fig. 1A andB). Further subdivision into epithelial
luminal and basal cells based on location and CKH immunor-
eactivity (basal cells are CKH-positive) showed that luminal epi-
thelial cell apoptosis was significantly increased by both castration
and ERβ agonist, but only ERβ agonist caused apoptosis of basal
cells (Fig. 1A and B and Fig. S1C). In ArKOmice, ERβ agonist or
castration (but not ERα agonist) significantly reduced epithelial
(but not stromal) cell proliferation (quantified by PCNA staining)
compared with controls; proliferation was reduced in luminal and
basal epithelia (Fig. S2A). Similar results were observed in wild-
type (wt) mice in which epithelial (but not stromal) cell pro-
liferation was lowered by castration and ERβ agonist (Fig. S2B).
Altogether, these data showed that ERβ agonist uniquely caused
apoptosis in the castrate-resistant basal cell layer, reducing cell
proliferation and increasing apoptosis in the luminal epithelial and
stromal cells of hyperplastic and normal mouse prostate.

Epithelial Regeneration After ERβ Agonist Results in Cystic Atrophy
and Depletion of p63+ Basal Cells.Basal cells maintain the structural
integrity of the prostatic epithelium (22) and are necessary for
tissue regeneration occurring over repeated cycles of androgen
deprivation and replacement. Following ERβ agonist-induced
apoptosis in basal cells, we examined whether ERβ agonist
treatment disrupted epithelial regenerative capacity. Twenty-one
days posttreatment, ERβ agonist-treated tissues showed regions

of cystic atrophy with expansion of the fluid-filled lumen (Fig.
S3A) not seen in control or castrate-recovery tissues as evidence
of perturbed glandular secretion. Prostates from castrated ani-
mals treated with androgens or intact control animal tissues
showed normal morphology. The apparent frequency of p63+
cells within atrophic regions of ERβ–agonist treated tissues was
reduced compared with normal control tissue but was unaltered
by castration (Fig. S3B). Quantification of atrophy (%) and p63+
cells (p63+/100 epithelial cells) confirmed these observations,
showing cystic atrophy in 42.5% of ERβ-recovered tissue within
which the frequency of p63+ cells was 4.9 ± 1.4 compared with
9.8 ± 1.2 in normal regions of the same tissue (Fig S3C). Overall,
these data show functional and structural difference between ERβ
agonist and castrate tissues after recovery, because of loss of p63+

basal cells. In castrate mice treated with ERβ agonist followed by
21 days of T replacement, cystic atrophy was observed in 42.6 ±
17.2% tissue within which the frequency of p63+ cells was sig-
nificantly reduced (7.9 ± 0.4, compared with 12.2 ± 0.3 in normal
regions of the same tissue). Therefore, regardless of androgen
supplementation, ERβ agonist perturbs regeneration.

Mechanism of ERβ-Induced Apoptosis Is Androgen Independent and
TNFα Mediated. To determine whether the mechanism of ERβ
agonist action was androgen independent, we compared the effect
of androgen supplementation on agonist-treated (ERβ+T) and
castrate (Cx+T)ArKOmice.Morphometric analyses showed that
testosterone supplementation did not alter the apoptotic response
to ERβ agonist in any cellular compartment of the epithelium or
the stroma (Fig. 2A). In contrast, apoptosis induced by castration
was completely abrogated by testosterone supplementation (Fig.
2A). To demonstrate the effect of the ERβ agonist in an androgen-
deplete environment, we evaluated the effect of ERβ agonist
treatment on castrated (ERβ+Cx) ArKO mice. After 3 days of
combined treatment, the apoptotic response to ERβ agonist was
maintained (as seen in basal cells), except in stroma, where an
increase in apoptosis was observed but not significant (Fig. 2A).
Finally, although castration significantly reduced serum testos-
terone levels, ERβ agonist treatment showed no significant alter-
ations in serum androgen levels (Table S1).
To identify ERβ activated gene expression, a pathway-specific

