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As estrogen receptor β−/− (ERβ−/−) mice age, the ventral prostate
(VP) develops increased numbers of hyperplastic, fibroplastic le-
sions and inflammatory cells. To identify genes involved in these
changes, we used RNA sequencing and immunohistochemistry to
compare gene expression profiles in the VP of young (2-mo-old)
and aging (18-mo-old) ERβ−/− mice and their WT littermates. We
also treated young and old WT mice with an ERβ-selective agonist
and evaluated protein expression. The most significant findings
were that ERβ down-regulates androgen receptor (AR) signaling
and up-regulates the tumor suppressor phosphatase and tensin
homolog (PTEN). ERβ agonist increased expression of the AR co-
repressor dachshund family (DACH1/2), T-cadherin, stromal caveolin-1,
and nuclear PTEN and decreased expression of RAR-related orphan
receptor c, Bcl2, inducible nitric oxide synthase, and IL-6. In the ERβ−/−

mouse VP, RNA sequencing revealed that the following genes were
up-regulated more than fivefold: Bcl2, clusterin, the cytokines
CXCL16 and -17, and a marker of basal/intermediate cells (prostate
stem cell antigen) and cytokeratins 4, 5, and 17. The most down-
regulated genes were the following: the antioxidant gene glutathi-
one peroxidase 3; protease inhibitors WAP four-disulfide core do-
main 3 (WFDC3); the tumor-suppressive genes T-cadherin and
caveolin-1; the regulator of transforming growth factor β signaling
SMAD7; and the PTEN ubiquitin ligase NEDD4. The role of ERβ in
opposing AR signaling, proliferation, and inflammation suggests that
ERβ-selective agonists may be used to prevent progression of pros-
tate cancer, prevent fibrosis and development of benign prostatic
hyperplasia, and treat prostatitis.

nuclear receptor | cancer prevention | TGFβ | inflammation

Because proliferation in prostate cancer (PCa) is regulated by
the androgen receptor (AR), androgen inhibition either by

androgen ablation or by blocking of AR signaling remains the
key pharmacological intervention in treatment of PCa (1, 2).
Although initially effective, this approach eventually leads to
castration-resistant prostate cancer (CRPCa). Clearly, pharma-
cological intervention that would prevent androgen-mediated
proliferation would be of value in the treatment of PCa. Estro-
gen receptor β (ERβ) is expressed in the prostate, where it is
antiproliferative (3, 4). ERβ agonists are promising pharmaceu-
ticals for controlling growth of PCa. Although they have been
shown to be antiproliferative in PCa cell lines (5) and mice (6),
they have not been tested clinically in PCa. ERβ was cloned from
a rat ventral prostate (VP) cDNA library in 1996 (7) and has
since been found to be abundantly expressed in the epithelium
and stroma of human prostates. Most studies show that ERβ
expression is lost in cancers of high Gleason grades (3, 8–10),
one study shows that it is more highly expressed in PCa (11), and
one shows it is expressed in metastatic prostate cancer (12).
In previous studies, we found no PCa in ERβ−/− mice (the

original Oliver Smithies ERβ knockout mouse), but there were
regions of epithelial hyperplasia, inflammation, increased expres-
sion of Bcl2, and reduced differentiation of the epithelial cells

(13). Several ERβ-selective agonists have been synthesized (14–
20), and they have been found to be antiinflammatory in the brain
and the gastrointestinal tract (21, 22) and antiproliferative in cell
lines (23–27) and cancer models (23, 28). We have previously
shown that there is an increase in p63-positive cells in ERβ−/−
mouse VP but that these cells were not confined to the basal layer
but were interdispersed with the basal and luminal layer (13).
These data were interpreted to mean a reduced ability of the
prostate epithelium to fully differentiate.
In the present study, with RNA-Seq and immunohistochem-

istry, we examined gene expression in the VP of the ERβ−/−
mouse (29), as well as the effect of an ERβ-selective agonist
(LY3201) on gene expression in the VP of WT mice.

Results
Histology of the VP in Aging Mice. As ERβ−/− mice age, there is an
increase in the number of hyperplastic and fibroplastic lesions in
the VP (Fig. S1). Such lesions can be found in the VP of WT
mice over 18 mo of age, which may be a reflection of the loss of
ERβ that occurs with age (30).

