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In 1998, an estrogen receptor β (ERβ) knockout (KO) mouse was
created by interrupting the gene at the DNA binding domain
(DBD) with a neocassette. The mutant females were subfertile
and there were abnormalities in the brain, prostate, lung, colon,
and immune system. In 2008, another ERβ mutant mouse was
generated by deleting ERβ exon 3 which encodes the first zinc
finger in the DBD. The female mice of this strain were unable to
ovulate but were otherwise normal. The differences in the pheno-
types of the two KO strains, have led to questions about the phys-
iological function of ERβ. In the present study, we created an ERβ
exon 3-deleted mouse (ERβ-Δex3) and confirmed that the only
observable defect was anovulation. Despite the two in-frame stop
codons introduced by splicing between exons 2 and 4, an ERβ pro-
tein was expressed in nuclei of prostate epithelial cells. Using two
different anti-ERβ antibodies, we showed that an in-frame ligand
binding domain and C terminus were present in the ERβ-Δex3 pro-
tein. Moreover, with nuclear extracts from ERβ-Δex3 prostates,
there was an ERβ-dependent retardation of migration of activator
protein-1 response elements in EMSA. Unlike the original knock-
out mouse, expression of Ki67, androgen receptor, and Dachs-
hund-1 in prostate epithelium was not altered in the ERβ-Δex3
mouse. We conclude that very little of ERβ transcriptional activity
depends on binding to classical estrogen response elements (EREs).
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The first estrogen receptor β knockout (ERβ−/−) mouse was
generated in 1998 in the laboratory of Oliver Smithies and

revealed a key role for this receptor in female and male re-
production (1). This mouse was characterized by a reduced
ability to ovulate, incomplete differentiation of the epithelium in
the mammary gland and prostate, defective migration of cortical
neurons during fetal development (2, 3), age-dependent myeloid
leukemia (4), and severe abnormalities in the lungs (5, 6) and
colon (7). Aging male ERβ−/− mice developed prostate hyperplasia
and prostatic intraepithelial neoplasia (PIN), a premalignant stage
of adenocarcinoma (8). ERβ is also expressed in normal human
prostate and in prostate cancer of Gleason grades up to 3 + 3 but
its expression decreases as cancer progresses (9–11). The loss of
ERβ expression during the progression from high-grade PIN to
cancer suggests that ERβ may act as a tumor suppressor. The
physiological functions of ERβ deduced from the original ERβ−/−
mouse have been questioned (12) and suggested to be due to the
presence of the neocassette, used to interrupt translation of the
gene at the DNA binding domain (DBD). Indeed, a different ERβ
mutant mouse created by deletion of exon 3 (encoding the DNA
recognition sequence), showed no abnormalities other than ste-
rility in both males and females (12).
For many years, the transcriptional action of estrogen receptors

was thought to be mediated only through binding to specific es-
trogen response elements (EREs) on DNA. It is now known that
one-third of the categorized human 17β-estradiol–responsive genes
are transcribed via indirect ER–DNA association through protein–
protein interactions with several transcription factors (13). Both
ERα and ERβ can exert transcriptional regulation by tethering to

other transcription factors such as c-Fos/c-Jun (activator protein-1,
AP-1), Sp1, or NF-κB without themselves binding to EREs on
DNA (13–18). Genome landscaping has revealed that the non–
ERE-dependent mode of transcription is the preferred pathway
used by ERβ to regulate transcription of its target genes. Re-
markably, only 5% of ERβ-interacting regions include only EREs
or ERE half-sites, whereas ∼60% contain AP-1–like binding re-
gions together with ERE-like sites (19). In vitro studies have con-
sistently revealed that ERβ is a weaker activator of classical EREs
than ERα (20, 21). Initially, these data were interpreted as evidence
that ERβ was not of much physiological relevance, whereas they
actually highlighted the fact that both ERα and ERβ mediate
transcription through two distinct pathways, with ERβ using pre-
dominantly non-ERE pathways.
Because ERβ−/− mouse lines generated in different laboratories

have such different phenotypes, the physiological functions of ERβ
remain debated. In the present study, we generated a novel exon
3-deleted mouse (ERβ-Δex3) and show that most of the physio-
logical functions of ERβ were preserved in this mutant mouse.