DNA microarray for apoptosis was used to compare castrate and
ERβ agonist–treated ArKO prostate tissues at 12 h or 3 days
posttreatment. Differentially expressed genes included members
of the TNF superfamily such as TNFα (Table S2). To confirm a
role of TNFα signaling inERβ agonist–induced apoptosis, we used
TNFα knock-out (TNFαKO) mice after establishing normal pro-
static phenotype (Fig. S4). Quantitative analysis of prostatic
apoptosis (epithelial or stromal) inERβ agonist–treatedTNFαKO
and wt mice showed divergent responses; TNFαKOmice failed to
show any significant increase, whereas wt mice showed increased
apoptosis; in contrast, castration of TNFαKO and wt mice caused
the same increase in apoptosis (Fig. 2B).
Although extrinsic and intrinsic apoptosis pathways converge

with activation of caspase-3, caspase-8 is activated through
extrinsic and caspase-9 through intrinsic signaling; these cleaved
caspases can differentiate between apoptotic pathways (23).Using
wt mice, we showed that ERβ agonist up-regulated caspase-8, but
not caspase-9 immunoreactivity, whereas castration up-regulated
expression of caspase-9, but not caspase-8 in the prostate (Fig. 3A).
Quantification of caspase immunoreactivity showed that ERβ
activated apoptosis via caspase-8 in luminal, basal, and stromal
cells, whereas castration activated apoptosis via caspase-9 in
luminal and stromal cells but not in basal cells (Fig. 3B). Alto-
gether, these data showed ERβ agonist action was mechanistically
different from that of castration, independent of androgen levels
as well, as activating the extrinsic apoptotic pathway in prostatic
luminal and basal epithelial cells and prostatic stroma via TNFα-
mediated signaling.

Fig. 1. Effect of selective ERβ agonist on prostatic apoptosis in ArKO (A) and
wild-type (wt) (B) mice. (A) Apoptosis (%) in total tissue at 3 days in ArKO
Control (Con), Castrate (Cx), ERβ agonist (ERβ), or ERα agonist (ERα)–treated
mice. Apoptosis (%) in total tissue was subdivided into epithelial (further
subdivided into luminal and basal epithelium) and stromal components. (B)
Percentage apoptosis in total tissue at 3 days from wt Control (Con), Castrate
(Cx), ERβ agonist (ERβ), or ERα agonist (ERα). Apoptosis (%) in total tissue
subdivided into epithelial (luminal or basal) and stromal components. Values
are mean ± SEM, n = 5 mice/group. nd, not detectable.*P < 0.05 vs. control.
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ERβ Agonist Induces Androgen-Independent Apoptosis in Stroma and
Epithelia of Human BPH. The effect of ERβ agonist in human cells
and tissues was determined using benign human epithelial BPH-1

and RWPE-1 cell lines that express ERβ, but not ERα (Fig. S5).
Consistent with our animal studies, ERβ agonist activated the
extrinsic apoptotic pathway via caspase-8 (Fig. 4A). To examine
the in vivo effect ofERβ agonist, we subrenally grafted four human
BPH specimens into host male mice. Host mice containing human
BPH specimens were then treated for 3 days with ERβ agonist and
compared with castrate tissues. Using immunohistochemistry,
ERβ expression was confirmed in epithelial and stromal cells,
whereas ERα was detectable in stroma and rarely present in epi-
thelia in vehicle-treated xenograft tissues (Fig. S6). Epithelial and
stromal apoptosis in human BPH xenografted tissues was sig-
nificantly increased when the host mice were treated with ERβ
agonist or castrated, compared with vehicle-treated tissues (Fig. 4
B and C). Basal cell apoptosis was identified in ERβ-treated xen-
ografts, based on combined CKH staining and morphological
markers of apoptosis (chromatin condensation, membrane bleb-
bing, and shrunken cytoplasm) (Fig. 4D).
To further identify the cellular targets of ERβ agonist in BPH, we

sorted subpopulations of BPH-1 cells by rapid adherence to type-1
collagen (α2β1integrinhi cells, representing <10% of BPH-1 cells
(Fig. 4E)) and further fractionated cells using CD133 into
α2β1integrinhi/CD133+ cells (<0.5% of BPH-1 cells) and
α2β1integrinhi/CD133− (∼6% of BPH-1 cells). These two pop-