ERβ-Regulated Genes Identified by RNA Sequencing. mRNA was
extracted from the VP of five WT and five ERβ−/− mice and
analyzed by RNA sequencing. From the RNA-Seq data, we
chose genes whose expression was changed by fourfold or more.
We found that the most up-regulated genes in the VP of

ERβ−/− mice were genes whose expression is associated with
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poor prognosis in PCa. These were as follows: heat shock protein
60 (HSP60); S100 calcium-binding protein A11 (S100A11); matrix
gla protein; tetraspanin-8 (TSPAN8); kallikrein 1 and 8; Src homology
3 (SH3) domain-binding glutamate-rich protein-like (SH3BGRL);
the proteases ADAM 15 and 28 and their membrane localization
partners TSPAN 4 and 8; the antiapoptotic gene clusterin; the
membrane bound androgen receptor SCL39a9; RORc; the cyto-
kines CXCL14, -16, and -17; NFκB and the activator of NFκB,
commd; and structural component of E3 ubiquitin ligases CUL1
(Table 1 and Fig. S2).
The most down-regulated genes were as follows: (i) glutathione

peroxidase 3, a gene that protects against oxidative stress; (ii) the
protease inhibitors EXPI, WFDC3, and cystatin c; (iii) seminal
vesicle secreted protein; and (iv) tumor-suppressive genes T-cadherin
(cadherin 13) and caveolin-1 (Table 1 and Fig. S2).

ERβ Agonist Increases Expression of ERβ in the Mouse VP.
LY3201 exposure resulted in an increase in ERβ expression in
the luminal epithelium of the VP, in the stroma, and in the
lymphocytes in the extracellular matrix. Induction was evident in
mice at 2 mo of age (Fig. 1 A, B, and F) and was very pronounced
in mice at 18 mo of age (Fig. 1 C, D, and F), at which time the
number of epithelial cells expressing ERβ in WT prostate was
markedly lower than that in 2-mo-old mice (Fig. 1 A, C, and F).
Down-regulation of ERβ expression with age suggests that the
aging prostate may be more susceptible to diseases related to
excessive AR signaling. ERβ was not detectable in ERβ−/− mice
(Fig. 1E).

ERβ Agonist Inhibits AR Expression in VP of Aged Mice. In previous
studies, we showed that expression of AR was increased in
6-mo-old and 12-mo-old ERβ−/− mice (13). LY3201 treatment
did not cause a change in AR expression in 2-mo-old mice (Fig. 2
A, B, and E). However, in 18-mo-old mice, AR expression was
reduced by LY3201 (Fig. 2 C, D, and E). Overall, LY3201 ad-
ministration resulted in reduction in AR signaling in old mice,
and loss of ERβ resulted in increased AR signaling. It was re-
cently reported that the nuclear receptor RORc recruits coac-
tivators to the AR promotor and is a driver of AR (31). With
RNA-Seq, we found that RORc mRNA was up-regulated sevenfold
in ERβ−/− mice (Table 1). With immunohistochemistry, we found
that there was very little expression of RORc in 2-mo-old mouse VP
(Fig. 3 A, B, and E). Expression increased with age, and, in
18-mo-old mice, there was high nuclear expression in the epi-
thelium of the VP. A 3-d exposure to LY3201 resulted in a

marked down-regulation of RORc expression in the VP (Fig. 3
C, D, and E). Thus, ERβ down-regulates RORc.

ERβ Agonist Up-Regulates DACH1 Expression. DACH1 is a core-
pressor of ERα and epidermal growth factor receptor (EGFR),
as well as AR (32–34). It reduces the transcriptional activity of
both normal AR and mutated AR found in CRPCa (32). Its reg-
ulation is a potentially useful target for treatment of both primary
and metastatic PCa. Immunostaining for DACH1 revealed that, in

Table 1. ERβ-regulated gene expression

Up-regulated in ERβ−/− mice Down-regulated in ERβ−/− mice Regulated by LY3201

RORc DACH1/2 RORc (Fig. 3)
Clusterin (apolipoprotein J), Bcl2 and -7b T-cadherin DACH1 (Fig. 4)
Commd RelA/P65 subunit of NFκB Caveolin1 T-cadherin (Fig. 6)
CXCL14, -16, and -17 Cystatin c Smad7 and BCL2 (Fig. 7)
TSPAN4 and -8 Seminal vesicle secreted protein NFκB (Fig. 8)
Kallikrein 1 and 8 WFDC3 iNOS, IL6 (Fig. S3)
SH3BGRL Glutathione peroxidase 3 Caveolin1 (Fig. S4)
SCL39a9 EXPI PTEN (Fig. 5)
HSP60
ADAM 15 and 28
CUL1
S100A11
Matrix gla protein
Spp1 (osteopontin)

CUL1, cullin 1; DACH1, dachshund family transcription factor 1; EXPI, extracellular proteinase inhibitor;
HSP60, heat shock protein 60; iNOS, inducible nitric oxide synthase; PTEN, phosphatase and tensin homolog;
RORc, RAR-related orphan receptor c; SH3BGRL, SH3 domain binding glutamate rich protein like; WFDC3, WAP
four-disulfide core domain 3.