Results
Generation of Floxed ERβ and ERβ-Δex3 Mice. To generate ERβ-
Δex3 mice, we used the Cre/loxP recombination system to target
exon 3. Exon 3 of the ERβ gene encodes the first zinc finger in the
DBD (ERE recognition finger) and removal of this exon should
have resulted in a frame shift in the coding region after splicing
from exon 2 to exon 4. The targeting vector was designed to in-
troduce a loxP site in intron 2 and a loxP flanked neomycin cassette
in intron 3 (Fig. 1A). Mice with a deleted ERβ allele were generated
by crossing ERβ floxed mice with transgenic CMV-Cre or Rosa-Cre
deleter mice. Breeding with both strains of Cre-deleter mice pro-
duced similar results; therefore the resultant mutant mice were
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named ERβ-exon 3 deleted (ERβ-Δex3) mice. An extended protocol
for the generation of the ERβ-Δex3 mutant mice and genotyping
data are described in SI Materials and Methods and Fig. S1).

Verification of Exon 3 Deletion. To verify that exon 3 of the ERβ
gene was deleted in mutant mice, we analyzed DNA and confirmed
that exon 3 was deleted (Fig. S1 C andD). RNA was extracted from
ovaries and ventral prostates (VPs) and analyzed by RT-PCR using
primers located in exons 2 and 5. ERβ mRNA was present in the
ovary and VP from wild-type (WT) and ERβ-Δex3 mice (Fig. 1B)
and sequencing of the amplified product in mutant mouse revealed
that it lacked exon 3 and that splicing had occurred between exons 2
and 4 (Fig. 1C). Because of the two in-frame stop codons present at
the beginning of exon 4, the predicted translated protein was
expected to be composed of 121 amino acids from ERβ and one
amino acid from the frame shift in exon 4 and should lack both the
DBD and the ligand binding domain (LBD) of ERβ. Similarly, an
additional RT-PCR with a primer overlapping the stop codon in
exon 9 together with the exon 2 primer detected only a single band.
These data together with subsequent sequencing of amplification
products suggest that no alternative splicing has occurred. There-
fore, determination of cDNA sequences, as well as RT-PCR ex-
periments with different sets of primers confirmed deletion of exon
3 and showed that no alternative splicing had occurred and no
transcript variants were produced in this mouse.

Ovarian Dysfunction in ERβ-Δex3 Mouse. The ERβ-Δex3 female
mice are infertile. The overall appearance of the ovaries and
uteri were not different from those of WT mice (Fig. S2).
However, histological analysis of ovarian cross-sections revealed
absence of corpora lutea, an increase in the number of atretic
follicles with no detectable increase in the number of growing
follicles, and no viable preovulatory follicles (Fig. S2). Thus, the
infertility of the ERβ-Δex3 mouse appears to be due to a lack of
late follicular maturation and ovulation.

Ventral Prostates of the ERβ-Δex3 Mouse. Although ovarian defects
in the ERβ-Δex3 mouse were similar to those in the original
ERβ−/− mouse, their ventral prostate appears to be unaffected by
loss of ERβ exon 3. Because gene expression, morphology, and
proliferation were affected in the ventral prostate of the original
ERβ−/− mouse, the reason for this difference was further in-
vestigated. By immunohistochemical analysis, ERβ was localized
in the nuclei of the epithelial, basal, and stromal cells of the
ventral prostate of WT and ERβ-Δex3 mice (Fig. 2). Expression of
ERβ was similar whether CMV-Cre or Rosa-Cre were used to
delete exon 3 (Fig. 2). With the same ERβ 503 antibody, no signal
was detected in the prostatic epithelium of original ERβ−/− mice.
Although the ERβ transcript produced by the recombination had