Fig. 2. ERβ agonist–induced apoptosis is androgen independent (A) and involves TNFα signaling (B). (A) Apoptosis (%) in total tissue subdivided into epi-
thelial (luminal or basal) and stromal components at 3 days from control (Con), Castration (Cx), or ERβ agonist (ERβ)–treated ArKO mice. Cx+T, castrated mice
receiving T supplementation; ERβ+T, ERβ mice receiving T supplementation; and Cx+ERβ, Cx mice treated with ERβ to maintain serum T levels. (B) Apoptosis
(%) in wild-type mice (open bar) and TNFαKO mice (solid bar), after 3 days of vehicle (Con), Castrate (Cx), or ERβ agonist (ERβ). Values are mean ± SEM.
Different superscripts indicate groups that are significantly different. P < 0.05; n = 5 mice/group.

Fig. 3. Apoptotic pathways activated by ERβ agonist and castration in wt
mice. (A) Expression andquantificationof cleaved caspase-8 (openbars) and -9
(solid bars) in ERβ tissues. (B) Expression and quantification of cleaved caspase-
8 (left) and -9 (right) in castrated tissues. In micrographs, arrows indicate cells
positive for cleaved caspase-8or -9. (Inset) Negative control. Values aremean±
SEM n = 5 mice/group. nd, not detectable. (Scale bar, A, 25 μm).
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ulations of cells are enriched respectively for stem/progenitor cells
(reported to regenerate prostatic acini in vivo) or transit amplifying
cells (24–26). To study the in vitro effects of ERβ agonist on these
subpopulations, each fraction was replated and treated for 24 h. In
unsorted BPH-1 cells, ERβ agonist increased apoptosis 3-fold
compared with vehicle controls (Fig. 4E). Both CD133+ (putative
stem/progenitor) and CD133− (transient amplifying) cells showed a
significant increase in apoptosis in response to the ERβ agonist, as
did the nonadherent α2β1integrinlo subpopulation (luminal cell–
enriched), which constituted the bulk of the BPH-1 cell cultures
(∼93%) (Fig. 4E). Collectively, these data demonstrated that ERβ

agonist induced prostatic apoptosis in xenografted human BPH
specimens and in subpopulations of BPH-1 cells, including those
enriched for CD133+ that are implicated in regeneration of the
prostate and in the transition of benign to malignant disease (26).

ERβ Agonist Induces Androgen-Independent Apoptosis in Human PCa.
The expression of caspase-3, -8 and -9 was examined in androgen-
independent (ERα− andERβ+,Fig. S5) humanPCa cell lines, PC3
and DU145. ERβ agonist treatment significantly increased cas-
pase-3 and -8 but not -9 (Fig. 4F), confirming use of the extrinsic
pathway of apoptosis. Confirmation of the specific induction of
apoptosis by ERβ agonist was obtained by siRNA knockdown of
ERβ in DU145 cells. The relative efficacy of siRNA against ERβ,
negative control siRNA, and transfection control was determined
by RT-PCR and showed a >90% reduction of ERβ transcripts in
ERβ siRNA–transfected cells. Subsequent treatment of these
transfected cells demonstrated that ERβ agonist–induced apop-
tosis is abrogated in ERβ siRNA–transfected cells (Fig. S7B).
To demonstrate an ERβ-induced biological outcome, we s.c.

grafted human fluorescent PC3 cells into immuno-deficient host
male mice. Tumors were monitored using in vivo fluorescent
imaging pre- and posttreatment with vehicle or ERβ agonist. Flu-
orescent intensitywas used as ameasure of tumor growth.Our data
show a ∼2-fold increase in tumor doubling time after ERβ agonist
treatment, concurrent with a significant increase in apoptosis and a
significant reduction in proliferation, as shown in Table S3.
Finally, we subrenally grafted tissue specimens from three human