Fig. 1. Up-regulation of ERβ expression in VP epithelium upon treatment
with LY3201. (A and B) From 2-mo-old mice. (C and D) From 18-mo-old mice.
(B, D, and F) In both 2-mo-old mice and 18-mo-old mice, LY3201 up-
regulated ERβ expression (*P < 0.05). (E) Absence of ERβ in ERβ−/− mouse
VP. (Scale bars: A–E, 100 μm.)
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WT mice, there was a clear nuclear staining in the VP epithelium
(Fig. 4 A and C). In 2-mo-old VP, there was no significant change
of DACH1 by exposure to LY3201 (Fig. 4 B and F). However, in
18-mo-old mice, treatment with LY3201 caused up-regulation of
DACH1 (Fig. 4 D and F). DACH 1 expression in the epithelium of
the VP was maintained in the ERβ−/− mouse (Fig. 4E), indicating
that ERβ is not the only regulator of DACH1.

ERβ Agonist Mediates Nuclear Transport of PTEN. Studies in the
HC11 breast cell line have previously reported that the tumor
suppressor gene PTEN is an ERβ-regulated gene (35). Here, we
confirmed that PTEN is down-regulated in the VP of ERβ−/−
mice (Fig. 5E). In addition to its well-characterized role in reg-
ulating AKT signaling at the cell membrane, PTEN is also
expressed in the cell nucleus, where it exerts powerful anti-
proliferative actions (36). There was cytoplasmic staining, and a
few nuclei were positive for PTEN in WT mouse VP (Fig. 5 A
and C). LY3201 treatment increased PTEN expression and
markedly increased its presence in nuclei (Fig. 5 B, D, and F).

ERβ Agonist Increases T-Cadherin Expression. T-cadherin (cadherin-
13, CDH13), which functions as a tumor suppressor and is de-
creased in human PCa (37), was sevenfold down-regulated according
to RNA-Seq (Table 1) in ERβ−/− mouse prostate. It was well-
expressed in the WT mouse VP (Fig. 6 A and C). LY3201 treat-
ment increased its expression, especially in 18-mo-old mouse VP
(Fig. 6 B, D, and F). It was significantly reduced in the ERβ−/−
mouse VP (Fig. 6E).

ERβ Agonist Modulates TGFβ Signaling. RNA-Seq revealed that
ERβ regulates multiple pathways that influence TGFβ signaling,
but the overall impact of loss of ERβ on TGFβ signaling remains

to be understood. Regulation of genes like TGFβ with wide-
spread effects on proliferation and apoptosis in multiple cells is
influenced by several signaling pathways, including estrogen,
Notch, and SMAD. Smad7, an inhibitor of TGFβ signaling, was
fivefold down-regulated in the ERβ−/− mouse VP. Smad7 was
significantly increased in both 2-mo-old mouse VP and 18-mo-
old mouse VP treated by ERβ agonist (Fig. 7 A, B, C, D, and I).
Thus, ERβ is a suppressor of TGFβ signaling.
Bcl2 is a well-characterized suppressor of apoptosis. LY3201

treatment decreased expression of Bcl2 in the epithelium of
the aging mouse VP (Fig. 7 E, F, G, H, and J). The effect of
LY3201 on proliferation in the mouse VP was evaluated by
Ki67 immunohistochemistry. There was no measurable increase
in the number of Ki67-positive cells after treatment with LY3201
(Fig. S3).

ERβ Agonist Reduces Activated NFκB and Cytokines in the VP. ERβ
has antiinflammatory actions, and ERβ agonist has been used to
prevent inflammation in a rat model of inflammatory bowel
disease (21, 22) and to repress activation of microglia in the
central nervous system (CNS) (38). LY3201 administration
resulted in a marked down-regulation of activated NFκB in the
VP of 18-mo-old mice (Fig. 8 C, F, and G). In addition, ex-
pression of the proinflammatory cytokine IL6 and iNOS was
reduced in immune cells within the VP stroma (Fig. S4).