two in-frame stop codons, the mouse expressed an ERβ protein
including an in-frame LBD, but lacking the first zinc finger. Indeed,
on Western blots with cellular extracts from the ventral prostate,
ERβ protein of molecular weight 55 kDa was detected (Fig. 3 A and
B). The antibody used was raised against the ERβ LBD. As a pos-
itive control for ERβ detection, we used a commercial ERβ re-
combinant protein whose predicted molecular weight is 53.4 kDa
due to the deletion of part of the N-terminal domain of the protein.
Increasing concentrations of ERβ recombinant protein loaded onto
the gel (1–30 pmol) led to a concentration-dependent increase in the
ERβ signal detected by the ERβ–LBD antibody (Fig. S3). In ventral
prostate extracts from the original ERβ−/− mouse, no ERβ protein
was detectable (Fig. 3 A and B). Fig. 3B also shows loss of detection
of ERβ protein when the ERβ–LBD antibody was preabsorbed with
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Fig. 1. Targeted disruption of the mouse ERβ gene. Structure of the WT ERβ
allele, targeting vector, targeted locus, floxed allele, and deleted allele after
Cre-recombination are shown with the KpnI (K), BamHI (B), and SalI (S) re-
striction sites. PCR genotyping primers (P1, P2, P3, and P4) are indicated by
arrows (A). RT-PCR analysis of ERβ total RNA from WT and ERβ-Δex3 mice (B).
WT ovaries and ventral prostate expressed a 430 bp ERβ mRNA, whereas a
shorter transcript (259 bp) lacking exon 3 was detected in the ERβ-Δex3 mice.
DNA sequencing analysis of cDNA extracted frommutant ovaries and ventral
prostate indicates that splicing between exons 2 and 4 occurs in ERβ-Δex3
mice and generates a frame shift in the reading frame (C). This frame shift
results in the creation of two in-frame stop codons.
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Fig. 2. Localization of ERβ in the WT and ERβ-Δex3 mouse prostates. Ven-
tral prostates of WT, ERβ-Δex3, and original ERβ−/− mice aged 6 or 12 mo
were stained for ERβ. ERβ staining is mostly localized in the nuclei of the
epithelial cells. Some basal and stromal cells are also positive. Epithelial cells
of the WT and ERβ-Δex3 VP present a strong signal. There is no significant
difference in the staining between the WT and the mutant mice. Further-
more, there is no detectable staining in the original ERβ−/− mouse prostate.
For each picture, a close-up view of the epithelial cell layer has been in-
cluded. (Scale bars, 50 μm or 12.5 μm for the close-up view.)

5136 | www.pnas.org/cgi/doi/10.1073/pnas.1504944112 Maneix et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1504944112/-/DCSupplemental/pnas.201504944SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1504944112/-/DCSupplemental/pnas.201504944SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1504944112/-/DCSupplemental/pnas.201504944SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1504944112/-/DCSupplemental/pnas.201504944SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1504944112/-/DCSupplemental/pnas.201504944SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1504944112/-/DCSupplemental/pnas.201504944SI.pdf?targetid=nameddest=SF3
www.pnas.org/cgi/doi/10.1073/pnas.1504944112


the ERβ protein, thereby establishing the specificity of the antibody.
Therefore, not only was there an ERβ protein migrating on SDS/
PAGE as a 55-kDa band but ERβ was also detected in the nuclei of
prostate epithelium and lungs by immunohistochemistry. Three
different anti-ERβ antibodies whose epitopes target the LBD of
ERβ1, the N-terminal domain of ERβ, and the C-terminal peptide
of ERβ showed that in the ERβ-Δex3 mouse there is an in-frame
LBD and C terminus, with absence of N terminus (Fig. S4).
In vitro transcription/translation of ERβ mRNA extracted from

ERβ-Δex3 mouse ovaries produced a truncated protein whose
apparent molecular weight is about 20 kDa (Fig. S5). Thus, in
vivo, but not in vitro, the ERβ-Δex3 mRNA produces an ERβ
protein that seems to retain the normal translational reading
frame. With the deletion of exon 3, the molecular weight of the
ERβ-Δex3 protein should be lower than that in the WT mouse.
However, the protein in the WT mouse prostate extracts migrated
on SDS gels with a similar molecular weight as the ERβ-Δex3
protein. To explain the apparent comigration of ERβ in WT and
ERβ-Δex3 mice on Western blots, we used an anti-ERβ N-ter-
minal antibody to determine whether there was an intact N ter-
minus in the WT mouse protein. With this antibody raised against
amino acid 1–153 in ERβ1, no band was detected in extracts from
the prostates of WT mice (Fig. 3C) but we detected a 59-kDa
band in purified full-length commercial ERβ (Fig. 3C).
Thus, it appears that there is degradation of ERβ with removal

of the N terminus during preparation of the tissue extracts
resulting in a 55-kDa protein. ERβ expressed in Escherichia coli
purified to homogeneity and stored at −80 °C in the presence of
protease inhibitor mixture also degrades with time and is con-
verted from a single band of 59 kDa to a 50-kDa band (Fig. 3D).
The cause of the degradation remains unclear but may be related
to the unstructured nature of the N terminus, which may make it
more sensitive to proteolytic cleavage. We conclude that the
55-kDa band in the WT is due to a degradation of ERβ1, which
occurs during handling of tissue.