PCa patients (Gleason Grade 7, epithelial ERβ+, ERα−, Fig S6)
into host malemice. After treatment for 3 days, tumor cell apoptosis
(detectable by Apoptag staining) was significantly increased after
ERβ agonist compared with controls in two of three PCa patient
tissues (P1, P2; Fig. 4G), and increased in the third patient (P3),
although not significantly. In patient 1 (P1), increased caspase 8
immunoreactivity was detected (Fig. 4H); further semiquantification
of the percent sections expressing caspase 8 showed a 2-fold increase
comparedwith castrate and control tissues.Overall, the data showed
ERβ agonist-induced apoptosis in primary PCa xenografts and in
androgen-independent PCa cell lines, consistent with the androgen-
independent mechanism of action identified in mice.
To confirm that TNFαmediates ERβ-agonist induced apoptosis,

we used immunohistochemistry to show that TNFα protein ex-
pression was up-regulated in human cell lines and tissues after
agonist treatment (Fig. S7A). We also used siRNA knockdown of
TNFα, reducingTNFα transcripts by∼30%,and showed abrogation
of theERβ-agonist induced apoptotic response inDU145 cells (Fig.
S7C). Therefore, as shown in animal studies, TNFαmediates ERβ-
agonist induced apoptosis in human cells and tissues.

Discussion
This study reports beneficial, proapoptotic actions of selective
activation of ERβwithout the necessity for androgen withdrawal, in
both BPH and PCa, diseases that often occur concurrently in dif-
ferent prostatic zones of agingmen. ERβ agonist-induced apoptosis
was androgen independent and mediated by TNFα signaling, and
thus was mechanistically different from castration (or the effects of
ERα agonist). Cellular targets of ERβ agonist were luminal, basal,
and stromal cells of BPH tissue and cells, as well as androgen-
independent PCa cells lines. Therefore our study unequivocally
endorses a proposed anti-proliferative/proapoptotic role for ERβ
(13), and provides insight into its mechanism of action and cellular
targets. As current therapies for benign and malignant prostate
disease (androgen blockade) fail to target castrate-resistant cells
andare associatedwith adverse side effects, thesefindings imply that
ERβ agonists may have significant therapeutic potential for treat-
ment of BPH and/or PCa subject to satisfactory pharmacokinetic
and toxicity testing (27, 28).
There are several key differences between the mechanism of

apoptosis induced by ERβ agonist and castration that may offer

A

B

F

E

C D

G H

Fig. 4. ERβ agonist–induced apoptosis in human xenograft tissues and cells.
(A) Quantification of caspase positive cells in BPH-1 and RWPE-1 cells treated
with vehicle (open bars) or ERβ agonist (closed bars). (B) Apoptosis (%) in
epithelial (open bars) and stromal (solid bars) BPH tissue xenografts (n = 4
patients) after 3 days treatment with control (Con), castration (Cx), or ERβ
agonist (ERβ). (C) ApopTag staining of ERβ–treated BPH xenografts. (D)
Morphologically identifiable apoptosis in CKH-positive basal cells. (E) Per-
cent apoptosis in unsorted BPH-1 cells treated with ERβ agonist-treated (solid
bars) or vehicle-treated (open bars) controls. After further fractionation to
enrich for α2β1hi (basal) and α2β1lo (luminal) populations, α2β1hi cells were
sub fractionated into CD133+ and CD133− subpopulations (figure repre-
sentative of two individual experiments; brackets show percent cells per
fraction). (F) Quantification of caspase positive cells in PC3 and DU145 cells
treated with ERβ agonist (solid bars) or vehicle control (open bars). (G)
Quantification of apoptosis (%) in human PCa xenografts from three
patients (P1, P2, and P3), treated with vehicle (Con; open bars), castration
(Cx; gray bars), or ERβ agonist (ERβ; solid bars). (H) Caspase 8 in ERβ-treated
PCa; inset negative control. Values are mean ± SEM; n = 4 replicates per
group except in G, where n = 3. nd, not detectable. Analyses by Student’s t
test (A, E, and F) or ANOVA (B and G). *P < 0.05 vs. control; ***P < 0.005 vs.
control. (Scale bar, C, D, H, and I, 25 μm; F, 100 μm; and G, 200 μm.)
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some therapeutic advantage. First, ERβ agonist-induced apop-
tosis via activation of caspase-8 that is not required for castra-
tion-induced apoptosis (29) and was absent in TNFαKO mice.
The mechanisms of interaction between ERβ and TNFα are
unknown; however, we show caspase-8 and -3 activation, and the
abrogation of the ERβ-mediated apoptotic response following
siRNA knockdown of TNFα in a human prostate cancer cell line.
These findings concur with similar data in human hepatocellular
carcinoma cell lines where ERβ-activated apoptosis was also
mediated by caspase-8 and TNFα (30).
Second, ERβ agonist-induced apoptosis occurs in both the