ERβ Agonist Up-Regulates Stromal Caveolin-1. Increased expression
of stromal caveolin-1 has been reported to protect against in-
vasion of PCa (39). In the VP, caveolin-1 was expressed in the
stroma surrounding the epithelial ducts and at the plasma
membranes of endothelial cells. We demonstrated that, after 3 d

Fig. 2. Down-regulation of AR expression in old mouse VP by LY3201
treatment. (A and B) From 2-mo-old mice. (C and D) From 18-mo-old mice.
(A, B, and E) LY3201 treatment did not change AR expression in 2-mo-old
mice (#P > 0.05). (C, D, and E) In 18-mo-old mice, LY3201 treatment down-
regulated AR expression (*P < 0.05). (Scale bars: A–D, 50 μm.)

Fig. 3. Effects of LY3201 on expression of RORc in mouse VP. (A) In vehicle-
treated 2-mo-old mouse VP, very low expression of RORc was found in cy-
toplasm (black arrows). (B and E) Expression of RORc was unchanged by
exposure to LY3201 (#P > 0.05). (C) There was strong nuclear expression of
RORc in the epithelium of the VP in 18-mo-old mice (red arrows). (D and E) RORc
expression was markedly down-regulated by treatment with LY3201 (#P > 0.05,
*P < 0.05). (Scale bars: A–D, 50 μm.)
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of exposure to LY3201, there was a marked increase in stromal
caveolin-1. The treatment did not change caveolin-1 in endo-
thelial cells (Fig. S5).

Discussion
Since its cloning in 1996 from a rat cDNA prostate library (7), we
have hypothesized that ERβ could be a major player in pro-
tecting against development and/or progression of PCa. In the
present study, RNA sequencing allowed us to confirm a key role
for ERβ in gene regulation in the mouse VP, and immunohis-
tochemistry confirmed that gene expression does indeed trans-
late into protein expression. The differences in gene expression
between WT and ERβ−/− mice and between untreated and ERβ-
agonist–treated mice confirmed the role for ERβ in regulating genes
involved in prostatic growth, differentiation, inflammation, and in-
vasiveness of cancer. In addition to well-known genes, such as pro-
tease inhibitors, and genes involved in inflammation and apoptosis,
the present studies revealed ERβ regulation of tumor repressor
genes PTEN, T-cadherin13, DACH1, and stromal caveolin-1.
Much more time and effort is needed to fully evaluate the

physiological roles of ERβ in the prostate. Several genes important
in prostate functions identified by RNA-Seq were ERβ-regulated
but remain to be studied. These included the endoplasmic reticulum
receptor Ssr3; the transcription repressor Zbtb38; the regulator
of prostate metastasis to bone, osteopontin; S100A11; matrix gla
protein; several proteases, such as SH3BGRL; and the structural
components of E3 ubiquitin ligase complex Cul1.
Of the genes identified by RNA-seq that were followed up by

immunohistochemistry, PTEN, T-cadherin, Smad7, and caveolin1
were confirmed to be up-regulated by LY3201, and NFκB, iNOS,
IL-6, RORc, and Bcl2 were confirmed to be repressed by LY3201.

LY3201 was very effective in facilitating nuclear transport of
PTEN. Nuclear transport of PTEN is regulated by ubiquitina-
tion. The E3 ubiquitin ligase NEDD4 negatively regulates PTEN
protein levels through poly-ubiquitination and proteolysis in
carcinomas of the prostate (40). Two ubiquitin ligases, UBE2E2
and NEDD4, and the ligase modulator Ndfip1 (NEDD4 and
PTEN-interacting protein) participate in PTEN ubiquitination
(41). NEDD4 was increased fourfold in the VP of ERβ−/− mice,
suggesting that ERβ is a repressor of NEDD4 and by this repression
may be a facilitator of PTEN transport into the nucleus. Nuclear
PTEN offers a possible explanation for the antiproliferative actions
of ERβ in the prostate.
T-cadherin (also called cadherin 13) is a newly characterized