Morphological Study of the WT and ERβ-Δex3 Mouse Ventral Prostate.
The ducts of the ventral prostates of 6- and 12-mo-old WT mice
are organized in a single layer of columnar or cuboidal epithelium
surrounded by thin layers of stroma (Fig. 4). After H&E staining,
the ventral prostates of ERβ-Δex3 mice appeared histologically
normal and morphologically indistinguishable from those of age-
matched WT littermates. In 6-mo-old mice, proliferation in the
ERβ-Δex3 mouse VP was similar compared with the WT (Fig.
S6). In the ventral prostate of 12-mo-old original ERβ−/− mice,
there are multiple foci of hyperplasia characterized by pro-
liferation of epithelial cells, as previously observed by Imamov
et al. and Weihua et al. (8, 22). In the epithelial cell layer, there

were multiple infoldings and piling up, with accumulation of cells
inside the lumen of the prostatic ducts (Fig. S7). Taken together,
these results indicate that deletion of exon 3 of ERβ does not
affect the morphological structure of the VP.

Lack of Changes in Gene Expression in ERβ-Δex3 Mouse Ventral
Prostate. Immunostaining for androgen receptor and Dachshund-1
(DACH-1) revealed that in bothWT and ERβ-Δex3 mice, there was
a clear nuclear staining of these proteins in the prostatic epithelium
(Fig. 5 and Fig. S8A). Androgen receptor was also expressed in
immune cells, as indicated by black arrows. DACH-1 expression
was particularly strong and specific for the epithelial cells. There
was no significant difference in androgen receptor or DACH-1
expression between the WT and ERβ-Δex3 ventral prostate. In
contrast, in the original ERβ−/− ventral prostate, protein expres-
sion of androgen receptor as well as DACH-1 was higher than that
in WT mice (Fig. 5 and Fig. S8 A and B).
In the ventral prostate, the scaffolding protein caveolin-1 is

specifically expressed at the plasma membranes of epithelial and
endothelial cells, as well as in the stroma surrounding the epi-
thelial ducts. By immunostaining, we demonstrated that caveolin-1
was expressed in the epithelium and stromal layer of the prostatic
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Fig. 3. ERβ protein expression in the WT and ERβ-
Δex3 mouse ventral prostate. Western blot using
ERβ–LBD antibody shows that bands of 55 kDa were
detected in both WT as well as ERβ-Δex3 mouse VP
(A). The specificity of the ERβ–LBD antibody was
assessed by preabsorbing the antibody with ERβ
protein (B). ERβ protein expression was not detect-
able in the original ERβ−/− mouse VP (B). An anti-
body raised against the N-terminal part of ERβ did
not detect the receptor in mouse protein extracts
(C). As ERβ protein expressed in E. coli frequently
undergoes in vitro protein degradation, it displays
full-length and N-terminally truncated isoforms of
the receptor at the same time (D). Ab, antibody;
ERβ E. coli, ERβ protein expressed in E. coli; ERβ FL,
full-length ERβ recombinant protein; ERβ rec, ERβ
recombinant protein.
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Fig. 4. Histological structure of WT and ERβ-Δex3 mouse VP. Representative
sections of the ventral prostates collected from WT, ERβ-Δex3 mice, or original
ERβ−/− mice were stained with hematoxylin and eosin (H&E). H&E-stained
ventral prostate tissues displayed no differences in histology between aged-
matched WT and ERβ-Δex3 mouse tissues. In the original mutant mouse ven-
tral prostate, the prostatic epithelium was disorganized and the ducts were
filled with multiple layers of proliferative epithelial cells. (Scale bar, 100 μm.)