androgen-replete and androgen-deplete milieu. Our conclusion
that ERβ agonist action is androgen independent and differs from
castration derives from several lines of evidence. In ArKO mice
and in human xenografts in which androgen levels are main-
tained by exogenous testosterone supplementation, or in castrate,
androgen-deplete animals, ERβ agonist causes apoptosis, notably
in the castrate-resistant androgen-independent basal cell layer.
These data concur with our previous report that ERβ is anti-
proliferative and occurs in tissue recombinants that exclude a role
of systemic hormones (21). In addition, ERβ agonist induced
apoptosis in androgen-independent DU145 and PC3 PCa cell
lines and BPH-1 cells. Thus ERβ agonist may provide an added
therapeutic advantage by obviating the side effects of castration or
androgen ablation, including hypogonadism, gynecomastia, ane-
mia, and metabolic syndrome in men.
Another key difference between ERβ-induced apoptosis and

castration are the cellular targets, as ERβ agonist causes apoptosis
in castrate-resistant epithelial cell subpopulations. Themain effect
of androgen withdrawal is on the terminally differentiated luminal
cells that constitute ∼95% of the epithelium; yet the basal cell
layer, which contains stem/progenitor cells, are resistant to
androgen blockade, while expressing high levels of ERβ (31, 32).
Although the rate of ERβ-induced apoptosis is low, it is com-
parable to castration over 3 days (proved to be therapeutically
effective); but, different from castration, ERβ targets a sub-
population of epithelial cells, including basal cells that are castrate
resistant. It could be argued that this difference ismorebiologically
significant because stemcellswithin the basal layer are required for
normal prostatic regeneration that occurs after repeated cycles of
androgen withdrawal and replacement. We showed that, unlike
castration, ERβ agonist depletes p63+ prostatic basal cells and
perturbs epithelial regeneration following recovery. To further
address whether ERβ agonist could affect the putative human
prostatic stem cells, we studied a subpopulation (∼0.5%) of
CD133+ BPH-1 epithelial cells. CD133+ is one of the unique cell
surface markers used to enrich for human putative stem cells with
demonstrated functional regenerative capacity (25, 26); it is also
used to enrich for mouse prostatic stem cells in combination with
other markers (33). Here we showed that ERβ induced apoptosis
in an enriched CD133+ subpopulation (as well as other cell pop-
ulations) of BPH-1 cells that are androgen-independent.
In human PCa, castration causes apoptosis in the bulk of tumor

cells, but the remaining androgen-independent cells are impli-
cated in disease recurrence. Unlike castration, we show ERβ
increased apoptosis in androgen-independent PCa cells (PC3 and
DU145), as well as xenografts of primary PCa specimens,
expressing ERβ. Whether ERβ agonist targets the castrate-
resistant PCa tumor–initiating cells remains to be investigated,
and awaits delineation of markers that can isolate and distinguish
between normal stem cells and cancer stem cells (25, 26, 34).
Like castration, ERβ targets and induces apoptosis in prostatic

stromal cells that play a critical role in the initiation and pro-
gression of BPH (and PCa). There are two advantages of ERβ
agonist targeting the stroma: first, it has a direct effect on the
stromal nodules of BPH themselves; and second, it disrupts
stromal–epithelial interactions that are necessary for prostatic
epithelial cell proliferation and differentiation (35). Targeting the

stroma breaks this cycle of aberrant cell–cell signaling, and
therefore it is significant that ERβ agonist targets both stroma as
well as epithelial cells, exemplifying its potential therapeutic use.
Collectively, the cellular targets of ERβ agonist and castration
overlap (including luminal and stromal cells). Uniquely, however,
ERβ agonist induces apoptosis in prostatic basal cells, including
subpopulations of basal cells enriched for stem/progenitor cells
(α2β1hi/CD133+), and androgen-independent PCa cells; this is
achieved without altering steroid hormone levels.
Overall, this study demonstrates beneficial effects of ERβ ago-