member of the cadherin family whose expression is decreased in
several human cancers (37). It is a tumor suppressor gene re-
sponsible for cell recognition and adhesion. Its regulation by ERβ
has not previously been reported. We found that T-cadherin was
down-regulated in ERβ−/− prostate and that ERβ agonist treatment
of WT mice increased expression of T-cadherin. This result indi-
cates that ERβ may suppress cancer by up-regulating T-cadherin.
High levels of TGFβ correlate with a poor prognosis for pa-

tients with PCa (42). TGFβ function changes from inhibition of
proliferation to induction of proliferation during development of
cancer. TGFβ signals through type I and type II serine/threonine
kinase receptors, which stimulate the phosphorylation of Smad2
and Smad3, and promotes their association with Smad4, which
regulates expression of the inhibitory Smad, Smad7. The down-
regulation of Smad7 by ERβ agonist suggests that TGFβ signaling
is overactive in the absence of ERβ. Overactivity of TGFβ signaling
is accompanied by increased expression of the TGFβ-regulated

Fig. 4. Alteration of DACH1 expression with ERβ agonist treatment. (A and
C) DACH1 was expressed in epithelial cells. (B and F) There was no significant
change of DACH1 in 2-mo-old VP by exposure to LY3201 (#P > 0.05). (D and
F) DACH1 expression was increased significantly by LY3201 in18-mo-old
mouse VP (*P < 0.05). (E) Scattered expression of DACH1 and hyperplastic
epithelium in ERβ−/− mouse VP at 18 mo of age. (Scale bars: A–D, 50 μm.)

Fig. 5. Increase in nuclear PTEN upon treatment with LY3201. PTEN can be
detected in both cytoplasm (black arrow) and nucleus (red arrow). (A and C)
There was cytoplasmic PTEN (black arrow) expression in the vehicle-treated
WT mice with few positive nuclei (red arrow). (B, D, and F) LY3201 increased
PTEN nuclear expression in both 2-mo-old and 18-mo-old mouse VP (*P <
0.05). (E) PTEN expression was extremely low in ERβ−/− mouse VP at 18 mo of
age. (Scale bars: A–E, 50 μm.)
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gene NUPR1 (nuclear protein 1, transcriptional regulator),
which is associated with progression and metastasis (43).
Regulation by ERβ of PTEN, NFκB, and TGFβ suggests wide-

spread effects of this receptor in cells in which it is expressed.
ERβ is not ubiquitously expressed. In addition to the prostate
epithelium and stroma, ERβ is expressed in several organs where
it has profound physiological effects: to name a few, the immune
system (44), the sympathetic nervous system (45), in blood ves-
sels where its loss leads to hypertension (46), the urinary bladder
where its loss leads to interstitial cystitis (47), and in the lung
where its loss leads to general hypoxia because of a decrease in
elasticity (48).
Recently, LY500307, a selective ERβ agonist, was tested in

men for its effect on symptoms of benign prostatic hyperplasia
(BPH). The results were disappointing, and the study was ter-
minated (49). LY500307 is a close relative of LY3201, and our
results with LY3201 suggest a role in prevention and progression
rather than treatment of symptoms. ERβ regulates TGFβ1 sig-
naling. TGFβ causes differentiation of fibroblasts into myofi-
broblasts and, through this mechanism, is thought to be involved
in development of BPH (50, 51). In addition, development of BPH
is related to inflammation, and ERβ has powerful antiinflammatory
actions by down-regulating activated NFκB, iNOS, IL-6, and
CXCL14, -16, and -17. Cytokines stimulate production of chemo-
kines by stromal cells, leading to proliferation and development of
BPH (52). These two pathways (TGFβ and NFκB) regulated by
ERβ suggest that ERβ ligands should be effective in preventing
development of BPH, but perhaps not in the treatment of BPH.
Treatment with ERβ agonists does not cause chemical cas-

tration because ERβ is not expressed in the pituitary and does
not influence gonadotropin secretion from the pituitary. In ad-
dition, the antiinflammatory actions of ERβ ligands may be

useful in treatment of prostatitis, a painful, distressing con-
dition for which there is no adequate treatment. ERβ ago-
nists have the advantage over glucocorticoids, the most
powerful and effective antiinflammatory agents available,
because they do not cause bone loss, a severe side effect of
use of glucocorticoids.
Late stage PCa can be treated by androgen deprivation, sur-

gery, chemotherapy, and radiation. However, the effect of these
treatments is temporary, and, after 2 y, CRPCa, a lethal disease,
emerges (53). The data presented herein reveal that ERβ may be

Fig. 6. Increased expression of T-cadherin by LY3201 in mouse VP. (A and C)
T-cadherin was expressed nicely in epithelial cells. It was decreased with age.
(B and F) Expression of T cadherin was unchanged in 2-mo-old mice by ex-
posure to LY3201 (#P > 0.05). (D and F) T-cadherin expression was increased
by LY3201 in VP of 18-mo-old mice (*P < 0.05). (E) T-cadherin expression was
low in ERβ−/− mouse VP at 18 mo of age. (Scale bars: A–E, 100 μm.)