Maneix et al. PNAS | April 21, 2015 | vol. 112 | no. 16 | 5137

M
ED

IC
A
L
SC

IE
N
CE

S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1504944112/-/DCSupplemental/pnas.201504944SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1504944112/-/DCSupplemental/pnas.201504944SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1504944112/-/DCSupplemental/pnas.201504944SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1504944112/-/DCSupplemental/pnas.201504944SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1504944112/-/DCSupplemental/pnas.201504944SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1504944112/-/DCSupplemental/pnas.201504944SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1504944112/-/DCSupplemental/pnas.201504944SI.pdf?targetid=nameddest=SF8


ducts in WT and ERβ-Δex3 mice. Expression was significantly
reduced in the epithelium and stroma of original ERβ−/− ventral
prostate ducts (Fig. S9).

ERβ and AP-1 DNA Binding Activity in WT and ERβ-Δex3 Mice. Both
WT and ERβ-Δex3 ventral prostate nuclear extracts formed
complexes with an AP-1 response element and the addition of an
anti-ERβ antibody prevented and/or strongly decreased the
binding of the AP-1 complex to its responsive element (Fig. 6).
In contrast, addition of an anti-ERα antibody did not alter
complex formation with the AP-1 probe. These results indicate
that the ERβ protein produced by the ERβ-Δex3 mouse is able to
form AP-1/ERβ protein complexes able to bind AP-1 responsive
elements.

Discussion
Since the report of its discovery in 1996 (23), the physiological
role of ERβ has often been debated. Its absence from the uterus
and pituitary caused some endocrinologists to question whether
it could be a mediator of the actions of 17β-estradiol. However,
ERβ signaling actually does mediate many of the nonreproductive
functions of estradiol and some of those which were called
“indirect” because of the absence of ERα in estrogen-responsive
tissues.
In addition to the classical mode of ER transcriptional activity,

ER can signal through tethering mechanisms, in which ER acts
as a coactivator or corepressor of other transcription factors,
without the involvement of EREs (14, 24). The predominant role
of this nonclassical pathway in ERβ signaling was revealed by
genomic landscaping (19). In several systems, the capacity of
ERβ to activate ERE-regulated reporter genes in transactivation
assays was much weaker than that of ERα (21). Despite this
finding, the DBD continued to be the target for generating ERβ
knockout (KO) mice. It is this strategy which has caused the recent
conclusion that ERβ is of little physiological relevance (12). This
misunderstanding has, unfortunately, reduced the enthusiasm for

development of ERβ agonists, which would otherwise be actively
pursued as pharmaceuticals for treatment of diseases of the
prostate and central nervous and immune systems.
In contrast to the ERβ-Δex3 mice, in ERα-Δex3 mice gener-

ated with a comparable Cre/loxP-mediated recombination, ERα
function was completely lost, indicating the dominance of ERE
binding for the function of ERα (25). The reason why a similar
recombination leads to divergent results while targeting two
closely related genes remains to be elucidated. Ribosomal sub-
units do not efficiently dissociate from the translated mRNA
when stalling at a premature stop codon if it is not closely fol-
lowed by a poly(A) signal. Indeed, proper translation termina-
tion depends on a stimulating signal from the poly(A) binding
protein and therefore only occurs when the stop codon is in
spatial proximity of the poly(A) tail region (26–28). For that
reason, we speculate that the transcription machinery can read
through the two stop codons (TAA followed by TGA) in the case
of the manipulated ERβ gene. In addition, the read-through
efficiency was found to associate with the identity of the pre-
mature stop codon and its sequence context. In our study, the
ERβ-Δex3 cDNA sequence determination showed that the stop
codon TGA is followed by a cytosine residue. Interestingly, the
highest read-through efficiency is of the TGA stop codon, fol-
lowed by TAG and, to a lesser extent, TAA (29). The sequences
upstream and downstream of the stop codon also have an im-
portant role in determining its susceptibility to read through. For
example, a cytosine residue after either the stop codon TGA or
TAA (position +4) is correlated with high levels of read through
(29). In addition, removal of exon 3 should have mediated a
frame shift in the coding sequence. As ERβ expressed in ERβ-
Δex3 mouse is being detected by several anti-ERβ antibodies
directed against the LBD and C terminus part of the receptor,
we can also hypothesize that ribosomes undergo a frame shift
while reading the mRNA sequence and that the resulting ERβ
protein retains the regular reading frame.
Because the ERβ-Δex3 mouse was normal except for the in-