nist on both BPH and PCa cells and human clinical specimens that
are mechanistically different from castration, and targets both
castrate-responsive and castrate-resistant cells. These studies
support the rationale for the preclinical testing and evaluation of
the potential for clinical application of estrogen-based therapies,
specifically including ERβ agonists, either alone or in combination
with existing androgen blockade, for the treatment of BPH and/or
PCa. Future replicate studies using other ER agonists are war-
ranted to determine the full potential of this class of agonist.

Materials and Methods
Animals. ArKO or homozygous TNFαKO mice generated by targeted dis-
ruption of cyp19 or TNFα, respectively (36, 37), and Balb-c/Nude mice housed
at Monash Medical Centre were used at 10–14 weeks of age. NOD/SCID mice
were housed at British Columbia (BC) Cancer Research Centre.

Specific ER Modulators. The ERβ-specific agonist (8β-VE2) and ERα-specific
agonist (16α-LE2)were giftedbyDrs. Karl-Heinrich Fritzemeier andKatja Prelle
(Bayer-Schering Pharma AG). Animals were treated for 3 days by s.c. injection
(ERβ [300 μg/kg/d] or ERα agonist [3 μg/kg/d], equivalent volume of peanut oil
control) or castration as previously described (21). Testosterone replacement
(1-cm Silastic implants of testosterone; Sigma)were given either at the time of
initial treatment (3 day experiments) or after treatment (recovery experi-
ments) (additional information on siRNA knockdown of ERβ agonist action in
SI Text).

Cell Culture Experiments. Human prostate cell lines DU145, PC3, BPH-1, and
RWPE-1 were cultured as previously described (38). Cells were treated as
follows; cells were plated (2 × 104 cells/well) in multichambered slides (Nalge
Nunc International) in low-serum media (5% FCS) for 12 h before being
treated with ERβ (6 μM)or vehicle at doses equivalent to those used in mice.
After 12 h of treatment, cells were fixed in 10%neutral buffered formalin for
immunostaining. Further information on enrichment for CD133+ stem/pro-
genitor cells is given in SI Text.

Prostate Tissues and Xenografting. Fresh tissueswereprocessedand implanted
in male NOD/SCID mice as previously described (39). Mice received supple-
mentation with testosterone for a period of 2–4 weeks and were divided into
three groups: Control (intact mice treated with vehicle); Castrated (castrated
mice with no testosterone); and ERβ (intact mice treated for 3 days with ERβ,
300 μg/kg/d). Additionaldetails on patient selection and sample selection are
given in SI Text.

Immunohistochemistry. Immunohistochemical staining was performed as
previously described (21). Antibodies used were as follows: high-molecular-
weight cytokeratins (CKH), PCNA, ERα (DAKO), androgen receptor (AR); p63
(Santa Cruz Biotechnology) and ERβ (Novocastra Laboratories Ltd) using pre-
viously described protocols (21). Apoptosis was detected using ApopTag Plus
Peroxidase In situ Apoptosis detection kit (Chemicon) or with antibodies to
cleaved caspase-3, -8, -9 according to the instructions of themanufacturer (Cell
Signaling Technology). Details on dual immunofluorescence and quantifica-
tion of immunostaining are provided in SI Text.

RNA Extraction and Oligo Gene Expression Array. Total RNAwas extracted from
prostate tissues using TRIzol reagent (Invitrogen Life Technologies) as previously
described (38). Gene expression analysis was conducted using GEArray DNA
microarray (OMM-012;SuperArrayBioscienceCorp.)Detailsareprovided inSIText.

Statistical Analysis. Datawereanalyzed todeterminenormality, and significant
differences were determined by either t test or one-way ANOVA (Prism 5.00,
GraphPad Software Inc.) followed by Tukey posthoc analyses. Significance was
accepted at P< 0.05. Data are expressed asmean± SEMunless otherwise noted.
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