Fig. 7. Alteration of Smad7 expression and BCL2 in VP epithelium upon
LY3201 treatment. (A and C) Smad7 staining was weak in the epithelium of
2-mo-old and 18-mo-old vehicle-treated mice. (B, D, and I) Smad7 was
strongly expressed in the cytoplasm of LY3201-treated mice both at 2 and
18 mo of age (*P < 0.05). (E and G) BCL2 was well-expressed in vehicle-
treated mice at both 2 and 18 mo of age. (F and J) There was no change
of BCl2 expression in 2-mo-old mice after exposure to LY3201(#P > 0.05).
(H and J) There was a marked reduction of BCl2 expression in 18-mo-old mice
after being treated by LY3201 (*P < 0.05). (Scale bars: A–H, 50 μm.)
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a target worthy of consideration for treating early stage prostate
cancer to prevent progression to more dangerous stages. ERβ
modulated AR signaling by repressing AR coactivators (such as
RORc) and increasing AR corepressors (such as DACH1). Thus,
stimulating ERβ will repress AR signaling without changing
androgen levels and without chemical castration.
Even though our main focus is on halting progression of PCa, it is

possible that ERβ agonists may have a role in metastatic CRPCa, a
lethal disease that is driven by AR (54). Our results demonstrated
that AR signaling, whether androgen-dependent or independent,
can be inhibited by ERβ. One study has reported that ERβ ex-
pression is increased once the cancer has metastasized (9, 12).
Although it is difficult to understand why there would be ERβ in a
highly proliferating disease, this possibility has to be examined
further. It is possible that there is no endogenous ligand present
because androgen ablation will lead to the absence of dihy-
drotestosterone (DHT) and its metabolite, 5α-androstane-3β,17β-diol
(3βAdiol), the endogenous ERβ ligand in the prostate (4). If there is
absence of an endogenous ERβ ligand, ERβ agonists should be useful
in treating metastatic PCa.
Overall, our data confirm a key role for ERβ in prostatic ho-

meostasis and suggest that ERβ agonists should be useful in
controlling prostate cancer, BPH, and prostatitis.

Materials and Methods
RNA Sequencing Using Single Cell-Tagged Reverse Transcription Protocol. RNA
(10 ng) was taken from VP of ERβ−/− and WT mice and processed using a
variation of the highly multiplexed single cell-tagged reverse transcrip-
tion (STRT) RNA sequencing protocol (55). Briefly, RNA samples were
placed in a 48-well plate in which a universal primer, template-switching
helper oligos, and a well-specific 6-bp barcode sequence (for sample
identification) were added to each well (56). Reverse transcription re-
agents (Thermo) and ERCC RNA Spike-In Mix I (Life Technologies) were
added to generate first-strand cDNA. The synthesized cDNAs from the
samples were then pooled into one library and amplified by single-primer
PCR with the universal primer sequence. The resulting amplified library
was then sequenced in three lanes using the Illumina HiSEq 2000
instrument.

Gene Expression Analysis. Data processing of the sequenced RNA libraries was
performed using the STRTprep pipeline (https://github.com/shka/STRTprep).
Briefly, the reads were demultiplexed into individual samples using the
sample-specific barcodes, using Bowtie, and assembled into transcript re-
gions using TopHat2 . For quality control, samples with low read counts (<x
reads), high redundancy (>x), shallow spike-in counts (<x reads), low spike-in
map rate (<x%), and low map rate to 5′-end of genes (<x%) were excluded
from subsequent analyses. The read counts were normalized to relative
amounts compared with total spike-in counts. Differential expression anal-
ysis was performed using SAMstrt (55). Variation caused by technical noise
was estimated from technical replicates using a generalized linear model
with a gamma distribution, as described (57). In addition to differential
expression significance between control and treated samples, only tran-
scripts with more biological variation than the background technical noise
were considered as significant.