ability of females to ovulate, we have concluded that most of the
functions of ERβ were preserved in ERβ-Δex3 mice. In contrast,
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Fig. 5. Androgen receptor immunostaining in the WT and ERβ-Δex3 mouse
ventral prostates. In the ventral prostates of 6- or 12-mo-old WT, ERβ-Δex3,
or original ERβ−/− mice strong nuclear expression of androgen receptor was
observed in the epithelial cells with some stromal cells also positive. An-
drogen receptor-positive immune cells are indicated by black arrows. No
detectable changes in the intensity or the number of positive cells were
observed in the ERβ-Δex3 mouse ventral prostate compared with the WT
littermate. In contrast, in the original ERβ−/− ventral prostate, expression of
androgen receptor was increased. (Scale bar, 50 μm.)

AP-1 probe

WT

Fig. 6. ERβ and AP-1 DNA binding activity in WT and mutant mouse ventral
prostate. EMSAs using the 5′-biotinylated double-stranded AP-1 probes with
nuclear extracts from WT or ERβ-Δex3 mouse ventral prostate revealed that
the ERβ protein produced in the ERβ-Δex3 mice binds to the AP-1 complex at
the AP-1 responsive elements in the ventral prostate. Formation of the DNA–
protein complexes was strongly decreased by the addition of ERβ–LBD or ERβ
503 antibodies. Negative controls lacking nuclear extracts are shown (probe).
ERβ and AP-1 protein–DNA complexes are indicated by an arrow.
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removal of the exon 3 from the ERα gene was sufficient to in-
terrupt ERα signaling (26), indicating that most of ERα signaling
occurs via binding of ERα to EREs. Indeed, no ERα protein was
detected in these mice and ERα−/− female mice develop obesity
with hyperglycemia and display hemorrhagic polycystic ovaries
and atrophic uteri (25). A study by Price et al. (30) showed that,
in the presence of ER agonists, an exon 3-deleted splice variant
of ERβ missing the second zinc finger in the DBD could trans-
activate luciferase reporter constructs containing an AP-1 site,
but not an ERE. More recently, re-ChIP studies performed on a
genome-wide scale showed co-occupancy of ERβ and AP-1 on
chromatin, with a decrease in ERβ recruitment to chromatin
when siRNAs targeting c-Fos or c-Jun were used (19). Our re-
sults show that the addition of an anti-ERβ antibody prevented
and/or strongly decreased the binding of the AP-1 protein
complex to its responsive elements. Taken together, our data
confirm the major role of AP-1 in mediating estrogen signaling in
the mouse ventral prostate.
ERβ reduces or limits the growth stimulating effects of andro-

gen receptor in the prostatic epithelium (31, 32). In accordance
with our previous studies (22), our results show that the content of
androgen receptor is higher in the original ERβ−/− ventral prostate
than in those of WT littermates. We also found that Dachshund-1
protein is an ERβ-regulated gene, which is coexpressed with ERβ
in the epithelium of the ventral prostate (Fig. S8C). DACH-1
physically associates with androgen receptor and inhibits the
transcriptional activity of androgen-dependent androgen receptor
functions like cellular growth, DNA synthesis, and proliferation
(33). Therefore, the loss of DACH-1 expression may lead to en-
hanced androgen receptor activity. This finding helps to explain
one mechanism through which ERβ may repress androgen re-
ceptor activity. DACH-1 is expressed in normal prostatic epithelial
cells but its expression is strongly reduced in prostate cancer (33)
and this loss correlates with tumor progression and invasiveness.
In the original ERβ−/− mouse, expression of androgen receptor as
well as DACH-1 in the nuclei of the ventral prostate was higher
than in WT littermates but there were no detectable changes in
androgen receptor or DACH-1 expression in the ventral prostate
epithelium of the ERβ-Δex3 mouse. These data indicate that
control of prostatic growth is probably mediated mostly through
ERE-independent pathways like the AP-1 pathway. As DACH-1
was also shown to repress a variety of AP-1 responsive genes, and
to physically interact with c-Jun and repress its function (34), it is
possible that a protein complex involving ERβ and DACH-1 could
influence the transcriptional activity of the androgen receptor
gene in the prostate.
In humans, levels of caveolin-1 in tumor epithelial cells increase

during prostate cancer progression. Conversely, current evidence
indicates that caveolin-1 loss in prostate cancer-associated stroma
contributes to the metastatic behavior of tumor cells in advanced
and metastatic prostate cancer (35) and loss of caveolin-1 ex-
pression in the prostatic tumor-associated stroma is associated
with high Gleason score (36). In clinical studies, significant down-
regulation of the protein in prostate stroma has been shown to
mediate progression to the castration-resistant phase of prostate
cancer through diverse pathways (37). Previously, our laboratory
had shown that caveolin-1 expression was lower in original ERβ−/−
mouse gastrocnemius muscle than in WT littermates (38). In the
present study, we found strong caveolin-1 staining in the stroma of
the WT and ERβ-Δex3 mouse VP. However, there was very little
expression of caveolin-1 in the stroma of original ERβ−/− ventral
prostate. Low levels of caveolin-1 in the stroma of the original
ERβ−/− ventral prostate might contribute to the development of
prostate hyperplasia and prostatic intraepithelial neoplasia in ag-
ing original ERβ−/− male mice.
The inability of ERβ-Δex3 mice to ovulate is one dysfunction

common to both mutant ERβ strains of mice and suggests in-
volvement of EREs in the ovulation process. Estrogen signaling to

gonadotropin releasing hormone (GnRH) neurons is critical for
coordinating the preovulatory surge of luteinizing hormone (LH)
with follicular maturation. The GnRH gene is directly down-
regulated by estrogen in the hypothalamus, and, at the time of
the preovulatory surge, there is a paradoxical increase in GnRH
secretion that triggers ovulation (39). More precisely, the human
GnRH gene has been shown to be directly inducible by estrogens
via an ERE located between −547 and −516 bp of its promoter
(40). Although some studies have reported ERα immunoreac-
tivity in GnRH neurons (41), others have claimed that ERβ is the
predominant receptor (42). Even though we present evidence
that very few functions of ERβ require its direct interaction with
EREs, one exception may be the estrogen-dependent regulation
of GnRH secretion. The individual role of ERα and ERβ in
feedback regulation of GnRH is still unresolved. Loss of ERα
from the arcuate nucleus does not inhibit acute feedback of es-
trogen on LH release from the pituitary (43). Neuronal in-
activation of ERβ results in failure of estradiol to suppress LH
secretion. However, this does not appear to be due to effects on
GnRH synthesis or secretion because knockout of ERβ in GnRH
neurons did not affect cyclicity or feedback regulation of estra-
diol on LH secretion (44). ERβ is not expressed in the adult
pituitary nor is it expressed in the arcuate nucleus. So the cells in
which ERβ regulates LH secretion remain to be identified.
In conclusion, the main finding in this study is that most of the

physiological functions of ERβ do not involve ERE binding. More
specifically, our results suggest that ERβ control of prostatic
growth is probably mediated mostly through non-ERE mecha-
nisms like the AP-1 pathway and suggest novel pathways as targets
for treating abnormal prostatic growth.

Materials and Methods
Western Blotting. The cell extract-associated proteins (20 μg) were resolved on
a 10% polyacrylamide gel, using 1% SDS/Tris glycine buffer. The proteins
were then electrotransferred onto polyvinylidene difluoride (PVDF) mem-
brane (Biorad) and the free protein-binding sites of the PVDF membranes
were blocked for 1 h in Tris buffer saline (TBST, 20 mM Tris, 137 mM NaCl,
0.1% Tween 20) containing 5% (wt/vol) nonfat dry milk. The membranes
were incubated with a rabbit anti-ERβ LBD antibody, a mouse anti-ERβ
N-terminal antibody, or a rabbit anti-GAPDH (FL-335-HRP, Santa Cruz Bio-
technology) antibody in TBST supplemented with 5% (wt/vol) nonfat dry
milk. After overnight incubation at 4 °C, the membranes incubated with the
anti-ERβ antibody were rinsed in TBST buffer and incubated for 1 h with the
appropriate secondary antibody at 1:6,000 dilution, whereas the membranes
incubated with the anti-GAPDH antibody were washed and directly pro-
cessed for development. Protein signals were revealed using an Amersham
ECL Plus Western Blotting Detection Reagent (GE Healthcare). The ERβ signal
was normalized to that of GAPDH. The ERβ human recombinant protein (ERβ
rec) used as a positive control of ERβ detection was purchased from Invi-
trogen (reference P2466). The estimated molecular weight of this N-terminal
truncated protein, calculated by the vendor, is 53.4 kDa. As a second positive
control for ERβ detection, 0.08 μg of ERβ protein expressed in E. coli (ERβ
E. coli) was directly subjected to the gel used for resolution of the cellular
extracts. This ERβ protein was produced through a bacterial expression sys-
tem [BL21 (DE3) cells] and purified by heparin affinity chromatography
columns. A full-length human ERβ1 recombinant protein (ERβ FL) was a
generous gift from Christophoros Thomas, Center for Nuclear Receptors and
Cell Signaling, Department of Biology and Biochemistry, University of
Houston, Houston, and was initially purchased from Pan Vera.