Materials, Animals, and Tissue Preparation. The ERβ agonist LY3201 [(3aS,4R,9bR)-
2,2-difluoro-4-(4-hydroxyphenyl)-3,3a,4,9b-tetrahydro-1H-cyclopenta[c]chromen-
8-ol (CAS 787621-78-7)] was a gift from Eli Lilly. The animal studies were
approved by the Stockholm South ethical review board and the local
Animal Experimentation Ethics Committee for animal experimentation
(University of Houston animal protocol 09-036). Twenty C57BL/6 mice
were divided randomly into the following two groups: (i ) treated with
vehicle (n = 10) or (ii ) treated with LY3201 (n = 10). LY3201 was used as
pellets (0.04 mg/d), which were made by Innovative Research of America,
and implanted on the lateral side of the neck between the ear and the
shoulder. The pellet is made of a matrix fused with an active product. The
ingredients were as follows: cholesterol, cellulose, lactose, phosphates,
and stearates. The mice were treated by inserting pellets (vehicle or
LY3201) 3 d before euthanizing. Mice were housed in a room of standard
temperature (22 ± 1 °C) with a regular 12-h light, 12-h dark cycle and
given free access to water and standard rodent chow. All mice were ter-
minally anesthetized by CO2 and transcardially perfused with 1× PBS,
followed by 4% paraformaldehyde (in 0.1 M PBS, pH 7.4). Prostates were
dissected and postfixed in the same fixative overnight at 4 °C. After fix-
ation, prostates were processed for paraffin sections (5 μm).

Immunohistochemistry. Paraffin sections were deparaffinized in xylene,
rehydrated through graded alcohol, and processed for antigen retrieval by
boiling in 10 mM citrate buffer (pH 6.0) for 12 to 15 min in PT module.
Sections were incubated in 0.3% H2O2 in 50% methanol for 30 min at room
temperature to quench endogenous peroxidase. To block nonspecific
binding, sections were incubated in 3% BSA for 30 min, and then a biotin
blocking system (Dako) was used to block endogenous biotin. Sections were
then incubated with anti-ERβ (1:100; made in our laboratory), anti-AR (1:100;
Abcam), anti-RORc (1:200; Abcam), anti-DACH1 (1:500; Abcam), anti-PTEN
(1:100; Abcam), anti–T-cadherin (1:400; Santa Cruz Technology), anti-iNOS
(1:100; Abcam), anti-IL6 (1:100; Abcam), anti-Ki67 (1:500; Abcam), and anti–
caveolin-1 (1:500; Abcam) at 4 °C after blocking nonspecific binding in 3%
BSA. BSA replaced primary antibodies in negative controls. After washing,
sections were incubated with HRP polymer kit (GHP516; Biocare Medical) for
30 min at room temperature, followed by 3,3-diaminobenzidine tetrahy-
drochloride as the chromogen. For immunofluorescence, steps for quench-
ing of endogenous peroxidase and blocking of endogenous biotin were
omitted. Sections were incubated overnight with anti–NF-κB (1:200; Abcam),
anti-Smad7 (1:100; Santa Cruz Technology), anti-Bcl2 (1:100; Abcam) at
4 °C after blocking nonspecific binding in 3% BSA. Primary antibodies
were detected with donkey anti-goat FITC (1:400; Jackson Immuno-
Research), donkey anti-rabbit FITC (1:400; Santa Cruz Biotechnology), and

Fig. 8. Down-regulation of activated NFκB by LY3201. (A and C) There was
both cytoplasmic and nuclear expression of NFκB (white arrows) in vehicle-
treated mice at 18 mo of age. (D, F, and G) In LY3201-treated mice at 18 mo
of age, there was much less NFκB in the nucleus, and cytoplasmic staining
was reduced as well (*P < 0.05). (B and E) DAPI counterstaining. (Scale bars:
A–F, 50 μm.)
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donkey anti-goat FITC (1:400; Jackson ImmunoResearch). Sections were
later counterstained with Vectashield mounting medium containing 4′,6′-
diamidino-2-phenylindole (DAPI) (Vector) to label nuclei. There were
five mice in each group. We stained every fifth slide from 25 consecutive
slices: i.e., five slices from each mouse. Two 400-magnification fields were
checked in each slice for immunoreactivity; therefore, ten fields from each
mouse were checked.

Data Analysis. Data are expressed as mean ± SD; statistical comparisons were
made by using a one-way ANOVA followed by Newman–Keuls post hoc test.
P < 0.05 was considered to indicate statistical significance.
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