Immunohistochemistry. Five-micrometer paraffin-embedded sections were
dewaxed in xylene, rehydrated, and processed for antigen retrieval with
10 mM citrate buffer (pH 6.0) in a Lab Vision PT module (Thermo Scientific).
The cooled sections were incubated in a buffer composed of 50% (vol/vol)
methanol and 3% (vol/vol) H2O2 for 30 min to quench endogenous peroxi-
dase, and then unspecific binding was blocked by incubating the slides in
3% (wt/vol) BSA with 0.1% Nonidet P-40 in PBS for 1 h. Sections were then
immunostained with anti-ERβ 503 (anti-ERβ antibody mapping the C-termi-
nus part of the receptor), antiandrogen receptor, or anti-Ki67 antibodies in
1% BSA with 0.1% Nonidet P-40 in PBS overnight at 4 °C. The 1% BSA with
0.1% Nonidet P-40 in PBS replaced primary antibodies in negative controls.
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After washing, sections stained with the anti-ERβ antibody were incubated
with a biotinylated goat anti-chicken secondary antibody (1:200 dilution) for
1 h at room temperature and then Vectastain ABC kit (Vector Laboratories)
was used for the avidin–biotin complex method according to the manufac-
turer’s instructions. Rabbit-on-Rodent HRP-Polymer reagent (Biocare Medi-
cal) was used for the antiandrogen receptor and anti-Ki67 antibodies. After
sections were washed in PBS, peroxidase activity was visualized with 3,3′-dia-
minobenzidine (DAKO or Thermo Scientific). The sections were lightly counter-
stained with Mayer’s hematoxylin (Sigma-Aldrich), dehydrated through an
ethanol series to xylene, and mounted with Permount (Fisher Scientific).

EMSAs. DNA–protein binding assays were carried out with 5 μg of prostate
nuclear extracts from WT or ERβ-Δex3 mice. Synthetic 5′-biotinylated comple-
mentary oligonucleotides were purchased from IDT and annealed for 5 min at
95 °C in Tris-EDTA buffer (10 mM Tris, 1 mM EDTA). The forward sequence of the
double-stranded oligonucleotides used is 5′-CGCTTGATGACTCAGCCGGAA-3′ for
the AP-1 probe. The reactions were carried out for 10 min at room temperature
followed by 10 min on ice in the presence of 1× binding buffer composed of
50 ng/μL poly (dI-dC), 20 mM Tris pH 7.9, 1 mM EDTA, 2 mM DTT, 100 mM NaCl,
1 mM Na3Vo4, and 0.02% BSA, using 20 fmoles of biotin-end-labeled target. The

2 μL of anti-ERβ 503, anti-ERβ-LBD, anti-ERα antibody or corresponding control
IgG were added per 20 μL of binding reaction where indicated. Assays were
loaded onto native 5% polyacrylamide gels (Biorad) preelectrophoresed for
40 min in 0.5× Tris borate/EDTA (TBE), and electrophoresed for 50 min at 100 V
before being transferred onto a positively charged nylon membrane (Biodyne B,
Pierce) in 0.5× TBE at 100 V for 45min. Transferred protein–DNA complexes were
cross-linked to the membrane on a transilluminator equipped with 312-nm bulbs
for 15 min and detected using HRP-conjugated streptavidin (LightShift Chemi-
luminescent EMSA kit, Pierce) according to the manufacturer’s instructions.

Animal Experiments. The animal studieswere approvedby the StockholmSouth
ethical review board and the local Animal Experimentation Ethics Committee
for animal experimentation (University of Houston animal protocol 09-036).
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